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FdRE WORD

The Seventh Conference on Radio Interference Reduction and

Electronic Compatibilty has been evidence of the increasing awareness oi

the need for increased exchange of information in the area of electromag-

netic interference analysis an% ,o:trol. More than 550 attendees were

evidence to this fact. The wide3pread interest was attested to by the

joint sponsorship of the three aervi-s, the U. S. Army, U. S. Navy, and

the U. S. Air Force.

A total of forty-four technical papers were presented during the

three days of the conference, together with an informal luncheon address,

and forty-three of thesc papers are included in this volume.

The conference committee would like to extend its thanks to the

authors and speakers, to the various session chairmen, and also to those

who attended the technical sessions for their -,art in making this conference

the most successful yet.

Conference Committee:

S. I. Cohn, Armour Research Foundation
Commander B. D. Inman, U. S. Navy,

Bureau of Ships
B. Lindeman. RADC

W. J. Magee, Armour Research Foundation
H. M. Sachs, Armour Research Foundation
H. G. Tobin, Armour Research Foundation
S. Weitz, USASRDL
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H. M. Sachs
Armour Research Foundation

Annapolis, Maryland

As chairman of the Seventh Conference on Radio Interference Reduction

and Electronic Compatibility, I would like to take this opportunity to again welcome

you to Chicago, and to the campus of the Illinois Institute of Technology.

The implementation of this conference has again been brought about through

the interest and generous support of the Army, Navy, and Air Force, and with the

cooperation of the Professional Group on Radio Frequency Interference of the

Institute of Radio Engineers. This year's program again reflects the increasing

concern of military, government and industrial agencies over problems arising

out of complex electronic equipmeat operation in denser and denser environ.ents.

During the thirteen months since our last conference, the complexion of

existing and potential additions to the electromagnetic spectrum has change,,

markedly. Spread-spectrum tcchniques in both the radar and communicatio-

fields are available. Mlan baa orbited the earth, and with this fete has emphasized

space communication requirements. Effective noise temperatures of receiving

equipment continue to drop. Advancements in multi-megawatt power generation

has continued. Project "Needles" and other space experiments are opening up

new concepts for spectral usage.

Many more such advancements could be listed. From the vi-rwpoint of the

radio frequency interference engineer, ry 'st of tnemn point 1-p potentially serious

compatibility probltm3. The constraint oA having to live, from practical consideration

within a finite frequency spectrum, Treans that against the advantages to be gained

by any new system or concept must be weighed the disadvantages accrued with regard



to the degradation of other system performance.

Major strides have been made during the past year to analyze, measure,

predict, and reduce the effects of this incompatibility monster. Notable action

has been spearheaded by the Department of Defense's RF Compatibility Program.

Many of the technical papers to be presented during the next three days represent

some of the outputs of the program--the progress of the Analysis Center established

in Annapolis, the status of programs to obtain spectrum signature data, the results

of support programs to improve interference measurement techniques, develop

specialized instrumentation, and the like.

Other efforts will also be highlighted during the conference. The first

detailed presentation of the Electromagnetic Environment Test Facility at Ft.

Huachuca, Arizona, will be given. Government and commercial investigations

in such areas as antenna analysis, cable coupling, shielding evaluation, advanced

system performance prediction, etc. , will be presented. I believe you will find

the overall conference program very comprehensive and informative, and keyed to

the problems facing most of us today.

The campus facilities we have available with regard to the conference

Lechnical sessions and luncheons have likewise been chosen with the expanding

conference interest in mind.

I sincerely hope that on Thursday afternoon you will agree with me that the

Seventh RI Conference was a very valuable means of exchanging technical information

dealing with electromagnetic compatibility.



KEYNOTE ADDRESS

BY-PRODUCT OF THE ELECTRONIC REVOLUTION

Brigadier General John A. McDavid
Director, Communications -Electronics

Joint Chiefs of Staff

It is a personal pleasure to appear before this group as it prepares to

continue its attack on one of the most insidious by-products of what can pro-

perly be called the "Electronic Revolution" -- radio frequency interference.

I hope to give you some thoughts to tickle your gray matter at the inception of

your conference.

I refer to the "by-product" as insidious because of the deceptive way

in which it has come to plague our progress toward fulfillment of the promise

of electronic technology. Since Marconi first spanned the English Channel,

this by-product -- RFI -- has been spinning its web in near secrecy while we

have concentrated our attention on building more and better electronic mouse-

traps; in other words, we have been preoccupied with the premium that has

been placed on the extension of the state of the electronics art and its adaptation

of our most vital resources -- the radio frequency spectrum -- rather than

toward efficiency and conservation.

6ince the end of World W .r II, pressure on the spectrum has increased

at a rate many times that realized in expanding the efficiency of its use. In

fact, during the same period which has witnessed a mushrooming growth in

demands on the spectrum there has been an incredible lack of reduction in the
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waste of this vital resource. True, the capability to use higher frequencies has

greatly increased and the 1959 International Radio Conference extended allocation

control to 40,000 Mc. But you know as well as I do that usage above 10, 000 Mc

is still extremely limited.

Meanwhile, reliance on propagated radio energy has grown by leaps and

bounds. Think of the tremendous growth in public and private microwave since

the installation of the first commercial system in 1948. Think of the expansion

of the land mobile radio service -- originally exclusive to police operations, it

now includes just about every service activity, public and private, that you can

name, from public utilities to diaper pick up. Today there are close to one

million transmitters in the United States in this service alone. It is estimated

that the figure will triple in ten years. Consider the growth in aircraft radio

requirements, almost all of which has occurred since World War I1. These

are just a few examples and I haven't even mentioned the phenomenal growth of

military dependence on radio.

In contrast with this growth in demand, the efficiency with which we use

the spectrum has advanced quite slowly. We still use channel widths many times

as wide as the intelligence we transmit; we still use antennas that spray energy

all over the landscape across wide frequency ranges; we still depend on tubes

and components such as the magnetron, which wander aimlessly through large

chunks of the spectrum.

I do not imply that we have made no progress in the matter of better use

of the spectrum. There have been numerous advances such as the development
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f
of Single Sideband, more efficient antenna systems -- in terms of directivity

and the suppression of spurious and harmonic emissions -- greater frequency

stability in many applications, and significant compression of the intelligence to

bandwidth ratio in some instances. It's not that there hasn't been improvement,

it's just that demands are growing so much faster than improvements.

However, emphasis on this aspect of electronics is growing rapidly. A

aerious awareness of its importance has developed, some of which has assumed

spectacular proportions as, for example, the Congressional concern and intense

national interest in the frequency aspects of the VHF/UHF television problem

and space communications. There is a growing and healthy realization that we

are faced with a degree of necessity that will no longer be denied.

You are all aware to one degree or another, of the phenomenal growth

in military dependence on electronics. After all, most of the enterprises which

you represent have been directly involved in that expansion. In modern warfare,

the compression of time and distance has become the common denominator of

operation. Greater dependence on electronics is the inevitable result. The small

geographical area occupied by a field army on today's battlefield contains some

60, 000 emitters of radio energy, compared with the approximately 15, 000 present

in World War II. A guided missile cruiser carries nearly 1200 pieces of electronic

equipment, compared to less than 300 on a World War Ii ship of the sarne size. A

modern interceptor requires 7, 000 electron tubes and transistors, compared to

less that 200 in a World War II interceptor. The need for maintaining operational

control of high-speed aircraft, the advent of guided missiles as a primary means
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of armament, prospects for the use of satellites, the unprecedented demand for

responsiveness from early warning systems, and many other similar facts and

circumstances make realistic and determined attention to the problem of radio

frequency compatibility among all these uses an urgent necessity for national

defense.

I believe it is safe to conclude that the lack of motivation in this area is

a thing of the past. A positive effort to enhance compatibility is now a reality.

I refer specifically to what has been named the Department of Defense

Electromagnetic Compatibility Program. The name isn't important, of course.

It could have been called the Program for the Reduction of Radio Interference or

some other. It is its objective that counts.

That objective is straightforward and deceptively simple: to ensure, to

the maximum practicable extent, that military electronic systems will not suffer

operational degradation due to the absence of appropriate means for rejecting

interference.

The first step in implementing an objective is to understand it, and, as

obvious as that step is, I can assure you that a common understanding isn't easy

to reach. With that in mind I will endeavor to elaborate the objective of this pro-

gram as we see it.

Th. key. element .n understanding the objective and approaching it with

realism, is an understanding of the term "degradation." Degradation is relative
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and cannot be defined in simple "one-two-three" terms. -.

multitude of variants that the primary factor becomes judgment. In the sense

intended in the objective of the Defense Compatibility Program, "degradation"

means that a tran3mission fails to serve its purpose.

Marginal circuits are not at all uncommon among military operation,

particularly in the field, where tolerable levels of interference are considerably

different from those acceptable in commercial practice. But a large amount of

intelligence can be the victim of the narrow margins existing. It is our purpose

to minimize that loss. Furthermore, the steady growth in the automation of

electronic systems is constantly lowering the threshold of operational degra-

dation.

This does not mean, however, that we expect to achieve perfection in

military electronic systems, with respect to either the interference or the

degradation that results therefrom.

We do expect the maximum practicable improvement. That is the practi-

cal objective of the Defense Radio Frequency Compatibility Program.

The effort necessary to accomplish this objective embaces a tremendous

range of activity, much more than described by Richard Haitch in hip recent fine

article in the Saturday Evening Post. Mr. Haitch referred to the program as

" ...... ani enormously ambitious attempt to 'fingerprint' every type of electronic

equipment owned by the military ...... and to analyze these (fingerprints) for

potential interference with other equipment."
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Our intentions are even more ambitious, Increased compatibility, or

reduced interference, among existing equipments is our imniediate objective

but the longer range objective is built-in compatibility for equipment which hasn't

yet reached the drawing board. We must build maximum practicable compatibility

into every component, every black box and every system we engineer. We must

ensure that these equipments and systems are accomodated within the radio fre-

quency spectrum -- that they have their respective places in the sun -- in terms

of the operational electromagnetic environment they will, encounter. Only by the

accomplishment of this entire spectrum of purposes can we put in the hands of

military commanders the equipment and systems which will fulfill their intended

operational purposes.

The progranm to attain this goal obviously embraces both research and

development and operational areas of activity. It provides for the development

of improved measurement techniques and test procedures and better test equip-

ment to enable the collection of a complete and accurate picture of transmitter

radiation and receiver susceptibility. it provides for research leading to improved

performance by tubes and components -- greater stability, reduced power varia-

tion and tunability. Antennas and their associated circuitry, oscillators, filters,

multipliers, non-linear devices and power amplifiers are all included.

Attention to tubes and components is only part of the task, however. The

equipments which use them have specific characteristics which contribute or

react adversely on the electromagnetic environment. A specific, positive effort

to minimize that contribution or reaction must be prosecuted.
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f
Aside from the dollars required to underwrite the program, the key to

success lies in the availability of complete and reliable data and the capability

to analyze it. This thought brings us to the data collection and analysis parts

of the program.

The data required is of two fundamental types -- spectrum signatures

and a picture of the operationa.1 environment.

The term "Spectrum signature" is the popular name for the package of

data which describes the radiating or receiving characteristics of equipment.

The procedures, methodology and equipment involved in collecting this package

could probably be best described as embryonic. The exact data required for

reliable prediction and control of interference are not known completely. But

good progress has been made toward defining the information needed.

Immediately after the program was approved, a joint effort was under-

taken by the Army, Navy, and Air Force to prepare plans for the collection of

spectrum signatures and environmental data. It was recognized that whatever

plans were produced would require early revision but it was also appreciated

that we had to start filling the void in this area if the program was ever to be

effective. The first tangible result of this effort was the approval and issuance

of the "Military Spectrum Signature Collection Plan, " ft.more than 500 copies of

which were widely distributed in government and industrial circles. The drafting

and publication of such a comprehensive document only three months after the

program was approved attests to the enthusiasm and determination of those re-

sponsible. There was never any doubt that it represented a first cut, that it
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would require substantial revision. It has now undergone its first collection

test, been reviewed by government and contractor representatives, and revised

in collaboration with the analysis facility contractor. The revised collection

plan was promulgated on 1 September and has been distributed even more widely

than the first version. It can be anticipated that it, perhaps with additional re-

visions as a result of experiences with it, will become a standard for more

effective control of the design and production of electronic equipment.

While the term "spectrum signature" denotes the data with which de-

signers and manufacturers will be in closest association, the operational

environment data is equally vital to the .3uccess of the DOD program. Without

knowledge of the operational configuration and physical environment in which

equipments and systems will operate and the manner in which they will be used,

their spectrum signatures will be of limited use.

Picture if you will the enormity of the problem of establishing and

analyzing the operational complex of 60, 000 emitters in a field army, all either

mobile or tranaportable, their positions changing in conformance with tactical

requirements. Large naval and air formations confront us with the same pro-

blem and when you think in terms of a large joint amphibious assault your head

really begins to ring.

Development of the capability to cope with such situations is obviously a

tough nut. However, as in the case of signature collection, an early first cut has

"%,en taken and is currently under revision on the basis of experience and increas-

ing understanding within the Department of Defense.
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This revision takes into account the results of pilot projects directed

for the purpose of confirming or refuting the course we were on. These pro-

jects -- in the San Diego, California and Montgomery, Alabama areas -- are

serving as valuable proving grounds for the signature and environmental data

collection plans. You will hear more about them later this morning and about

the closely related tests to validate the mathematical models that hold the key

to rapid, reliable analysis of the signature and environmental data and the con-

sequent prediction of interference.

Gathering this data is a costly operation and there are severe handicaps

to be oveecome. In the field of measurement, techniques and equipment require

major improvement. The search for solutions to these problems is underway

and, as the history of military electronics progress relates, private enterprise --

the electronics industry of the United States -- will play an important role in

this search.

Accurate and reliable data is of extreme importance but of itself it will

accomplish very little. It must be analyzed in such a way that reliable conclu-

sions can be drawn -- conclusions that lead to positive action to bring RFI under

control and increase the efficiency with which we use vital frequency resources.

Toward the fulfillment of this requirement the DOD Program provides

for a joint analysis facility under the direction of the Director for Communica-

tions-Electronics for the Joint Chiefs of Staff and the Director of Elec:ironics

for the Research and Engineering. The Department of the Air Force has been
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assigned the mission of establishing the Electromagnetic Compatibility Analysis

Center at Ananpolis, Maryland under coordinated policy direction from those

two offices. Permanent housing facilities are scheduled for occupancy in

February; staffing is approximately 60% complete. Colonel Charles C. Woolwine,

the Director of the Center, will give you more details on its status and prospects.

The technical program of the Center which Mr. Stan Cohn, the Director

of Technical Operations at the Center, will cover in some detail, is well under

way. On the basis of the data being collected and furnished by the Military

Departments under the data collection program I have described, the data base

is being established in a form suitable for computerized analysis. The develop-

ment and validation of mathematical models, the installation of the computer

and the establishment of the technical reference library are all being actively

prosecuted.

The first output of operational significance is expected from the Center

in December. From that time the quantity and quality of output will increase

as rapidly as data can be collected and larger models validated. Close control

will be exercised as Colonel Woolwine will explain.

It's fairly obvious that the Analysis Center is the heart of the program

but care has been taken to avoid encumbering the analysis mission, for which

the Center was established, with other aspects of the program. The research

and development and data collection programs which I have described have been

made the responsibilities of the Military Departments, directed and coordinated

by Jim Bridges, the Director of Electronics, Director of Defense Research and
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Engineering and, myself, the Director for Communications-Electronics, Joint

Chiefs of Staff.

Still in the study stage is the use of simulation techniques to enhance

the versatility of the analysis capability and to facilitate the prediction and con-

trol of RFI at the earliest possible time in the engineering and development of

equipment and systems. When I refer to a study, I do not mean, however, that

we are just thinking about it. A contract for a feasibility study has been let.

No one dares to predict at this time what ultimate level of achievement

will be reached in this program, though a high degree of effectiveness is cer-

tainly anticipated. Unquestionably we won't move as fast as we would if there

were no constraints. Technological progress is not going to be suspended

while we catch up in the control of interference. Nor can we scrap everything,

or even the worst culprits, and start from scratch. Even if we could we would

be constrained by the fact that the frequency spectrum is a public domain. We

can't use it arbitrarily but must conform with national and international plans,

regulations and treaties.

As I have suggested, the earliest payoff from this extensive undertaking

will be in the area of alleviating existing problems. Solutions may take the form

of equipment and system modifications or revisions of operational plans.

Frequency planning techniques will be reviewed and revised to take

advantage of the greater know-how that will develop and the computerized

electronic data processing capability which will be available.
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Emphasis will gradually shift to the design and engineering phase of

equipment development as improvements in tubes and components permit

greater efficiency in the use of the spectrum and as the capability for earlier

identification and control grows.

The frequency allocation process, by means of which control is exercised

over the use of the spectrum by military equipments, will be improved. As the

preciseness and accuracy of frequency allocation decisions increases, the con-

trol exercised can be tightened. Conflicts can be largely eliminated before they

occur.

The end result of these payoffs will be minimum degradation of electronics

operations, the main objective of the Department of Defense Electromagnetic

Compatibility Program.

Ambitious ? Sure, it's ambitious. And ihere are a lot of problems that

have to be solved. But the hazards of radio frequency interference must be re-

duced drastically and this program is a major step in that direction -- positive,

determined action instead of talk.

Success in this undertaking is one of the most important tasks facing the

communications -electronics community. The increasing frequency of meetings

such as this, the growing interest and concern throughout the industry and the

dedication of you and others like you make it a foregone conclusion that we will

realize success.
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We don't expect a spectacular effect overnight; we do anticipate radical

results in time, with a consequent better capability to meet the constantly

growing challenge which military operations present to the communications-

electronics community. The Defense Electromagnetic Program provides a

realistic vehicle for an all-out attack on the gremlin of all gremlins -- at least

to the communicators -- the by-product of the electronics revolution -- radio

frequency interference.

L
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THE MISSION AND OPERATING PHILOSOPHY

OF THE ANALYSIS CENTER

Colonel C. C. Woolwine

Electromagnetic Compatibility Analysis Center
Annapolis, Maryland

Abstract. - This paper discusses four areas involving the Electromagnetic
Compatibility Analysis Center, which has recently been established by the
Department of Defense in Annapolis, Maryland. These areas are:

1) BACKGROUND
2) MISSION
3) ORGANIZATION
4) OPERATING PHILOSOPIIY

The paper traces the steps which took place to establish the
Analysis Center, some of the tasks which have been assigned to it, and
the methods which have been used in an attempt to insure the success of
its operation.

BACKGROUND

On 19 July 1960, Mr. James H. Douglas, Acting Secretary of
Defense, sent a memorandum to the Secretary of the Army, the Secretary
of the Navy, and the S.-cretary of the Air Force, in which he defined the
policy and identified the action that was to be taken by the Department of
Defense in order to cope with the interference problem.

Subsequent to Mr. Douglas' memorandum, Mr. Roswell S. Gilpatric,
Deputy Secretary of Defense issued a memorandum of 25 September 1961,
to the Director of Defense Research and Engineering, and the Chairman,
Joint Chiefs of Staff in which it was recommended that each designate a
representative to take action jointly in carrying out the Electromagnetic
Compatibility Program as set forth in Mr. Douglas' memorandum.

It is stated that the ECAC, as part of the Compatibility program
shall be a joint activity of the three Military Departments, subject to the
authority direction and control of the Secretary of Defense.

In addition, Mr. Gilpatric's memorandum designated the
Department of the Air Force as the responsible agency for establishing
the ECAC and developing its capabilities in accordance with the policy
guidance probided by the designee of the DDR and E in coordination with the
designee of the JCS.
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It is within the scope of these documents that the ECAC was founded
and will initially operate.

MISSION

The mission of the Electromagnetic Compatibility Analysis Center is
to provide to the Department of Defense the analytical capability to determine
whether electronic systems will suffer operational degradation due to the
absence of appropriate means for rejecting interference. Also to provide a
means whereby recommendations may be made which will insure, insofar a
practicable, the capability of electronic systems and equipments to operate
in the intended environment at designed levels of efficiency without degradation
due to unintentional interference.

One of the major tasks that has been handed the Center is to establish
a "Data Base" adequate to satisfy the Center's three broad mission objectives.
These objectives are (I) to predict interference potentialities among
military electronic equipment under operational environment conditions,
(2) provide means whereby improved radio frequency management may be
exercised within the Military Services, and (3) provide consultant service to
the three services research and development programs in the electromagnetic
compatibility area. All work performed by the Center, all data furnished by
the Center to other agencies, and all support and consultant services performed
by the Center will result from and d3-ectly depend upon the data base. The
tools are now being developed to establish this data base. The paper by
Mr. Cohn discusses this in more detail.

ORGANIZATION (Figure I)

The organization is that which will produce the team which is best
suited to fulfill the first years requirements and does not reflect the manning
which will be required to support the future program.

The box that contains the Director and Technical Director will
manage and guide the overall activities of the Center. In order that this
group might better fulfill its responsibilities, a Scientific Advisor will assist
the Director in arriving at sound technical decisions as they affect the Center.

The boxes labeled DEP/DIR, ARMY, DEP/DIR, NAVY and DEP/DIR
Air Force will assist the Director of the Center to more appropriately carry
out his Joint-Service responsibilities. This will keep the Director apprised of
the interest of each service and also provide the channel for each service's
inputs to the Center.

The operating management function is centered in the contractor,
Armour Research Foundation, the box labeled Technical Operations, whose
primary responsibility is the detailed technical accomplishment of directed
programs and projects.
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OPERATING PHILOSOPHY

The organizational structure, although straightforward, is unique in that
it is designed to accomplish two separate objectives. 'The first of which ip to
provide a common ground upon which the three military Departments can meet
and present their individual and common problems in the electromagnetic com-
patibility area and seek solutions to same. In addition, that of providing a base
for cross coordination of required research and development effort in this area
in the respective services programmed effort for same. The second is that of
assigning programs and projects to the Center contractor and providing the
mechanism whereby the resultant knowledge which will be accumulated can
be made available to the services and industry.

Management of this effort is accomplished by adherence to the fundamental
and well-established principle of the vertical classification of management
function, corresponding to top management, staff and operating management.

This alignment of management functions is reflected in the organization
of the Electromagnetic Compatibility Analysis Center whereby the Director,
Technical Director, and Deputies represent top management and are responsible
for the policies, procedures and organizational 1-cilities necessary to accomplish
the assigned mission.

The staff function is obtained through a logical grouping of closely related
work problems into areas corresponding to the mission role or intended
application of the work. These specialized work areas are supervised by
Chiefs who are responsible to the Director for appropriate actions related to
the orderly and timely accomplishment of the imposed workloads.

The operating management function is centered in the contractor (Armour
Research Foundation) whose primary responsibility is the detailed technical

accomplishment of directed programs and projects.

The programs and projects usually have their origin outside the Center
and flow to the Center through the Deputy Directors. The Deputies perform
an initial evaluation of the program or project to determine the validity and
then pass it on to a Board; chaired by the Technical Director, and consisting
of the Scientific Advisor, Deputies, Chief of Plans and Programs, and Director
of Technical Operations where it is explored with regard to feasibility within
present state-of-the-art, available resources, and priority with respects
to other programs and projects. The output of the Board will be a programs and
project schedule which will flow to the Center Director for his consideration
and coordination and hence to the Plans and Programs Office for incorporation
into the Center's progran, schedule. In all cases where there are unresolved

factors such as priority, etc. , the proposed program and projects schedule
will flow from the Center Director to the DOD/JCS Board of Governors for
resolution and hence back to the Center as program directives.
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Implementation of a program or project, as based on an approved plan,
means that a program or project has been launched with definite predetermined
objectives in mind and contemplates certain output delivery schedules.
Immediately, however, there are two major problems of control, one of which
is to keep the program in consonance with the original plan and objective
except for necessary deviation in the technical areas, the other is the problem
of extraneous influences tending to reorient or realign the program or project
in some major way. These two problems are in fact the basis for an operating
procedure that is designed especially to cope with these distinct categories of
control.

Referring to the organization chart, the Chief of Plans and Programs will
be the medium through which top nmanagement, is kept appraised that established
programs are kept on schedule an' headed toward their predetermined objectives.
He will have no direct responsibility for the activities that involve major program
changes and, therefore, is mainly concerned with the control of programs or
projects as directed at any particular time.

In the other category, i. e. , the control of factors tending to realign the
objectives or schedules of established programs, the Director and his immediate
staff will normally conduct the investigations and make the contacts for estab-
lishing a Center position.

These two areas of control or separation of functions do not relieve the
Director from full accountability for the Center's activities and actions.
Coordination is the answer to any procedure that involves a Joint Service
effort and it is intended that close coordination will be effected on all important
actions, either current or contemplated.

In closing, I want to state that the success of this program depends on
two major elements. One, the Data that we consider as the Life Blood of the
Center, without which it cannot live. Two, the Research and Development
that we consider as the red marrow or origin of new Blood. Without this new
Blood the Center cannot grow and flourish but only stagnate and ide. I want to
quote from a speech given by Mr. Bridges, Director, Office of Electronics
ODDR and E to the FCWG/AFTRCC. "I want to state that the success of
this program depends very critically upon the cooperative efforts of R and D
and operational management people in DOD and the understanding and assistance
of the industry that develops and produces the kind of weapons and equipments
involved." We at the Center see the overall DOD program as portrayed in
Figure 2.

For the Center to successfully accomplish its mission and in order for
the overall DOD program to succeed it is essential that all areas be given
wholehearted support.
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THE TECHNICAL PROGRAM OF

THE ANALYSIS CENTER

S. I. Cohn
Electromagnetic Compatibility Analysis Center

Armour Research Foundation
Annapolis, Maryland

Abstract. - The technical program of the Electromagnetic Compatibility
Analysis Center is composed of four broad categories of effort. These are

(1) the acquisition of the data base (2) the formulation and adoption of vali-
dation tests (3) establishment of permanent facilities and activities, and
(4) operational problem analysis.

This paper covers the progress which has been made on this technical

program. In addition, a discussion of the plans for effort in the immediate

future is also given.

I. INTRODUCTION

To understand the various functions that must be performed at the

Electromagnetic Compatibility Analysis Center, it is best to consider first the

given input and output infcrmation required. Input information consists basically
of military situations and equipment deployment (environmental data) as well as

the data regarding the characteristics of electronic equipment (spectrum
signatures). The required outputs are descriptions of environmental interaction,
frequency allocation data, operational procedures needed to increase compati-

bility, and possible interference and susceptibility reduction measures for

offending equipment. From these results better utilization of the radio frequency

spectrum, both in the frequency allocation and equipment characteristics areas,

should be obtained. Although initial emphasis will be placed on radar, the

Analysis Center will eventually attack problems in the communication area.

Since the spectrum signatures of equipment are rather complex and

hand calculations of the interaction of equipment are quite lengthy, it is
obvious that automatic processing must be used to evaluate compatibility in
any realistic military situation. This requires that spectrum signatures and

environmental data niust be maintained in a central library in a form that is

suitable for a computer. In order to process these data one must use a

mathematical model which is a computer representation of the situation and

physical phenomena to be analyzed.

Data processing techniques for analysis of compatibility are

relatively new, and effort must be directed toward refining these and
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developing more sophisticated computer programs for analysis. In addition,
techniques of operations research must be developed and applied to determine
optimum frequency allocations and operational procedures that will enhance
compatibility. Methods of handling the immensely complex results of the
analysis must also receive consideration. This requires research in the
application of data read-out systems, map printing, and environmental
display techniques to facilitate comprehension of staggering quantities of
interrelated data.

Another factor that will be considered is the validity of the data
to be used. As experience is gained in compatibility analysis, the accuracy
and types of data required will change in order to obtain more meaningful
results. The Analysis Center staff must respond to these changes by aiding
in revisions of data collection standards, both in the spectrum signature and
environmental data areas. Measurement techniques must be reviewed and
revised periodically, taking into account resulting data accuracy, ease of
mneasuremcnt, and instrumentation requirements.

It is anticipated that the analytical results will point up problems in
equipment characteristics. Possible corrective measures for reducing
interference susceptibility and undesired radiation must be proposed. These
may take the form of equipment circuit modifications or addition of selective
filters. In certain cases, it may be wise to replace certain types of equipment
because of poor compatibility characteristics.

In the case of equipment under development, compatibility analysis
can be a design aid by pointing out which equipment characteristics need
improvement. Along these lines technical personnel must not only be familiar
with the state of the art in interference reduction but must also be aware of
new equipment developments. New techniques in the rapidly changing electronics
art must be examined for possible interference problems so that electromag-
netic compatibility will be considered by the designers of future complicated
equipment. This is of paramount importance since equipment designed for
compatibility will cost far less than equipment that has to be modified to reduce
interference.

The knowledge that the Electromagnetic Compatibility Analysis

Center will accumulate must be made available to others concerned with
various facets of the overall compatibility program if the maximum benefit
is to be obtained. To this end the Analysis Center must aid the military
services by providing required consultant services and by preparing information
to be included in manuals and specifications.

Anticipated areas of consultation include equipment standards,
measurement techniques, instrumentation, data collection methods, interference
reporting techniques, field test, susceptibility and inter-reduction techniques
and devices, transmitting and receiving equipment, future equipment requirements,
simulation methods, and design procedures for equipment.

-8-



The technical program of the Analysis Center is composed of four

broad categories of effort. These are (1) the acquisition ol the data base,

(2) the formulation and adoption of validation tests, (3) the establishment of

permanent facilities and activities, and (4) operational problem analysis.

II. DATA BASE

One of the most important functions of the Analysis Center is the

establishment of the data base. All work performed by the Center, all data

furnished by the Center to other agencies, and all support and consultant

services performed by the Center will result from and directly depend upon

the data base. The tools are now being developed to establish this data base.

It will be only through analysis, review, and model validation, and through

continued analysis of predicted results in operational problems that the Center

will develop the necessary sophistication and refinements of this data base. The

data will consist of:

a. Spectrum signatures of all military electronic equipment designed

to emit or receive. A spectrum signature is a complete characteristic

description of the significant outputs of an emitter throughout the frequency

spectrum and a similar description of the response characteristics of a receiver.

b. A complete description of the operational o:• proposed useage

and location. The environmental file will contain the geographical location

of the emitters and receivers, hours of operation, authorized frequency,

bandiwdth, height of antenna, etc.

In addition to these data supplied to the Center, the following information

is being obtained for supplementary data*.

a. Technical literature MT. 0. 's, T. M. 's, schematic diagrams, etc. ,

on all military emitters and receivers).

b. Current and future R and D programs of the military services

concerning development of electronic -electromagnetic equipment, measuring

equipment, testing procedures and system compatibility testing.

c. Engineering standards, and

d. Interference reports.

From this data base, the ECAC will develop z. comprehensive

electromagnetic compatibility analysis program analyzing present and

projected electromagnetic operational environments by (I) developing

mathematical computer models of the operational equipment and environment,

(2) predicting the degree of degradation (present and projected), (3) providing

recommendations leading to improved electromagnetic compatibility in future

designs and to modifications to present equipment, (4) providing information

to facilitate planning of frequency allocations and assignments, (5) providing
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information to facilitate the operation of an electromagnetic compatibility
simulation facility and (6) furnishing assistance or consultant services to the
military departments as requested in the areas covered by the data base and
in the education area.

1. Spectrum Signatures

The Spectrum Signature Collection Plan has been revised with the
aid of a joint cornnmittee in early May. The plan has been approved by DOD
and the three military departments and was published on 1 September 1961.
Further revisions to the plan are being considered which will involve guided
missile systems, tracking radars, homing systems, non-conventional radar
and communication systems, and 3-D antenna patterns.

The Center recognizes the fact that obtaining this data is very costly.
Plans are being formulated and some work has started in synthesis of spectrum
signatures. It is, however, too early to predict how much of this data can be
synthesized and how much must be measured.

A number of research and development contracts are also underway
in the measurement area. It is believed that the resulting techniques and

equipment will play a significant role in simplifying spectrum signature
measurement.

2. Environmental Data

The environmental data sheets for the San Diego area have been
reviewed by Center personnel. This review brought up a number of possible
misinterpretations of some of the questions on the form. Together with a
joint committee the form was revised to reflect these changes and has been
tested in a limited number of cases. A few further revisions to the form were
necessitated by these tests. It is believed that the form is now adequate for
collecting environmental data.

In order to process the forms in a most expeditious manner, it was
decided that an automatic process to transfer the written information to
magnetic tape would be desirable. Discussions with the Bureau of Census
revealed that these forms could be designed in a manner which would allow
processing on a mark sensing device (FOSDIC). Arrangements have been
made with the Bureau of Census for aid in printing the forms and processing
the completed forms to an output tape.

III. MODEL VALIDATION

Since one of the primary tasks of the Analysis Center is the computation
of signal density and predictiDn of interference by analytical means, it is
essential that valid and appropriate mathematical models be formulated.
Mathematical models are computer representations of the physical phenomena
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and operational conditions. Since the reliability of analytical results will be no
better than the reliabilities of the model and the input data, it is necessary
that supporting information be supplied to determine the relative accuracy and
possible limitations of any mathematical model that is employed.

A number of mathematical models for interference prediction have
been described in the literature. Many portions of these models may be useful
to the Analysis Center in conjunction with models developed at the Center. The
validity of these models has not, however, been verified completely by experiment.
To establish model validity on a full scale operational problem would require
resources greatly in excess of those available. In addition, the amount of
control that the Center would have in changing parameters or other measures
required for validation in an actual operational situation would be quite limited.
The resulting confidence in the evaluation of a particular model would therefore
be low.

In order to obtain confidence in the analytical models to be used three
model validation tests are being conducted. Each of these tests is designed to
verify certain portions of the models and will be used to determine the useful-
ness of various approaches. The results of this procedure for model validation
will result in a set of models which can be used in large-scale environments
with a high degree of confidence.

The first model validation test is being held at NANEP at Patuxent
River, Maryland. It is designed to provide two types of information. The
first is a check on the Spectrum Signature Collection Plan at the equipment
level. It is intended that revisions to the Collection Plan will be aided by these
tests. The second portion of the test is a validation of a one-to-one radar
prediction model between the AN/TPS-ID and AN/SPS-6C L-band surveillance
radars. The test plan has been evolved and the spectrum signatures for the
equipments are currently being obtained. The rest of the test will be completed
and evaluated early next year.

The second model validation test is being conducted at the Verona Test
Site of RADC. The purpose of this test is to establish the validity of the pro-
pagation models to be used and terrain reflection effects upon the one-to-one
radar model. This test involves two L-band surveillance radars, the AN/FPS-20
and AN/TPS-ID. The measurements have started and they will be completed
in early 1962.

The third model validation test to be held at Fort Huachuca, Arizona,
will be a larger scale environment. A preliminary test plan on the test has
been submitted and a more detailed test plan has been completed. Six or more
M-33 S-band surveillance radars will be used. It is anticipated that these tests
will be completed by and evaluated by mid 1962.
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This process of designing and validating first a one-to-one model and
then a more complex model allows for a logical buildup to a large scale model.
Since each portion of the model has been verified experimentally the application
of statistical data is the main requirement for a more complex case. Although
the Center believes that this is the most logical way to obtain a solution to a
large scale problem, this does not mean that all work on larger scale models
must wait until the model validation tests are complete. Quite the contrary is
true. As will be mentioned later, a great deal of work is going on on large
scale models and the results of the various portions of the model validation
process will be used as they become available. It is anticipated that no time
delay will result in operational problem analysis from this process.

IV. PERMANENT FACILITIES AND ACTIVITIES

Another major task of the Analysis Center is the establishment of
a set of permanent facilities and activities. The permanent facilities will
consist of a computer facility, Technical Library, Spectrum Signature File,
Environmental Data File, and Interference Reporting File. The permanent
activities include research in advanced models, analysis techniques, compu-
tation methods, visual display techniques and measurement techniques and
equipment. Some of the salient efforts in this area are given below:

1. Computer Selection Study

The functions of ECAC will necessitate that the processing of a large
volume of data as well as many scientific computations. A study of the various
large scale digital computers which could be used by the Center has been made,

A comparison of these systems was made based on the Center's expected
work load, the processing time of the computer, and various other features.
The preliminary study completed by the Center has been forwarded to ESD for
further evaluation.

2. Computer Input and Output Devices

A number of computer-associated devices will be required to process
effectively data at the Center. Considering the requirements of the Center, a
two-part study has been initiated, (1) to consider devices and methods for
visual presentation of the computer output, such as scope displays and plotters,
and (2) to study existing and projected spectrum signature measuring systems
and techniques so that compatible data read-in devices may be acquired.
These devices, which may be connected on-line or off-line to the computer,
will be ordered early in 1962.

3. Computer Programming Activities

A continuing effort is being expended in the development of computer
programs in support of the Center's activities. These include, for the Fcundation's
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UNIVAC 1105, partial support in major developmnent efforts such as an ALGOL 60
translator and a general purpose statistical package as well as specific programs
such as Fouier transform routines, etc. Following completion of staff training
activities in October, concentrated efforts will be initiated for the development
of service and utility programs for the Center's new computing facility.

4. Mathematical Models

Various computer models for the three levels of modeling anticipated;
namely equipment models (receiver, transmitter, antenna, and propagation
conditions), system models (a number of equipments plus deployment and
operational conditions), and optimization models (changes in deployment,
operational conditions, and equipment characteristics to improve compatibility)
are being developed. In this process a review of currently used models is also
being conducted.

At the equipment level the antenna, receiver, transmitter, and propagation
models are being established in a building block fashion so that various degrees
of complexity can be incorporated or removed in a relatively simple manner.

A number of problems in the prediction of antenna pattern characteris -

tics are being studied. These include near field effects, effects of terrain on
the antenna pattern, instrumentation for antenna pattern measurements, and
statistical and quantized antenna patterns. The results of these studies will
be used for the antenna portion of the equipment models.

Jn the area of system models, the literature has been reviewed and
several existing models are being programmed for the 1105 computer in
Chicago. The one-to-one system model is being developed and will be vali-
dated. by the Verona and Pat-uxent tests described previously.

The literature is currently being reviewed for optimization models
and their applicability to the frequency allocation and equipment modification
area will be established.

5. Study of Frequency Allocation and Assignments Procedures

Since the Center will devote a major portion of its efforts to problems
involving frequency allocation and assignment, it is essential that it be aware
of current procedures and policies in these areas. When sufficient knowledge
and pertinent data have been amassed, the Center is expected to be in a position
to advise on and perform studies in these areas. In order to acquaint Center
personnel with procedures used for allocation and assignment of frequencies
for the military, a study is being conducted on this topic with the aid of the
Joint Frequency Panel.
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6. Interference Fixes Survey

The Center will conduct a continuing effort in the field of interference

fixes. When experience is gained typical problems that arise will have known
preferred remedies. In the event that extended analysis is not indicated, the
Center may be in a position to recommend a preferred fix, or alternate fixes
for many relatively simple interference problems. The knowledge in this area
will also be applicable to large scale problems, requiring intensive analysis.
The survey will include the nature or method of operation of the fixes and the
expected interference reduction which would result from its use. Ultimately,
each major item will be fully evaluated to determine its capabilities and
limitations, including such items as cost and availability.

V. OPERATIONAL PROBLEM ANALYSIS

One of the major outputs of the Center will be the analysis of specified
operational problems. These tasks may include consideration of a single
equipment in a relatively restricted environment or examination of a large
number of systems. The results will be recommendations of various types,
including; suggested changes of frequency allocation or assignment, time
sharing arrangements, or technical fixes such as filters, signal discrimination
devices, or recommendations for future specifications or design changes.

Two problems, the San Diego and MOADS problems, have been assigned

to the Center. In a sense these problems are designed to permit the Center
to develop its analytical capability on real, rather than a hypothetical problem
although it is anticipated that useful outputs will be produced. It is contem-
plated that other problems in the ZI will be assigned to the Center in the near
future.

1. San Diego

The San Diego L-band radar problem has been started. The environ-
mental data which has been obtained is being put on tape for computer proces-
sing. Certain voids have been found and when the data has been completely
analyzed, requests will be made for additional data. Definition of the specific
problems and establishment of a model for this problem will be completed
shortly. Results of analysis of this problem will depend on the availability of
the spectrum signatures of equipments involved. These data are being obtained
and when they are received at the Center, prediction of the interference
conditions existing in this area can be made.

2. MOADS

The environmental data on MOADS (225-400 Mc) has been received.
It will shortly be put on tape for computer processing and the data voids
determined. -When this is accomplished requests for additional data will be
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made. An interim problem is being worked on in the MOADS area. This is
a co-site problem involving a frequency diversity radar and a time-division
data-link equipment. Spectrum signatures are not as yet available for this
equipment and in the interim they are being synthesized from the equipment
characteristics.

3. Zone of the Interior

Environmental data has been requested by the Center for radar and
communication equipments within the Zone of the Interior. Specific problems
in the ZI must be formulated before analysis can begin.

In addition to the above-mentioned problems, a survey is underway
within ECAC on future problems which may be undertaken. Future allocation
and utilization of the Center's resources will be based on this survey.
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A DIGITAL COMPUTER PROGRAM FOR REDUCTION AND PRESENTATION OF
ELECTROMAGNETIC INTERFERENCE DATA

C. B. Pearlston, Jr.
Nortronics, a Division of

Northrop Corporation
Hawthorne, California

Abstract. - Many interference specifications for airborne electronic
equipment require measurements to be made from 30 cps to 10 0c, both
for generated interference and susceptibility to interference. A
minimum of three measurements are required in each frequency octave;
measurements must be made on all power leads and interconnecting
cables, and the equipment must be operated in each of its possible
operational modes. The resultant of these measurements can total
several thousand data-pieces for each equipment tested. These data-
pieces must be adjusted by various correction factors, compared with
the specification limits, and used to prepare data report sheets and
graphs of the measured levels.

This paper will present a program, currently in use, which
utilizes a digital computer for performing all the functions of data
reduction and data report preparation. This program not only relieves
thR interference test engineer from the manual performance of this task,
but has the advantages of eliminating human error and standardizing
report format.

I. INTRODUCTION

The amount of time required to perform interference and sus-
ceptibility measurements in accordance with the latest military inter-
ference specifications has increased considerably in recent years due
to the extended frequency range over which measurements are required.
For example, CM-07-59-2617A, among others, has extended the range down-
ward to 30 cps, while MIL-I-11748B has extended the range upward to
36,000 mc. The range has approached the proverbial "dc to daylight".
When it is considered that a minimum of three measurements of interfer-
ence and a possibly greater number of susceptibility measurements are
required for each octave of the frequency range, and that these measure-
ments must be repeated on each power line and cable, for each mode of
equipment operation, the number of information pieces needed and the
corresponding tine required approach considerable magnitudes. For
example, the interference specification on a current Nortronics pro-
gram requires 39 octaves of conducted interference measurements and 39
octaves of radiated interference measurements, in addition to a corres-
ponding number of octaves for conducted and radiated susceptibility
measurements. The resultant number of data-pieces approaches 10,000
for one typical, multimode, complex, airborne module.
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Time and trained technical manpower are two of our most crit-
ical resources. To conserve these resources, our engineering manpower
must be used in as efficient a manner as possible. One method of in-
creasing this efficiency is by reducing the number of men and the time
required to perform interference and susceptibility measurements. This
approach leads to the development of automatic interference and sus-
ceptibility measurement equipment. Many organizations, including
Nortronics, are investigating this approach.

Another method of increasing engineering efficiency is by
minimizing the engineering time required for the reduction and presen-
tation of the interference and susceptibility data gathered. This ap-
proach has been adopted at Nortronics by utilizing a digital computer
facility to process all interference and susceptibility data. The proc-
essed data is presented in a suitable standardized format which meets
all the test report requirements of the military interference specifi-
cations. In addition, graphical presentation of the data is mechanized
and automated.

The advantages inherent in this program over conventional
manual interference data reduction techniques are of three types:
1) manpower is conserved by eliminating manual preparation of tabular
data sheets and graphs, 2) human error is minimized by recording and
reducing data in standardized, mechanized steps, and 3) report format
is standardized for all interference and susceptibility measurements.

II. INTERFERENCE DATA BOOK

The heart of the interference data reduction program is the
interference test Data Book. This book is a numbered and bound volume
of 50 pages, with each page numbered, and duplicate vellum tear-out
sheets for each page. Figure I shows a sample data page. Space is
available for recording 22 individual measurements of any specific in-
terference or susceptibility type over certain defined frequency
ranges. For example, measurements of conducted interference with a
current probe over the frequency range of 30 cps - 15 kc would be on
one data sheet,; the same type of measurements from 15 kc to 150 kc
would necessitate a separate data sheet, as would measurements with an
LSN. The format of the program is arranged so that only those fre-
quencies covered by one interference meter , or a tuning head of that
meter, will be on one data page. All descriptions of test setup, test
equipment, and other pertinent test details are contained in a separate
Engineering Log Book, which is referenced on the page of the Data Book.
As is seen from Figure 1, space is available on the data sheet for
recording the date of test, the test sample serial number, the date
of interference meter calibration, and the serial number of the inter-
ference meter used.
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For each line of data, space is available for recording the
band of the interference meter used and whether the meter is directly
calibrated or if a substitution technique has been used. The frequency
of measurement is recorded directly as would be indicated on the inter-
ference meter used, i.e., cps, kc, mc, or kMc. The meter-indicated
interference voltage (in db relative to I uv or I uv/mc) is recorded,
as well as the radiated ambient or internal meter noise level, depend-
ing on whether radiated or conducted measurements are being performed.
Other spaces are available for recording the type of signal, CW or broad-
band, gain and bandwidth correction factors, and various mismatch, an-
tenna, and transfer impedance factors, While determination of the cal-
culated level is usually left for computer reduction, space is available
on the data sheet to record it, if desired.

Naturally, when recording susceptibility data, several of
the columns are not applicable and are left blank; only the frequency,
measured susceptibility, and antenna factors for radiated susceptibil-
ity tests are entered. These empirically determined antenna factors
serve to enable calculation of an approximate field strength or field
intensity wihich simulates a given rf environment.

III. CALCULATION CODE

The key to the data reduction program under discussion is
the calculation code; this is a four-digit number with sign (±xxxx),
which appears at the top of each data sheet. This number codes the
information concerning type of measurement, frequency range of measure-
ment, type of interference meter, type of pickup or susceptibility in-
Jection device, and the type of phenomena under measurement, as well
as the instructions to the computer for the reduction and printout of
the data. Figure 2 shows the inside front cover of a Data Book, where-
in the calculation code is posted for convenient reference. As can be
seen, any type of interference or susceptibility measurement in current
usage from 30 cps - 10 kkc can be expressed by proper combination of
the four digits and sign.

The sign, + or -, indicates whether a radiated or conducted
measurement is being performed, and hence, whether the ambient reading
recorded is that of the area or of the internal instrument noise level.
The first digit of the calculation code specifies whether interference
or susceptibility measurements are being recorded, and if interference
measurements, which manufacturer type of interference meter is used.
The second digit of the code defines the frequency range and, if ap-
propriate, the specific interference meter used. The pickup or sus-
ceptibility injection device is indicated by the third digit of the
code, and the fourth digit both indicates the type of measurement and
controls the computation and printout format.
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IV. COMPUTER PROGRAM

After the data sheets have been filled out, the duplicate
vellum tear-out sheets are forwarded to the computer data reduction
facility where the information on the sheets is used to prepare
punched cards. One master card, containing the information at the
top of the data sheet (see Figure 1) and including the calculation
code, is needed for each data sheet. Each line of data on the sheet
requires an additional punched card, so that a maximum of 23 cards
could be required for any one data sheet. After the master card and
data cards are prepared for each data sheet, the computer utilizes
a program as shown in Figure 3 to process and printout the data.

After reading the master card, the computer prints the
title, reference data, date, and test sample serial number. The com-
puter then compares the calculation code with the stored program and
decides whether interference or susceptibility test data is being
processed. In accordance with this decision, the computer prints
the frequency range or interference meter used and the appropriate
column headings. An au.Jliary program, not yet in use, enables the
notes on the data sheet to be included in the computer printout. The
computer then prints the data contained on the punched card in the
appropriate columnsof the tab sheet. Figure 4 shows a sample printout
for interference measurements. As this figure illustrates, the last
three columns of the printout contain the significant test informa-
tion, i.e., the corrected ambient level, the corrected true signal
level, and the specification limit at that frequency. The true sig-
nal level used is the square root of the difference between the squaresUt LLC LIIaOU CU O5tL& .-- - -.- -of the measured s iga le....l voltage and the measured ambient voltage

(•-k) . Since all measurements are recorded in db relative to one
microvoit or one microvo]t/mc, it is necessary for the computer to
find the antilog of the recorded measured signal/10 and of the recorded
ambient/10. These are subtracted, the log is found, multiplied by
ten, and then the various correction factors are applied to give the
corrected true signal level in db. Similarly, the specification limit
at any frequency is found by calculating the logarithm of the frequen-
cy at which the measurement is made, multiplying it by a constant and
then adding another constant to it. Each of the specification limit
curves is thus broken into the form of k(log f)+ c, where k and c are
constaits and f is the frequency expressed in cps, kc, or mc.

Figures 5 and 6 are further illustrations of sample computer
printouts for various interference measurements.

When processing susceptibility data, the information printed
is the actual level of threshold susceptibility of the test sample,
measured either in volts at the sample input, gauss, or volts at a
radiating antenna. For radiated susceptibility measurements, an empir-
ical antenna factor is applied which permits the calculation of an
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approximate field strength or field intensity to which the equipment
is being subjected. This level serves to give rough correlation with
the expected environment to which the equipment will be exposed.
Figures 7 and 8 show sample susceptibility printouts.

V. GRAPHICAL PLOTTING

The time required to plot a graph of interference or suscep-
tibility levels represents yet another costly use of engineering man-
power. An automated approach can save much time in this area and has
the further benefit of standardizing all graphical plotting. The
simplest approach to mechanization consists of using an X-Y plotter
(Mosley Autograf) with a digital keyboard (model 40c), in conjunction
with a logarithmic converter (model 60B) for the X axis so that fre-

quency may be displayed on a logarithmic scale. A character printer
(model D-lA) is used on the plotter so that the ambient level and in-
terference level for different modes of equipment operation can each
be plotted with a different symbol. In this method of operation, the
data is entered manually on the digital keyboard from the tabulated

data sheets.

To fully automate graphical plotting of interference data,
the com'puter which processes the data also generates punched cards
(or tape) showing the calculated interference and ambient levels at
each frequency of measurement. The cards (or tape) are then fed to
an IBM 523 Summary Card Reader which is connected to a Digital Data
Translator (Dymec DY-2742). This feeds the data through the logarith-
mic converter to the X-Y plotter at the rate of 50 points per minute.
One plotting run is required for the ambient level and one for the
signal level. Special graph sheets having the interference and sus-
ceptibility limits already printed thereon are used, and the only task
required of the human operator is to insert these sheets into the
plotter and to ensure its proper calibration.

VI. CONCLUSION

The data program which has been discussed herein trades inter-
ference engineering manpower for computer time. The data reduction
task of the interference engineer ceases upon filling out the data book
page; the computer facility returns to him tabulated data sheets and
complete graphs. Whether this choice is practical for all companies
depends, of course, on the amouint of interference data to be processed
and the availability of computing and plotting equipment. For those
companies having large amounts of interfe-:ence work and the availabil-
ity of computer data reduction facilities, the use of an automated data
reduction and presentation program seems logical. Equally logical is
the next step in the semi-automation of interference testing, wherein
the data and all correction factors will be recorded directly on punched
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cards by the interference meter operator, thus eliminating the need for
manual recording of data. This finally leads to the completely auto-
mated operation of interference testing, wherein the interference meter
has internal storage of all correction factors, and itself generates
the punched cards, thus displacing the human operator. By feeding the
punched cards directly to the X-Y plotter system, the interference meter
w'll produce a rapid, graphical plot of all data. Thus, at some future
point in time, the main task of the interference test engineer will be
the evaluation of the test data, and a computer program can no doubt
also be devised for that task. However, non-automated homo sapiens
will continue to make fixes as required.
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CACULATION CODE
(a four digit number with sign: ± XXXX)

SIGN:
+ is for "area ambient" measurement

- is for "instrument ambient" measurement

FIRST DIGIT:

0v00 Stoddart or Polarad FIM measurement device

1000 Empire Devices NF-105 or NF - 112 instrument

2000 indicates a susceptibility device

SECOND DIGIT (instrument and corresponding frequency range):
0100 NM-40 ( 30 cps - 15 kc )
0200 NM-10 1200 NF-105, TX-105 ( 15kc - 150kc)
0300 NM-20 1300 NF-105, TA-105 (150 kc - 25 mc )
0400 NM-30 1400 NF-105, T1-105 ( 25 mc - 200 mc)

0500 NM-30 1500 NF-105, T2-105 (200 mc - 400 mc )
0600 NM-50 1600 NF-105, T3-105 (400 mc - 1000 mc)
0700 URM-42 1700 NF-112 ( 1 kmc - 10 kmc)
0800 FIM I 1kmc - 10 kmc)

THIRD DIGIT (pickup or susceptibility device):
0010 Rod Antenna

0020 Current Probe

0030 Loop Arantenn

0040 Horn Antenna
0050 Dipole Antenna

0060 Line Impedance Stabilization Network
0070 Broadband Antenna

0080 Isolation Transformer

0090 Capacitance Network

FOURTH DIGIT (type of measurement and computation scheme):

0001 RF Voltage

0002 Conducted Current
0003 Antenna Induced Voltage
0004 Electric Field Strength
0005 Field Intensity

0006 Magnetic Field Strength
0007 Audio Vooiage

Figure 2
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ELECTROMAGNETIC INTERFERENCE DATA

REFERENCE= LOG BOOK A-714 PAGE 22, DATA BOOK A- 2 PAGE 39, AUG 15 1961
TEST SAMPLE(462-3)
LINE MEASURED
EQUIPMENT= NF-05, TA-105 SERIAL NO. 1517 CALIBRATED JUN 14 1961

***RF VOLTAGE MEASUREMENTS(IMPEDANCE STABILIZATION NETWORK)*,-*

B M DETECTOR MEASURED T DETECTOR SIGNAL CALCULATED LEVELS
A E CENTER VOLTAGE Y GAIN AND LOSS (DB*UV) OR (DB*UV/MC)
N T FREQUENCY PK(BB)-FI(CW) P BANDWIDTH CORR FIFTY-OHM IfPEDANCE
D H SIGNAL NET AMB E FACTOR

0 AMBIENT SIGNAL SPEC
D (MC) (DB) (DB) (DB) (DB) (DB) (DB) (DB)

1 S 0.150 68.0 4.0 CW 0.0 0.0 4.00 67.99 62.50
1 S 0.270 67,0 7.0 CW 0.0 0.0 7.00 66.99 57.73
1 S 0.310 65.0 4.0 CW 0.0 0.0 4.00 64.99 56.61
2 S 0.535 76.0 6.0 CW 0.0 0.0 6.00 75.99 52.17
2 S 0.625 66.0 5.0 CW 0.0 0.0 5.00 65.99 50.91
2 S 0.700 64.0 6.0 CW 0.0 0.0 6.00 63-59 49.99
2 S 0.820 57.0 6.0 CW 0.0 0.0 6.00 56.99 48,71
3 S 1.08 72.0 7.0 CW 0.0 0.0 7.00 71.99 46.47
3 S 1.47 65.0 13.0 BB 0.0 0.0 13.00 64.99 85.04
3 S 1.62 64.0 6.0 CW 0.0 0.0 6.00 63.99 43.13
4 S 2.16 88.0 4.0 CVW 0.0 0.0 4.00 87.99 40.84
4 S 2.70 83.0 5.0 CW 0.0 0.0 5.00 82.99 39.03
4 S 3.25 85.0 6.0 CW 0.0 0.0 6.00 84.99 37.52
4 S 3.80 66.0 3.0 CW 0.0 0.0 3.00 65.99 36.25
4 S 4.60 55.0 2.0 CW 0.0 0.0 2.00 54.99 34.70
5 S 6.50 59.0 4.0 CW 0.0 0.0 4.00 58.99 34.00
5 S 8.60 55.0 3.0 CW 0.0 0.0 3.00 54.99 34.00
5 S 10.2 43.0 5.0 CW 0.0 0.0 5.00 42.99 34.00
6 S 13.0 43.0 4.0 CW 0.0 0.0 4.00 42.99 34.00
6 S 16.0 52.0 6.0 CGW 0.0 0.0 6.00 51.99 34.00
6 S 18.5 54.0 3.0 Cu, 0.0 0.0 8.00 53,99 34.00
6 S 24.0 57.0 15.0 CW 0.0 0.0 15.00 56.99 34.00
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ELECTROMAGNETIC INTERFERENCE DATA

REFERENCE= LOG BOOK A-812 PAGE 24, DATA BOOK A- 2 PAGE 40, AUG 16 1961
TEST SAMPLE(143-2)
ANTENNA LOCATION
EQUIPMENT= NF-105, TI-105 SERIAL NO. 1517 CALIBRATED SEP 16 1961

***ANTENNA INDUCED VOLTAGE MEASUREMENTS(DIPOLE ANTENNA)***

B I'M D qTECTOR M!EASURED T DETECTOR ANTENNA CALCULATED LEVELS
A E CENTER VOLTAGE Y GAIN AND INDUCED (DB*UV) OR (DB*UV/MC)
N T FREQUENCY PK(BB)-FI (CW) P BANDWIDTH VOLTAGE ANTENNA INDUCED
D H- SIGNAL [fW AHD E FACTOR CORR

0 AMBIENT SIGNAL SPEC
D (f-C) (DB) (DB) (DB) (DB) (DB) (DB) (DB)

I S 25.0 48.0 0.O i'r 0.0 + 8.2 8.20 56.19 43.81
1 S 26.0 52.0 0.0 EB 0.0 + 8.2 8.20 60.19 44.51
1 S 23.0 53.0 0.0 BB 0.0 + 8.3 8.30 61.29 45.83
I C 31.0 51.0 0.0 BE 0.0 + 8.3 8.30 59.29 47.64
1 S 35.0 50.0 0.0 BB 0.0 + 8.4 0.40 58.39 50.04
1 S 40.0 46.0 0.0 BB 0.0 + 8.6 8.60 54.59 50.46
1 S 50.0 54.0 0.0 B8 0.0 + 8.7 8070 62.69 51.16
I S 60.0 57.0 0.0 BB 0.0 + 8.7 8.70 65.69 51.73
2 S 70.0 54.0 0.0 BB 0.0 + 8.8 8.80 62.79 52.22
2 S 80.0 53.0 0.0 BB 0.0 + 8.9 8.90 61.89 52.64
2 S 90.0 55.0 0.0 BB 0.0 + 9,0 9.00 63.99 53.00
2 S 100.0 57.0 0.0 0B 0.0 + 9.1 9.10 66.09 53.34
2 S 110.0 55.0 0.0 B 0.0 + 9.1 9.10 64,09 53.63
2 S 120.0 57.0 0.0 BB 0.0 + 9.2 9.20 66.09 53.91
2 S 130.0 54.0 0.0 BB 0.0 + 9.2 9.20 63.19 54.16
2 S 140.0 56.0 0.0 BB 0.0 + 9.3 9.30 65.29 54.39
2 S 150.0 44.0 0.0 BB 0.0 + 9.4 9.40 53.39 54.61
2 S 160,0 48.0 0.0 BE 0.0 + 9.5 9.50 57.49 54.81
2 S 170.0 56.0 0.0 B0 0.0 + 9.5 9.50 65.49 55.00
2 S 100.0 48.0 0.0 BB 0.0 + 9.6 9.60 57.59 55.18
2 S 190.0 44.0 0.0 B 0,0 + 9.6 9.60 53.59 55.35
2 S 200.0 42.0 0.0 B 0.0 + 9.7 9.70 51.69 55.51
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ELECTRO[AGNETIC INTERFERENCE DATA

REFERENCE= LOG BOOK A-546 PAGE 32, DATA BOOK A- 2 PAGE 41, AUG 16 1961
TEST SA.PLE( 892)
LI NIE rEASURED
RANGE= 30 CPS - 15 KC

***AUDIO VOLTAGE SUSCEPTIBILITY MEASUREVIENTS(ISOLATION TRANSFORMER)***

SUSCEPT THRESHOLD SPEC
FREQ SUSCEPTIBILITY LIMIT

(CPS) (VOLTS) (VOLTS)

33. 1.21 3.0
45. 1.82 3.0
50. 1.96 3.0
60. 2.03 3.0

100. 2.14 3.0
200, 2.21 3.0
300. 2.39 3.0

1000. 2.66 3.0
1500. 2.58 3.0
2000. 2.92 3.0
3000. 2.33 3.0
3500. 2.64 3.0
4500. 1.82 3.0
6000. 1.31 3.0
3000. 2.01 3.0

10000. 2.00 3.0
10500. 2.02 3.0
11000. 2.21 3.0
12000. 2.31 3.0
13000. 2.42 3.0
14000. 2.82 3.0
15000. 2.99 3,0
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ELECTROMAGNETIC INTERFERENCE DATA

REFERENCE- LOG BOOK A-546 PAGE 34, DATA BOOK A- 2 PAGE 42, AUG 18 1961

TEST SAMPLE( 892)
ANTENNA LOCATION
RANGE= 200 MC - 400 VKC

***FIELD INTENSITY SUSCEPTIBILITY tEASUREVAENTS(DIPOLE ANTENNA)***

SUSCEPT THRESHOLD SPEC ANTENNIA CALCULATED

FREQ SUSCEPTIBILITY LIlHlT FACTOR FIELD INTENSITY

(VIC) (VOLTS) (VOLTS) (DB) (DB*V/M) (VIM)

------------------ ------------

2.04.0 9.84 0.1 - 8.0 11.85 3.917

210.0 9.42 0.1 - 7.0 12.41 4,207

234.0 9.32 0.1 - 5.0 14.38 5.241
250.0 9.21 0.1 - 3.0 16.28 6.520

282.0 9.24 0.1 - 2.0 17.31 7.339

298.0 9.28 0.1 - 1.0 18.35 8.270

306.0 9.31 0.1 - 1.0 18.37 8.297

310.0 9.12 0.1 0.0 19.19 9.119

312.0 9.04 0.1 0.0 19.12 9.039

325.0 8.905 0.1 0.5 19.52 9.469

328.0 8.92 0.1 0.5 19.50 9.448

330.0 8.43 0.1 0.5 19.01 8.929

335.0 7.92 0.1 0.5 13.47 8.389

338.0 7.93 0.1 1.0 18o98 8.897

350.0 7.95 0.1 1.0 19.00 8.920

355.0 8.00 0.1 1.0 19.06 8.976

360.0 8.05 0.1 1.5 19.61 9.567

370.0 8.10 0.1 1.5 19.66 9.626

380.0 8.21 0.1 2.0 20.28 10.335

385.0 8.32 0.1 2.0 20.40 10.474

390.0 8.42 0.1 2.0 20,50 10.600

400.0 8.53 0.1 2,5 21.11 11.374
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PREPARATION OF STATISTICAL INPUT FUNCTIONS
FOR INTERFERENCE PREDICTION

K. G. Heisler, Jr.
Jansky & Bailey

A Division of Atlantic Research Corporation
Alexandria, Va.

Abstract. Interference prediction is, to a great extent, a statistical problem.
Most cases of practical importance fall in the region of uncertainty lying between
those systems confidently compatible within their environments and those
systems completely incompatible within their environments.

Since the inputs for interference analysis have by nature significant random
components, determining the characteristics of the random variations is a
prime part of preparing input functions.

This paper explores examples of statistical methods that may be used and
discusses some tentative conclusions. The more important conclusions are:

1. The average harmonic output from transmitters decreases with
increasing harmonic number and follows a straight line with the logarithm
of harmonic number.

2. A number of random variables introduce a random deviation from
the average harmonic output from transmitters, which is distributed normally
at each harmonic and has a standard deviation that is independent of harmonic
number.

3. Most spurious response frequencies for superheterodyne receivers
are predictable from the equation

pf + f
f0 if

q

where
f = the spurious response frequency

f o = the local oscillator frequency of the receiver
fi = the IF frequency of the receiverp harmonic number associated with f

q = harmonic number associated with f

It has been tentatibely concluded that the average power required to interfere
with the receiver decreases with increasing p and follows a different straight
line with the logarithm of p for each q.
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4. A number of random variables introduce a random deviation from
the average power required to interfere with the receiver which is distributed
normally at each p and has a standard deviation that is independent of p.

A number of tentative conclusions are drawn concerning the nature of the
antenna pattern distribution function.

The type of interference prediction answers these forms of input functions
will provide is briefly discussed.

I. INTRODUCTION

In the affairs of man, nothing is either all good or all
bad. So it is with interference. As Fig. 1 portrays, there is a
middle ground between an assured knowledge of interference and an
assured knowledge of no interference in which the interference
situation i. at best uncertain, even when the problem is subjected
to the most rigorous forms of attack.

To accomplish interference analysis, the first temptation
is to consider worst-possible situations, thereby transferring this
middle region of uncertain interference into the completely useless
range of certain interference. The worst-possible situation type
of approach is all right if the middle region is small. uniortu-
nately, however, the region of uncertain interference must be used
if the existing electromagnetic requirtuunL•s a- e be Gvc.n apprc-_
imately fulfilled. In fact, most of the important equipments today
are already operating in this middle region between no interference
and certain interference.

Thus, we must be able to predict interference when we can
be certain it occurs and to analyze the causes of interference. We
must be able to predict the absence of interference when we can be
sure it is truly absent. Finally, and most important of all, we
must be able to predict the possibility (probability) of interference
when the situation is uncertain. Only in this way can we provide
system planners with the information they need to properly consider
all of the odds and decide upon the most expedient system among the
many trade-offs that may be made.

In order to predict and analyze interference in the large
region of uncertainty, it is important that we gain an insight into
the detailed statistical characteristics of the random variables
that give rise to the uncertainty.

Recently an intensive study of the available measured data
for the input functions to interference analysis was carried out.
This study has led to some imporLant conclusions concerning the
spectral output power of transmitters and the response spectra of
receivers. The following discussion will present these conclusions

* This work was supported in part by Rome Air Development Center
under Contract AF 30(602)-1934.
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along with some general discussion of the methods that have been
used to arrive at the conclusions.

Il. TRANSMITTER SPECTRA

Fig. 2 is a typical measured spectrum from an existing clas-
sified radar transmitter. It has been generally concluded in the
past that little information is represented by this single spectrum
since the spectrum is a function of a number of random variables
which have a significant effect on the power output at each harmonic.
Actually, with a proper understanding of the detailed statistical
characteristics of transmitter spectra, one can deduce a great deal
more information from a single spectrum than appears on the surface.

Before discussing in any detail the amount of information
that may be extracted from a single spectrum, it will be necessary
to discuss the statistical characteristics of transmitter bpecL.L
in general. To carry out the discussion, a sample analysis will
be presented based on 33 different spectra from the transmitter that
was used to generate the spectrum shown in Fig. 2. The 33 samples
produce a data spread that is typical of many equipments observed
+t d•• w•icy R norAt1ray the data spread for this illustrative case
and as is expected the spread is large. Based on an examination of
a number of plots of the type shown in Fig. 3, it is immediately
suspected that two phenomena are taking place.

(i) In general the power output is decreasing with
increasing harmonic number.

(2) There are other variables involved which are
introducing a large variability in the data
at each harmonic.

The questions to be answered are: What is the functional
relationship between harmonic number and power output? What is the
nature of variability at each harmonic? Is the variability depen-
dent upon harmonic number? What other variables might the varia-
bility be dependent upon? Is the variability random? If so, what
are the statistical characteristics of the variability?

The following paragraphs will be directed toward the devel-
opment of a satisfactory approximation to the functional relation-
ship between harmonic number and transmitter power output. Evidence
will be presented in favor of the theory that the variability at
each harmonic may be considered as random ar~d statistics will be
presented which adequately describe the variability.

The median value of harmonic power output is shown by the
horizontal bars on Fig. 3. The median value at each harmonic tends
to decrease with increasing harmonic number. Thus, the lowest values
in the range of observed values also decrease as the harmonic number
increases. We see on Fig. 3 that at the 5th harmonic the range of
observed values has decreased to a point that has forced several of
the values that should have been observed below the noise level.
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Although it is known that these values exist, they cannot be
measured and therefore cannot be used in any but the more complex
types of statistical inquiries. The fact that some of the values
have dropped below the noise level is shown on Fig. 3 by the miss-
ing lower portions of each data range. As long as the median value
is above the noise level at a particular harmonic some information
can be extracted at that harmonic without undue complications. How-
ever in the present case, above the 7th harmonic, tne median value
falls below the noise level and the few data points which were avail-
able have been discarded as practically useless.

The first question to be answered is: What is the function-
al relationship between transmitter power output and harmonic number?
In order to find the functional relationship, some curve fitting
will be attempted. The first and most desirable possibility that
comes to mind is a straight line. Figure 4 shows the results of
fitting a straight line to the median values of the sample shown
in Fig. 3. The sum of the squared deviations from this curve is
significantly high. being 45. More important, however, is that
the median values denoted by the plotted points on Fig. 4 have an
obvious systematic deviation from the solid straight line which
was fit to them. The deviation shown by the dotted line is sug-
gestive of a logarithmic curve. Obviously, the next step is to
fit a logarithmic curve and see if it does represent the desired
tunczionai relationship more adequaLviy. Tv lit a l 5carithMic
curve, it is only necessary to change the independent variable
from harmonic number to the logarithmic number by replotting the
data on semilog paper and then fitting a new szraignt line to thU

replotted data. The new straight line will represent the best
logarithmic function which could be fit to the data. The result
of the above steps is shown in Fig. 5. The sum of the squared
deviations of the data points from the line shown in Fig. 5 has
dropped to 14 which is much more satisfactory. Of much greater
*importance is the fact that the data points nave no significant
systematic departure from the logarithmic fit represented by Fig. 5.
Thus it appears that a satisfactory fit has been found to the points
and it may be said that the median power output, P in db down from
the fundamental power output for transmitters may be expressed as

P = A log n + B

where n is the harmonic number ( n > 2) and A and B are constants
which must be evaluated for each equipment. For the equipment used
in the present example, A = 43 and B = 36.

The evidence that the functional relationship between power
output and harmonic number from transmitters is logarithmic is so
strong, upon examination of a number of different equipment, that
the result will be stated formally as Hypothesis I.
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Hypothesis I. The median harmonic output from a transmitter
decreases with increasing harmonic number and
follows a straight line with the logarithm of
harmonic number.

The next step is to inquire into the nature of the vari-
ability of the data at each harmonic. The task of using the data
would be greatly simplified if it were true that the data are
normally distributed, since the normal distribution is one of the
most common and easily handled types of statistical distributions.
An adequate method for determining the normality of the data is to
assume that it is normal, estimate its standard deviation and mean
value, and then use one of the several statistical methods which
are available to test the credulity of the normality assumption.

As an example, the 2nd, 3rd and 4th harmonics from the
sample transmitter will be tested for normality by means of the
commonly used chi-squared test . The 5th, 6th and 7th harmonics
were not tested since some of the sample values for these higher
harmonics were lost in the noise and a sufficient number of samples
did not remain.

At the 2nd harmonic, 33 values were measured. The hypo-
thesis that we would like to test is that these 33 values were
drawn at random from an infinite set of values (commonly known as
a population) that are normally distributed. From our sample of
33 values we can estimate the characteristics of the parent popula-
tion. We can then compute the deviation of our 33 sample values
from the ideal normal distribution which has been hypothesized.
Now it is important to note that even if the parent population is
normally distributed, we would expect ovr 33 samples to display
some deviation from normality. Indeed, statistical theory tells
us just how likely each possible deviation is. If we observe a
deviation that is too unlikely, we can conclude that the parent
population from which we drew our samples was not normal. However,
if the observed deviation from normality is fairly likely, then
we can conclude that there is no evidence in the observed data to
rule against normality, which when repeatedly observed becomes
strong evidence in favor of the theory that the parent population
is indeed normally distributed.

The curve of Fig. 6 is the distribution of the possible
deviations from normality that would be observed if we estimated
the normal characteristics from 33 samples that were drawn from a
much larger normal population. The vertical axis is a measure of
the observed deviation from the normal. The horizontal axis is
the probability that we would not observe a deviation this great
if all our normality assumptions are correct. Thus, the horizontal
axis of Fig. 6 becomes a measure of the significance of the observed
deviation. If the significance of the observed deviation is greater
than 95, we will in general rule that the parent population was not
normally distributed. If the significance of the observed deviation
is less than 95, we will conclude that the normality assumption con-
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cerning the parent population was correct at least as far as the
particular set of samples is concerned.

The deviation from normality of our 33 samples taken at the
2nd harmonic of the radar transmitter is 1.8 as shown in Fig. 6. A
deviation of 1.8 has a significance of only 38, certainly not ruling
against normality at the 2nd harmonic, Figure 6 also shows that the
level of significance at the 3rd harmonic is only 52 and at the 4th
harmonic only 40, all well below the rejection level of 95.

Repeated observations of this type give strong indications
that at each harmonic from a transmitter the variations due to
different serial numbers, tuned frequencies, output tubes and the
like are normally distributed.

We now know the type of statistical distribution, and
from Hypothesis I we know how to find and represent the median
value of this distribution. The standard deviation of the distri-
bution is the one remaining bit of data that is needed to completely
specify the harmonic output levels.

Our set of 33 samples at each harmonic provided an estimate
of the standard deviation. Since the estimate is based on a rela-
tively small sample there is to be expected a great deal of deviation
from the true standard deviations. We do expect, however, to see a
noticeable upward or downward trend in the standard deviation as har-
monic number increases. In fact, intuitively it would seem that the
standard deviation (which is a direct measure of the variability or
data spread) should increase with increasing harmonic number. To
our surprise, statistically, we were unable to find any trend in the
standard deviation with increasing harmonic number. Thus, the possi-
bility that the standard deviation at each harmonic is independent
of harmonic number is to be theorized. If true, this means that all
measured harmonic levels are drawn from the same normally distributed
population regardless of the harmonic at which they were drawn. The
only difference between harmonics is that each value is biased by
some amount that depends solely on harmonic number.

Thus, we form still another hypothesis to be tested, which
states that the standard deviations of our normal distributions at
each harmonic are independent of harmonic number. This hypothesis
has been tested in exactly the same way that the normality hypothsts
was tested at each harmonic. We assume that all samples for all
seven harmonics shown on Fig. 3 were drawn from the same normal dis-
tribution but that their values were biased at each harmonic by a
value predicted by the solid line of Fig. 5. It will be recalled
that Fig. 5 shows the functional relationship between the median
value of harmonic output and the harmonics number.

Figure 6 shows that the deviation from normality which
was observed, under the assumption that the standard deviation at
each harmonic is independent of harmonic number, has a significance
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t
of only 72, again well below our rejection level of 95.

The results so far can be summed up in the two following
hypotheses:

Hypothesis I. The average harmonic output from transmitters
decreases with increasing harmonic number and
follows a straight line with the logarithm of
harmonic number.

Hypothesis II. A number of random variables introduce a ran-
dom deviation from the average harmonic out-
put from the transmitter, which is distributed
normally at each harmonic and has a standard
deviation that is independent of harmonic number.

There exists strong evidence in favor of these two hypotheses and
if they are correct our confidence in them will grow as more data
are collected.

It is of interest to give one more example of the testing
of these two hypotheses against measured data. In this case, we
will use a communications transmitter. Figure 7 shows that the
significance of the observed deviation from normality for the 2nd
through 24th harmonic of a typical HF transmitter is 88 which is
safely below the rejection level of 95.

If Hypotheses I and II hold, then we see that Fig. 2 no
longer represents one sample from each of seven different statis-
tical distributions, but rather seven samples from the same distri-
bution. Thus, it turns out that a single spectrum can provide a
significant amount of information. A least squares fit to the
spectrum will provide an estimate of the median value at each har-
monic and the deviation of the spectral values from this straight
line will provide an estimate of the standard deviation which under
Hypothesis II is the same at each harmonic. Of course, the more
values that are used, the more accurate the estimates will be. How-
ever, it is important to note that once the distributions are known,
statistical theory will tell the error involved by estimating with
any given sample size.

For example, let us try to estimate the statistical char-
acteristics of our radar transmitter from only a single spectrum.
An LSF was made to each of the 33 measured spectra for the radar
transmitter that had all seven harmonic values above the noise.
Each of the least squares fits are estimates of the nearly true
functional relationship shown in Fig. 5.

To demonstrate the error that would have been involved
in the functional relationship between median harmonic output level
and harmonic number, the individual least squares fits have been
plotted on Fig. 8. Of course, the difference between each individual

- 5



line is great, but we must remember that seven samples went into
determining each line. Statistical theory predicts exactly the
deviations we note on Fig. 8, when seven samples are used. As the
number of samples (i.e., the number of harmonics in a spectrum and/or
the number of available spectra) increases, the deviation, and hence
the accuracy of any single line, increases rapidly.

A single spectrum will also give some information concerning
the standard deviation (a). Fig. 9 shows a comparison of the stan-
dard deviation as predicted from all samples (totaling 200) and from
a single spectrum (seven samples) chosen at random from the 33 spectra
available.

Hypotheses I and II tell us that to obtain adequate trans-
mitter information it is only necessary to measure the statistical
detail at two harmonics or equivalently it is only necessary to make
a few measurements at each harmonic. Statistical theory may be
used to tell us exactly how many samples must be taken to estimate
the statistical parameters to any given degree of accuracy.

III. RECEIVER RESPONSE SPECTRA

It has been found that Hypotheses I and II may be extended
to handle the receiver response spectra as well as the transmitter
harmonic output spectra. Almost all of the spurious response fre-
quencies for superheterodyne receivers may be predicted from the
equation

Pf LO ± f IF
f = (I)

q

where
f = the response frequency

f LO = the first local oscillator frequency of the
receiver

fIF = the first intermediate frequency of the
receiver

p = a positive integer

q = a positive integer.

Eq. 1 shows that there is a response frequency for each
possible p and q. Those responses for which q = 1 are in general
the most serious. As the example of Fig. 10 shows, the responses
for which q ý 1 are paired, one of the pair generated by the plus
sign of Eq. 1 and the other generated by the minus sign. Success-
ive pairs are separated by a distance equal to fLo and each member
of any particular pair is separated from the other by 2f1F. The
q = 2 responses are distributed in frequency in just the same way,
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but are generally lower in amplitude and are always twice as dense
in frequency as shown by Fig. 10. The q = 3 responses are generally
lower in amplitude than either the q = 1 or q = 2 responses and are
three times as dense as the q = 1 responses.

A logical subdivision of the receiver responses is there-
fore made by q. Fixed p becomes analogous to harmonic number for
any fixed q if fIF is small compared to fLO, which is almost always
the case. Further if fIF is small as compared to f the difference
in frequency betwee.. those responses generated by Ek 1 with a plus
sign and those responses generated by Eq. 1 with a minus sign is
small.

Thus, if we divide the possible receiver responses into
separate groups by q and allow p to be identified w.th harmonic
number, we may investigate the validity of the following two
hypotheses concerning receiver spurious responses:

Hypothesis III. The average power required to interfere
with the receiver increases with increas-
ing p and follows a different straight
line with the logarithm of p for each q.

Hypothesis IV. A number of random variables introduce a
random deviation from the average power
required to interfere with the receiver
which is distributed normally at each p
and has a standard deviation that is in-
dependent of p.

As an example of the strong evidence in favor of these
two hypotheses, a series of measurements made on a classified
radar receiver will be considered. First, the deviation from
normality for the measured values is computed at each p for q = 1.
The computation is carried out in exactly the same manner as the
normality computations at each harmonic for the transmitter example
previously discussed. As shown in Fig. 11, the significance of the
observed deviation from normality at p = 3 was 82; at p = 4, 60; at
p = 5, 38; all of which are well below the rejection level of 95.
Again, just as in the transmitter case, we assume that all observed
values were drawn from the same normal distribution, but that the
vaiues were biased by some fixed amount which depends upon p. Under
these assumptions, the deviation from normality for the combined
responses between p = I and p = 5 was only significant at a level
of 46, which is another bit of evidence in favor of Hypotheses III
and IV.

An interesting example of an extension of Hypotheses III and
IV that was necessary for certain types of receivers is shown in the
next illustrative example. Let us consider a receiver which tunes
in the 0.5 - 30 Mc range, and has a series of three intermediate fre-
quency stages. If we test Hypotheses III and IV for a receiver of
this type by assuming that all measurements at q = 1 are drawn from
the same normal distribution, but biased by some amount which is a
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function of p, the significance of the observed deviation falls
well into the rejection region. We immediately become curious
as to what happened. The estimated median values were plotted
as a function of p as shown on Fig. 12. Figure 13 shows clearly
that there are three separate phenomena taking flace, one from
p = 1 to p = 4, another from p = 4 to p = 10 and the third from
p = 8 to p = 30. Surprisingly enough, each of the three phenomena
seems to follow our familiar straight line.

Applying our tests to each region separately, we find that
they are all above the rejection level, although the region p = 1
to p = 4 falls dangerously close to the rejection level.

To summarize, four important hypotheses have been suggested
that could have far-reaching importance in the fields of interfer-
ence measurement and interference prediction and analysis. The four
hypotheses which have strong evidence to support them are restated
as follows:

Hypothesis I. The median harmonic output from a transmitter
decreases with increasing harmonic number and
follows a straight line with the logarithm of
harmonic number.

Hypothesis II. A number of random variables introduce a ran-
dom deviation from the average harmonic out-
put from a transmitter, which is distribute
normally at each harmonic and has a standard
deviation that is independent of harmonic
number.

Hypothesis III. The average power required to interfere with
the receiver increases with increasing p and
follows a different straight line with the
logari-thm of p for each q.

Hypothesis IV. A number of random variables introduce a ran-
dom deviation from the average power required
to interfere with the receiver which is distri-
buted normally at each p and has a standard de-
viation that is independent Of.

IV. APPLICATION TO INTERFERENCE ANALYSIS

As an example of the usefulness of the four hypotheses
just presented, a brief look will be taken at the results obtained
by applying these hypotheses to a general interference prediction
procedure which has recently been developed and used. A detailed
knowledge of the prediction input statistics allows the probability
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of interference to be accurately computed. A knowledge of the
probability of interference allows a system planner to properly
appraise the chances he is taking with any particular system con-
figuration. Otherwise, he must either disregard a large area that
in all probability is usable or plunge in "by-the-seat-of-the-
pants" and hope that the law of averages is in his favor.

Several types of interference answers are available if
the statistical characteristics of the input function are used
in interference prediction. Figure 14 is one example, which
shows each possible emission from a particular transmitter that
could cause interference to a particular receiver and the proba-
bility that it does indeed cause interference. From Fig. 14 one
can compute the total probability of interference between the
particular transmitter and receiver. The total probability of
interference for the case shown in Fig. 14 is shown in the upper
right hand corner of Fig. 14. The spectral type of interference
prediction answer, illustrated by Fig. 14 allows an appraisal of
the total probability of interference and a detailed look at the
most likely source or sources of interference.

Figure 15 shows another type of interference answer that
is available. Here seven receivers and twelve transmitters are
present in a given complex. The table entries show the probability
of interference between each transmitter and each receiver. If a
statistical sum is taken down any column, the total probability of
interference to any receiver from all sources may be obtained.
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Fig. 4. TRANSMITTER POWER OUTPUT AS A FUNCTION
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Fig. 5. TRANSMITTER POWER OUTPUT AS A FUNCTION

OF THE LOGARITHM OF HARMONIC NUMBER
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RADIO INTERRE FM1CE REDUCTION AND SPECTRUM UTILIZATION
IN FIELD ARFM RADIO RELAY SYSTEM

R. M. Cowgill
Raytheon Company

Abstract. - A great deal of study has been devoted - and effectively - to
the reduction of interference in what might be considered the "on-site" or
"colocated" environment. This enphasis has resulted, in part, from the
fact that this type of interference was the earliest type which presented
a real problem which was amenable to definition, laboratory simulation and
study, and therefore to relatively easy and permanent solutions. These
have made it practical to use numerous equipments on one site and estab-
lished the rules for making frequency assignments under such conditions.

The army, of atomic necessity, has become very dispersed and
mobile while its communications requirements have gone up as a result of
the fast reaction times required by the modern weapons systems and tactics.
This has meant that radio relay must be used in many places where wire or
net type radio were used before. As a result, the density of radio relay
type radiators has gone up. As a result of this and the progress made in
"on-site" interference control, cochannel and adjacent channel interference
have become the dominant contributors to interference. These are both
"off-site" type factors which are much more difficult to deal with on a
sound engineering basis.

This article will deal with the factors which affect the choice
of equipments and systems configurations for implementation of a Field Army
radio relay system. One of the overriding obljectives of any such consider-
ation must be the efficient use of the spectrum in order to assure a mini-
mum of radio frequency interference.

I. BACKGROUND

A great deal of study has been devoted to the reduction of
interference in what might be considered the "on-site" or "colocated" en-
vironment. This emphasis has resulted, in part, from the fact that this
interferencc was the earliest type presenting a real problem which was
amenable to laboratory simulation and study and therefore to relatively easy
and permanent solutions. These solutions have made it practical to operate
a reasonably high number of electromagnetic radiators from the same site.
Therefore, on-site interference reduction will not be covered in this paper.
however, as engineers were arriving at these solutions, the requirements of
the Field Army were changing and new and more difficult problems were pre-
senting themselves. The army, of atomic necessity, has become more mobile
and dispersed. In addition, the army in its quest for new ways to replace
manpower with machines has embraced automatic data processing. As a result
of these two factors and the need for spectrum economy, radio relay has
replaced wire and, in some cases, net radio. Its use has thus been extended
to ever lower echelons of cominand.
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This more dense use of radio relay has aggravated the "off-
site" mutual interference problem until it has become the major one. In
addition, this problem is much more difficult to attack by reason of the
larg- numbers of equipments and personnel and the large area of terrain
required to simulate battlefield conditions. Should the equipments,
personnel and area be available for such simulation, the range of conditions
which might be anticipated, both in spacing and propagation, varies much
more radically. This then becomes a statistical problem with a very broad
deviation. It is very likely that no absolute answer is possible. There-
fore, all possible means must be used to reduce interference. Since for
the pkuLrpose of this paper it has been assumed that the on-site problem has
been solved, we are concerned here primarily with cochannel and adjacent
channel far field interference. This is not to say that we need not observe
the frequency assignment rules dictated by the on-site interference problem;
it is just assumed that we know what these rules are and the extent to which
they restrict our overall network configuration and frequency assignment.

II. PROBLEMS IN SYSTEMS DESIGN

The conditions under which the Field Army might have to operate
vary so widely that it may be difficult to provide a communications system
which is general enough in its application to meet all requirements and yet
well enough defined so that advanced planning can assure efficient equip-
ment and spectrum usage. The communications requirements basically follow
well defined channels, but from a system's standpoint, they may be best
served by a common user type communications system. An acceptable system
must provide a degree of alternate routing in order to make it less vul-
nerable to disruption as a result of physical or electronic neutralization
of any site. At the same time, it must do so without introducing re-
strictive complications of equipment usage and frequency assignment. The
frequency assignment must be flexible enough not to restrict the movement
of the units and yet efficient enough to be able to provide the necessary
communications with an acceptable level of interference within the spectrum.
It follows that a system's approach should be used to arrive at a standard-
ized network configuration - using the characteristics of existing equip-
ments in order to be able to arrive at firm and currently useful conclusions.
The process of engineering such a system efficiently should provide some
guidelines for the design of new equipments for a better future system. The
system must take into account the terrain on which it might be called upon
to operate and yet these terrain factors must not be allowed to restrict
the usefulness of the system. The same equipments must be applicable under
all these conditions in order not to load down the budget and the soldier
with extra equipment. This is quite an order and requires an orderly
approach.

III. SSTFmm RE..Ir..E.ns

It is desirable in the design of a trunk communications system
serving an area such as that occupied by a Field Army to use an irregular
cellular type of radio relay interconnection with major communications
centers at the intersections. This provides the high degree of alternate
routing needed for reliability and common user trunks for efficiency of
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trunk usage. However, it seems inevitable that the full system will
build up by degrees rather than appear all at once. The axis of required
command coimmuications will be installed first. As these axes build up,
cross connections will be installed as time permits, remembering that
there are heavy pressures dictating this stiffening of the system in order
to make it less susceptible to destruction or electronic countermeasures.
The system which results is a command oriented area system.

The network described so far provides only the interconnections
between major communications centers. These sites, however, in addition to
being the nodal points for the links interconnecting the centers, will
undoubtedly be the gathering points for connections to multi-voice-channels
customers as well (Figure 1). The coarseness of the network will, therefore,
be a function of both these requirements. Under some conditions, however,
the density of customers may be so great that with a reasonable separation
of commanications sites from the standpoint of the interconnecting links,
the density of terminating links required at any one center may be so high
as to be impractical from the standpoint of frequency assignment and other
on-site complications. Under these conditions, it may be advisable to
install consolidation facilities - radio relay sites which do nothing more
than make connections to several customers and then relay them through one
link to the communications center. The resulting density of comumnications
centers will mean that ?ddio relay can easily interconnect them on a one
hop basis. Any relay point which might be required to tie centers together
would probably itself evolve into a communications center in order to re-
duce the concentration of customer connections to any one center. The
length of the radio relay links tying this system together would probably
average somewhere between 10 and 20 miles in length, depending upon the
terrain. Both ends of such links could be favorably located since they need
not coincide exactly with any one tactical unit nor move with every move
of a headquarters. The configuration only warps and changes when the
changing situation can no longer be served from the existing cosmmnications
complex.

There are several choices open to the systems designer in de-
ciding how to tie the customers into the centers. The most obvious answer
may be low capacity radio relay. However, this results in quite a forest
of antennas at each site. This complex may be difficult to install and,
at VHF, may present frequency assignment problems since the rather broad
beam patterns of these mobile antennas will make them a potential inter-
ference source over rather large areas.

Another possible solution may be found in the so-called radio
relay central (Figure 2). In this concept, one or more transmitters are
fed into one omii-directional antenna to provide the outgoing legs to
some larger number of =alti-voice-channel cuatcnmre. Each customer de-
multiplexes only those channels assigned to him. He receives using a
directional antenna and transmits the return half of the duplex link
through a directional antenna. This requires a separate rf frequency
assignment for each of these return links. However, the central may re-
ceive all of these, with one omi-directional antenna, using preselectors
to separate the rf channels end thereby reduce the danger of cross product
modulations in the receivers.
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Both radio relay and radio relay central will undoubtedly find
their place in future army commnications networks. The radio relay central
will probably find its place in VHF. Antennas of reasonably mobile size
at these frequencies are only moderately directional. Interference is only
slightly increased when onmi-dfrectional antennas are resorted to. The
major advantage of the central is that the central terminals for several
multi-channel customers can be moved into place intact, complete with all
necessary multiplexing and other auxiliary equipment. This makes the
central system more mobile and standardized. Since the equipments are in
a fixed physical relationship to each other, the mutual interference matrix
may be worked out ahead of time and posted within the shelter, so that
intra-central restrictions to the frequency assignment are known quantities.
In addition, the central conserves frequencies. For example, a central
designed to serve six customers all from one multiplexed transmitter using
one frequency, will need 6 additional frequencies to provide the other half
of the six multiple-voice channel duplex connections, making a total of 7
frequencies. Use of straight radio relay would require use of 12 frequencies.

At URF frequencies, straight radio relay may gain an advantage
over the central concept as a result of the more directional antennas which
become practical at these frequencies. The advantage gained by a re-
duction in the number of frequencies required by the radio relay central
may well be counter-balanced by the increased directivity of the antennas.
In general, highly directional antennas are necessary in order to obtain
the desired ranges at these frequencies. In addition, it is not necessary
for all of the antennas to be in one -Lace on the top of the hill. They
can be dispersed around the top and below the crest of the hill making
them less vulnerable to detection and destruction. There are also less
restrictions to the on-site frequency assignment as a result of the separ-
ation and possible shielding. However, there is a high price in capability
attached to the use of these UHF frequencies. Some diffraction can be
expected at VHF frequencies so that paths, especially short ones, which
are not entirely line-of-sight are usable. At UHF frequencies this is
much less likely to be true. As a result, more stringent propagation path
restrictions are imposed upon UHF users than upon VHF users. This is to
some small extent counter-balanced by less severe requirements concerning
Fresnel zone clearance in the site foreground at the higher frequencies.
The VHF portion of the spectrum has become so crowded, however, that the
use of UHF frequencies becomes inevitable to satisfy at least a part of
these requirements.

A picture of the army trunk communications system begins to
emerge. However, nothing has been said about the voice channel capacity
of the interconnecting radio relay links. Experience in laying out radio
relay systems has shown that the capacity of the radio relay link is less
significant than the number of such links, especially when UHF radio relay
equipments are used. The rf channels at these frequencico are iaherently
wide and can accept modulation which provides numerous voice channels
without a conmensurate penalty in spectrum usage. Apparently then, voice
channels become less expensive in terms of spectrum usage and equipment
as we go up in frequency. At some point additional channels become
cheaper than the switching required to provide efficient use of the chan-
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nels in any trunk group. This means that we may have less switching and
more patching with the result that the higher capacity equipments are used.
It appears to be chiefly a matter of the proper choice of available equip-
ments at this point.

The number of multichannel terminations provided army wide is
the prim controlling factor la the mutual interference problem. The
tendzncy should be t t rd fewer terminals of hig"her capacity. Active
alternate connections to these customers must, in most cases, be foregone.
The requirements for alternate communications can undoubtedly be satisfied
by the capability to reorient antennas or install links to additional
centers if and when it becomes necessary. Net radio furnishes a limited
alternate communications means which may prove adequate in emergencies.
The number of multichannel terminations at any one site is a major factor
restricting the frequency assignment scheme. It has already been suggested
that consolidation relay facilities might be used to contain this problem.

IV. SPECTRUM USAGE

As radio relay voice channel capacity goes up in new equipments,
the operating frequencies go up. Possibly this should be stated in re-
verse, as the operating frequencies of radio relay equipment go up, so does
the voice channel capacity. In any event, both seem to be going up to-
gether. This trend has opened up new areas of the spectrum and these
additional rf channels constitute one means of providing for increasing
numbers of radio relay terminations without necesnarily increasing the in-
terference level. This gross approach has its limitations, however, and
it becomes apparent that every means available must still be used in order
to assure an acceptable level of interference. One problem lies in the
fact that commercial users and other military users also invade any new
bit of spectrum opened up by advances in the state of the art and many of
these services will still be needed even in time of war. As a result, only
a fraction of the tuning range of these equipments may be available for the
use of army radio relay. What means are available to assure efficient
spectrum usage and still provide the flexibility required by modern mobile
and dispersed concepts? One such means lies in proper frequency assignment.

With the introduction of computers into the field army, it might
be considered practical to make a centralized and efficient assignment of
frequencies using the computer. However, considerable communications are
required Just to keep the computer informed of the location of each unit
and then to disseminate the assignments as they are made. Continual re-
visions of the frequency assignment would be required as units move if
efficiency of spectrum usage is to be maintained. This places a need for
good communications upon a system whose quality is dependent upon the ade-
quacy of the frequency assignment which is in turn dependent on good com-
unmications. Such a system might be very difficult to administer.

The preceding paragraph indicates that what really limits the
field army's ability to efficiently use the spectrum is constant movement.
Frequency assignments must include this provision for movement without
imposing restrictions. The units should not be dependent upon conmuni-
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cations for their assignments and they should not be required to know where
all other units are with respect to themselves. Certain units will have
to move through others. It might be very wasteful to provide a permanent
set of frequencies compatible with all others regardless of changes in
deployment. The answer appears to lie in a predetermined frequency
assignment based upon terrain separation. Mr. Roger A. Burt of C-E-I-R,
Inc., Arlington, Virginia, has done preliminary work on this approach
under contract with the U. S. Army Signal Research and Development
Laboratory, Fort Monmouth, New Jersey, which seems to indicate this could
be a powerlful tool not only for frequency assignment, but for the design
and evaluation of communications systems. The frequency assignment for a
given radio relay equipment throughout the field army could consist of
a map overlay and/or table dividing the terrain into areas with associated
frequency assignments. For equipments with narrow beam widths, these
assignments might be tied to the direction of the link. Figure 3 shows
one possible map overlay chart and indicates its application.

The method used to develop the frequency assignment pattern is
based on the use of the statistical irregular terrain propagation model
developed by John Egli.1- The pattern is designed to allow a given maximum
probability of mutual interference. Under this concept, all a unit needs
to know is its own location and direction of desired transmission in order
to determine its own compatible frequency assignments. The pattern of
assignment is repetitive and can be used over large areas.

The predetermined frequency assignment approach can be used in
systems evaluation or design in several ways. Given the coarseness of the
communications system structure, the type and maximum number of inter-
connections required and the level of permissible interference, analysis
on the basis of predetermined area frequency assignments can indicate how
many rf channels are required to provide the required service, or given the
number of rf channels available to do the job, the limitations which this
factor imposes upon the number of connections, coarseness of structure or
level of interference can be studied.

It might be argued that this system of frequency assignment is
wasteful of frequencies since at no one time will all of the possible con-
nections be installed, resulting in unused frequencies. However, this is
true of all systems of frequency assignment to some extent since a certain
pattern of assignment is required to minimize interference and this pattern
is related to the deployment of the units. This results in the availability
of a certain number of channels in any one area though not all may be re-
quired. The condition is very similar to the predetermined assignment case
with the advantage of unrestricted mobility accrueing to the latter case,
though the pattern may impose some maximum rf channel restrictions.

There are many advantages in the predetermined frequency assignment
pattern besides mobility. The frequency assignments can be made beforehand
with the aid of a computer if deemed advisable, yet no communications are
required other than the distribution of the map overlays and/or code books.
Frequency assignments may be changed by a simple substitution of code books
or by a shift of the map overlay with respect to the terrain map. An infinite
extension of the pattern already established can be made without additional
effort because of the repetitive nature of the pattern. The frequency

assignment patterns provide fundamental building blocks which are useful in
gaininp an understanding of thc field army's comimnications capabilities.
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Although the initial effort has been based on a general terrain statistics
model, it could be adjusted to any statistical model which might be
developed for specific types of terrain which are encountered. Any im-
provement of the propagation model used would also iMrove the frequency
assignment.

In general, each of the army's radio relay equipment types
occupies a separate portion of the spectrum. Each has different character-
istics. As a result, separate predetermined assignments would be required
for each equipment type. Each equipment could serve a different purpose
within the army communications systems. The high voice channel capacity
equipment could serve to provide heavy long distance links along the main
axes of cowmmiication. Medium capacity equipments might provide the lateral
connections necessary to reinforce the system and provide connections to
centers not along the main axes of communications. A low capacity equipment
or a radio relay central might be used to provide the customer links to the
system. Should an additional equipment type be available, it could be
used to provide the consolidation relay facilities in areas of high density.
These requirements all overlap on the terrain and the provision of separate
equipments using separate sections of the spectrum for each job greatly
reduces the interference problem.

V. FUTURE OF RADIO RELAY

Radio relay wIll undoubtedly continue to provide the backbone
of the field army communications system for quite .some time to come.. The
trend toward use of higher frequencies in order to open up new areas in the
spectrum and to facilitate providing higher channel capacities and narrower
beams will continue. However, sooner or later all of these bands will also
be occupied by other numerous users and there will still be a need to
further develop spectrum conserving techniques. The system of predeter-
mining frequency assignments suggested by Mr. Burt appears to be a most
promising scheme for providing a means of applying the systems engineering
approach to field army commnications. By such application, we may in the
future be able to say of the off-site as of on-site compatibility that we
understand the problem and know how to go about solving it. Further re-
finements are still required in our understand ig of the statistical nature
of the attenuation of radio waves propagated over irregular terrain.

Our present system of radio relay for field army use is inefficient
in that it is of necessity a duplex system. Any one communications link
direction is in use considerably less than half the time, particularly
when voice conmunications are involved. This results from the fact that
in any two party connection only one party can talk at one time and from the
pauses inherent in any conversation. One pouuible aiwier may lie in pro-
viding each information bit with a discrete address with numerous conver-
sations sharing the same transmission medium on a random time basis. A
simpler solution which might prove more practical and just as effective
would involve push-to-talk operation though still provide full duplex
operation. Activation of the push-to-talk button would send out a string of
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stored address pulses which would make up the connection anew for each
transmission. A light or absence of a beep would indicate when the con-
nection had been completed. Such a system should allow any given multi-
voice-channel link to carry approximately twice as many conversations.
Overloading of the link would result in slowing down all traffic rather
than stopping some. Of course, patched through channels could be provided
where no delay can be tolerated -- as is the case with present systems.

Miniaturization of radio relay equipment is necessary and pro-
gress will be made in that direction for this and other field army equip-
ments. However, the real promise for the increased usefulness of radio
relay in the future mobile and dispersed army lies in preplanning and
standardizing systems plans and frequency assignments.
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A COMPARISON OF TWO METHODS OF DETERMINING SYSTEM COMPATIBILITY

E. D. Knowles
The Boeing Company
Seattle, Washington

Abstract. - This paper discusses two testing methods used to determine system
compatibility and to satisfy requirements of MIL-E-6051. Method A and Method B
are described separately and the advantages and disadvantages of each one dis-
cussed. The measurement and susceptibility tests are accomplished in parallel
when Method A is used and in series when Method B is used. Method A requires
more equipment and personnel but conserves time. Method B takes longer but is
more realistic and provides better assurance of compatibility.

I. INTRODUCTION

The basic philosophy of testing a system for interference compati-
bility is to assure that all subsystems do, in fact, operate together in the
system with an adequate margin of safety in regard to interference. This paper
discusses two approaches to system interference compatibility testing and com-
pares the two methods. Both methods have the common objective of verifying by
test that, as a result of interference control, the system meets the require-
ments of MIL-E-6051.

Introduction to Methods

The primary reason for considering two methods of accomplishing a
system test is time. Frequently, hardware delivery schedules require system
interfcrence tests to be accomplished in the least time with cost a secondary
consideration. Most often however, cost is the controlling factor. The in-
terference engineer must consider these two factors, as well as the technical
aspects, when planning a system test. The two methods discussed consider these
factors.

Both methods require prior analysis of the system to determine major
problem areas before the test begins. Both methods require measurement of in-
terference voltages within the system, analysis of the interference data, and
determination of the effect of increased interference voltages upon the sub-
systems and upon the system.

The differences between the methods occur from the manner in which
the increased interference is introduced and in the resulting time required to
complete the entire system test. Figure 1 shows the basic time comparison of
the two methods.

Method A is esenit'glly a parallel operation even though the sub-
system susceptibility, or interference insertion, portion of the test lags
slightly the measurement portion of the test. Method B is a serial operation,
since it is necessary to complete the measurement portion of the test before
embarking on the susceptibility portion.
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II. METHOD A

Method A requires that an initial measurement be made of all the
interference voltages within the system. The measurement portion of the system
test is a data-gathering expedition divided into two parts: (1) measurement of
radiated interference appearing on receiver inputs and (2) measurement of in-
terference conducted on power lines. As these data become available, they are
analyzed and organized for insertion into the subsystems. The inserted inter-
ference, measured interference increased by 6 db, is applied to each subsystem
while the output of the subsystem is monitored to determine if the interference
results in a malfunction.

During the data analysis and susceptibility portions of the test,
more data are obtained frm other parts of the system. The overall result is
a steady flow of data; from the initial system analysis through to the final
monitoring of the subsystems involved.

Radiated Interference Measurement

Each antenna of the system is monitored in turn by disconnecting
the associated receiver and connecting a field-intensity receiver to that
antenna. While the other subsystems are energized in a normal sequence, the
field-intensity receiver is tuned over the frequency band of the system re-
ceiver and the transient interference level recorded. During this portion of
the test, time is saved by using multiple, field-intensity receivers connected
to recording osoillographs.

The measurement process is repeated until the transient interference
at each system antenna has been measured over the allocated frequency band, the
image frequencies, and any other frequencies of interest. As measurements for
each antenna are completed, the data are analyzed for the susceptibility test.

After the measurement of transient interference, normal interference
on antennas is measured. Particular attention is given to system fundamental
and harmonic frequencies and to possible combinations that could result in
spurious receiver response.

The data from measurements on each antenna are analyzed and pre-
pared for insertion in the receiving subsystems that use the antenna.

Conducted-Interference Measurements

Besides the measurements on antennas, interference data must be
obtained from power lines. Transient interference, as well as normal operat-
ing interference must be measured.

Power-line transient interference is measured while each electric-
ally operated unit in the system is energized. After the measurement of tran-
sient interference, normal interference (exclusive of transients) on power
lines is measured. Particular attention is given to system operating frequenc-
ies. In both cases, the data are recorded for subsequent analysis.
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Data Analysis

All data from the measurement phase are analyzed for applicability
to each subsystem. Amplitude, frequency, time sequence, and character of in-
terference are considered in this analysis.

The set of data for each subsystem is tabulated for the power
lines used by that subsystem. Where the subsystem is a radio-frequency re-
ceiver, the data obtained from its antenna are also tabulated. The data, with
the amplitude increased by 6 db, are tabulated as to frequency, modulation
characteristics, and antenna or power lead on which measurements were made.
As the system measurement test progresses, more data becomes available and the
analyzed data are supplied continuously for the subsystem tests.

Susceptibility Test

Concurrent with the start of the system measurement tests, the
subsystems are set up in the laboratories for susceptibility tests.

The laboratory subsystems are adjusted for the most sensitive
operating conditions. The operating signal inputs to receivers are adjusted
approximately 3 db above minimum-operating level. Power inputs are set to
normal values. The interference data supplied by the analysis is inserted
in power lines and receiver inputs. This interference is simulated with
standard signal generators, impulse generators, and special transient genera-
tors. The signals are monitored by field-intensity receivers.

During these susceptibility tests, each subsystem is monitored
for proper operation and evidence of malfunction caused by interference. When
the analyzed data have been applied to all subsystems without malfunction re-
sulting, the system has satisfied the requirements of MIL-E-6051, and compat-
ibility has been verified.

Advantages

The primary advantage of Method A is the saving of calendar time.
The subsystem tests follow soon after the measurement tests and when the sub-
system tests are completed, the overall system test is finished. This time
saving is achieved by using more test personnel, equipment and laboratory
facilities.

Subsystems are operated for a short time during Method A tests,
since each subsystem is energized only for the time required to conduct the
test.

With Method A interference insertion problems are few. The
accessibility of test monitor points, power line inputs, and receiver inputs
allows easy insertion. Receivers can be tiintd easily for the worst condition
of interference.
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Disadvantages

However there are some disadvantages to Method A, and one of these
is the use of many subsystems. Since each sensitive sub-unit in the system is
required to have its laboratory counterpart, at least two of these units are
removed from production delivery channels for the duration of the test. Very
often, because of unique modulation characteristics, a third subsystem must be
used as an interference source. This requirement for a relatively large number
of units during early production can be undesirable.

Manning the laboratory test requires personnel other than those
engaged in the measurement and analysis. Each subsystem must be manned in-
dividually when the interference data for common power lines is inserted. Use
of a single test team would increase the time to complete the tests.

When several subsystems and test teams are operating at one time,
the requirements for interference simulation signal generators can become acute.
Testing several subsystems simultaneously requires considerable laboratory space
and facilities. It may be necessary to rent equipment and space for the duration
of the susceptibility tests. It may even be necessary to pre-empt laboratory
space of other departments, thus affecting their work schedule.

An important technical disadvantage of Method A is the inability
to duplicate system conditions exactly. Power-line impedance in an aircraft
system can vary from one ohm to over 700 ohms in the test frequency range. It
is not possible to duplicate these system impedance conditions exactly in the
laboratory. The Line Stabilization Network of MIL-I-6181 is useful, but this
device can be used only in a narrow frequency range and it does not duplicate
system conditions.

Also, the problem of interference standing waves on the system
power lines must be considered. In small systems where power-line length is
short, the problem is of concern only at the higher frequencies. In large
systems, such as Saturn and Dyna-Soar, the electrical power lines can be very
long and the standing wave problem must be considered even in the broadcast
frequencies.

III. METHOD B

Method B uses the same basic approach of system interference
measurement, data analysis, and data insertion as Method A. The objective,
determining system compatibility, is the same for each. Measurement data is
obtained in a similar manner but there are differences due to Method B inser-
tion techniques. The data from the measurement operation ar2 analyzed for
effect on the subsystem operating in the system. Analyzed data must be com-
pleted before the system susceptibility test can begin. In Method B, comple-
tion of each operation is dependent upon completion of the preceding one.

Radiated Interference Measurements

As in Method A, radiated measurements are conducted first. Moni-
toring the system antennas for interference signals, using Method B, is
different from Method A because of the difference in the susceptibility test
techniques. For Method A, the antenna interference is inserted in the subsystem

-69



alone. For Method B, it is inserted in receiver subsystems operating within
the system. The system antennas remain connected during the antenna measure-
ment period for Method B.

The system is operated in the normal manner and interference volt-
ages on the antenna are measured. The procedure for measuring transient as
well as normal operating radiated interference is the same for both methods.

The data from the antenna portion of the system test are analyzed
and stored while the next part of the measurement test is performed.

Conducted-Interference Measurements

Following the antenna tests, conducted interference measurement
data for Method B are obtained exactly as in Method A. Power-line transient
interference and normal operating interference are measured in the system.
The resulting data are analyzed for the system susceptibility test.

Data Analysis

Analysis of data from the measurement tests begin as each segment
of the test is completed. The measured interference data are analyzed with
regard to the effect on the subsystems when they are operated in the system.
Interference amplitude, frequency and time sequence are related to each sub-
system that could exhibit malfunction in the system. The measured interference
data, increased by 6 db, are tabulated and organized on the basis of the
antenna or power-line on which it was measured. A set of data is prepared for
each system network. The subsystems that should be monitored during the sus-
ceptibility test on that network are noted.

Data from early part of the system test have been prepared and are
ready for the susceptibility test when the measurement test is completed.
Analysis continues until all data are prepared for this susceptibility test.

Susceptibility Tests

Upon completion of the system interference measurements, insertion
of the analyzed data begins. The same test engineers who obtained the system
measurement data also are responsible for susceptibility tests.

Subsystems are tested as units of the system during these suscepti-
bility tests. Data prepared by the analysis engineers are inserted on each
system power line and antenna, in turn. The interference susceptibility level
is monitored in the same manner it was measured for the original data, using
the same instruments connected to the same test points. The increased inter-
ference level in each receiver input can be simulated by system transmitters,
connected in place of the antenna.

The mechanics of injecting interference in power lines is often
difficult since system power lines usually carry large currents. Inserting in-
terference in these lines, without appreciably disturbing the system, requires
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specially designed current transformers and high-power interference generators.
This problem is not evident in Method A, since the power lines to individual
subsystems usually conduct small currents and the susceptibility test methods
of MIL-I-6181 are usually sufficient.

During these system tests, the critical outputs of all subsystems
are monitored for evidence of malfunction. If no malfunction occurs which is
attributable to interference, the subsystems are compatible within the system
and the requirements of MIL-E-6051 have been satisfied.

Advantages

An important advantage of Method B is the need for fewer test
personnel than Method A. A separate crew for subsystem tests is not required
since all testing is done in the system.

Less laboratory space, test equipment, and other facilities are
required by Method B. This requirement is especially important when these
facilities are limited and is one of the main reasons Method A i- more costly.
Method B provides more realistic system testing by approximating the usual
operating interference conditions more closely. Since all subsystems are
operating, each is affected by the total system interference environment. As
each part of the system is subjected to an additional amount of interference,
the total interference environment is increased. The result is that each unit
of the system is tested not only by the normal environment but by interference
to which it may be particularly susceptible. Therefore, determination of system
compatibility is achieved more realistically.

System conditions are duplicated in another way. The increased in-
terference is introduced into the same power lines on which the original data
were measured. The effect of the power line impedance at the monitoring test
point is therefore minimized.

Verification of the 6 db safety margin is easier and more valid with
Method B than with Method A. The same monitor receivers are still connected to
the same system test points as were used for measurement, and all subsystems are
tested at once. When the interference is inserted, the increase of 6 db can be
readily measured with the receiver.

Disadvantages

The main disadvantage of Method B is that more test time is required
on the complete test vehicle or system. In Method B, the system is operated dur-
ing the entire time measurement data is obtained, as well as during the time re-
quired to conduct the susceptibility tests. The test time on a system used with
Method B is therefore greater than Method A since the latter only requires the
entire system while measurements are obtained.

The length of system operating time for Method B also presents sub-
system logistic problems. The subsystems are operated almost continuously dur-
ing the entire test. The test time often will be greater than the designed life
of the equipment. Provision must be made to continually monitor the subsystems
for operating malfunctions and replace them at the proper time.
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Method B presents more interference insertion problems than
Method A because of the low impedance of system power lines. Special high-
power transient generators, current transformers, and other devices are
necessary to reproduce and insert power-line interference at the required
level.

The advantages and disadvantages of both methods are summarized
and compared in Figure 2.

IV. CONCLUSIONS

Method B is preferred, since it tests each subsystem in the presence
of the actual system interference environment, eliminates the anomaly of power-
line impedance, and requires fewer personnel and fewer laboratory facilities
than Method A. Therefore, the cost of Method B is less as compared to the cost
of Method A.

The great advantage of Method A is the considerable saving in over-
all test time. However, the decreased test time is purchased with increased
expenditure for laboratory facilities and personnel.

Circumstances may dictate a judicious combination of the two methods
to obtain a reasonable balance of cost and time.
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SPECTRAL MEASUREMENTS OF RADIO INTERFERENCE
WITH A COHERENT MEMORY FILTER

J. Capon
Federal 6.•ientific Corporation

615 West 131st Street
New York 27, New York

Abstract. It is often desirable to know the spectrum of a signal. This

measurement has been performed by devices which could be divided,
with few exceptions, into two groups* the heterodyne type, and the
bank-of-filters type. The heterodyne type of spectrum analyzer utilizes
a fixed narrow-band intermediate-frequency filter and a tunable local
oscillator. This device does not analyze the spectrum in real time; i. e.
it is not possible to measure the entire spectrum without recording the
signal and playing it back,.many times.

The second type of spectrum analyzer employs a bank of filters.
The measurement of the spectrum with this device can take place in real
time, so that this type of analyzer possesses an advantage over the previous
one, in this respect. However, it is cumbersome to implement a bank of
filters, and, in addition, it yields only a gross approximation of the signal
spectrum.

A different approach to the spectrum analysis problem has been
proposed. This approach utilizes a recirculating delay-line-heterodyne
feedback loop to obtain an excellent approximation of the signal spectrum
in real time. This device is known as the coherent memory filter, and it
has the advantages, with respect to the bank of filters, of being capable
of observing rapid changes in the input spectrum that occur from one
processing period to the next, and of providing continuous spectral coverage.
In addition, the processing period, or integration time, of the coherent
memory filter is easily adjustable, so that variable-resolution analysis
of nonstationary spectra is possible. This is the equivalent of continually
changing the number of filters, and their bandwidths, in a filter bank
consisting of hundreds of filters.

Experimental results obtained in the analysis of radio interference
signals are presented. It is found experimentally that a processing time of
about Z0 msec is desirable for the measurement of the spectra of these signals.
The frequency coverage of the spectral analysis was 0 to 8kc, and triangular-
weighting was employed, so that an effective resolution of 73 cps was obtained.
Thus, roughly speaking, the equivalent of a filter bank with approximately 100
filters, each with an effective bandwidth of 73 cps, was synthesized.
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I. INTRODUCTION

There are many types of radio interference signals which are of
a random nature. In many instances, these signals can be characterized
by their spectra. In the present work, experimental results concerning
the spectra of two kinds of radio interference will be presented, namely,
atmospheric whistlers and ignition noise.

These spectral measurements have been made previously by
analyzers which could be divided, with few exceptions, into two groups:
the heterodyne type, and the bank-of-filters type. The heterodyne type
of spectrum analyzer utilizes a fixed narrow-band intermediate-
frequency filter and a tunable local oscillator. This device cannot analyze
the spectrum in real time; i. e., the information concerning the spectrum
of the signal cannot be read out in a time which is short, or comparable,
to the processing, or integration, time of the analyzer.

The second type of spectrum analyzer employs a bank of filters.
The measurement of the spectrum with this device can take place in real
time, so that this type of analyzer possesses an advantage over the previous
one, in this respect. However, it is cumbersome to implement a bank of
filters, and, in addition, only a gross approximation of the signal spectrum
is yielded (as with the previous analyzer).

The coherent memory filter 1 represents a relatively new approach
to the spectrum analysis problem. This approach utilizes a recirculating
delay-line-heterodyne feedback loop to obtain an excellent approximation of
the signal spectrum in real time. This analyzer also has the advantages, with
respect to the bank-of-filters type, of being capable of observing rapid changes
in the input spectrum that occur from one processing period to the next, and
of providing continuous spectral coverage. The purpose of the present work
is to illustrate the accuracy with which the spectra of radio interference signals
can be measured, and to point out the high speed with which these results can
be obtained. In fact, the coherent memory filter operates at a speed which
is very close to the theoretically maximum information extraction rate.

II. EXPERIMENTAL RESULTS

The experimental results obtained with the coherent memoiy filter
concerning atmospheric whistlers are shown in Figs. I to 4, and those on
ignition noise are shown in Figs. 5 and 6. It was found experimentally that
a processing time of about 20 msec is desirable for the measurement of the
spectra of atmospheric whistlers and ignition noise. The spectra are read
out in a time of about 0. 1 msec, which is quite small compared to the pro-
cessing time. Successive frames in Figs. 1, 3, and 5 are sequential in time
and are read from top to bottom and then from left to right.
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The frequency coverage of the spectrum analysis is 0 to 8 kc, and
the horizontal axis in each frame is calibrated linearly in frequency between
0 and 8 kc. At the bottom of each column of frames in Figs. 1, 3, and 5,
there is a frame containing frequency markers that are spaced 400 cps apart,
from 0 to 8 kc.

A triangular-weighting function was employed to time-weight the input
signal of the coherent memory filter, so that an effective resolution of 73 cps
was obtained. Thus, roughly speaking, the equivalent of a filter bank extending
from 0 to 8 kc, with approximately 110 filters, each having an effective band-
width of 73 cps, was synthesized.

The fine detail which can be obtained in the spectrum analysis is
pointed out in Figs. 2, 4, and 6. In these figures, a single frame is shown,
and this frame represents an enlargement of a particular frame, in the
preceding figure, which has an arrow pointing to it.

The manner in which the frequency content of the atmospheric whistler
varies with time is shown quite vividly in Figs. 1 and 3. It is seen that the
energy of the signal is concentrated at about 6 kc at the beginning of the
whistler and shifts to about 1 kc at the end of the whistler. The results on
the ignition noise in Figs. 5 and 6 illustrate clearly the random nature of
this. type of radio interference.

III. CONCLUSIONS

The precision and speed with which spectral measurements of radio
interference signals can be made with a coherent memory filter have been
illustrated for atmospheric whistlers and ignition noise. The output of the
coherent memory filter can be put in digital form so that the spectral infor-
mation can be processed in a digital computer, in real time. Thus, vast
amounts of spectral data can be processed automatically by a digital com-
puter, in real time. This has important implications in any research
program dealing with a determination of the salient characteristics of
radio frequency interference signals.
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MIL-I-0O6051B AUDIO-TRANSIENT GENERATOR

R. C. Dyer
The Boeing CompanySeattle, Washington

Abstract. - Interference susceptibility testing per 1431-I-OO6051B requires
that the interference present in aeronautical weapon systems be no greater
than one-half the amplitude required to cause malfunction. One method
of testing weapon systems to this criteria is to double the magnitude of
the interference present and determine if malfunction occurs.

This paper describes an audio-frequency transient generator
built to generate interference external to the system at twice the measured
amplitude and to inject this interference back into the weapon system.
The generator acts as the operating power source as well as the transient
source for the equipment under test. Both a-c and d-c power sources are
available for the equipment under test, with or without transients on these
power sources. Shaping of transients and injecting them on the power lines
are discussed. Operation of the generator has proven highly successful.

I. INTRODUCTION

The Boeing Company has constructed an audio-transient generator
used in testing aeronautical weapon systems (missiles, aircraft, etc.) to
the requirements of ML--006051B.

kEL-I-OO6051B is the military specification that defines the
limit of allowable radio self interference in aeronautical weapon systems.

The primary requirement of MIL-I-006051B is that all normally
present interference shall be no greater than one-half the level necessary
to cause malfunction. The method used to prove compliance with this re-
quirement is to measure the existing, internal interference of the missile
or system, simulate a similar interference pattern external to the missile;
and insert the simulated interference back into the missile at twice the
original measured value. If no missile malfunction occurs, the require-
ment of MIL-I-OO6051B is met.

The philosophy behind this method of testing is that all areas
of the system under test are completely infiltrated by the test transient,
eliminating the necessity of analyzing the system for the most susceptible
points and monitoring only these. The possibility of overlooking some
critical point is eliminated and internal modification of the equipment
under test is not necessary. Assembly of special monitoring equipment is
obviated as normal operation i s the only quality monitore-d

This test system involves two major problems. The first is the
external generation of audio-frequency transients of the same shape as
those observed in the missile. The second is the generation of the tran-
sients with sufficient power to inject the transient onto the missile power
lines.
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The audio-transient generator was built to perform both func-
tions. The transient shape is adjustable over a wide range and a tran-
sient power output of 400 watts is available. Assembling general purpose
test equipment to do this job is difficult and time consuming.

II. TRANSIENT SHAPE GENERATION

Required Transients

The shapes of the required a-c and d-c transients were determined
by observation of the transients existing in various systema. All of the
d-c transients observed were of one basic shape (Figure 1) or deviations
thereof. The most common deviation was a "carrier" amplitude modulated
by the pulse of Figure 1 (Figure 2).

All the a-c transients were basically the quiescent a-c line
voltage amplitude modulated by the transients of Figure 2 (Figure 3).

All of the transients observed, first in experimentation and
later in actual missile testing, were variations of the above three pat-
terns. The observed transients varied in time duration but the propor-
tionate shape was consistent.

These shapes are to be expected when consideration is given to
the missile circuitry involved. The pulse of Figure 1 is comparable to
the output of a low-pass circuit with a square-wave input, Figure 4. The
missile wiring offers high-capacitance paths to ground for any high-fre-
quency transient components; that is, it acts as a natural, low-pass filter.

The pulse of Figure 2 is essentially a ringing pulse caused by
exciting an inductance-capacitance circuit with a step function. Both
the inductanoc and capacitance are easily provided by the mi ssile wiring
and circuitry.

Shape Generation

Since the basic transient shapes were consistent, the problem
was to generate these families of shapes over an adjustable range of pulse
length. The shaping process was started with the pulse of Figure 1.

This shaping was accomplished by integrating, clipping, and dif-

ferentiating a rectangular wave.

The rectangular wave is integrated (Figure 5).

The pulse of Figure 5 is then differentiated and the trailing
edge clipped (Figure 6).
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The resultant pulse is the desired shape due to the imperfect
differentiation of the leading edge of the pulse of Figure 5. The dura-
tion and proportion of this pulse are varied by changing the initial rec-
tangular pulse length and by changing the time constants of the integra-
ting and differentiating circuits. Pulse lengths from 0.01 seconds to
10 seconds are obtainable from the transient generator.

The shape of Figure 2 can be made by amplitude modulating a
"carrier" with the pulse of Figure 6.

The "carrier" is obtained from a gated, free-running multivi-
brator. Three carrier shapes are available; rectangular, triangular, and
sinusoidal. The rectangular wave is the multivibrator output, the tri-
angular wave is obtained by integrating the multivibrator output, and the
sine wave is approximated by putting the triangular wave through a sine-
wave synthesizer. The synthesizer is a resistor-diode network that con-
verts the triargular wave to an approximate sine wave by changing the slope
of various sections of the triangular wave. The synthesizer output is
shown in Figure 7.

The final, desired transient shape is obtained by amplitude
modulating the carrier with the pulse. The amplitude modulation is ac-
complished by phase splitting the carrier, modulating, and subtracting
the undesired frequency components. Figure 2 is a typical transient.
If desired, the pulse alone may be used as the transient shape without
any modulation, giving an output similar to Figure 1. Typical d-c tran-
sients are shown in Figure 8.

Transients on a-c voltages (Figure 3) are produced by amplitude

modulation of the a-c voltage with the pulses of Figures 1 and 2.

III. APPLYING TRANSIENTS TO POWER LEADS

Comparison of Methods

The second major problem in building the transient generator
was devising a method for putting large transients onto missile a-c and
d-c power lines without lowering normal operating voltages and without
damaging the transient or missile power sources.

If the transient supply is simply connected across a missile
power line (Figure 9-a) the transient supply is operating into the par-
allel combination of the missile load and the output impedance of the
missile power supply.

The low, output impedance of the missile power supply will make
it difficult to vary the missile line voltage without causing large cur-
rents in the missile supply, with the attendant danger of burning out the
missile supply.
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If the transient source were placed in series with the missile
supply (Figure 9-b), the output impedance of the transient source must be
kept low to maintain normal operating voltage on the missile load and to
prevent the transient source from absorbing power from the missile supply.

If the turns ratio of the coupling transformer is such as to
keep the output impedance low, the transient output voltage will also
be low, and the magnitude of the transient that can be applied will be
limited accordingly.

Transients on D-C Power

The system of transient application used on d-c power lines
(Figure 9-c), is in essence one of supplying power to the missile loads
from an external power source through a controlled series resistance.
Varying the series resistor according to the transient shape causes the
voltage across the missile load to vary in inverse fashion. In terms of
actual hardware, the series resistor is a series voltage regulator. The
regulator supplies both normal operating voltage and transient voltages
to the missile. In the quiescent state, the regulator supplies a constant
regulated voltage. When a transient is desired, the transient shape is
used to modulate the regulator reference voltage and the regulator output
follows accordingly, applying the transient to the missile power line.

The series regulators are conventionrl. circuits employing dif-
ferential amplifiers operating over a wide dynamic range, allowing the
regulator output voltage to follow changes in the reference voltage.

Output impedance of the regulators is less than 1 ohm. D-C power
to operate both the regulators and their missile loads is furnished by
conventional d-c power supplies.

Transients on A-C Power

The method for applying transients to a-c power lines differs
from that used on d-c lines. In the a-c case, an a-c amplifier is used
to operate the equipment under test, with an a-c modulator supplying the
low-level a-c input to the amplifier. When transient shapes are put into
the a-c modulator, transient modulation of the low-level a-c signal occurs.
The transient-modulated signal then goes to the a-c amplifier where it
is amplified and applied as primary a-c power to the item being tested.
Typical a-c transients are shown in Figure 3.

Specal A-C Method

Some loads draw mire a-c power than can be supplied by readily
available a-c amplifiers. A different method of generating a-c transients
is used in these cases.
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This method consists of operating the missile a-c load from two
transformer secondaries connected in series. When a transient is desired,
one of the secondaries is shorted, giving an instantaneous reduction in
missile a-c voltage. The second transformer, actually a variable-power
transformer, is then activated by a mechanical system to return the mis-
sile voltage to the normal operating value. A fuse must be replaced and
the device set through a reset cycle each time a transient is thus gener-
ated. The type of transient generated is shown in Figure 10. Figure 11
is a schematic of the system and Figure 12 is a photograph of a preliminary
hardware configuration.

TV. GENERAL

Figure 9 is a block diagram of the complete transient generator.
The signal generator and the d-c regulator-modulator are the transient
shaping and voltage-regulator circuits described above. The sync unit is
a reference-time generator that triggers the signal generator.

To test the susceptibility of equipment to transients, the item
to be tested is connected to the d-c regulator-modulator. When the sync
unit triggers the signal generator, the desired transient shape is produced
by the generator. The transient then is fed to the d-c regulator-modu-
lator as a reference voltage, and appears at the output of the d-c regu-
lator-modulator as a transient applied to the primary d-c power source
of the equipment under test.

When a-c lines are being tested the transient shape from the
signal generator is fed to the a-c modulator-oscillator where the oscil-
lator signal is modulated by the transient shape at a low signal level.
The modulated a-c signal is then amplified by the a-c amplifier and used
to drive the load under test.

Figure 14 is a photograph of the generator. The rack as pic-
tured contains 6 signal generators, 7 d-c regulator-modulators, 3 a-c
amplifiers, a sync unit and all supporting functions. This hardware con-
f iguration allows the simultaneous generation of 6 independent transients
and the operation of at least as many separate power lines.
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The transient generator can supply the following operating vol-

tages with or without audio-frequency transients.

Voltage Maximum Cur rent

+ 4O0 vdc 2.0 amps
+ 300 vdc 2.0 amps
+ 250 vdc 2.0 amps
+ 150 vdc 2.0 amps
+ 28 vdc 5.0 amps
- 28 vdc 0.5 amps
- 150 vdc 0.5 amps
- 250 vdc 0.5 amps
- 300 vdc 0.5 amps

40 vac, 900 cps 60 watts
10 vac, 900 cps 60 watts

6 vac, 900 cps 60 watts

The maximum transient power that can be applied to the d-c vol-
tages is limited by the maximum regulator current which in turn is limited
by the current capacity of the series regulating tubes. When the impedance
of the load is so large that current is not the limiting factor, the max-
imum transient power available is plus or minus 75 volts from the regulator
operating voltage.

V. CONCLUSION

The transient generator provides a satisfactory and very flex-
ible means of testing the susceptibility of electronics systems to audio-
frequency transients.

By injecting the transients on equipment power lines all maximum
susceptibility points are checked without the necessity of analyzing the
design and estimating the location of these points. Use of the generator
requires no modification and little detail knowledge of the internal oper-
ation of the equipment being tested.

A wide variety of readily adjustable transient shapes expedites
equipment testing and precludes the necessity of off-hand fabrication of
each transient shape. Four hundred watts of conveniently usable transient
power are available.
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A HIGH-POWER, WIDE-flANGE, ULTRA-STABLE
MICROWAVE SIGNAL SOURCE

L. R. Moses

Electromagnetic Vulnerability Lab., RADC
Rome, N. Y.

D. E. Farmer and W. J. Messmer
American Electronic Laboratories, Inc.

Philadelphia, Pa.

Abstract. - This paper discusses the design and performance of a high-
Power RF Signal Source developed by American Electronic Laboratories,
Inc. for Rome Air Development Center. The Signal Source covers the
frequency range of 40 mc to 40 kmc. The RF power output can exceed
100 watts at frequencies below 4 kmc. Above 4 kmc the power output falls
off. Frequency stability of the order of one part in one hundred million is
achieved by locking the system to an ultrastable standard. Pulse, sine, and
square-wave amplitude modulation, and sawtooth frequency modulation are
provided.

I. INTRODUCTION

The intensive efforts now in progress to study and reduce the
effects of radio frequency interference will require innumerable RF signal
generators possessing a wide variety of properties. To the extent that ver-
satility can be designed into a signal generator, the number of special-purpose
instruments needed can be reduced. In that direction, the Electromagnetic
Vulnerability Laboratory of the Rome Air Development Center has consolidated
many of its instrumentation requirements in its specifications for a "High-
Power, Wide-Range, Ultra-Stable, Microwave Signal Source. " The purpose
of this paper is to describe the equipment which has been developed by AEL
to fulfill RADC's needs. Although most of the desirable properties of a
versatile RF source are obvious, reviewing them briefly will provide a back-
ground to the description of the instrument:

High Power Output

The maximum RF teat power establishes, with other factors, the
lower limit of sensitivity at which measurements can be made. Measurements
of highly attenuated antenna lobes, skirt characteristics of filters, RF fields
inside well-shielded enclosures and attenuator characteristics are among the

I.
- 95 -



f
applications where high relative power is useful. High absolute RF power is
needed to reproduce the field strengths generated by transmitters in order to
study their influence on nearby equipment.

Wide Frequency Range

Many RFI tests will require exploring large portions of the spec-
trum to ascertain the effects of interference on equipment. It is advantageous
to have wide frequency coverage in a single instrument, not only to reduce
set-up time, but also to minimize the problem of determining and controlling
the relative performance of separate narrow-range generators.

Frequency Stability and Accuracy

Repeatability of tests on frequency-sensitiv*: equipments and co'n-
ponents, measurement of fine grain frequency-response structure, and RFI
susceptibility measurements on narrow-band systems require test signals at
stable and accurately known RF frequencies.

Signal Purity

Easy interpretatcion of susceptibility test data calls for RF test
signals of high purity. Spurious and harmonic signal content must be at a
minimum. Amplitude modulation should produce no frequency modulation
and frequency modulation should not be accompanied by incidental amplitude
modulation. Signal-to-noise ratio should be as high as possible.

II. DESIGN AND PERFORMANCE SUMMARY

Performance

The High-Power Signal Source is continuously tunable over the fre-
quency range 40 mc to 40 kmc. The RF power output is 100 watts CW from
40 mc to 4 kmc. From 4 kmc to 18 kmc the power output exceeds one watt.
Above 18 kmc the output falls to the order of one milliwatt at 40 kmc. The
power output is adjustable over a 100 db range. The set power is maintained
constant automatically as the frequency is turied through each band. Two
modes of stable operation are provided. In ohe mode, a stability of one part
in 108 is available. A second mode allows a simplified operating procedure
at a stability of five parts in 10 . Pulse, sine, and square-wave amplitude
modulation over a frequency range of 10 cps to Z0, 000 cps is available in the
system. The shortest pulse width attainable is 30 nanoseconds. Sawtooth
frequency modulation is also included in the Signal Source. The FM rate is
adjustable between 10 cps and 10, 000 cps. The maximum attainable FM
deviation is dependent on the RF frequency. At 40 kmc a deviation of 65 mc
can be obtained. Both FM and AM can be applied simultaneously. Signal
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purity is maintained by applying amplitude modulation at a frequency-
insensitive point and frequency modulation at an amplitude-insensitive
point in the system. Spurious and harmonic signals are minimized by the
use of fixed and tunable filters.

Design Principles

The design of the Signal Source is an expansion of the Master

Oscillator - Power Amplifier technique. An elementary form of the system
is shown in Figure 1. A tunable oscillator provides an RIF signal between
500 mc and 1, 000 mc. This signal is amplified to produce a high-power
output in the same band. Any signal between I kmc and 40 kmc is produced
by successive steps of harmonic generation and amplification. Filters are
used to select the desired harmonic and reject all unwanted signals. In order
to produce a signal between 40 mc and 500 mc, the output of the variable
500 mc to 1, 000 mc oscillator is heterodyned with the output of a second
oscillator operating at a fixed frequency of 1,000 mc. The desired signal
is selected by filters. Both fixed and variable oscillators are stabilized by
referencing their output to a crystal-controlled oscillator.

The RF output of the system is amintained constant by amplifying
a rectified sample of the output and applying the result to reduce the gain of
an amplifier in the signal chain. The ratio of the leveling sample to the RF
output is manually adjusted to control the power output of the Signal Source.

Both with respect to power output and RF frequency only those
portions of the amplifying chain are energized which are required to give
the desired output. This extends component life, conserves power and re-
duces output noise.

The frequency-modulating signal is applied to an electrically vari-
able reactance in the frequency-determining element of the 500 mc to 1, 000 mc
oscillator. Pulse amplitude modulation is applied to crystal switches in the
500 mc to 1, 000 mc line common to the entire RF subsystem. Audio AM is
introduced at a gain-controlling element in the 500 mc to 1, 000 mc amplifier
common to all RF signal paths.

All components are designed for rack installation. The cabinets
housing the components include forced-air cooling. Controls, indicators, and
output connectors are mounted on the front panels of the units. Interconnec-
tions are made at the rear.
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III. RF DESIGN DETAILS

The RF Subsystem

Figure 2 is a block diagram of the RF Subsystem. The signal
originates in the 500 mc to 1, 000 mc tunable oscillator for all frequencies
above 500 me. This signal is amplified in a medium-power travelling-wave-
tube amplifier which drives a high-power TWT amplifier to yield 100 watts
CW in the 500 to 1, 000 mc band. Alternatively, the medium-power TWT can
be adjusted to yield sufficient second harmonic to drive a high-power TWT in
the 1 kmc to 2 kmc band. The change in operating mode is controlled by the
manual band switch, which also actuates coaxial relays to change the signal
path and introduce a 1 kmc to 2 kmc tunable filter into the line. In turn, the
second harmonic of the 1 to 2 kmc signal is generated in a TWT amplifier to
drive a Z to 4 kmc high-power TWT amplifier. The medium-power ampli-
fier is operated also under a different set of conditions to generate harmonics
to produce signals for the 4 kmc to 8 kmc band. A third medium-power TWT
serves as an output amplifier between 4 and 8 kmc and a harmonic generator
from 8 kmc to 18 kmc. Its harmonics in turn are used to drive a medium
power TWT in the 12 kmc to 18 kmc band. A crystal doubler, driven by
signals in the two lower bands provides an output between 18 and 26 kmc. A
second crystal doubler yields a 26 tu 40 kmc signal, when energized from
one or the other of the two lower bands.

In order to generate signals between 40 me and 500 me, the output
of a 1,000 mc oscillator is added to the output of the 500 to 1, 000 mc tunable
oscillator. The summed signals are fed to the 500 to 1, 000 mc TWT ampli-
fier, which is readjusted to function as a mixer. The difference signal is
fed through switches and low-pass filters which subdivide the 40 to 250 me
range into less -than-octave bands for harmonic elimination. The signal is
then amplified in five wide-band distributed amplifiers cascaded to provide
100 watts RF output between 40 mc and 250 me. Between 250 mc and 500 mc
sufficient beat signal is obtained to drive a high-power TWT amplifier directly.

Nineteen bands are required to cover the 40 mc to 40 kmc range.
They are not all shown in Figure 2, in the interest of pictorial clarity.
Octave bands were feasible where tunable filters could be used for signal
sorting. Where fixed filters were used the bands were subdivided to insure
rejection of all unwanted harmonic or beat signals. Many of the bands are
switched to common output terminations so that the total number of outputs
is reduced. This permits the use of power sampling, leveling, and measur-
ing components common to many bands.

RF Pnwer Control

The profile of RF power vs. frequency is shown in Figure 3. The
upper line indicates the maximum power output of the system. This has been
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intentionally limited to 100 watts in order to provide a margin for leveling,
a reserve for handling higher maximum load VSWR, and protection for con-
nected components. The basic power capability reaches 350 watts in some
bands. Space, power supply, control, metering, and cooling provisions have
been made for high-power TWT's for operation between 4 and 12 kmc. These
tubes can be added when they become available. The lower line on the power
profile represents the maximum RF power obtained when the signal is ex-
tracted in some bands.

A typical RF power leveling loop is shown is Figure 4. The RF
output is sampled with a directional coupler. The sample is fed to a crystal
detector through a manually variable attenuator. The output of the detector
is then amplified in a high-gain, stabilized amplifier and the output signal
applied to the gain-control -grid of a medium-power TWT. Adjustment of the
variable attenuator sets the power which will be maintained by the leveling
loop. A separate RF power meter is provided for monitoring the power
output.

Frequency Stabilization

The 500 mc to 1, 000 mc oscillator is actually a triode oscillator

and triode amplifier in coupled cavities which are tuned by ganged, adjust-
able coaxial lines connected to a manual control and frequency dial. The
dial has a frequency scale for each of the 19 bands. Stability of this arrange-
ment is five parts in 105. Alternatively, the tunable oscillator can be phase-
locked to the harmonics of crystal-controlled 20 mc to 40 mc oscillator to
achieve an accuracy and stability of one Part in 108. The 1,000 mc beat
oscillator is stabilized to one part in 10 by a similar technique.

Band Switching

A single manual band switch controls all relays, switches, meters
and amplifier operating conditions required for proper operation in each band.

IV. MODULATION DESIGN DETAILS

Frequency Modulation

A variable-frequency sawtooth signal is produced in a sawtooth gen-
erator. This signal is applied to a crystal diode and resistor connected across
the adjustable coaxial line controlling the frequency of the 500 mc to 1,000 mc
oscillator, as shown in Figure 5. The variation in reactance of the diode-
resistor combination introduces frequency modulation into the system. The
diode and resistor are also used in the frequency stabilization network pre-
viously described.
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Sine and Square-Wave AM

Variable-frequency sine or square-wave signals originate in the
Waveform Generator. As shown in Figure 6, these are applied to a reference
input point in the RF leveler amplifier; the resulting audio signals modulate
a carrier oscillator which is transformer coupled to a rectifier in the control
grid circuit of the 500 mc to 1, 000 mc TWT amplifier, common to all RF

signal paths. The TWT gain variations thus produced, amplitude modulate
the RF carrier.

Pulse AM

A Pulse Generator produces pulses variable in width and repeti-
tion rate. The pulses are applied to wide-band crystal swtiches inserted in
the common 500 mc to 1, 000 mc RF line. The switches are of the type, as
shown in Figure 7. For "pulsed-on" operation each switch is biased so that
the series diodes are non-conducting and the shunt diode is conducting appli-
cation of the pulse reverses this condition, thus turning the switch ON. By
exchanging the roles of pulse and bias "pulsed-off" operation is obtained.
Two switches are connected in series to achieve 110 db isolation and 3 db

insertion loss. The switching time of these switches is one or two nano-
seconds.

V. AUXILIARY SUBSYSTEMS DESIGN

Input Power

The Signal Source requires about 15 kw of power from a three-
phase, four-wire, 60-cycle service. The input voltage is regulated within
1% by a servo-controlled, motor-driven, ganged-variac arrangement.

28-Volt DC Service

All remote control circuits are energized from a 28-volt DC
supply. A portion of the 28-volt output is made available for external use.

Medium-Power TWT Beam Supplies

A separate beam supply is provided for each medium-power TWT.
These are alike in that three-phase bridge rectifiers are used to reduce
ripple, and series vacuum-tube regulators are used in the high-voltage out-

put circ:uit. The output voltage of each is programmed from the band switch
so as to establish correct TWT operation for the band in use. These power
supplies also furnish DC for the TWT heaters to prevent hum modulation of
the RF signal.
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High-Power TWT Beam Supply

Two six-phase half-wave rectifiers are connected in parallel or
in series to provide the beam voltage for the high-power TWT amplifier
in use. Ripple before filtering is about 1-1/2% at 720 cps. The beam
voltage is regulated and programmed from the band switch by means of
servo-driven, ganged variacs in the primary circuit of the supples. "Crow-
bar" arc-over protection is included. This supply can energize high-power
TWT's added to the "Signal Source."

High-Power TWT Solenoid Supply

A three-phase bridge rectifier supples the current for the TWT
solenoid in use. This is current regulated, and programmed from the band
switch, by means of a current-sensing servo driving a ganged variac assem-
bly in the AC input to the supply. This supply can furnish solenoid current
for TWT's that may be added to the "Signal Source."

Controls and Indicators

Operating controls and indicators are grouped within the reach
and vision of an operator standing at a fixed position in front of the Signal
Source. Infrequently used controls and indicators are mounted on the units
to which they relate circuit-wise.

Cooling

Each vertical stack of units is forced-air cooled. Air is inducted
through a dust filter at rear, bottom and exhausted at rear, top. The air
outlets are aligned for eash ducting outdoors. Individual components are
spot cooled with small blowers, as required.

The solenoids and some of the high-power TWT's require water

cooling. A pump-circulated closed water system is included for this pur-
pose. A fan-cooled, water-air heat exchanger removes the heat.

Protective Circuits

The high-power TWT's are protected against loss of cooling, beam
over-current, helix over-current, heater under-current, excessive RF power
out, excessive reflected RF power, and arc-over. Controls and relays are
interlocked to prevent tube damage due to failure of programming circuit
components. Medium-power TWT's are similarly protected. Fuses or cir-
cuit breakers are used to protect all other units of the "Signal Source. "
Doors and drawers are interlocked, and dangerous circuits covered and
marked for personnel safety.

- 101 -



f
PackagingK

Figure 8 is a photograph of the "High-Power Signal Source,"
taken during assembly. Six stacks of rack-width units are mounted in three
dual cabinets. Almost all units are slide-mounted for withdrawal to the
front. Rear access dorrs are also furnished. Units producing RF fields
are fully shielded. A steel base is provided to distribute the weight and
maintain alighment of the cabinets. The weight of the Signal Source is
approximately 4,800 lbs.

VI. CONCLUSIONS

The "High-Power Signal Source" is a versatile instrument pro-
ducing relatively ideal RF test signals over a large portion of the spectrum.
The extended power range and the high power output make the instrument
useful in RFI tests requiring either large or small RF signals.

The High-Power Signal Source is expandable with respect to fre-
quency coverage. Only switches and filters need be added to make 100 watts
output available down to 100 kc. The frequency may be extended above 40 kmc
by the addition of passive doublers or amplifiers, for which the energizing
power and control circuits are already incorporated in the equipment.

Power output may be raised in the C, X and K Bands by the addi-
tion of TWT amplifiers when they become available. Power supply and
control provisions had been included for this expansion.
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EXISTING CURRENT PROBES AND
DEVELOPMENT OF NEW PROBES TO 1 KMC

H. K. Mertel*
United Control Corporation

Seattle, Washington

J. F. Fischer*
Genistron Incorporated
ILos Angeles, California

Abstract. - This paper presents the development and the evaluation of
current probes to measure conducted interference in the frequency range of
30 cps to lO00MC. Four commercially available current probes for the 30
cps to 1000MC frequency range were evaluated. Two current probes were
developed for the 20MC to 1000MC frequency region. One current probe was
developed to measure interference currents in large diameter cables. The
sensitivity of these current probes is sufficient to detect interference cur-
rents below most existing specification limits.

Several methods are given to calibrate the current probes. In the 300MC to
1000MC frequency range, the current probes were calibrated by an antenna
method.

I. INTRODUCTION

The measurement of conducted electro-interference may be accom-
plished with several different pick-up devices. The level of electro-inter-
ference on a conductor may be measured in units of voltage or current.
Conducted interference voltage measurements require some method of coup-
ling an interference source conductor directly to the measurement meter in-
put. Cue accepted standard method of establishing this physical contact is
the insertion of a Line Impedance Stabilization Network into each lead to be
tested. Conducted interference current can be measured, without making
direct contact with the source conductor and without modification of either
the conductor or its circuit, by use of specially developed clamp-on current
transformers. The utility of the latter method is self-evident: the Interfer-
ence in complex wiring systems, electronic circuits, etc. may be measured
without interruption of the normal operation or configuration.

*Authors formerly with General Dynamics/Astronautics, San Diego,
California.
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The current transformer, otherwise known as the current probe,
is constructed so that it may conveniently be clamped around the conductor
to be measured. The conductor represents a one-turn primary winding.
The secondary winding is contained within the current probe. One specific
current probe has proved extremely useful for interference measurement
in the frequency range of 150 kc to 25 Mc for some time. In an effort to
further extend the utility of current probe measurements, several current
probes were developed and/or evaluated for effectiveness in the frequency
range of 30 cps to 1000 Mc.

II. THEORETICAL AND PHYSICAL
CONSIDERATIONS FOR CURRENT PROBES

Physical and Electrical Considerations for Current Probes

The physical size of the current probe is a function of the maximum
cable size to be monitored, the maximum power current flowing in the cable,
and the range of signal frequencies to be measured. The current probe is
usually of toroidal shape with the conductor to be measured placed within the
center opening of the toroid. Existing requirements and manufacturer's
specifications for probes show that the center opening may vary from 1/16
in. to 8 in. diameter. The secondary winding is placed on the toroid in such
a manner as to facilitate the clamp-on function of the probe. The toroidal
core and winding is enclosed with a shield to prevent electrostatic pick-up.
The shield is gapped to prevent it from being a shorted turn on the trans-
former.

Current Probe Sensitivity and Transfer Impedance

Development and/or evaluation of current probes for 30 cps to
1000 Mc usage required that levels of minimum sensitivity be determined
outside the 150 kc to 25 Mc range of conducted interference defined in MIL-
1-26600. In the region from 30 cps to 150 kc, the specification GM 07-59-
2617A was used as a reference. Space Technology Laboratories is the
source of this specification, and its limits are pertinent as an indication of
trends in present day weaDon systems thinking. No endorsement of these
limits is intended by its reference. From 25 Mc to 1000 Mc, existing speci-
fication limits consider only radiated interference. In this frequency range
the limit was empirically determined (by a simulated radiated interference
measurement) to be equivalent to one micro-ampere. 1, 2 The composite
specification limit from 30 cps to 1000 Mc is shown in Figure 1 for CW in-
terference. The broadband specification limit would be correspondingly
higher.
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The current probe must have sufficient sensitivity to detect inter-

ference currents below the levels of the referenced specification limits.
The sensitivity of the current probe may be conveniently expressed in terms
of transfer impedance. Transfer impedance is defined as the ratio of sec-
ondary voltage (across a 50 ohm resistive load) to the primary current
(ZT = Es/ I). Overall sensitivity of the current probe and RFI receiver
is also a fikiction of the receiver sensitivity. Minimum detectable interfer-
ence current in a conductor is the ratio of receiver sensitivity (volts) to
current probe transfer impedance (ohms). For instance, if a one micro-
volt receiver and a current probe with a transfer impedance of 10 ohms are
used, then the minimum measurable interference current is 0. 1 micro-
ampere. However, if a 10 microvolt receiver and a 1 ohm current probe are
used, then the minimum measurable current is 10 micro-amperes. To ob-
tain maximum sensitivity, the transfer impedance should be as high as possi-
ble.

The transfer impedance is often expressed in terms of db above one
ohm. This is a convenient unit in reference to the more general RFI units of
db above one microvolt or micro-ampere. (ZT in terms of db above one
ohm - 20 Log Z.)

Equivalent Electrical Circuit of Current Probe

The current probe may be represented by an exact equivalent circuit
from general transformer theory. It is not necessary to repeat the circuit
here since it is shown in many standard textbooks 3 and special reports. 4

After considerable simplification of the exact circuit and derived equations,
the following equations for the transfer impedance result:

High frequency case: ZT =

Mid f-ecjuency case: T= MR
(when W LC=) L
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Low frequency case: ZC.0 M

where: T ' Transfer impedance
t4 = Mutual inductance between primary and secondary
L - Inductance of secondary winding

RL - Load impedance of secondary (usually 50 ohms)
C = Distributed capacitance of secondary

-O Frequency in radian/second

The following conclusions may be drawn from these equations:

1. The maximum transfer impedance at mid-frequency, for a constant
load impedance, is directly proportional to the ratio of mutual in-
ductance to secondary inductance.

2. The low frequency half power point occurs when the reactance of
the secondary winding is equal to the load resistance.

3. The high frequency half power point occurs when the reactance of
the secondary distributed capacitance is equal to the load resistance.

The design parameters for a current probe in the frequency range of 150 kc
to 25 Mc were previously evaluated. 4 The highest linear transfer impedance
was obtained with two secondary windings of 8 turns connected in parallel.

Deleterious Effects of Current Probe Measurements

The current probe is essentially a transformer and therefore reflects
the secondary impedance into the primary. The reflected impedance is a
function of the secondary winding only, since both the primary windings and
the load resistance are constant. For an 8-turn secondary winding, the re-
flected impedance is approximately one ohm. So long as the combination of
source and load impedance of the circuit to be measured is greater than one
ohm, the application of the current probe will not greatly alter the primary
current flow. However, if the sum of the circuit source and load impedance
is less than the reflected impedance, the applicatLon of the current probe may
alter the primary current flow considerably.
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One intended current probe application is the measurement of inter-
ference current on primary power lines which may carry up to 300 amperes
of dc or 50 amperes of ac. The current probe may also be used in the
vicinity of devices which generate strong external magnetic fields. The cur-
rent probe transfer impedance must not be altered by these power currents
or flux densities. Therefore, the magnetic circuit must be designed so that
it will not saturate. Since the ac power current may be in the frequency
range of 20 to 15. 000 cps; it is possible that the current probe output at these
power frequencies may damage the input resistor of the associated receiver.
A possible solution is the insertion of power frequency rejection filters be-
tween the current probe and the receiver.

ILL AVAILABLE COMMERCIAL CURRENT PROBES

Stoddart 91550-1 Current Probe

The Stoddart current probe was specifcally designed for interference
current measurements and has been in use for several years. The transfer
impedance for this probe is sufficiently high to detect interference current
below the specification limits with a one microvolt receiver for the 30 cps
to 100 Me frequency range. Table 1 is a comparison of physical and electri-
cal data for several current probes. Figure 2 shows the transfer impedance
for the Stoddart current probe.

Empire Devices C P-105 Current Probe

The Empire Devices current probe is similar to the Stoddart current
probe. The size of the probe aperture, winding configuration, and number of
turns are the same for both probes. The transfer impedance is one ohm
over the frequency range of 150 kc to 30 Mc. The output voltage, as meas-
ured by the interference receiver, has a 1:1 relationship to the primary
current. The readings obtained on the NF-105, or equivalent receiver, in
db above one microvolt become db above one micro-ampere without the need
for additional correction factors. The specifications for this probe are also
shown in Table 1. Figure 3 shows the transfer impedance.

Tektronix Type P 6016 Current Probe

The Tektronix current probe is primarily designed for current measure-
ment with an oscilloscope or high impedance VTVM. The probe is of rela-
tively new design and may be of particular value in RFI trouble shooting of
wiring harnesses or electronic assemblies. It is a clamp-on type with an
aperture diameter of 1/8 in. The overall size of 3/4 in. x 3/4 in. x 7 in. is
comparatively small and suited for measurements in areas of moderately
restrictive space. The transfer impedance is shown in Figure 4. From 1 kc
to 15 Mc, the transfer impedance is - 8 db above one ohm. If a one micro-
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volt receiver is used, the minimum sensitivity is 8 db above one micro-

ampere. Since this level is above the CW specification limits from 1 Mc to
25 Mc, the probe is not suitable for qualification testing in this frequency
range. However, it is usable in this range as a trouble-shooting device
after excessive interference is detected by some other device.

The effect of dc on the probe output was also evaluated in the same man-
ner as determined for the other current probes. Since the Tektronix probe
opening will accept wires up to No. 12 AWG, the maximum test current was
10 amperes. From 20 kc to 100 Mc the effects are negligible as shown
in Figure 4. The probe is not usable for accurate signal current measure-
ment below 20 kc unless the do is small or the probe output is corrected for
each specific dc value. The effects of the dc are linear up to 10 amperes of
dc. For example, a current of 5 amperes produces one-half the decrease
in output as a current of 10 amperes.

Hewlett Packard Type AC-21F Current Probe

The Hewlett Packard probe is similar to the Tektronix probe. The
evaluation carried out was the same as for the Tektronix probe. The trans-
fer impedance is constant at a value of -6 db above one ohm in the frequency
region of 4 kc to 15 Mc as shown in Figure 5. Here again, if a one micro-
volt receiver is used, the minimum probe sensitivity is 6 db above one
micro-ampere. This level is above the CW limits of the referenced specifi-
cations from 1 Mc to 25 Mc; thus, the probe is not suitable for qualification
testing in this frequency range. However, it is usable as an RFI trouble
shooting device over this frequency range. The same general remarks as
given for the Tektronix probe are also applicable to the Hewlett Packard
probe concerning sensitivity when 10 amperes dc are applied. The results
are also shown in Figure 5.

IV. INSTRUMENTATION FOR TRANSFER IMPEDANCE EVALUATION

Transfer Impedance Evaluation for the 20 cps to 100 Mc Freguency Range

The current probe transfer impedance, which is a convenient parameter
of expressing the sensitivity of a current probe, is defined as the ratio of
secondary voltage across a 50 ohm load to the primary current (ZT - ES/6 p.
To evaluate a current probe, the secondary voltage may be accurately
(± 2 db) measured with the calibrated interference receiver, but the primary
current must also be accurately determined. One method of determining the
primary current is to insert a known resistance in series with the primary
current wire and to measure the voltage drop across the resistor.
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The test procedure for evaluating the transfer impedance is as follows:

1. Set up the signal generator, current probe, and receiver for the
specific frequency. Terminate the signal generator with a short
length of wire and a 50 ohm non-inductive resistor.

2. Clamp the current probe around the wire between the signal gen-
erator and the 50 ohm load. Terminate the current probe with a
50 ohm RF load.

3. With the current probe and its load clamped around the wire, in-
crease the signal generator output and measure the voltage across
the 50 ohm signal generator load with a high impedance frequency
selective VTVM. The primary current can now be oaloulated.

4. Measure the voltage across the 50 ohm current probe load with a
high impedance VTVM.

5. The transfer impedance is defined as ZT = Es/I and may be cal-
culated from steps 3 and 4. P

6. Repeat steps 3, 4, and 5 for the frequencies of interest.

NOTE: For the 50 ohm load and VTVM of steps 3 and 4, the
RFI receiver with its 50 ohm load may be conven-
iently used. Use the shortest possible length of
coaxial cable between the open wire and the receiver.

Transfer Impedance Evaluation for the 100 Mc to 400 Mc Frequency Ran e

For frequencies below 100 Mc, the previously mentioned transfer im-
pedance evaluation method is valid. This method is accurate since the same
receiver may be used to measure the current probe output (E.) and the cur-
rent in the primary wire (Ip = Ep/RD). The position of the current probe
and the position of the dropping resistor are not the same since the receiver
is connected to the primary wire with a coaxial cable. However, by keeping
the electrical length of the coaxial cable short, the current at the 50 ohm load
and at the position of the current probe are practically the same.

Above 100 Mc, the lead length between the signal generator and the load
may become an appreciable portion of a wavelength. The lead length is
necessary for application of the current probe. The characteristic imped-
ance of an open wire line is normally different from the signal generator
source impedance or the load impedance; therefore, a current standing wave
results. The current amplitude at any point along the line varies as a func-
tion of the impedance mismatch and the frequency. (The use of a slotted line
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was considered for measuring the current standing waves. However,
slotted line measurements are difficult to apply to current probe instrumen-
tation since the probe evaluation requires an open wire line, but available
slotted lines require matched coaxial lines.) So long as the voltage dropping
resistor is positioned electrically close to the position of the current probe,
there is reasonable assurance that the current being measured by the probe
is of the same magnitude as that current which develops a specific voltage
drop across the resistor. As the frequency increases, the position of the
current probe relative to the dropping resistor becomes quite critical, and
the dropping resistor must be purely resistive.

Because of the above considerations, a special test jig for primary cur-
rent measurement was designed as shown in Figure 6. The determination of
the transfer impedance was carried out by placing a high-frequency and high-
impedance VTVM (Boonton Electronics 91 CA VTVM with 91 - 3 H probe)
and the load at a distance electrically close to the current probe. The non-
inductive coaxial resistor (40 ohms) is shunted only by the input capacitance
of the high-impedance voltage probe. The input capacitance of this probe is
2. 5 pf. Assuming an additional distributed capacitance of 2. 5 pf, the capaci-
tance which shunts the resistor is approximately 5 pf. At 800 Mc, this
shunting capacitive reactance is 40 ohms. Based on these considerations,
this test jig will determine the primary current with accuracy to at least 400
Mc.

Transfer Impedance Evaluation for the 200 Mc to 1000 Mc Frequency Range

For the upper frequency range of current probe development, the pre-
viously described conventional methods of measuring current presented a
number of difficult problems. These problems were avoided by using a new
approach. The new approach utilized a quarter-wave monopole antenna for
the necessary calibrated current source.

The antenna method of accurately determining UTIF currents consists of
measuring the impedance at the base of a monopole antenna which is mounted
on a ground plane. After the antenna impedance is measured, a known power
is applied to the antenna terminals. The current flow at the base of the
monopole antenna can then be easily calculated if the antenna impedance is
resistive. If the antenna is kept approximately a quarter wavelength long,
the antenna current distribution is sinusoidal w"th a maximum at the base.
An adjustable antenna must be used so that it can be made longer or shorter
than a quarter wavelength. The length of the antenna is adjusted until res-
onance occurs and the antenna impedance is entirely resistive. Thus the
power delivered to the antenna terminals will always be real. Since the an-
tenna will be approximately a quarter wavelength long, its resistive im-
pedance will be such that a VSWR of not more than 2 to 1, in a 50 ohm char-
acteristic impedance system, is anticipated. With a 2 to 1 VSWR, only
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0. 5 db of the incident power will be reflected and not utilized. This elimin-
ates the need for correction factors to determine the actual power delivered.
However, in the event that the antenna impedance is of such a value to cause
a substantial VSWR, the power reflected can be calculated and the true trans-
mitted power may be determined.

The antenna impedance is determined by utilizing a bridge and a varia-
ble length of transmission line, which is necessary to adjust the length of
the coaxial line between the bridge and the antenna exactly to one half
wavelength at the frequency of measurement. If this is accomplished, the
impedance measured by the bridge is the impedance of tWe antenna.

The current measuring procedure is as follows:

1. Disconnect the antenna from the coaxial cable and short circuit
the end of the coaxial cable at the ground plane with a coaxial
short.

2. Adjust the General Radio type 874-LT constant impedance trom-
bone line so that the Hewlett Packard Model 803A bridge balances
at zero ohms and zero phase angle.

3. Remove the short circuit from the end of the cable and replace with
antenna.

4. Clamp the current probe, terminated with a 50 ohm receiver,
around the base of the antenna.

5. Adjust the length of the antenna until the bridge balance is resistive.
Record the value of antenna resistance.

6. Disconnect the trombone line from the bridge terminal and attach
trombone line directly to the signal generator output terminals.

7. Adjust the signal generator so that a known power level is deliv-
ered to the base of the antenna.

8. Calculate the current at the base of the antenna using the following
formula:

Ip = Current at the base of the antenna

Pp

F V P = Power delivered to the antenna terminals

R = Antenna resistance measured in Step 5.
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9. Measure the output voltage of the current probe with an NF-105
(or equivalent) receiver.

10. Calculate the transfer impedance of the current probe using the
following formula:

Z. T Gs where Es = output voltage of the current
T P probe

Ip = current at the base of the
antenna

The Hewlett Packard Tyne 803A bridge has an upper frequency limit of
500 Me. A satisfactory replacement for the Hp 803A is the HP 805A slotted
line for frequencies above 500 Me. The procedure remains essentially the
same. The antenna impedance is found by standard VSWR measurements
and the use of the Smith Chart.

This antenna method of measuring primary current was compared
with the voltmeter method shown in Figure 6. The transfer impedance of
the CVA-l current probe was evaluated using both methods. The agreement
between the two methods was very good.

IV. DEVELOPMENT OF CURRENT PROBES FROM
25 MC TO 1000 MC

Shielding Effectiveness

The Stoddart current probe was evaluated for frequencies above 100 Mc.
Theoretically, the current probe output should decrease, but a series of
peaks, varying between approximately ± 10 db, appeared from 100 Mc to
1000 Mc. The output above 100 Mc was primarily attributed to capacitive
coupling and secondary resonances. The capacitive coupling was attributed
to direct voltage pick-up between the interference carrying wire and the tor-
oldal winding. The shield of the Stoddart current probe has an air gap to
prevent the shield from shorting the toroidal transformer as shown in Figure
7. Since this shield gap is on the inside of the aperture and therefore closest
to the signal wire, it was assumed that placing this gap on the outside per-
iphery of the shield might overcome the electrostatic coupling to a certain
extent. At the same time it was realized that any break of metallic continuity
will decrease the shielding effectiveness for the VHF and UHF range.

A shield was designed with the gap placed on the outer periphery of the
cylindrical shielding case. The shielding effectiveness was then evaluated.
The data showed that the shielding effectiveness was less than for the Stod-
dart shield. This unexpected characteristic was explained in the following
way: (1) The Stoddart shield has its coaxial connector symmetrically placed
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with respect to the shield gap; therefore, the ground path from connector
to gap has the same length for both sides. For the other shield the coaxial
connector had no symmetry; therefore, two different lengths of ground
path existed. The crossections of the two shields are shown in Figure 8.
A voltage gradient may be induced because the ground paths from connector
to shield gap lips are of two different lengths. This assumption was later
confirmed. (2) The gap on the outer periphery has a greater surface area
and greater leakage can occur. For a detailed analysis consult Reference 2.

From the high frequency shield evaluation the following conclusions
were drawn: (1) The current probe shield must have RF-connector to shield
symmetry. (2) The two facing shield gap lips should be held to a minimum
surface area.

Current Probe for the 25 Mc to 300 Mc Range

The development of high fre quency current probes began with the evalua-
tion of air core transformers. The transfer impedance for various secon-
dary winding configurations was in the vicinity of one ohm. To increase the
transfer impedance, a probe was developed which used a General Ceramics
CF 116 Q-3 ferrite core. This core was considered to be the best high fre-
quency core and was the physically largest core available commercially.
The shield dimensions were selected to render a usable current probe. The
best compromise between practicability and electric characteristic for the
CF 116 core was a cylindrical shield of the following dimensions:

OD. = 2. 375 in., 1. D. a 1. 0 in., Height -. 75 in. This current probe was
designated as CVA-1.

The transfer impedance was evaluated with the high frequency method
shown in Figure 6. A sketch of the current probe is shown in Figure 9.
The transfer impedance is shown in Figure 10.

The sharp decrease in current probe output at about 350 Mc was attri-
buted to the shield resonating. The shield surrounding the toroidal secon-
dary coil may be represented by a one-turn tertiary winding termninated with
a capacitor. The shield has a specific inductance which will series resonate
with the capacitance. The facing shield gap lips determine the capacitance.
The sharp, resonant decrease in output was noted alao with all the evaluated
air core probes.

The deleterious effects were also evaluated for this probe. These
characteristics are shown in Table 1 in the CVA-l current probe column.
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Current Probe for the 200 Me to 1000 Mc Range

The secondary windings of the previously developed current probes ex-
hibited excessive electrostatic coupling and capacitance from winding to
shield. These two effects had to be minimized before accurate current
measurement to 1000 Mc could be achieved. A balanced winding with re-
spect to ground was considered since the winding to shield capacitance for
this winding is evenly distributed over the entire winding. The electro-
static pick-up is minimized since each termination of the winding will devel-
op the same potential with respect to the grounded shield and not a potential
difference as with the unbalanced winding. With a balanced winding, the
output of the probe results principally from the magnetic field of the primary
conductor under test.

Initial balanced probes were not successful since a balun was required
to make the transformation from the balanced winding to the unbalanced in-
put of the receiver. The baluns are normally narrow band devices; con-
sequently a narrow band current probe response resulted.

Further experimentation utilized an untuned wideband transformer
manufactured by the TRAK ELECTRONICS CO. The transformer is a Type
BPC 200/50 providing a linear 200 ohms balan;ced to 50 ohms unbalanced
impedance transformation from 1 Mc to 1000 Me. The unbalanced output
was connected to the receiver while the balanced input terminals were con-
nected to an air core toroidal winding. The winding is not grounded at any
point. The outside case of the BPC 200/50 was extended to shield the toroid.
To accommodate the primary conductor under test, tubing of one inch diam-
eter was placed through the extended case. As in the other shield designs,
the tubing was cut to give the necessary air gap for prevention of a shorted
turn. The shield gap is 0. 025 in. wide. The air core toroid has a cross-
sectional diameter of 1/4 in. The wire size is No. 26 AWG. Figure 13
shows the probe partly disassembled. This current probe was designated as
CVA-3.

The transfer impedance of the probe and BPC 200/50 combination was
measured with windings that were varied from 9 to 25 turns. The results
indicated that the larger the number of turns the better the low frequency re-
sponse. For the 200 Mc to 1000 Mc range, an 11 turn winding gave the best
transfer impedance as shown in Figure 14. The remaining electrical char-
acteristics are shown in Table 1 in the CVA-3 current probe column.

Although the current probe does not utilize magnetically saturable de-
vices, the construction materials for the BPC 200/50 wideband transformer
indicated a ferrite material. Therefore, the possible change in characteris-
tics caused by large magnetic fields was evaluated. The transfer impedance
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was not changed by large magnetic fields as shown in Table 1. The current
probe should have sufficient sensitivity to detect one microampere of RF
current from 25 to 1000 Mc. The transfer impedance is approximately 1. 5
ohms at 1000 Mc. If a 1 microvolt receiver is used with the probe, a pri-
mary current of 0. 7 micro-ampere can be detected.

Current Probe for Large Diameter Cables

The requirement existed to measure the net magnetic field emanating
from a large cable with diameter up to eight inches. To facilitate such a
measurement, a current probe with 8 in. diameter aperture was developed.
The toroidally shaped core of the probe consisted of 4 mil, grain oriented
silicon steel tape. The crossection of the core was 1/2 in. by 1 in. Insula-
tion consisting of one layer each of spun glass tape, teflon tape, and mylar
tape was wrapped around the core. The windings were evenly distributed
over the insulation and the composite toroid was placed in a laminated non-
conductive case. The case was spray coated with zinc and copper to provide
electrostatic shielding. An air gap of 0. 02 in. was placed on the inner peri-
phery of the shield to prevent the shield from shorting the toroid.. Figure
11 shows the probe partly disassembled. The probe is not a clamp-on
type; however, it was later modified to be a clamp-on device. This current
probe was designated as CVA-2.

The transfer impedance was evaluated with the number of secondary
turns being varied from 8 to 100. The highest and flattest response was ob-
tained with 18 turns of 1 mil by 1/2 in. wide copper tape. The transfer im-
pedance for this probe is shown in Figure 12. The notch in the transfer im-
pedance curve occurred in all the evaluated probes at 250 Mc. It was caused
by the shield resonating and shorting the toroid. The other electrical char-
acteristics are shown in the CVA-2 current probe columm of table 3.

The transfer impedance was evaluated with a 1/4 in. diameter conductor
at the center of the probe aperture. This conductor was moved to the edge
of the aperture to determine a possible change in probe output. For frequen-
cies below 40 Mc, there was no change in probe output. For frequencies
above 40 Mc, the output changed from zero to + 5 db at 100 Mc. This in-
crease was caused by electrostatic coupling through the shield gap. The
change in output could be reduced by using small diameter wire instead of
the 1/2 in. wide copper winding. Since this change also reduced the overall
probe response, it was not employed.
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VI. SUMMARY

As the electromagnetic spectrum becomes even more congested, ex-
tremely restrictive interference control requirements must be enforced;
consequently, the number of required interference tests will increase. The
employment of current probes for these tests will help to reduce the test

time. It has been shown that current probes can detect interference currents
below the existing and the assumed specification limits in the frequency
range of 30 cps to 1000 Mc. The design of the newly developed current

probes is not yet optimized and further work is being carried out.

This paper stresses mainly the advantages and feasibility of conducted
interference measurements with current probes. The limitations and dis-
advantages of current probes, the development of ac and dc skin current
probes, and other phases of probe measurements were not mentioned be-
cause of limited space. This information will be published at a later date.

Detailed information on these subjects may be obtained from reference 2.
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Figure 8. Cross-section of Shields
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Figure 11. CVA-2 Current Probe
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Figure 13. CVA-3 Current Probe
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A COMPARISON OF THE SPECTRUM SIGNATURES OF
AM, FM, AND SSB COMMUNICATIONS EQUIPMENTS

J. G. Holey and E. W. Wood
Georgia Institute of Technology
Engineering Experiment Station

Atlanta, Georgia
(Work Done Under Contrict Woith The U. S. Army Signal Corps)

Abstract. - The spectrum signature of a device is sometimes defined merely as
the frequency spectrum of the energy that may be radiated from the device, or
the spectrum of frequencies to which the device will respond. In the field of
communications the devices usually of interest are receivers and transmitters,
and the spectrum signatures are defined in a manner such that both desirable
and undesirable characteristics of receivers and transmitters are determined.
Both types of information are necessary for radio frequency interference
prediction.

The theory for comparison of AM, FM and SSB equipments has been
established in recent yeaxb, and this paper offers results of measurements
which supplement the theory. This discussion is based on actual laboratory
measurements made on more than 48 transmitters representing 24 different
types and 52 receivers of 23 types.

Co-channel interference for AM receivers is not severe if the inter-
fering signal is over 1O decibels below the desired signal, but becomes
increasingly severe for decreasing signal differential. An interfering signal
does not "capture" an FM signal until the interfering signal is within 8-12 db
of the desired signal. Results of spurious responses, two-signal selectivity
and RF intermodulation tests are also discussed.

The SSB transmitter harmonic rejection appears to be the best above
the first few harmonics, FM the best for the second harmonic, and AM the worst
in all cases. SSB RF intermodulation characteristics are slightly better than
FM, and extremely good bandpass filters are available which improve RF inter-
modulation over 11 db at 0.6% spacing in the VHF/UiHF region. Transmitter
modulation characteristics, system linearity, audio intermodulation, splatter,
and carrier noise are also considered,

I. INTRODUCTION

One of the most important and rapidly expanding problems in the
communications field today is that of compatible operation of several communications
equiprnents located at a particular geographical location. Until the last decade,
toe size of a comnaunications complex was such that the interference problem
&ouid usually be resolved locally. However, with the communications requirement

coth the military and civilian user increasing at the present rate, frequency
ossign:•cnt cr :c tcut'erenee-free communication has become a critical obstacle.
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It would be assumed by the layman that frequency selection is a
relatively simple problem with the primary factor being the choice of transmitting
frequencies such that they do not coincide with any receiving frequencies.
However, it is fairly well known that receivers may respond to hundreds of
frequencies if the input level is sufficiently strong; these spurious frequencies
at which the receiver responds are known as spurious responses. Also, the vast
majority of transmitters in operation at the present time produce outputs in
addition to the carrier frequency; these are referred to as spurious and harmonic
emissions.

To further complicate the problem, two signals of sufficient amplitude
may combine in either a receiver or a transmitter to produce new frequencies, or
RF intermodulation products. This type of interference is of particular concern
to shipboard communications complexes, due to the restricted area. In addition,
common practice in radio-relay installations is to place all antennas, both
receiving and transmitting, on a single structure such as a water towei ur forestry
fire tower. The frequencies of intermodulation products are predictable according
to the equation

fIM m fA B n fB

where m and n are non-zero integers.

It has been the purpose of the Georgia Tech interference Group for
the past several years to: 1) study the various types of mutual interference,
2) evolve frequency selection schemes for interference-free operation,l, 2 and
3) catalog the interference characteristics of U. S. Army communications equip-
ments operating in the frequency range from 150 kilocycles to l000 megacycles.
Tests have been completed thus far on some 18 transmitters representing 24
different equipments, and 52 receivers representing 23 equipments. The test
methods have been in accordance with the Spectrum Signature Collection Plan
of the Electromagnetic Compatibility Analysis Center, with minor variations.

It is the purpose of this paper to discuss some of the important
interference characteristics which have been measured in the laboratory, and
in particular to compare the characteristics of AM, FM, and SSB equipments.
They include the following:

Receivers Transmitters

Co-Channel Interference Harmonic Emissions
Spurious Response, RV intermodulation
RF Intermodulation Modulation Characteristics
Two-Signal Selectivity AF Intermodulation

Carrier Noise

M1hile 'cme of the characteristics do not usually differ with different
tys oreceivers -L n!itters, others are letermined by stages such as

'!',,ceiver eerer assaitter modulator sections. Case Radiation, Case
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Susceptibility, Power Line Radiation, and Power Line Susceptibility are a few
remaining characteristics which are not considered.

II. RECEIVERS

In examining spectrum signatures of the various types of receiver
systems, susceptibility to several types of interference should be examined.
The most obvious, of course, would be co-channel interference. For a more
complete analysis, spurious responses, RF intermodulation and two-signal
selectivity should also be considered.

Co-Channel Interference

Data taken from co-channel interference tests on six types of AM
receivers, six types of FM receivers, and one SSB receiver are shown in Figures 1
through 3. Considering first the AM receiver data in Figure 1, the curves
are found to follow their maximum until the interfering signal is some 40 to 45
decibels below the desired signal, where they begin a gradual decrease. As the
signal differential becomes less than 40 decibels the interference becomes
increasingly severe until a slope of one is reached.

As expected, the SSB characteristic was somewhat similar except that
a higher initial S/N ratio was obtainable. This is attributed to not only noise
bandwidth improvement but also lack of modulation on the desired signal source.
For this test the desired signal was merely displaced in frequency by the desired
audio frequency and thus was devoid of audio distortion as contrasted with AM
and FM signal generators. Since the interfering signal for each receiver type
was unmodulated, the receiver output distortion and noise increased directly
with the interfering signal level, and this resulted in the curve shown in Figure 2.

The characteristics of the six FM receivers are shown in Figure 3.
Here the well-known "capture" effect of wideband FM is graphically illustrated.
Each receiver, with the exception of the narrowband receiver whose characteristics
deviate markedly, holds its maximum ratio in the presence of a co-channel signal
until the interfering signal is within 8-12 db of the desired signal. At this
point the discriminator rapidly becomes "captured" by the interfering signal.

The mean curve of each receiver type is shown superimposed in Figure 4.
The distinct noise and interference advantage of wideband FM is seen, which of
course is at the expense of increased bandwidth.

The test setup for the co-channel test is illustrated in Figure 5.

As mentioned previously the co-channel interference characteristics,
or the knowledge of the degradation effects of an interfer1ing signal whose
!frequency coincides with the frequency of the desired signal are particularly
important because RF intermodulation and spurious response interference both
result in interferlng or spurious -signals appearing at a particular amplitude
within the 11" passbanl cf the receiver. Therefore, the equivalent level of a
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co-channel signal which would produce the same IF signal amplitude as the spurious
product can be determined fairly easily and the co-channel interference character-
istics curves used to estimate the actual degradation of the desired signal at
the audio output of the receivers. This method is used in cases where the RF
intermodulation and spurious response tests are conducted with no desired signal
present, as shown in Figures 6 and 7. In these tests, the interfering signal
(or signals) are adjusted in amplitude and frequency until a product, which causes
some specified audio output indication, is obtained within the IF passband.
With FM receivers, 6 decibels quieting is the usual measure, and with AM and
SSB receivers a modulated signal is used with 6 decibels audio output signal-
to-noise as the quantity. Hence the equivalent signal of the receiver tuned
frequency will be of the same amplitude as the predetermined sensitivity level
of the receiver, which is that desired signal level which produces the same

output indication as above.

Spurious Responses

To extend the analysis to stronger interfering signals the particular
stage of the receiver which causes the spurious IF product must be considered
along with amplitudes of all involved signals. For instance, consider the
spurious response interference. The process here consists of the interfering
signal (or harmonics thereof) combining with the receiver local oscillator
(or harmonics thereof) in the receiver mixer stage to produce a signal at the
IF frequency, according to the equation

fSR ,pfL° f IF1
q

where p is any positive integer and q is any nonzero positive integer. For
exair le, insertion of a value of 1 for both p and q results in two solutions
of the equation, one being the frequency to which the receiver is tuned and
the other the image frequency. Assuming linear IF amplifiers, a harmonic-free
local oscillator, and a mixer stage whose transfer characteristics contain
curvature to and including third order, the following analysis illustrates the
manner in which the amplitude of the IF signal produced by the spurious input
signal varies with the input signal level.

Let ei = A cos wlt

eLO B cos w2t
2 a3x

mixer response y = a + a x + a X + a X

where x = (A cos a)t + B cos w 2 t)
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X cos t + B cos 22t . 2AB (cos a1t Cos a2t) A •- (1 + cos 2t)it) +

22B2 2AB

t2) (cos -2
2 t) 2o 1o12+ +

2A 22

05 (Co s Wo1t) (B + (OS 2oat) + -- Cos ( 2 t) + Co -It ) +

AB2 (cos wIt) (I + cos 2(b~t) 4•--- (Cos W t) (I + Cos W t) + A 2B (Cos wlt) eos(wl+w2)t +

+ t +BB

ABS2 (cos 2t) cos (w -WD A3 - t + 3-[Cos 3w t + Cos W t] +

A 2B Cris W t + A B [Cos (W2+2 wl)t + Cos (W 2- Wl)t] + AB ;-[Cos (Wl+2j) )t +

Cos LFAB2 COSo cult ++3B3 'zt o 0t
co (1-2u)2)tl + 2 --cos ml t + 7--[ Cos 3~ O at

assuming fIF fi fLO' e IF AB cos (a1 -w2 )t,

A2BrXV r~~IF n2 =OIF 1, 2,3,... then 7-1 COS (u2-2kae)t +

cos )t] and AB' [cos (W+-au2 )t + Cos (Wl-a 2 2)t] are the only terms from

the cubic expansion which may result in signals appearing at the IF frequency.

Thus the output of the mixer stage which is of interest is

a,}, [cos ( + cos (• 1 -w2 )t] 4 a+3a (W c 21 2 [COS (2. + co( 2 -!)t] +

a" (cc (,+,,4t -
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If a 2 AB cos (w1 -w2)t represents the desired product, then a 2 AB coso(w2 +w)t,

A2B cos (w 2 -2), a3 A and A 2 cos 22) represent3 cos (uy+2m2 ), nda 3  cos(fB2w 2

spurious responses if any argument becomes equal to the IF frequency. As an
example,. assume w l to be the local oscillator frequency and w to be the input
frequency, and further assume the local oscillator frequency ýo be greater than
the IF frequency.

Spurious responses will then occur for three values of to:

Wt 2 = 2'+ 2n fIF,

wit2 = wL f IF'
2

and

w' 2 = wl + 2n fIF (image).

Considering only wo' for the present, the envelope of the IF product
is seen to be a 3 A2B where a i• a mixer constant, B is the amplitude of the local

oscillator and A is the amplitude of the input signal. This IF product is
identified by the spurious response equation where p is equal to one (the
coefficient of w2 ) and q is equal to two (the coefficient of ui).

This analysis can be extended to show that the amplitude of the IF
product is proportional to the (n - i) power of the input level, where n is the
power of the series term producing the product.

Spurious response rejection varies widely even between receivers of
the same type, and is usually affected in a predictable manner only by such
devices as high-Q filters or by using frequency-translation schemes other than
the local-oscillator-mixer method.

Intermodulation

The intermodulation characteristics of a receiver are of importance
because they give an indication of the interference possibilities when the
receiver is used in the presence of two off-channel signals. This test is
conducted as shown in Figure 6. Assuming that these signals have not been mixed
bho'ore iiaing at the rccciver, some mixing may be expected in the RF amplifier
tube ' and/or the first mixer. If one of the extraneous signals generated in
this manner happens to fall at the tuned frequency and is of sufficient amplitude,
interferncr e of a co-channel nature is the result.

",ual.y it is rssumie that the third ocr rrix i potentially the
st --iulcticc b-_auso ttb signals -r; ho Lwithin the

s u "' the <u', ci.uqit. e'roa y rai onship fo•" , type of
~x 7,i'c.'C --
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where fo is the receiver tuned frequency and fa and fb are the interfering signal
frequencies.

It is also possible that higher order intermodulation products caused
by two interfering signals near the tuned frequency could produce interference.
An example of a higher order mix is the fifth order, defined by

fo = 3fa - 2fb"

These high order mixes, however, are not usually sufficiently strong to cause
appreciable interference.

The second order, or primary, mix cannot be neglected as a possible
cause of interference. This mix is defined by

fo = fb - fa'

Although one or both interfering signals must be far removed from the passband,
Lhey may still develop enough voltage at the grid of the first tube to produce
strong interference. The above analysis also applies for determining effects of
input amplitude variations.

Since the three types of receivers all contain similar conversion
processes in general, neither of the above two forms of interference is very
dependent on the modulation system. However, a comparison of intermodulation
tests results as shown in Figures 8 and 9 shows that AM interference is somewhat
more predictable; the AM rejection ratio curves are characterized by a 3 db/octave
slope at extremely small • ratios, where Af is the frequency separation of the

0
nearest interfering signal and the tuned frequency of the receiver. The slope
increases to 9-12 db octave at some ratio between .003 and .01; data for rejection
ratios greater than 90 db are subject to error due to signal generator imperfections
and other factors. FM intermodulation rejection curves vary more erratically
since the RF miplifier bandpass characteristics are dependent on the modulation
index or P for the receiver- Since only one type of SSB receiver was tested, no
conclusion may be drawn empirically, regarding intermodulation. However, it is
expected that SSB exhibits characteristics similar to AM.

Two-Signal Selectivity

The selectivity of a receiver to an interfering signal near in frequency,
with n deýired signal present., is referred to as the two-signal or "true" selectivity.
The two-signal test is conducted by inserting two RF signals into the receiver
under test, as shown in Figure 5. One signal is tuned to the frequency of the
receiver and represents a desired signal. The second is tuned to some near
frequency and represents an interfering signal. As this interference is brought
nearer the tuned frequency of the receiver, the desired signal level is reduced
in the audioi ýutrut of the receiver. This is usually caused by AVC action in
the rcce 1 ,'c , ,r by c,'r c 1inc of the first PF stage by the interfering signal.
Either ceu.t in a cejuc ia a:' the audio output ratlo of the receiver.
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Results were examined for various receivers tested, but no conclusions
could be drawn. In general, FM will have less selectivity (require greater
bandwidth) except in the case of narrowband FM. The one SSB receiver tested
showed the highest selectivity, a result of the sideband filters used in the IF
strip of the SSB converter. The selectivity, in fact, of this receiver was
such that noise on the carrier of the signal generator providing the interfering
signal caused difficulty in measurements.

III. TRANSMITTERS

The transmitters which were tested to obtain spectrum signature data
and interference characteristics include portable, fixed, mobile, aircraft and
relay equipments. Table 1 shows the number and types of transmitters and Table 2
outlines the frequency range according to the type of modulation systems. The
power outputs for the different systems are presented in Table 3.

All of the tranpmitters were tested in accordance with the procedures
outlined in the reference 3 and were tuned as specified in the technical manual
provided with the equipment.

Harmonic Emissions

The majority of emissions from a transmitter are related to the
fundamental and/or harmonics of the master oscillator, multipliers, driver, and
power amplifier frequencies. Other frequencies which are not harmonically related
to the master oscillator may be present due to mixing of the various frequencies
present in a transmitter. A linear amplifier is expected to have a smaller
harmonic content than a non-linear amplifier; therefore, SSB transmitters are
expected to produce weaker harmonics than AM or FM transmitters. The harmonic
emissions from AM, FM and SSB transmitters will now be considered.

The limit set by Military Specifications MIL-I-II7h8B (SigC) for any
harmonic emission is 60 db below the carrier. The first 10 harmonics of each
type of transmitter have been categorized and analyzed, and about 68% of the
transmitters were found to exceed this limit for the second harmonics and 45%
exceeded the limit for the third harmonics. Table 4 shows the percentage of
each type of transmitter exceeding the 60 db limit for the first 10 harmonics.
The FM transmitters were better with respect to second harmonic emissions than
the AM or SSB transmitters. The SSB transmitters, however, had greatly improved
third and higher harmonic rejections.

More than 35 AM, 62 FM and 32 SSB test frequencies werc investigated,
and their mean harmonic outputs tabulated in db below the carrier are presented in
Table 5. These data support the results in Table 4. The FM second harmonic
rejection was about 17 db more than AM and 1 db better than SSB. The SSB fourth
and higher harmonic rejections were better than either AM or FM. In general, the
SSB harmonic rejection appears to be the best above the first few harmonics, FM
the best for the second harmonic, and AM the worst in all cases.
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It is necessary to point out some reasons for the above results. The
SSB transmitters contained Class B push-pull final amplifiers with little non-
linear curvature and therefore the harmonic emissions were at a lower level than
the emissions from the AM Class C final amplifiers. The FM transmitters had low
power output and operated in the VHF and UHF regitons. It is usually easier to
produce and use VHF and UHF filters to reduce spurious and harmonic emissions
than it is to use HF filters because of size consideration. An IM transmitter
was tested with and without the bandpass filters provided with the installation,
and it was found that the bandpass filters produced more than 50 db of rejection
for the second and third harmonics, which represents a considerable improvement.
However, the cost of producing IF filters for high powered transmitters must be
weighed with the improvement obtained and other considerations in determining
the feasibility of their use.

Two 50 watt, AM VHF/UHF transmitters were tested and their harmonic
rejections were similar to those of FM VHF/UHF transmitters. Thus it appears
that the overall transmitter linearity, circuitry, frequency range, and power
range usually determines the nature of the harmonic content, and not the type
of modulation that the system is capable of handling. The same is true for
other spurious emissions from the transmitter as well.

Actual radiated output level should be analyzed also, because a trans-
mitter which radiates +71 dbm and has a second harmonic rejection of only 44 db
is capable of a second harmonic output of 1/2 watt.

RF Intermodulation

RF intermodulation is the mixinga of two or more carrier frequencies
in a non-linear manner to produce other frequencies which are in turn 'adiated.
Only the third order intermodulation will be dealt with here since it is the most
serious type of interference. An example of third order intermodulation is
produced in a transmitter when the second harmonic of the fundamental frequency,
f , is mixed with an incoming interfering signal, f., to produce signals

1? - f. I away from f and f.. The test setup for measuring RF intermodulation.0 O0 O 1

is shown in block diagram form in Figure 10. Table 6 shows normalized values
for third order RF intermodulation data for AM, FM, and SSB transmitters for
5% and 10% spacings and -20, -hO, and -60 db couplings. The coupling values
represent the difference in levels of the two signals at the desired transmitter,
and 5% spacing means that the interfering signal is 5% of the desired signal
frequency away from the desired signal.

it is seen that the SSB intennodulation was less than AM or FM
internodulation for all values of couplings for 5% spacing. Data were not
available for SSB internodulation at 10% spacing. The mean levels of third
order IM products on the desired signal side relative to the desired carrier
were -57 db for SSE, -5•t d for FM, and -45 db for AM at coupling of -20 db,
and the third order I!!, proiucts on the interfering signal side were atout 20 db
less. Figure 1i shows a plot of the mean normalized third order iM at 5% spacing,
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and the SSB IM rejection is seen to be slightly better than the FM and considerably
better than the AM IM rejection. For every db decrease of interfering signal, the
third order IM product on the desired signal side decreased by about 1 db and the
third order product on the interfering side decreased about 2 db,4 This means that
the products on the interfering side fall off twice as fast as the ones on the
desired signal side for decreasing interfering signal.

An increase of spacing from 5% to 10% produced further rejection from
5 to 10 db for both the AM and FM systems. The FM intermodulation was aboUt 10 db
better than th, AM intermodulation for all values of spacings and couplings. Again
circuit design, because of frequency and power considerations, is responsible for
the outcome of the RF intermodulation study. Linear operation in the SSB system
causes far less mixing than in non-linear output stages. A VBF/UHF FM transmitter
was tested which employed bandpass filters capable of 8 db rejection at a spacing
of 1% from the desired frequency, 37 db at 5% and 49 db at 10%; the desired signal
was decreased only 1 db. This system can be tuned to contain hardly any RF inter-
modulation at 10% frequency spacing. It was found in an actual test that the
minimum intermodulation improvement with bandpass filters was 11 db for the 3rd
order low product with spacing of 0.6%, and with greater spacings the 3rd order
products were attenuated 25 decibels or more by the filters alone. The size
and cost of such a filter for the HF region would probably be greater than these
VHF/UEF filters.

Modulation Characteristics

The modulation characteristics show the modulator capabilities of the
transmitter. If the modulator input voltage versus percentage modulation or
percentage of rated deviation is not linear the output of the transmitter will be
degraded. The desired modulation will be distorted and unwanted adjacent channel
emission will likely occur.

The modulation characteristics for 4 AM transmitters are presented
in Figure 12. The percentage modulation is plotted against audio input in dbm.
A large audio input signal is necessary to modulate transmitter 4 above 80%
modulation, and considerable distortion is generated within the modulator sec~ion.
Curve 2, however, represents the typical AM transmitter modulation characteristic
curve.

The percentage of rated deviation versus audio input in dbm is plotted
in Figure 13 for 5 FM transmitters. Curves I and 2 show the result of limitcd
deviation in an FM transmitter and curves 3, 4 and 5 show unlimited modulation
up to 150% of rated deviation Above 80% of rate6 deviation the information
present in transmitters I and 2 becomes distorted, ana transmitters 3, 4 and 5
transmit the information with little distortion However, it is possible to
modulate transmitters 3, h and 5 well above 100% and cause excessive sideband
splatter without the limited deviation provisions.

SSB mnodulation characteristics are scmewhat different from AM or FM
characteristics 1ecause sf the different way in whiel. modulation is expressed.
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Figure 14 shows the percentage of rated power output (PEP) versus audio input
in dbm for 4 SSB transmitters. Rated power was obtained for a two-tone audio
input when the distortion products were 25 db below the two tones. Curves 1
and 2 are very non-linear and curve 4 is most linear, even up to 150% of rated
power. Curve 3 represents a typical curve for Class B operation. Transmitters
1 and 2 are considered poor SSB transmitters since audio intermodulation products
are extremely high when they are operated near rated power output because of
the non-linearities present in the system.

Audio Intermodulation

The audio intermodulation produces new frequencies similar to RF
intermodulation. If two audio tones, f1 and f , are mixed in a non-linear
manner, new signals will be produced at 2f - and 2f - f which are

1 2called third order AF intermodulation products; 3f - 2ý an" 3f2 - 2f1, 5th
order; 4f - 3f and 4f - 7th order; etc. Te mixing may occur in the•1 -32 2 - ....t r Igmy cu
RF section as well as in the modulator and audio sections. The intermodulation
products are illustrated in Figure 15a, which is a spectrum photograph of the
SSB transmitter modulated with two equal tones of h00 cps and 2500 cps. It is
observed that the 3rd, 5th, 7th, 9th, llth, and 13th audio intermodulation
products are present. The unused sideband contains distortion components
almost as strong as the distortion components in the desired sideband. This
indicates that the audio intermodulation occurs after the sideband filter
circuit which is near the balanced modulator section and where the single side-
band signal is produced. The non-linearities of the system cause the presence
of these unwanted products in the desired and unused sidebands and limit the
usefulness of the unused sideband for further information transmission.

Figure 15b is a photograph of the spectrum output for an FM transmitter
whose rated deviation is 15 kc/sec. Sideband splatter extends 23 kc/sec from
the carrier at 60 db below the unmodulated carrier. Figure 15b illustrates AF
intermodulation for an AM transmitter.

Noise-loaded modulation is shown in Figure 16 for SSB, FM, HF AM, and
VWF AM. The effect of single sideband modulation is fully realized in Figure 15a.
The roundness of the FM output is seen in Figure 16b, and splatter effect of AM
is observed in Figures 16c and 16d.

Carrier Noise

Carrier Noise is defined as that modulation of the carrier which is
produced by noise generated in the oscillator, multiplier, modulator and power
amplifier stages, plus hum components emanating from the power supplies. Figure 17a
shows components at ±120 cps from the carrier, and 32 db below the carrier level
for an SSB carrier output. This is caused by the second harmonic of the power
line frequency. Figure 1'(b is an FM carrier output and components are present
which are caused by noise generated in the modulation section arid/or power line
noise. The rated deviation for this FM transmitter is 15 kc/sec. Figure 17c
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is an AM output carrier which has a noise component similar to the SSB output,
but not as large in magnitude. Proper power supply filters usually eliminate
these carrier noise components.

IV. CONCLUSIONS

The important differences found in the data for various interference
characteristics of the three types of receivers have been primarily in the
co-channel interference test, as expected. These co-channel characteristics do
not, in themselves, specify the spurious response and intermodulation susceptibility
as measured using present methods, but do determine the interference to a desired
signal when present if the equivalent IF interfering signal and desired signal
amplitudes are determined. It should be mentioned that most receivers tested,
regardless of type, showed at least 80 db rejection to most of the spurious
response signals and therefore may not be affected by this type of interference
if a sufficiently strong desired signal level is maintained.

The majority of transmitters which were tested did not conform to
the military specifications fo, second harmonic output. FM and SSB transmitters
were better than the AM transmitters with respect to harmonic output and RF inter-
modulation output because of circuit design and more linear operation, respectively.
Bandpass filters are available which provide as much as 49 db of attenuation at
a frequency spacing of 10% from the desired signal and offer considerable reduction
in harmonic output and RF antermodulation in the VHF/UHF region. The AF inter-
modulation products in the unused channel of an SSB signal were about equal in
amplitude to those in the desired sideband. FM deviation limiting produces a
great deal of distortion near the rated deviation of the transmitters tested;
however, unlimited deviation is capable of causing excessive sideband splatter.
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TABLE I
TYPES OF TRANSMITTERS TESTED

TYPE OF TRANSMITTER NUMBER

AM 16

FM 26

SSB 6

TABLE 2
FREQUENCY RANGE FOR THE DIFFERENT TYPES

OF TRANSMITTERS TESTED

Number of Transmitters
Frequency in Frequency Range
Range AM FM SSB

LF/MF 2 0 0

HF 12 2 6

HF/VHF 0 14 0

VHF/UHF 2 10 0

TABLE 3
OUTPUT POWER RANGE FOR THE DIFFERENT TYPES

OF TRANSMITTERS TESTED

Number of Transmitters
Output Power in Output Power Range

(watts) AM FM SSB

100 or less 6 1 22 2

101 to 1000 8 4 0

1001 or more 2 0 4
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TABLE 4
PERCENTAGE OF TRANSMITTERS WHOSE HARMONIC OUTPUT

EXCEED THE MILITARY SPECIFICATION LIMIT OF 60 db
BELOW THE CARRIER FOR THE DIFFERENT

TYPES OF TRANSMITTERS

Harmonic Percentage of Transmitters Exceeding Limit

AM FM SSB

2 81 62 100
3 56 46 25
4 31 14 0
5 31 19 0
6 31 12 0
7 31 4 0
8 31 4 0
9 25 4 0

10 25 0 0

TABLE 5
MEAN HARMONIC OUTPUT FOR THE DIFFERENT TYPES

OF TRANSMITTERS THROUGH THE 10th HARMONIC

Harmonic Output

Harmonic (db below the carrier)

AM FM SSB

2 51 67 56
3 65 77 81
4 76 >76* >87*
5 80 >79* >93*
6 82 >78* >88
7 82 >82* >90*
8 83 >81* >88*
9 87 >85* >90*

10 85 >84" >90*

*No data available for 1/3 to 1/2 of the harmonics because of weak

harmonic output. The estimated figure is probably more than 10 db
greater than the value shown.
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TABLE 6

MEAN NORMALIZED 3rd ORDER RF INTERMODULATION
FOR AM, FM, AND SSB TRANSMITTE RS

Frequency db relative to Coupling Spacing
desired signal carrier T(db)..

AM FM SSB

2f- f -45 -53 -57 -20o 1
f 0 0 0 0

A: I7 h

f. -20 -20 -20

2f. • - f' -65 -71 -78

2fo0 - fi1 -63 -75 -77 -4o0

f 0 0 0

f. -40 -4o -4o
1

2fi - fo -107 -113 <-115

2fo - f. -90 -101 -103 -60

0 0 0 00
f . -6o -60 -6o

1

2f. - f <-110 <-115 <-115
i 0

20 - f1. -52 -58 -20 10

2 f 0
'i-20 -20

2!'. f0 -70 -77 -1 0 1

,'-' - f -- -4o
0 1

SC -

15 5
_________ - ]_0 -.- ii0______ _ _ __ _

-155 -



TABLE 6 (Continued)

MEAN NORMALIZED 3rd ORDER RF INTERMODULATION
FOR AM, FM, AND SSB TRANSMITTERS

Frequency db relative to Coupling Spacing
desired signal carrier (db) m

AM FM SSB

2f -f. -102 -110 -60 100 1

f 0 0
f -60 -60

i
2f. - f <-110 <-lO -

1 0

Identification

2f -f = 3rd Order Low IM Producto 1

f = Desired Signal0

fi = Interfering Signal

2f. - f = 3rd Order High IM Product
1 0
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SIGNAL
GENERATOR

NO. 1
(MOD.)

LARGE

•'RESISTOR TEST DISTORTION
S"• • RECEIVER ANALYZER

SIGNAL TERMINATION

GENERATOR FREQUENCY
NO. 2 METER

BLOCK DIAGRAM OF TWO-SIGNAL SELECTIVITY AND CO-CHANNEL TESTS

Figure 5.
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SIGNAL

GENERATOR
NO. I (CW) fa

ISOLATION TEST DISTORTION
NETWORK RECEIVER ANALYZER

fb SIGAL • lTERMINATI ON

GENERATOR FREQUENCY
NO. 2 METER -=

(MOD. 400 cps)

BLOCK DIAGRAM OF INTERMODULATION TEST SETUP

Figure 6.

GENERATOR FILTER R ECE IVER ANALYZER

FREQUENCY --

METER

BLOCK DIAGRAM OF SPURIOUS RESPONSE TEST SETUP

F<•';'e 7.
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BLOCK DIAGRAM OF INTERMODULATION TEST SETUP

Figure 10.
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TWO-TONE AUDIO INTERMODULATION

(a) SSB
Scale 60 db Below Tones
25 kc/sec Sweep Width
Rated Power

+ (b) FM
Scale 60 db Below Carrier
50 kc/sec Sweep Width
90% Rated Deviation

(c) AM
Scale 60 dl, Below Carrier
30 Icc/sec Sweep Width
90% Modulation
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NOISE-LOADED MODULATION

(a)SS B
Scale 60 db Below Carrier
25 kc/sec Sweep Width
Rated Power

(b) FM

Scale 60 db Below Carrier

100 kc/sec Sweep Width
90% Rated Deviation
Rated Deviation is 15 kc/sec

5b KI ZOCYCLES '

(c) AM (VHF)
Scale 60 db Below Carrier
30 kc/sec Sweep Width

I 90% Modulation

Ki LOCYCL.Es

(d) AM (HF)
IVA. 1Scale 60 db Below Carrier

30 kc/sec Sweep Width
90% Modulation

F-ru~ e 1 .
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CARRIER NOISE

20

S(a) SSB8 - 1 - - - Scale 60 db Below Carrier
--- 0.5 kc/sec Sweep Width

20s0 --0+ 5

KILOCYCLES

(b) FM
Scale 60db Below Carrier
"2 kc/sec Sweep Width

L (c) AM
Scale 60 db Beiow Carrier
0.5 kc/sec Sweep Width

• O -0 + 5
KILOCYCLES
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SPECTRUM COMPATIBILITY MEASUREMENT CAPABILITY

J. E. Browne
Navy Air Navigation Electronics Project

Weapons Systems Test Division
NATC, Patuxent River, Maryland

Abstract. - The Navy Air Navigation Electronics Project's
(NANEP) chief role as lead laboratory for the Navy in the
field of RF Spectrum Compatibility is the measurement of
spectrum signatures, development of measurement techniques,
and the evaluation of related test equipment. Application of
instrumentation and facilities to the measurement of L-band
radar spectrum signatures is discussed. Also discussed are
measurement techniques and special problems involved in the
measurements of the two L-band spectrum signatures currently
in progress at NANEPo

I. INTRODUCTION

The Navy Air Navigation Electronics Project is an
activity under the technical control of the Bureau of Ships
and the administrative control of the Bureau of Naval Weapons.
NANEP is engaged in test and evaluation of the ground or ship-
board air navigation equipment, evaluation of electronic
equipments procured for the Marine Corps, and spectrum com-
patibility measurements. NANEP is presently designated lead
laboratory for the Navy in the Spectrum Compatibility field.

II. MEASUREMENT CAPABILITY

A spectrum compatibility measurement capability
consists generally of spectrum signature measurement and the
necessary support facilities. A considerable quantity of
instrumentation, coupled with appropriate measurement tech-
niques, is required for spectrum signature measurement.
Among the facilities necessary to support a spectrum signa-
ture program are such things as an antenna pattern range,
maintenance equipment, and screened enclosures, both fixed
and mobile. Two requirements the antenna pattern range must
meet are the ability to operate over a wide frequency range,
at least 2 up to 12 Gc, and the necessary flexibility to accom-
modate D A for the large variety of antennas encountered.
A wooden tower at one end of NANEP's 1100-foot pattern range
holds the antenna positioner and the remote tuned signal
sources. These sources are located in the enclosure just
below the positioner, as shown in Figure 1. Figure 2 shows
the recorder console which is housed in a semi-trailer van.
The receiving antenna tower is mounted on the van, thus allow-
ing easy change in antenna seoaration.
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Maintenance equipment is that equipment needed to
maintain the integrity of the basic test instrumentation. An
example is sweep signal generators covering a wide frequency
range (100 kcs to 18 Gc). These are used to check receiver
band-pass alignments, which must necessarily be maintained to
a good accuracy to check on the quality of detector frequency
characteristics, to maintain the integrity of filters, and
numerous other uses. NANEP has found precision attenuation
measuring equipment to be quite useful, not only in maintain-
ing test equipment such as attenuators, filters, etc., but as
a secondary standard, and not infrequently, as basic test
instrumentation for evaluation of operational equipment.
Figure 3 shows the precision attenuation measuring equipment,
arranged in the "dual channel insertion loss" configuration,
being used to measure insertion loss (in the order of 0.1 to
0.5 db) of an operational 5-band filter.

In addition to our support facilities, NANEP has
a program of basic test equipment evaluation. Evaluations
are made on production models of commercial equipment, as
well as engineering and prototype models, to determine the
best available equipment for the Navy. An example of work
done in NANEP's instrumentation evaluation program is the
recently completed evaluation of a field intensity meter
covering the frequency range of 1 to 10 Gc developed by
Stoddart Aircraft Corporation under Navy contract. Following
this, we are engaged in a similar evaluation of a commer-
cially available 1 to 10 Gc field intensity meter built by
Empire Devices Products Corporation. Figure 4 shows some of
the instrumentation used in one of the evaluation tests.
Equipments of other manufacturers are scheduled for future
evaluation.

III. PROBLEMS AND MEASUREMENT TECHNIQUES
IN RADAR SPECTRUM SIGNATURES

Extensive instrumentation has been found, by
those recently embarking on a spectrum signature measurement
program, to be a necessity rather than a luxury. A fair
amount of adequate instrumentation is currently produced.
However, further developments on portions of the current
instrumentation, as well as a number of new developments, are
badly needed. Measurement techniques are constantly being
improved and new developments are being made as instrumenta-
tion permits. A number of spectrum signatures are being
collected at the present time on radars. NANEP is currently
conducting spectrum signatures on two L-band radars and has
developed several measurement techniques while conducting
these measurements.
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As an example, a rather unique combination of
test equipments has been developed for use in measuring side
lobe detail of the spectral shape of a radar output pulse
close to the main lobe of energy. This consists of the IF
section of a spectrum analyzer coupled to the IF output of an
AN/APR-9 Tuning Head. The triple tuned cavity of the RF
tuning head provides in the order of 80 db rejection for the
fundamental lobe of energy, and the IF section of the spec-
trum analyzer, which has a narrow bandwidth, provides the
resolution necessary to obtain side lobe detail. This tech-
nique, developed with currently available instrumentation
while meeting requirements, indicates a need for new instru-
mentation. Analyzers or spectrascopes with multiple cavity
tuning for greater selectivity are being considered for dev-
elopment by several manufacturers. Band reject filters, to
reject the fundamental lobe of energy, could be used with
current spectrum analyzers if they were available. Some band
reject filters are made for VHF and UHF, but apparently none
in the microwave region. These filters will need to have a
wide tuning range and variable bandwidths, together with a
high cutoff ratio.

A handy addition to the necessary mobile shielded
enclosure facility, for making transmitter measurements in
the field, is a mobile telescoping antenna tower shown in
Figure 5. It is mounted on a trailer having leveling jacks
at each corner, and the tower can be elevated from 5 to 70
feet. Since the maximum vertical lobe of power, with respect
to the receiving antenna, varies in elevation with frequency,
this tower affords a convenient method of maintaining proper
receiving antenna orientation when measuring transmitter
spurious and harmonic radiations. This tower also incorpo-
rates an electric rotor with dynamic braking, which greatly
facilitates the azimuthal orientation of antennas.

Multiple moding and impedance change with fre-
quency are problems in receiver measurement which have had
considerable study. These problems occur when power from a
calibrated signal source is coupled into receiver input
terminals at other than the designed frequency range. Not
only is the output from the calibrated signal sources in
error, due to mismatch, but it can also be in error due to
power lost in higher order modes. In order to obtain an
accurate measure of the receiver's susceptibility to energy
at spurious frequencies, the antenna, transmission line, and
receiver are treated as a single entity. This is the "Over-
all Susceptibility" test in the Military Collection Plan and
is applicable to receivers, such as radar receivers, which
operate with one, or possibly two antennas. Energ is radi-
ated into the system antenna from its far field (D/ X ), and
the assumption is made that attenuation due to mismatch or
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loss due to multiple moding in either the antenna, trans-
mission line, or receiver, will be the same for an interfer-
ing signal as for the test signal. The chief drawback to
this test is that a considerable amount of power is required
in the far field to obtain spurious responses in the receiver.
There is, at the moment, a pressing need for high powered
calibrated signal sources in the 10 watt and up class. NANEP
has approached the problem from two directions and, with
present instrumentation, can deliver over a milliwatt to
microwave radar receivers from the far field. TWT amplifiers
are used to boost the output power of standard signal genera-
tors to a watt (peak power), and large aperture high gain
antennas are used as transmitting antennas. These range in
size from an 8-foot parabolic dish, with a log periodic feed
covering 0.9 to 7.0 Gc, shown in Figure 6, through a 4-foot
parabolic dish, with appropriate feed horns covering 7.0 to
15 Gc, to a 1-foot parabolic dish, with appropriate feed
horns covering 15 to 26.5 Gco

Another measurement technique NANEP has developed
with currently existing instrumentation provides for good
isolation between two signal sources when their signals are
coupled together into a receiver, without appreciable loss of
power. Several receiver tests in the Military Collection
Plan - among them, intermodulation - utilize this dual source
configuration. The output of each signal source is coupled
through a ferrite isolator into an input terminal of a co-
axial hybrid, and the receiver under test is coupled to one
of the output terminals. When the remaining output terminal
is properly terminated, the hybrid provides 20 db of isola-
tion between the inputs. Using 20 db isolators, a total nom-
inal isolation of 40 db is obtained between signal sources
with only about a 4 db loss.

A number of measurement techniques have been
developed already in the course of spectrum signature collec-
tion, and a good many more should be forthcoming as the spec-
trum signature measurement program increases in magnitude and
scope. It is earnestly hoped that test instrument manufac-
turers in particular, and the electronics industry in general,
will heed the hue and cry from the spectrum compatibility
field, and not let development and production lag too far
behind our needs.
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A DISCUSSION OF TEST PROCEDURES FOR OBTAINING
SPECTRUM SIGNATURES OF PULSE COMMUNICATIONS EQUIPMENT

R. N. Bailey and P. Johnson, Jr.
Georgia Institute of Technology
Engineering Experiment Station

Atlanta, Georgia
(Work Done Under Contract With The U. S. Arifr Sigal Corps)

Abstract. - Evaluation of the interference characteristics (spectrum signature) of
pulse or pulse-modulated microwave communications equipments requires slightly
different test procedures from those used with AM, FM, and SSB systems; although
some of the techniques are very similar, since many pulse-modulated communications
systems utilize AM or FM carrier systems.

As in AM and FM systems, spurious and harmonic emissions, intermodulation,
sideband splatter, and the desirable characteristics should be evaluated for
transmitters; spurious responses, intermodulation, and the characteristics with
respect to various types of interference, should be evaluated for receivers.
In addition, error rate and cross talk should be evaluated for transmitters and
receivers.

Transmitter and receiver test procedures, and the advantages and
limitations of these methods, which are used to evaluate the interference and
desirable characteristics of pulse communications equipments are illustrated
and discussed.

I. INTRODUCTION

Test Procedures for measurement of interference characteristics for AM,
FM, Navigational, and SSB communications type receivers and transmitters have been
developed for the Signal Corps, U. S. Army. Test Procedures for pulse modulated
radio communications receivers and transmitters have been developed and are being
verified.

At the present time the Signal Corps uses primarily the PPM-FM and
PCM-FM "double modulation" systems 1, 3 However, in addition a modified commercial
PDM (pulsed carrier) and a PPM (pulsed carrier) "single modulation" system are
used. Radio links operating at microwave frequencies commonly employ FM, because
at these frequencies it is difficult to obtain amplitude modulators and amplifiers
that have sufficient amplitude linearity. The advantage of a multiplex system
is that a single carrier can be used to transmit many channels of information.
O1 course, the information rate, or capacity, and bandwidth are related. There-
fore, for a large capacity communications system it is necessary to have a large

ia: hix I tU. ý,ccause of the wide bandwidth required for the reliable transmission
of video pulses, a microwave carrier is normally used. Most of the Signal Corps ,

pulse , omam:i, at ion.s equipm.ie:.ts operate in the ]7oo-_4OG Mc and 40oo- 5000 Mc 1 ads.

:,,e ':.e :inpies" s-Ie:es o ise-iisi i..,,oliplexin. employs a pu]n:c
r'ai>, w:1 w-1i ea":.a:.cl is represe>:.ei !v a si:,C.ci pulse in 9., pu]so train.
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A marker pulse is placed between each sequence of channel pulses. Each information
channel is periodically sampled at the same rate, This sampling rate corresponds
to the time separation between the center position of two successive pulses in
any one information channel. The sample obtained for each channel is used to
pulse modulate (modulate one or more characteristics of a pulse) the corresponding
pulse in the pulse train. This pulse train must be impressed upon an RF carrier
for transmission by radio means, which is comrmonly accomplished by: (1) A "single
modulation" syste~an in which the RF carrier is keyed "on" for the duration of each
pulse only; also referred to as "pulsed carrier" or (2) a "double modulation"
system in which the pulse train is treated as any video signal and modulates the
carrier by AM, FM, SSB or other conventional modulation schemes, The first method,
because of its on-off character should be less susceptible to co-channel or close-
channel interference. EF modulation and demodulation techniques place a limitation
on the number of possible channels used in this method. The continuous carrier
used in the second method permits the use of continuous order-wire and monitor
circuits. The fidelity of reproduction permits a greater number of communications
channels; however, the necessary relay equipment is more complex. It is possible
to adapt the relay equipment used with method (2) to a wide variety of terminal
equipment since it is possible to transmit and receive any video signal within
the required bandwidth of the pulse train. This includes frequency multiplexing
terminal equipment.

Superheterodyne receivers are commonly employed in microwave systems.
The input usually contains a frequency selective circuit followed by a mixer.
In the mixer, the incoming signal is heterodyned against a signal generated by
a local oscillator to obtain the difference frequency. This difference frequency
is usually amplified in one or more tuned stages of intermediate frequency
amplification after which it is detected and amplified in an audio-or video-
frequency amplifier.

Difficulty is often encountered in maintaining a high degree of frequency
stability of the transmitter oscillator or the receiver oscillator at microwave
frequencies. An AFC system is normally used to stabilize the frequency. Another
problem exists in receivers due to the large bandwidths in microwave systems, and
the large bandwidths required in the IF amplifiers. Consequently a large amount
of' noise is admitted into the receiver. This results in a low signal-to-noise
ratio and reduced overall sensitivity. The noise effect is compounded because some
microwave oscillators exhibit high noise output. Due to these latter factors,
microwave systems favor modulation techniques which allow the intelligible signal
to be separated from the noise, such as frequency modulation or pulse modulation.

A i aority ou! the interfe•rnce cffects in pulse modulation systems should
oe ;inependent ot t'h modulation method except for noise effects. and are therefore

icdcpendect o t'o multiplexer unit. lHowever, the sy'stem is not 'omplete without
thie mulD iplexer; herefore, the multiplexer should .e used in the s.ystem evaluation,
parsicularl! in modulatioc and demodnu!• i o:. a.-I cross talk tests sire these
-har eri s s a a fucctio:. of the mul tiplexer eq u ipme nts.
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II. TRANSMITTER TEST PROCEDURES

General
As in AM and FM systems, spurious and harmonic emissions, intermodulation,

sideband splatter and the desirable characteristics of pulse modulated transmitters

should be evaluated. In addition, the system error rat& and cross talk should be
determined. The following sections give methods for determining these characteristics.

Power Output Test

The power output of a transmitter is a good indication of its overall
condition and operation. It should be determined with a high degree of accuracy
since the amplitudes of interfering signals as related to the carrier will give
an indication of the severity of the interference. The effects of all unstable
conditions such as "Mode jumping" or frequency variation should be minimized
prior to measurement of the power output.

The power output of a pulscd carrier system will normally have to be
eonverted from the average power as measured with a power meter to peak power
unless measured with a peak power meter.

It is necessary to assure that the power measured is the fundamental.
power only, unless the spurious and harmonic radiation is less than about 5%, in
which case, the error would be one-half decibel or less. This amount of error
can be tolerated since, in general, measurement accuracy is usually no better than

tO.5 decibel. Generally speaking, the second harmonic of the fundamental frequency
should be at least 30 decibels below the fundamental.

The method of measurement of microwave energy normally consists of
sampling the signal with an appropriate attenuator or coupler which has a known
value of attenuation, and measuring the power with a power meter. There are a
number of different types of power meters which may be used; but the thermistor
bolometer type offers certain advantages over the other types. For example, it has
a longer time constant and is therefore more suitable for average power measure-
ments; in addition, it is less sensitive to overloads than the barreter type.
A disadvantage is that it can only be used for relatively low power 3,e-elc.

Figure 1 shows block diagrams of test setups used for measurements of
the power output of microwave transmitters having a power output up to 1 kilowatt.

Spurious and Harmonic Emissions

Spurious and harmonic emissions are measured in the same manner as
those of any AM or FM transmitter. As shown in Figure 2 a spectrum analyzer is
used and a signal is substituted from a signal generator at each detected emission.
Sin,ýe a spectrum analyzer is used, it is necessary to use a high pass filter of
know: characteristics at the input. First the level of the fundamental frequency
is :ceasured without the filter in the circuit. The filter is then, placed in the
circuit w;ic:• reiuces tnr le-:el cf the funiarnental. The levels of all detected
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emissions are then measured and referenced to the fundamental since the power
output and therefore the level of the fundamental is known.

The spectrum analyzer has the advantage that many spurious responses can
be easily detected by the direction of movement on the analyzer screen. It has
the disadvantage that there is no preselection before the diode. Because of the
lack of preselection a filter must be used when measuring harmonic emissions.
Other instruments, such as a noise and field intensity meter, offer a dynamic range
of about 80-100 db but spurious responses are numerous and difficult to identify;
however, the advantages of the added preselection may outweigh the limitations.

Intermodulation

There are a number of pitfalls which must be avoided in the measurement
of intermodulation characteristics. Desensitization must be prevented, and
intermodulation within the measuring device must be eliminated. To avoid either
requires an extremely selective circuit, or a rejection network to eliminate the
strong carrier signals. Usually the selectivity is not adequate to eliminate all
desensitization or intermodulation effects so it is necessary in many cases to
utilize bridged "T" rejection networks. Unfortunately it is not always easy to
obtain such networks for some frequencies.

The method of measurement shown in the block diagram of Figure 3 is
the same as the method used in lower frequency intermodulation measurements.

Sideband Splatter

Sideband splatter can be defined in a number of ways. To be meaningful,
however, it is necessary to know to what degree the splatter will cause inter-
ference. In general, any signal or noise which extends into the adjacent channel
may cause interference; therefore, the spectral distribution of the transmitted
signal is of interest. Undesirable sideband splatter may be caused by audio
intermodulation due to tube nonlinearities, and a nonlinear modulation character-
istic, and may also result from excessive bandwidth in the modulator. Generally,
adequate filtering reduces the undesired sidebands due to the above causes to a
tolerable level. Other effects which may result in undesired sidebands are
incidental AM and FM effects.

The method of determining the splatter is to modulate the transmitter
at 90t of its rated modulation and observe the signal on a spectrum analyzer. The
information is normally recorded on photographs.

Modulation Characteristics

Since amplitude modulation monitors and deviation detectors are not
usually available for microwave frequencies, modulation characteristics must, bc
mcasurced in a dif:'eren.t na-nn from the conve:.tional pro'edures. lor AM and
FM transmit le's i" is ne-essar, to measure *he amnplilude mo-ijila. ion, and deviation,
respec' idc.-., as a :n..tion o` the input. -ulse tine tran.smitters have complex
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modulation characteristics which are difficult to &nalyze; however, this type of
transmission system is normally not used for communications but may be found in
systems such as telemetering, radar, IFF, etc.

Zero-counting Method of Measuring Deviation4

Discussion

For wideband FM transmitters in the microwave range it is usually
necessary to use the zero-counting method for measuring deviation. This method
is based on the fact that a frequency-modulated wave may be resolved into carrier
and sideband frequencies in a similar manner to an amplitude-modulated wave.
The required mathematics and the results are much more complex in the case of
a frequency-modulated wave. The strength of the carrier and side frequencies
vary as Bessel functions of the modulation index.

Modulation index is defined as follows:

B = Modulation index

B &f

peak deviation from mean frequency

modulating frequency

The amplitude of the carrier varies as a Bessel function of the first
kind and of zero order whose argument is the modulation index. There are a number
of values of modulation index which make this function zero and consequently all
of the energy is converted to the sidebands and no energy exists at the carrier
frequency.

If the modulating frequency is properly chosen, one of the carrier null
points can be made to correspond to the desired deviation. This point may be
detected by observing the spectrum on a spectrum analyzer or by heterodyning the
carrier against a stable frequency source such as a Frequency Meter.

The carrier and the beat note as shown in Figure 4 will disappear at
the desired deviation. If it is necessary to use a null other than the first
one, the nulls must be counted as the deviation is gradually increased in order
to identify the correct null. The procedure is outlined in the following steps.

Measurement Procedure

Select the proper modulating frequency. This should be the highest
frequency within the audio passband of the transmitter whijh .auses a carrier
null at the desired deviation. This frequency is given by the formula

:'requen -., ev ia t io:

modulation. i.iez

• w}:----• .: ives a, - I: rier
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Table I gives values of B which result in carrier nulls. The first
null should be used if the required modulating frequency is within the audio
passband of the transmitter.

TABLE I

THEORETICAL VALUES OF MODULATION INDEX TO
REDUCE THE AMPLITUDE OF THE CARRIER TO ZERO

Null Number Modulation Index: B

1 2.4048
2 5.5201
3 8.6537
4 11.7915
5 14.9309

6 18-0711
f 21.2116
8 24-3525
9 27.4935

10 30.6346

11 33. 7758
12 36°9171
13 4o.0548
14 43,1998
15 46.341-2

16 49. 4826
17 52. 6421
18 55.'7655
19 58.9070
20 62. 0485

Spectrwm Analyzer Methci of Measurinc AM

Discussion
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Low-noise crystal-controlled local oscillators are required for
translating the transmitter fundamental to the center of the analyzer sweep
(center frequency). The local oscillator signal must have considerably less
noise than the transmitter under test, which usually requires that the oscillator
be operated by batteries. Extcemely good stability is also necessary if a narrow
sweepwidth is to be used.

A spectrum analyzer may be used, if necessary, for measurement of
amnplitude modulation. This method is based on the following.

The power in an AM wave due to the carrier, upper and lower sidebands is:

2 2 2 -
P , + ma IR + ma IN

or

V2 m 2 v2 m 2 V2
P= +a + a

The ratio of the power in one sideband (for a single tone input) to that in the
carrier is 2

m
a

where m is the modulation index. Since it is convenient to operate the
spectrum analyzer in the log mode, Table II gives the percentage modulations
in terms of one sideband levc! in db below the carrier.

TABLE II

SIDEBAND LEVEL IN DB BELOW THE CARRIER
FOR SINGLE-TONE AND TWO-TONE MODULATION

Single-Tone Level Two-Tone Level Modulation
(db) p7eb) Th~rcent)

.0 100
6 •9. (1 90

!L 1 70

go

- 186 -



Measurement Procedure

Select an attenuator to provide sufficient voltage to operate the
spectrum analyzer.

Select a crystal local oscillator which when mixed with the carrier
signal in the analyzer will position the carrier at the center of the sweep.

Determine from Table II the sideband level required for the desired
e.ercent modulation,

Adjust the transmitter audio drive to obtain the desired level as
indicated on the spectrum analyzer as shown in Figure 5.

III. RECEIVER TEST PROCEDURES

Gene ral

Present test procedures for FM receivers not using pulse modulation
include the following: sensitivity, weak-signal selectivity, noise figure, S-N
characteristics, deviation sensitivity, electric fidelity, co-channel, close-
channel, two-signal selectivity, spurious response, intermodulation and spurious
emissions tests The use of pulse modulation in addition to FM necessitates
modificatior of the above tests and the addition of an error rate and an inter-
channel cross talk test.

Sens i tivity

Sensitivity has been defined in a number of ways. The tangential
sensitivity as shown in Figure 6 is defined as the signal power which is equal
to the noise power and is usually expressed as that signal which causes a 3-db
rise above the noise level reading on the receiver output meter. For observation
on a cathode ray tubs it is necessary that the signal be pulsed. A commonly
used definition of sensitivity, illustrated by Figure 7, is the signal level
required to produce a 6 decibel signal-plus-noise to noise ratio. This signal
for determining the sensitivity of an AM receiver is modulated at 30% and the
signal For FM receiver evaluation is modulated at the rated deviation.

The minimum discernable signal which is a measure of' sensitivity often
used for radar receivers, is extremely subjective and may vary from observer to
observer by ais much as covera! lecibels.

The .orvn! i 'nai FM receiver sensitivity tesft uf;c' i: basod on the
"""ie r.cCy .• equi -c! at thu antenna input termil,,alc to [,,ivc

.i', 11 .j/ . ' i quictinr '. flKo if1 otion ic

-uS. I ' t~I' I�' :k inu~if'[Miclio moulte
u.l' " . .- 7 is "isu' si-.': there ar( 11. Know! 'modulate

• :1 " '[ :c .: , ; - ] :' : . . . • " " ' . . '. : i] •" •t ] . !'_I A 7J : .



extraneous RF radiation from the transmitter, Grounding the transmitter chassis
may reduce extraneous radiation sufficiently A good way to check for sufficient
isolation is to measure the RF input required to give a certain quieting ratio,
then turn the transmitter off and replace it with a signal generator. The signal
generator output is then adjusted to give the same quieting ratio. When the
required signal generator output is nearly equal to or less than the transmitter
power required to give the same quieting ratio, the isolation is sufficient.

Because of the varied definitions and the degree of subjectivity of
some of the observations, a more useful measure of the sensitivity of AM micro-
wave receivers is the noise figure.

Noise Figure

The noise figure is defined as the ratio of the available signal-to-
noise ratio at the input terminals to the signal-to-noise ratio at the output
terminals, assuming matched impedances at both the input and output terminals.

Since the internal noise generated in a receiver is the fundamental
limitation on the receiver sensitivity the noise figure gives a repeatable
quantity for determination of receiver operation and optimum design.

The noise generated within an amplifier or receiver is primarily due
to the "front end" for two reasons. The "front end" usually consists of high-
gain stages, and the noise in the front end is amplified through several succeeding
stages. The noise present at the output of a receiver is proportional to the
effective noise bandwidth of the tuned circuits. Since the IF strip usually
contains the most selective circuits it effectively determines the noise bandwidth.

The noise figure will always be greater than unity since the output
signal to noise power is always less than the input signal to noise power. A
noise figure of one corresponds to an ideal receiver, i e. the receiver introduces
no additional noise.

in the design of receivers it is necessary to reduce the noise figure
to a minimum since the output signal to noise ratio varies inversely as the noise
figure A reduction in receiver noises, thereby decreasing the noise figure, is
just as beneficial as a proportionate increase in the transmitter power output.

There are several pitfalls which must be avoided in the measurement
of noise f'igure Some o!' these are quoted from a paper by A J. Hendler,.5

"Flit an'! joreraost, the effect of the signal source Uf" the actual
11oA fi1ure 0ubL -e Cosierc1i The nocise figure of mcrowave mixers,

uli-r !up1if , -in! low-noise inte noeiatc-1i -04quen ey 'm iir8
: e: I: I the - iplflnl 1' 'quent' , ' i hn I ,hc est i

- 1 8: , 8 ,, "il . , u1 , ] , ,
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In the grounded-grid amplifiers, a change of the signal source
impedance changes the available gain of the stage. As the resistance
increases, the gain decreases and the effect of second-stage noise
becomes more pronounced. To determine the optimum source resistance
for a particular amplifier usually involves a series of noise-figure
measurements as a function of this resistance. The available gain
variation may introduce serious errors.

Another problem that is encountered almost daily is the proper
measurement of receivers that have spurious responses. Using a signal
generator that provides signals only within the useful channel, no
spurious response data are required for the measurement. Use of a
wide-band noise source, however, makes it mandatory that all spurious
passbands be known. Effectively, each additional response allows the
noise source to introduce more noise power into the system. Failure
to include one reasonably large spurious response makes the receiver
appear to have a better noise figure than it actually has.

Now that the significance of spurious responses is appreciated,
what happens when a traveling-wave (TWT) is measured? If a high-
gain wide-band TWT is followed by a single-response receiver or by
a multiple-response receiver (all responses lying within the acceptance
band of the TWT), the same noise figure will be measured and no
correction will need to be applied. Consideration of the basic noise
figure definition shows that the signal-to-noise ratio at the output
of the TWT is uniquely determined by the noise figure and the input signal-
to-noise ratio. Since the circuits that follow do not usually contribute
appreciable noise, and both the signal and noise are noise, the ratio is
independent of the bandwidth of the measuring equipment. For engineers
who are accustomed to correcting for image responses in microwave mixers,
it is sometimes difficult to remember not to correct when making TWT
measurements.

Receiver dynamic range has also been a constant source of trouble.
Dynwmric range is usually determined by plotting the inpuL-output
characteristic of the receiver. When a signal generator is used to
obtain this characteristic, a greater dynamic range is obtained than

if a noise generator is used For a c-w signal, the peaks are always
ho percent greater than the ms value The peaks of the noise, on the
ether hana , can -e much greater than the rms values Nkoise spi.es,
there,..., wl cause overload much sooner than c-w p''kc, and the

Will- .- uppresse For noise-figur_ measurements, the
!e .. uslul3• l elowI hne saratMCn levCe a:1
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noise-diode generator, the terminating resistor is close to the tube
and, therefore, becomes hotter than room temperature. For high noise
figures, the correction is small and is usually neglected. With low
noise figures, on the other hand, the correction is significant. A
plot of the temperature correction is shown in Figure 2.

Headaches that have been occasionally encountered include relaxation
oscillation in the gas tubes, failure to terminate the receiver when
the noise source is off, and having the noise source behave like an
efficient antenna when fired. These pitfalls are less common, and
they should only be checked when all other precautions have been taken."

There are a number of different methods for measurement of noise
figure. The first method involves the use of a CW signal generator and the
other methods utilize a noise source.

6
CW Generator Technique 6

The c-w "noise" generator is a well-shielded signal generator with a
calibrated output of a 0.-i microvolt or less. If the receiver input requires a
coaxial cable, the signal generator is connected via a matching cable. On the
other hand, if the receiver input requires a waveguide, it is necessary to
couple into the receiver with a similar waveguide from the c-w generator. In
this ease, a klystron obcillator, with suitable means of determining frequency
and amplitude feeds into a calibrated attenuator and thence into a waveguide
probe. The klystron must operate, of course, at the desired radio frequency
of the receiver.

The procedures for making noise figure measurements using a "c-w"
noise generator is as follows:

1. Assemble the test setup as shown in Figure 8.
2. Set the attenuator of the generator for maximum attenuation.

This insures a good match.
With the output of the generator turned off - but with the
noise generator connected in position - nute the output noise
power level.

4 Turn on the generator output Set the frequency of the noise
generstor to the center frequency of the receiver response curve.
T Increase the output of the noise generator until the power output
level indicated by the output measuring device is twice that of
"step The noise figure is now calculated from

250 2
F - •"in

R BW
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t

R is the signal generator output characteristic impedance, in ohms

BW is the effective IF bandwidth of the receiver, in megacycles.

When the signal generator output is zero (Step 3 of procedure), the
output-measuring device receives a random noise signal. With the signal generator
turned on, the signal becomes noise plus c-W. The output measuring device must
respond to noise plus c-w in the same manner as it responds to noise alone, or
an error is introduced,

This method has the disadvantage that the IF bandwidth (between the 70.7
percent amplitude points) must be known in advance. Errors in measurement of this
bandwidth will contribute to the error in the noise figure determination.

7
Manual-Noise Generator Technique,

Another method which may be used for noise figure measurement uses a
gas tube noise generator. A gas tube noise generator consists mainly of a gas
filled tube, similar to an ordinary flourescent tube, which is mounted in a wave-
guide. When direct current (of the order of 225 ma) is passed through the gas
tube, noise power which is uniform over the frequency range of the waveguide is
emitted.

Since it is not possible to control the amount of noise power by
variations of the gas tube current, a calibrated attenuator must be used. The
procedure is as follows:

1. Assemble the circuit illustrated by Figure 9 using the gas
tube noise generator in place of the klystron oscillator.

2. With the gas tube operating normally set the attenuator at
maximum attenuation. (Note that in this method the output of
the noise generator is not set first to zero.. If the gas tube
current were set to zero it would not be a good match for the
waveguide section leading to the receiver. Instead, the gas
tube is allowed to operate normally and the attenuator used
to isolate the receiver.)

3. Observe the noise power level in the output measuring device.
h Reduce the attenuation until the value of noise power in the

output measuring device is twice that of step 3.
5 Read the noise figure from the calibration chart which gives

noise figure versus attenuator setting This chart is prepared
by calibrating the gas tube-attenuator romnbination by the c-w
generator method.

Automatic Noise Figure Measurement 
0

As Jefined previously, the noise feigre erf a netw:crk (with a generator
connected tc its input telrinal) is the ratio of thc available signal-to-noise
Fower ratic at the sscnal cenlerator temninals to the available signal-to-noise
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power ratio at the output. 9 For noise-figure measurement purposes it is convenient
to define a Y-factor, which is the ratio of the available receiver output power
(with the noise source on) to the available receiver output power with the receiver
input connected to a termination whose temperature is 290 0 K. From Mumford1 0 and
assuming a single-response, receiver, noise figure as a power ratio is determined
from T

F = 290
Y- 1

whe re Tw = the effective temperature of the noise source in degrees Kelvin

Y as defined above, and

F = the noise figure in power ratio.

In these instruments, gaseous noise sources of either coaxial or wave-
guide construction are used. These noise sources are transmission devices whose
terminations are at 290 0 K. With the noise source on, the effective temperature
is T2; with the noise source off, the temperature is thart of the termination.
Since the effective temperature of the noise source is a constant determined
by the diameter, gas pressure, and gas content of the discharge tube, it is
only necessary to measure Y - 1 to determine the noise figure.

The Y ratio can be written as

P
Y- = on-1

Poff

Rewriting,

Pon P on- Poff
Poff Pof

it can be seen if the gain of the receiver is controlled to maintain either
P , P , or their average constant, a differential power meter that measures

- would indicate Y - 1 and may be calibrated directly in noise figure.
on off -

Figure 10 is a block diagram of an Automatic Noise-Figure Indicator.
The noise source is squarewave modulated at about a 300-cps rate. The modulated
noise signal is fed to the receiver under test, where it is converted to the
intcrmediate irequecny. it then enters the indicator IF amplifier, where it is
amplii'ied and detected. The voltmeter then measures the square of the voltage
which proportional to the noise power.

Weak Signal Selectivity

Th' 7clectivifty; as measured ýv this t.Zt ,i-e; :e. vi'i!,eticn " " .vera..
gtain an.i Men itivity at the center-tunei freque!. , Vu ri.h1(-.!'n .-e, the tert.r .hw :
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the response at frequencies slightly removed from the tuned frequency.

As with the sensitivity test, the weak signal selectivity test is based
on a 6 db audio output ratio. To obtain such a ratio a PTM-FM signal generator
or transmitter is required; therefore, 6 db of quieting will be used as the out-

put parameter.
.

S-N Characteristics

This test is intended to show three things: (1) the limiter action,
or how the noise and signal levels change with input signal levels; (2) the

relative freedom of the receiver from noise during pauses in modulation; and,
(3) the internal gain of the receiver. Poor noise quieting indicates insufficient
IF gain.

The unmodulated signal for this test is adjusted for standard levels of
quieting and a ratio obtained with respect to no signal. Then the same signal is
modulated and the increase in output level measured.

Deviation Sensitivity

This test serves to determine the variation in audio output ratio as
the frequency deviation is changed. If a curve of frequency deviation versus
audio output ratio does not peak at approximately the rated frequency deviation
of the receiver and drop rapidly above this value, the receiver has excessive
bandwidth. The deviation sensitivity can be measured in the conventional manner
if some method of measuring deviation is available.

Electric Fide].itz

The electric fidelity test shows the manner in which the electric out-
put of a radio receiver depends upon the modulating frequency of the signal, It
takes into account all characteristics of the receiver except those of the loud-
speaker or headphones, although these are of importance. The standard signal
source level used for this is -60 dbm. The audio output ratio at this signal
level is recorded. The modulating frequency is then varied over the audio band-
width and the relative audio output ratio is recorded.. This saxne test can be
applied to PTM-FM equipment when the transmitter with its multiplexer is used
as the signal source

Co-Channel

This test is intended to show the effect of an interfering signal at
the sýme frequency as the desired signal, and includes the inherent effect of'
the discriminator limiter and AVC. The masking effect of an interfering signal

Cc'rvesoni t• oietin{-oiuna1 ensitivitv except that the input signal level is
variel miron inim:-.u value tfi the overload condition.

- 193 ..



is obtained with the desired signal modulated and with standard input levels of

the desired signal, the audio output ratio being noted as the level of the

interfering signal is increased from zero.

A convenient method uses two signal generators. The desired signal

is modulated and the interfering signal is unmodulated for the conventional FM
receiver test.. The interfering signal is unmodulated because the depression or
capture effect in FM, due to an interfering co-channel signal, is a function of
the relative ratio of the interfering signal level to the desired signal level.
The shape of this function is independent of the modulation on the interfering
carrier.

This same test can be applied to PTM-FM equipment using the transmitter
with its multiplexer as the desired signal source and a signal generator as the
interfering signal source.

Close-Channel

This test is intended to show the effect of an interfering signal whose
frequency is inside the RF passband but is outside the IF passband. It is also a
measure of true receiver selectivity since it shows the inherent effect of the
selective circuits, limiter, AVC and the discriminator in the presence of inter-
ference, The test is performed at various interfering and desired signal levels
in order to show the selectivity at several different interfering signal level
to desired signal level ratios.

As with the co-channel test, this test can be applied to PTM-FM equip-
ment using the transmitter with its multiplexer as the desired signal source and
a signal generator as the interfering signal source.

Two-Signal Selectivity

The two-signal selectivity is a measure of the receiver response to
weak and strong desired signals ir the presence of weak and strong undesired
signals. In FM receivers, interference to the desired signal is caused by increases
in noise, desensitization and capture A two-signal test is the only test that
will correctly show the selectivity curve, at reduced sensitivity, of an FM
receiver having automatic gain control

This test is performed by tuning the interfering signal off channel
and increasing the desired signal for a 6 db audio output ratio. The desired
signal level is then increased by 10 db and the interfering signal is moved
towards the Jesirel signal at various standard intcrfCring signal levels, until
the u 1b audio output ratio is restored As with the co-channel and clone-
channel test, this test can Ie applied to PTM-FM systems by using the transmitter
with its mnultiplexecr as the desired signal source and a signal generator as the
inlter'ri'CroE sl i• )iurce

- 194 -



Adjacent and Alternate Channel Rejection

The adjacent and alternate channel rejection is obtained by adjusting
the desired signal for a 12 db audio output ratio with the interfering signal
generator on the adjacent or alternate channel adjusted for a minimum possible
output The incremental increase in the interfering signal level required to
reduce the audio output ratio to 6 db is the rejection ratio.

This same test can be applied to PTM-FM equipment using the transmitter
with its multiplexer as the desired signal source and a signal generator as the
interfering signal source.

Spurious Responses

With the receiver tuned to one of the standard test frequencies, the
signal generator should be tuned over a wide range of frequencies to discover
receiver output responses at frequencies other than the one to which it is
tuned. These other frequencies are called spurious responses. Each spurious
response frequency is measured and the interfering signal level is adjusted to
give 6 db of quieting or 6 db S4N/N ratio. The value of desired signal at the
tuned frequency which produces 6 db of quieting or audio output ratio is
subtracted from the interfering signal obtained above to give the spurious
response rejection ratio.

This test can be applied to the receiver of a PTM-FM system without

any variation since a signal generator can supply the unmodulated signal.

Intermodulation

The intermodulation characteristics of a receiver are of primary
importance because they give an indication of the interference possibilities
when the receiver is used in the presence of two off-channel signals. Assuming
that these signals have not been mixed before arriving at the receiver, some
mixing may be expected in the RF amplifier tubes and/or the first mixer. If
one of the extrane-ous signals generated in this manner happens to fall at 'he
tuned frequency and is of sufficient amplitude, interference of a co-channel
nature is the result.

The types of mix that are considered are the following: f = 2f - f
f 0 fa - f and f 0 fa ý f where f is the receiver tuned frequency anf f and
fb are the interfering signal frequenciesa

Care must be taken in conducting this test to insure that intermodulation
does not occur within the signal generators themselves, If the signal generators
are of a wPc such that generator internodulation is appreciable, it is essential
that a device (such as a bandpass filter at f ) be used to couple the generator
outputs to the receiver
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This test requires two unmodulated microwave signal sources to test
the receiver u' a P1M-FM system.. Transrm.tters may be used to advantage in these
tests since the output is usually such a high level that the necessary attenuation
between the transmitters and the receiver normally reduces the transmitter
intermodulation to negligible proportions.. This method is preferable since
transmitters normally have better intermodulation characteristics than signal
generators; however, it has the disadvantage that most microwave transmitters
are not easily retuned for another frequency.

Interchannel Crosstalk

Interchannel crosstalk in a multichannel system results from the
transfer of modulation from one channel to another. The transfer may result
from heterodyning or over-modulation. The test for interchannel cross talk
interference is conducted with the transmitter modulated by 4OO cycles at 100%.
The input level to the receiver is adjusted for the standard desired signal
level. The transfer of modulation, or increase in noise in the adjacent
channels is measured to determine the degree of crosstalk. Figures 11. and
12 illustrate some results Crom performance of cross talk tests. It will be
noted that there is no apparent spill-ovur into adjacent channels. This was
expected since adequate time spacing was allowed between channels.

Error Rate

The error rate test is designed to show the effects of co-channel and
close-channel interference on PPM-FM when used with FSK teletype and on PCM-FM.

An "exclusive or" circuit is used with the equipment arranged as in
Figure 13 to check for errors. The digital counter is used to produce a
cumulative count of errors. A phase shift network is required to adjust the
two inputs to the "exclusive or" circuit for coincidence on an oscilloscope.
it is desirable to use a teletype printer as a check for adjusting the input
levels to the "exclusive or" circuit.

The test should be conducted with the desired signal at optimum
(S-N)!N ratio. The interfering signal is then increased in increments and
the effects on error rate is observed.

Possibly these tests can be conducted in somewhat the same manner as
the regular co-channel, close-channel and two-signal selectivity tests except
that error rate rather than audio output ratio will be measured. The interfering
signal can be PPM-FM, PCM-FM or unmodulated. It is hoped that a simple relation-
ship can be found between the audio output ratio and error rate so that only
one ol" these tests is necessary.

The tests f'or the PPM an, PWM (pulsed carried) can be conducted in
the sane ;aer I ýthe tests for the PPM-FM anw PCM-FM except that the deviation
sensitjvity to st soull '-e ex.luied and the weak-signal selectivity test could

St~iiie at the 1W," querne it is poss Ile to use a sirnal generator to
laieto th,' t'aocsito -ulse utarrier equitmer:
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1.5 mc/sec Modulation

B =1.44

2.16 mc/sec Deviation C60%)

25 mc/sec Sweep Width
Linear Scale
1.5 mc/sec Modulation
B = 2.4
3.6 mc/sec Deviation (100%)

ILLUSTRATION OF ERO COUNT METHOD
OF MEASURING DEV ATION

Figure 4.

- 200
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Multiplexer Output Spectrum
Channels 1, 2 and 3
Pulse Position Modulation

RESULTS OF MULTIPLEXER CROSSTALK TESTS - 6 CHANNELS

Figure 11.

Multiplexer Output Spectrum
Channels 1-6

Channels 1, 2 and 3 Modulated

RESULTS OF MULTIPLEXER CROSSTALK TESTS - 6 CHANNELS

Figure 12.
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A PULSE TLCHNIQUE FOR MEASURING SUSCEPTIBILITY
AT AUDIO AND RF FREQUENCIES

J. H. Schukantz, G. C. Cooper and P. W. Broome
General Dynamics/Astronautics

San Diego, California

Abstract. A technique for measuring the susceptibility of any four
terminal linear network using transient energy as a test function in-
stead of sine wave energy was developed as part of a study contract
titled, "Development and Evaluation of Improved Techniques for Measuring
Susceptibility" Air Force Contract Number AF33(616)-7436. The technique
involves the use of a transient or a pulse with a known frequency spec-
trum as a signal generator and an analog computer as an analysis tool.
The main frequency range of interest was the audio frequency spectrum
from 3 cycles to 15 kcps, but the natural progression of the study al-
lowed the use of this method to measure both conducted audio and RF
susceptibility with the upper frequency limit as yet not determined and
limited only by coupling techniques and pulse generators available to
perform the task.

The method consists of coupling a transient with a known
frequency spectrum to any two terminals (including power input terminals
presently covered by audio susceptibility tests) and noting the res-
ponse to the transient at any other two terminals of interest. A
Fourier integral analysis of the input transient and response transient
is rapidly performed on an analog computer which allows a comparison of
the input frequency vs amplitude spectrum to the response frequency vs
amplitude spectrum and a measure of the insertion loss or transfer
characteristics between any two pairs of terminals obtained. oith this
information, any peak or rms sine wave amplitude at any frequency in
the spectrum covered by the test function transient can be assigned to
the input transient and the response of the network at this frequency
can be obtained by noting the response of the network to the transient
energy. This type of analysis makes use of the concept that the sus-
ceptibility of a test sample is contained in its frequency response
characteristics.

The computer analysis technique consists of performing a
Fourier integral analysis of the input and response transients using
an automated analog computer and a choice of function generators. The
frequency vs amplitude spectrums are rapidly plotted on an xy plotter
which provides a permanent record of the tests performed. It is be-
lieved that extensions of this type of analysis would provide a vaiu-
able tool in the field of measurement techniques and storage of inter-
ference characteristics of pieces of equipment tested.

This paper will be presented in t%o parts. Part I will

deal with the mechanics of performing the tests and Part ii will deal
with tie computer technique used in analyzing test results,
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I. FOURIER INTEGRAL ANALY61S

It has been known for a long time that given a time-
amplitude wave shape, by applying the Fourier transform, the time-am-
plitude wave shape can be examined in the frequency domain. This fact
immediately points to the Fourier integral analysis as a tool for eval-
uating transients by considering the frequency components in that
trausient. Figure I shows some time amplitude plots and the frequency
spectrum associated with them. Although these time amplitude plots
are of a well known variety there is no reason why the Fourier integral
analysis cannot 1-e applied to irregular wave shapes such as those
that might be encountered in examining responses of networks to well
defined wave shapes. The only limitation in using this type of an
analysis lies in the fact that long hand methods of mathematical analy-
sis would be time consuming and more tedious than using RFI meters such
as an NFI05 to examine the spectrum of a pulse. The use of an analog
computer however, presents a method of rapid analysis which can be
applied to this problem.

II. TMte USE OF A PULSE OR TRANSIELNT AS A
SUSCEPTIBILITY MKASUR*24TS TOOL

One of the first pre-requisites in the use of a pulse as
a susceptibility test function is the acceptance of the fact that the
susceptiuolity of any linear network is contained within its frequency
response characteristics. This statement can be explained by consider-
ing what happens if a malfunction occurs in a package under test due
to sine wave energy at a given frequency placed on the power input
lines to that package. In order for the malfunction to occur, energy
at the frequency induced has to be passed from the power lines to some
output terminals on the package under test which may actuate or cause
operation of some output device which is outside of the realm of normal
operation. At some other frequency, energy may still be passed to
these sawe two terminals but a malfunction may not occur. This may or
may not represent a dangerous condition presently ignored in suscep-
tibility measur3ments procedures and serious consideration of this
problem should be made on the design level.

In view of the fact that susceptibility test is in reality
a form of response test it was thought to be convenient if sweeping a
spectrum of interest one frequency at a time could be replaced by a
pulse technique which would present the same spectrum of interest to the
terminals unuer test. Figure 2 snows a comparison of the sine wave
technique vs the pulse technique. If audio susceptibility is the test
being performed the package under test, Figure 2a will be subjected to
voltages in the frequency range from 50 cps to 15 kcps one frequency
at a time and the output device may or may not operate in response to
this energy. If a pulse is used of the form shown in Figure 2b, the
same response characteristics of the package under test can be obtained
by applying a pulse which contains the frequencies from 50 cps to 15
kcps. The only difference in these two tests is that in the sine wave
test malfunction or operation of the output device in response to the
sine wave energy is the criterion for failure, while in the case of the
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pulse technique, input and output spectrums are evaluated to obtain a
measure of the response characteristics of the package under test.
These response characteristics are obtained by analyzing the Fourier
components of the input and output pulses ann obtaining the frequency
vs amplitude plots shown in Figure 2b. Once these characteristics are
known it would become the job of the designer to determine whether or
not the attenuation characteristics of the network between the injec-
tion point and the output device are sufficient to prevent actuation
of toe output device.

It should also be noted that once these response character-
istics are obtained it becomes possible to assign any value of ampli-
tude to the input pulse spectrum to obtain the actual value of ampli-
tude at terminals of the output device at a given frequency. For
example, if three volts rms of sine wave energy is to be applied to
any frequency from 50 cps to 15 kcps at the input of the package under
test, the exact value of rms voltage at the output device can be ob-
tained by comparing amplitudes of the input and output pulse spectrums.

Once a procedure or technique is developed for subjecting
a package under test to pulse type energy and evaluating the results,
another desirable condition can be achieved. This would be to use a
pulse which would have a flat spectrum in the frequency range of
interest, for instance DC to 15 KC. With this type of an arrangement
it would only be necessary to examine output response pulses compared
to a standard input pulse which would be flat over the frequency
range specified and would thus cut the analysis time down to one half

of the time necessary to tonduct frequency analysis of both input and
output pulses.

III. TOOLS NECESSARY TO PERFORM SUSCE•PTIBILITY
Mk;ASUREIENTS USING THE PULSE TECHNIQUE

Pulse Generator - The first tool necessary to conduct sus-
ceptibility measurements using transient or pulsed energy is the pulse
generator. This item can take any form from designed pulse generators
for testing in a limited frequency range, to off-the-shelf pulse gen-
erators which have the feasibility of carrying frequency components
as high as I KMC.

For limited conducted susceptibility testing in the audio
and low RF frequency ranges several designs of pulse generators were
considered to meet the basic requirements. The designs used will be
covered later in the section under types of tests performed. Some of
the basic requirements, however, should be mode clear at the outset.
The first of these being that the pulse generator to be used should
have as low as possible output impedance. This requirement stems
from the fact that when low frequencies are considerea the impedance
of circuits into which the injection of a pulse test function is de-
sired could feasibly have impedances as low as one ohm or less. This
would be the case of a 28V DC power line feeding a package under test.
Although the package under test may have a high input power line im-
pedance it is ultimately in parallel with a battery through a limited
cable length whLch would represent a low impedance. At higher fre-
quencies it becomes feasible to use standard pulse generators such as
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the HP 202A with a 50 ohm output impedance. The use of tnis generator

allows the generation of frequency components as high as 30 mc.

Another consideration is the means of coupling to the cir-
cuit under test and after examining several approaches to this problem
the most desirable means of accomplishing tw s type of coupling was
through a pulse transformer with a 1:1 or low turns ratio. This also
provided isolation between the generator and the circuit under test and
also allowed generation of a controllable exponential pulse.

Oscilloscope and Polaroid Camera - The scope used to detect
input and response transients shouid have a high frequency response
equivalent to the highest detected frequencies desired. The Tektronix
545 series with the 30 mc pre-amp was found to be suitable for usage
in the pulse testing covered thus far. The ultimate use of the oscil-
loscope in this type of testing is to provide information upon which
the analog computer can work, therefore a perman6nt record of the
transients detected is obtained using the scope in conjunction with a
Polaroid Land camera. The photographs of the transients allows the
production of photo former plates which can take Lhe form of the orig-
inal photograph or reproduced transparencies. These plates become the
inputs to the analog computer.

Analog Computer - Although the computer used in the tests
performed can accomplish many tasks, the only tasK performed in sus-
ceptibility testing using the pulse techniques was to obtain the Fourier
analysis of the test functions used and obtained. The analog computer
is therefore the analysis tool in this type of testing and can De
tnought of as equivalent to other detectors such as AFI meters pres-
ently used to detect transients.

Figure 3a shows a block diagram of the components necessary
to perform the susceptibility test using pulsed energy. Tracing the
steps of the analysis can be done by referring to this figure. The
test function is injected into the network under test and a photograph
of the input and output transients is obtained. These photographs
are modified by cutting out the pictures taken with the polaroid camera
to fit the photoformer function generator. The analog computer then
performs the Fourier analysis of the input and output transients and
a direct comparison can be made of the frequency spectrums of these

transients by examining the XY plotter outputs. This comparison des-
cribes the response characteristics of the network under test.

An alternate scheme for performing this same analysis is
seen in Figure 3b. The function generator in this scheme becomes a
HII 160 scope which has incorpurated in it a display scanner which ap-
plies a time scaling factor to the transient analyzed slowing it down
to computer time. In this analysis the process of producing a photo-
former plate is eliminated by using this scope since the analog com-
puter works directly on the output of the display scanner. This analy-
sis requires, however, that a rep rate be associated with the test
function pulse used to examine the response of the network under test.
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Linearity Tester - The pulse technique of susceptibility
testing requires that the network under test is linear in nature within
the frequency range of usage. It is therefore implied that there has
to exist some technique by which the linearity of the network in ques-
tion can be checked prior to performing the test and subsequent analysis.
This linearity test takes the simple form of using an oscilloscope and
the amplitude control of the pulse generator as tools for determining
linearity. Figure 4 shows how the linearity test would be performed.
The pulse generator amplitude would be placed at some vaiue K necessary
to obtain a response pulse amplitude A at the output of the network
under test. Polaroid pictures could be taken for oomparison purposes
or visuai observations could be used. Having obtained the response of
the network to amplitude K of the pulse generator, the amplitude of

K
the pulse generator can be reduced to - or increased to 2K and the

scope gain can be increased to 2C 3r decreased to E in the order shown
2

in Figure 4b. If the amplitude K of the response and the shape of
waveform B does not change with respect to these amplitude changes, the
network under test can be considered linear for the amplitude ranges of
the test. It is assumed, of course, that the network under test is
loaded at its input wad output as it would be in normal usage.

IV. ThSTS PL iMED TO SHOW EQUIVALENT BROADBAND
SUSCEPTIBILITY TESTING TO SINE WAVES
AND THE ACCEPTABILITY OF THE COMPUTER

TECHNIqUE OF ANALYSIS

During the first step of investigations designed to inves-
tigate the validity of the computer analysis approach, several tests
were made to show that the analog computer Fourier analyses of a wave-
form agreed with other methods available to perform the same task.
Other tests were performed on idealized low pass filters to prove that
the pass characteristics of any linear network does not differ whether
sine wave or a pulse is used as a test function assuming of course,
that the pulse has energy content in the frequency range of interest.

The first method used to check the computer method of
Fourier integral analysis of a broadband waveform was to check a known
waveform distribution against readings obtained for that same waveform
using an RFI meter. The pulse to be evaluated was repeated for each
tuned frequency of the RFI meter and readings were checked against a
known distribution.

The circuit shown in Figure 5 was used to generate pulses
which could be varied in shape or size by varying the circuit par-
ameters, C, R and the L associated with the transformer used. The
silicon control rectifier was used to uischarge the capacity C because
of its acceptably snort time rise. Using this circuit, several pulses
were generated with rise times ranging from 0.05 u sec. to 0.25 u sec.
These pulses were anaiyzed for frequency content using analog computer
techniques, and one of the waveforms generated closely approximated a
cosine squared pulse which has a Known frequency vs. amplitude func-
tion. This puise was analyzed using this inown function. The wave-
form an•ilyzed is siiown in Figure 6 and is compared with the standard
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cosine squared pulse. Figure 7 shows the frequency vs. amplitude

function given by the Fourier integral which applied to the cosine
squared pulse and a comparison is made within the frequency vs. ampli-
tude function of the analyzed transient.

Since the first computer analysis used to obtain frequency
vs. amplitude information of any transient gave only relative ampli-
tudes of frequencies contained in a transient, it was necessary that
measurements be taken at a few frequencies in the spectrum of interest
in order to establish the frequency vs. absolute amplitude function in
terms of the amount of broadband energy present at any frequency con-
tained in the transient. In this case the NF105 (frequency range, 0.15
to 25 mc) Empire Devices interference receiver was used to measure peak
amplitudes of the frequencies present in the analyzed transient in
terms of microvolts per megacycle. The values obtained are shown in
Table 1.

The frequency vs. amplitude curve for the analyzed transient
in Figure 7 was plotted from the values shown in Table I and normalized
to fit the theoretical curve. As can be seen from the curves, the
theoretical frequency function of the cosine squared pulse and the ana-
lyzed transient compare very closely (within 3 db) below 3.75 mc. The
deviations at the high frequency end of the spectrum were attributed
to the steeper slope of the analyzed transient and some of the varia-
tions at the low end of the spectrum were attributed to the fact that
the analyzed transienL did have some high amplitude low-frequency com-
ponents wnich can be seen by comparing the plots of Figure 6.

In investigating the use of pulse type susceptibility
testing, several problems were encountered concerning the ideal pulse
shape, frequency content of the pulse, the amplitudes of the fre-
quencies contained in the pulse and the total amplitude of the pulse
to be used. It should be noted that the pulse to be used will have to
be developed across a low-impedance generator in order to be useful in
applications requiring testing of power circuits which are inherently
of a lou-impedance nature.

TABLE I. Measured spectral distribution of the
cosinesquareu pulse

Irequency DB ABUV•I uV MV/MC VOLTS/MC ACROSS R1

150 kc 93 44700 1.97
300 kc 93 44700 1.97
400 kc 93 44700 1.97
500 kc 93 44700 1.97
750 kc 93 44700 1.97
850 kc 92 39800 1.75
I mc 91 35500 1.56
1.5 mc 90 31600 1.38
2.0 mc 88 25100 1.10
2°5 mc 87 22400 1.00
3.0 mc 86 22400 1.00
3.75 mc 85 17800 0.80
5 mc 82 12600 0.07
6 mc 75 5620 0.025
6.5 mc 74 5010 0,022
7mc 74 5010 0.022
7.5 mc 70 3160 0.014
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f
Seai'ch for a puise shape which would be both easily gen-

erated and easily analyzed from the standpoint of frequency amplitude
content indicate the exponential pulse shown in Figure i4 along with
its frequency transform would lend itself to experimental investigation.

As can be seen in Figure 8, the frequency content oe tbi.i
exponential pulse can be regulated by changing the rise time of the
pulse. Since the range of frequencies of interest in the primary inves-
tigation was between 15 cps and 200 kc, primarily to ensure fairly flat
amplitude in the audio range of the frequency spectrum, the rise time
of the puise was kept to values of about I u sec. which was still easy
to achieve by changing the vaiue of the resistance RL in Figure 5.
Referring to Figure 8, it can be seen that an exponential pulse with a
rise time of I u sec. would contain frequencies of considerable ampli-
tudes out to I mc and would have frequency components down 6 db from
maximum amplitude at about 190 Kc.

Referring again to Figure 5, it can be seen that the point
of generation of the pulse considered for susceptibility studies would
be across RL in the secondary of the pulse transformer. This resistance
would ultimately have to be a very low value of pulse-type testing
to be considered for low-impedance power cii'cuitso The lowest value of
RL that was tested was I ohm.

It was possible to generate the I u sec. pulse mentioned
above with amplitudes between 90 and 110v across an RL of I ohm with
a primary supply of 250 v and a pulse transformer that was not matched.
It was believed that this can be improved upon by using silicon con-
trolled rectifiers with higher breakover potentials and a matched pulse
transformer. Further investigations lead to the development of a aif-
ferent puise generation which could be used to place transients on
both 28V DC lines and 115V 400 or 60 cps lines. This generation will
be covered later. Studies covered in this section used the pulse gen-
erator shown in Figure 5.

The waveform shown in Figure 8 was used to examine the res-
ponse of several different passive circuits comparing the transient
response characteristics to the steady state response cnaracteristics
but only one such case will be included here for the purpose of illus-
tration, i.e., the case of a low pass filter.

The filter designed is shown in Figure 9. This filter was
"a low pass constant K T-section with a cutoff frequency of 1.5 kc and
"a characteristic impedance of 10 K ohms terminated in 10 K ohms. The
steaas state response characteristics of this filter are shown as the
solid curve of Figure 9. No attempt was made to match the filter at
the input due to the fact that a low impedance pulse generator and
audio oscillator was used at the input. The transient shown in Figure
10a was used as the test function against which the steady state res-
ponse was to be cneckeo. The frequency amplitude distribution of
this transient is also shown in Figure lOb along with an indication
of where f of the filter was located in that distribution.

c
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The resultant waveform at the output of the fiiter for the
input transient of Figure W0A is shown in Figure h1A. This waveform
was analyzed for frequency amplitude characteristics using analog com-
puter techniques and found to have the spectral distribution of Figure
I1B. This spectral distribution checked with the frequency character-
istic of the filter, i.e., the frequencies in the pass band of the fil-
ter contained in the transient shown in Figure lOA were passed by the
filter giving the waveform in Figure IIA. The amplitude of the wave-
form in Figure IIA was down 40 db from the input transient amplitudes
but it should be noted that this is only due to the fact that the filter
is passing only a small portion of tne total available spectrum in the
originai transient,

The spectral distribution of the transient is 'lat in the
region of the fiiter pass band anu the computer analysis of the wave-
form in Figure IiA is produced with reasoneble accuracy the character-
istics of tue filter. This comparison is shown in Figure 9.

The above results aemonstrate the feasibility of using a
transient type test to determine the frequency characteristics of a
susceptibility test sample by merely noting the effect of a test sample
on a transient with a inown frequency amplitude characteristic. It
should be noted also that the steady-state frequency characteristics
of the test sample stiould agree with the transient analysis based on
the frequency amplitude model of the transient used and the frequency
amplitude model of the response transient at the output of the net-
work tested.

At this point it can be seen that although present tech-
niques used in auuio susceptibiiity dictate the use of sine wave en-
ergy on power lines to produce malfunctions, the pulse technique could
become a simple test to predetermine whether or not the power lines in
any particular test sample could conduct energy to any other two ter-
minals of interest in the audio frequency range. In fact, the present
gap in frequency coverage in MIL-I-26600 from 15 KC to 150 KC could
be covered in the same simple test by modifying the rise time of the
test function in Figure IOA so that an essentially flat spectrum from
DC to 150 KC could be presented to the power terminals of a package
under test.

Optimization of the transient test function toward in-
creasing the spectrum of investigation was also considered. It was
found that the generating techniques snown in Figure 5 anu a subse-
quent model of the same circuit was limited to a spectrum coverage from
DC to approximately I or 2 NC. This limitation was due to the inherent
rise time capabiLity of several switches investigated including the
SCR presently used in designed pulse generators. Devices capable of
switching high currents necessary to uevelop an appreciably high voltage
across low impeuances were limited to SCRI', push buttons, switches,
anm mercury switcnes. Of the above three, the SCH's proved to be the
easiest to Aork with even though their impedance at breaKdown was
higher than that of a mercury switcn,.
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The best possible rise time attainable with an SCR firing

into a I ohm load was about 0.4 u sec. Figure 12b shows that with this
test function, shown in figure 12a, the -12 db point in the frequency
amplitude distribution was at approximately 0.9 mc. It is therefore
assumed that the analysis could be carried out successfully out to I
mc and possibly farther without any difficulties. The generating cir-
cuitry for this test function will be shown in the section under test
techniques. The pulse transformer used to couple this test function
was flat out to I mc with a secondary current carrying capacity of 5
amps. Thus for test samples requiring more than 5 amps (ac or dc)
another transformer would have to be designed.

It w-a desired to investigate means of extending the usage
of a transient test function in susceptibility studies to 25 mc. Since
it was previously determined that the generation of a test function to
include this frequency range would require rise times in the millimicro-
second range (10-9 sec.), studies were made of devices which could ac-
complish the generation of such pulses. It was also necessary to study
the means of coupling such a test function to the ac or dc power lines
under susceptibility tests and still maintain the quality of having a
low impedance generator.

A method whifh proved'to be quite satisfactory involved the
use of the HP 212A Pulse Generator and a Stoddart Current Probe (Model
91550-1) as a pulse transformer. The signal generator was capable of
generating rise times in the 0.01 to 0.02 u sec. range. The current
probe was found to have a fairly flat frequency amplitude characteris-
tics from I to 25 mc and an 8:1 turns ratio. If negligible losses are
assumed in the probe, the voltage in the generator circuit would be
stepped down by a factor of 8 and the impedance (assuming a 50 ohm
generator) would be stepped down to 50/64 ohms. This generating cir-
cuit still maintains the low impedance generating source at the sacri-
fice of the test function amplitude.

The actual circuit used is shown in Figure 13 with a schem-
atic representation in Figure 13a. The metallic tube inserted in the
probe was used to minimize leakage reactance. A 50 ohm Bird load was
used to load the secondary circuit and the injected transient was
monitored at the input to the probe (U in Figure 13a and across the 50
ohm Bird load (E/8 in Figure 13a). The input transient and output
transient and their cuaracteristics can be seen in Figure 14a and
Figure 14b respectively. The frequency amnplitude distribution of the
input and output transient can be seen in Figure 15. The output
transient is down in amplitude by a factor which would be considered
due to the 8:1 turns ratio and the losses due to the distributed par-
ameters of the current probe. What should be noted from the curves of
Figure 15 is the fact that the current probe follows closely the res-
ponse of the transient and could therefore be used as a flat coupling
device from I to 25 mc if the test function contained these frequencies.
Although the analysis in Figure 40 is only carried out over a 13 db
range data has shown that this analysis could be carried out to 15 mc
with the test function described in Figure 14a. The actual amplitude
of the transient across the 50 ohm load in the secondary of the current
probe could be made as high as 17v peak. This is presently considered
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adequate to carry out transients analysis over the above mentioned fre-
quency range. It was also found that since the current probe repres-
ented a low reflected impedance in the circuit under test (i.e., a low
impedance generator) this analysis could be carried out for a range of
loads (test samples) from 4 ohms to an open circuit over a frequency
range from I mc to 25 mc maintaining the transient amplitude (peak) of
approximately 17v.

Tne results thus far obtained snow the feasibility of using
a transient test function as far as 25 mc in the frequency spectrum.
Any further advance in the high end of the spectrum will depend on
limitations of pulse generators which way be considered as off the shelf
iterns.

V. TEST TrCHNltUES USING TRANSIIENTS AND
"LgXAMPLES OF EQUIPMhNTS, TESTED

Transient on D-C Power Lines

A d-c powered trtnsducer power supply, Figure 16, was known
to exhibit audio susceptibility based on tests conducted in accordance
with MIL-I-26600° Two outputs of this transducer power supply were ex-
amined to prove correlation between the transient and sine wave tests.
Because one output had been previously shown to exhibit susceptibility
in the audio range, this output was examined in the audio range using
a 15 kc low-pass filter. Another output was exýamined mithout the filter
using the entire spectrum of the transient which was flat within 3 db
out at 100 kc since this output had previously exhibited no susceptib-
ility in the audio frequency range. With the transient technique it
was found that the latter ouput exhibited susceptibility above the
audio range. This test also showed the feasibility of extending the
range of the transient test method to 150 kc without any change in
method or equipment.

The test setup used in the transient tests is shown in
Figure 17. The test procedure using the set up is as follows:

A. SI open (no pulse applied).

B. 6 in the I position.

C. Appl. -"Sv d-c to operate package under test.
D. S closed (pulse applied).

E. Taa;e picture of puise thirough filter at input of
package under test.

F. S 1 open.

G. . in 2 position.

It. S closed (pulse applied).

1. Take picture of pulse through filter at output of
package under test.
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If the photos in steps E and I compare exactly, then at
least all the frequencies in the pass band of the filter are present and
indicate that the package under test could be susceptible in this
region. If the waveform do not compare, an analog computer analysis
of the output waveform will show the frequencies present or absent in
tne output of the package under test and their relative amplitudes. It
should be emphasized that a computer analysis might not be required if
a set of filters covering different bands of frequencies were used in
that these filters would outline banus of susceptibiiity.

The two outputs of the package in Figure 16 that were inves-
tigated were pins 4-10 anu pins 13-10. Audio susceptibixity tests in
accordance with MIL-1-2660U were performed on the package in July 1960
and sliowed that pins 4-10 exhibited susceptibility in the audio spec-

oX Irequencies. The transient test was used to check these results.

The output waveform obtained from pins 4-10, or the res-
ponse of the package unuer test to the input transient through the 1.5
kc filter is shown in Figure 18a. Thie waveform han superimposed on it
the ripple frequency or chopper frequency normally present at the output.
It was found that the waveform could be approximated by taking the
average of tne ripple level because the ripple would add only frequency
components at the ripple frequency. The waveform analyzed for fre-
quency amplituue content is shown in Figure lsb. The frequency ampli-
tuue characteristics of this waveform is shown in Figure 19 by curve
Lot. The data obtained from the sine wave susceptibility test and
contained in the report previously mentioned is shown in Figure 19 by
the curve AOs + Er As can be seen the sine wave results show a lev-
eling out above 4 ke. This was found to be due to the fact that the
sine wave ouLput plus the ripple was measureu. Above 4 kC, the only
voltage measured was the normal ripple voltage. A re-run of the sine
wave test was performed using the test setup shown in Figure 20. In
this test only the sine wave response of pins 4-10 was measured for a
constant amplitude sine wave input. The results of this test are shown
plotted by curve E in Figure 19, As can be seen the sine wave res-
ponse anu transient response compare closely. It should be noted here
that all responses were plotted with respect to the peak response of
the network in ub and all the plots of Figure 19 are therefore in
relative amplitudes at the frequencies shown.

Since pins 13-10 show no susceptibiLitb in the audio fre-
quency range it %as decided to try the whole spectrum of the transient,
the filter was therefore removed from the test setup of Figure 17.
The transient used is shown in Figure 21a. Its frequency amplitude
transform is shown in Figure 21b. The response of the package under
test to this transient at terminal 13-10 is shown in Figure 21c. The
waveforn in Figure 1ic was analyzed to obtain the frequency amplitude
characteristics and was found to have the spectral distribution shown
in curve Pýot of Figure 2-2. This curve was checked using the sine wave

test for a constant amplitude input as shown by curve Los of Figure
22, and as can be seen the sise wave test coinm,ares closely to the tran-
slent results. In this particular te.-t the resuits were not carried
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beyond 150 kc because the spectrai distribution of the transient used
in the test falls off exponentially after 150 kco Tne sine wave test
was not carried out any farther because of the limitations of the in-
strumentation being used.

The results obtained above indicate that susceptibility
testing could be carried out to 150 kc using the transient type test
within the limitL.tions of the spectral distribution of the transient
being used in the test. It should also be noted that this test would
not require any added instrumentation or time since the response wave-
form of the package unuer test would yield all of the information
shown in Figure 22.

The results thus far obtained using transient techniques
for susceptibility studies demonstrate a definite merit in that they can
be verified witii steady state technioues. Also shown is the capability
Of suGccpti biJity measurements uvir an exeiuded frequency r-ange wiLhout
any auaitional instrumentation. In general this type of susceptibility
testing would only require knowledge of the spectrum being generated
by the pulse and an accurate knowledge of the response waveform of the
network under test. This waveform could then be analyzed to see which
frequencies contained in the pulse were passed by the network and in
this way frequency bands of susceptibility would be known. It should
be noted that both the steady state analysis and the transient analysis
of susceptibility tests are accurate only if the system under test is
linear.

Transients on A-C Power Lines

The feasibility of injecting transients on 115v a-c power
lines for the purpose of susceptibility testing was investigated.
Two of the first considerations in this investigation were at what
point in the power frequency cycle to inject the transient and if it
were possible to inject a transient what would be sufficient amplitude
to yield the same results (response of blac.& box) as would be yielded
in a sine wave test. The same transient used to demonstrate feasibility
on d-c power lines cas, be injecteu to a-c power lines, anywhere in the
power frequency cycle without changing the response of the black box
under test. Since the transient used on d-c power lines was approx-
imateiy five microseconds in totai duration, this transient would oc-
cupy a small time interval on the power frequency cycle of 400 cps
line anu the slope of the power frequency cycle would have a negligible
effect on the frequency amplitude distribution of the transient. It
was decided to place the injected susceptibility transient on the
crest of each positive swing of the power frequency to both further
minimize any slope effects of the power frequency cycle and to be able
tv examine the effects of maximum allowable amplitude of the transient.
Placing the transient at the crest of each positive swing would then
inciude the study of any possible auverse effects in the operation
of circuits which may be sensitive to voltage changes on 115v a-c lines
within tile range of maximum allowable rms power line ripple. Due to
tie short, time duration of the transient, the allowable rms power line
rzpple would never be exceeded and maximum transient amplitude would
then be a prime cunsluerationo fhe concept for placing the transient
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at the crest of each positive swing of the power frequency cycle can be

seen in Figure 23 along with the method for viewing this transient.

Figure 24 shows that test circuit designed to inject tran-
sients on 115 v a-c lines. The circuit function is similar to the one
designed to inject transients on d-c power lines and mentioned pre-
viously with the exception that an a-c charging source voltage is used.
Also, the triggering circuit for the SCR is replaced by 1l5v a-c of the
same phase as tnat used to supply power to the load in the circuit under
test. The package under test was simulated with a variable resistance
for the first investigations. The operation steps of the test circuit
are briefly explained below.

If 400 cps is used the triggering anu charging voltages
(V and V ) must be of the same phase as the voltage supplied to the
load g

A. Set load Rload to nominal vaiue sucn that no more than
5 amp is drawn through the pulse transformer (limitation
aue to particular pulse transformer used).

B. Adjust V3 to 115v rms ana monitor at VTVM No. 3.

C. Adjust charging voltage Vcrms to nominal value below
50v rms.

D. View Vt with CR0.

E. Adjust V1 to rins value necessary to gate SCR.

F. Adjust Rt for minimum gate voltage necessary to insure
IO(Ylo gating of SCR.

G. View output transient Vt and re-adjust Verms to attain

desired amplitude of transient.

The function of Di is to supply only positive a-c voltages
to the gate circuit so that the transient will be injected only on the
positive crest6 of the 115v a-c, 400 cps swings ana to insure that no
appreciable negative voltage will appear on the gate of the SCR. The
purpose of D2 is to supply only a positive charging voltage and to shut

off the 6CR for each nalf-cycle. R3 is included in the primary of the
pulse transformer to insure a low impeuance generating source. If R3
were not inciuded on each cycle when the SCR would be shut off the
reflected impedance from primary to secondary would be high, causing
the power voltage to be dropped across the secondary of the pulse
transformer caUsing possible damage. The various waveforms seen at
points circled in Figure 24 are shown in Figure 25.

With the test setup of Figure 24 it was founa that the pre-
dicted transient was generated as snown in Figure 23, anu the location
of this transient on the power frequency cycle could be varied on the
puositive slope from approximatel) 80* to 90*. It should be noted that
with a repetition rate of 6O or 400 cps the Fourier Integral analysis
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of this transient still held because the repetition rate of the transient
is slow compared to the duration of the transient. It was also noted
that load currents from 0 to 5 amp. through the secondary of the pulse
transformer did not affect the size or shape of the injected transient
to any noticeable degree.

With the instrumentation available to perform sine wave
and transient tests on 115v a-c lines it was desirable to note the re-
sults of these tests on a package under test. For the purpose of this
investigation a typical broadband amplifier, McIntosh Model MC-60, was
chosen as a test sample.

The test setup for the transient susceptibility test is
shown in Figure 26. The procedure as outlined above was used to inject
the transient into the a-c power line to the amplifier. The input
transient measured across the pulse transformer is shown in Figure 27a,
and its frequency amplitude distribution is shown in Figure 27b. The
transient as it appeared at the power input of the amplifier is shown
in Figure &7c on top of the 60 cps power frequency with At equal to
lOv. The response transient measured across the 4 ohm output of the
amplifier is shown in Figure 27d. This response transient was analyzed
using an analog computer and was found to have the frequency amplitude
distributed shown by the aotted curve in Figure 28. Since the input
transient has a fairly flat'frequency amplitude distribution (+ I ub)
from 15 cps to 150 kc, the analysis was carried out over this range of
frequencies. The analysis shows that frequencies in the audio range
are 12 db below nigher frequencies so the analysis was discontinued
below I kco

With the transient analysis on the amplifier available, 3.t
was attempted to verify the transient derived outLut response using a
sine wave test on the l15v 60 cps power in,,ut of the amnlifier and at
tie same time evaluate the sine wave susceltibiiity test on the L15v
a-c line with a test sample on the iine. Figure 26 snows the test set-
up for the sine wave analysis. The injected susceptibiLity sine wave
sine wave as seen through the 60 cps notcn fiiter was Kept at a con-
stant ampiituae of lOv peak-to-peax. The gain of the amplifier was
kept at a nominal setting (the same as that used in tne transient test)
anu the audio oscillator feeding the amplifier under test was used as an
input load with a zero output setting. The response sine wave was read
at the 4 ohm output tap of the amplifier using an oscilloscope. Since
the sine wave injected at the power input of the amplifier experienced
an overall attenuation of 60 db or greater at the output of the ampli-
fier, it was difficult to read through the nominai noise appearing at
the output of the amplifier. The transient analysis in this case was
easier to perform because the transient appeared at the beginning of
the oscilloscope trace (the trace was triggered by the transient) and
contained in it were all the frequencies describing the response of
the amplifier to the energy in the susceptibiiity transient on the
135v a-c power line,



The curve obtained from the sine wave data is seen in
Figure 28 (soiid line). As can be seen, the transient and sine wave
Uata agree closely. aome discrepancies were noted on the low frequency
enu of tne bana but these are attributed to the difficulties in reading
out tfe sine wave data. If the susceptibility sine wave voltage at the
power input was increased above lv peak-to-peak, uistortion of the
input sine wave was encountered. In this particular case, tile low-
fiequency end of tlie spectrum coula not be exactly determined by the
sine wave test. Since the values at the low end of the band in Figure
28 are 13 to l1 db below the 150 kc values, the discrepancy in this
portion of the spectrum was not considered too serious.
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VI. PULSE TECHNIQUE VS STEADY STATE ANALYSIS

Present techniques used in audio susceptibility testing in
accordance with MIL-I-26600 use the 3V rms open circuit secondary
transformer voltage as a test function and malfunction of the equip-
ment in response to this 3V rms as a failure criterion. Although
arguments for and against this type of test have been going on for some
time no one can actually argue its validity as a test but in the strict
sense of the word "susceptibility" it is a brute force technique. The
malfunction which would define failure can occur for several reasons
such as, how long an operator dwells on any one frequency, the extra-
neous voltage drops within the injection circuit, how much of the open
circuit voltage that actually appears across the test sample terminals
and the type of equipment under test. Therefore, in the strict sense,
the test should be termed the Audio Malfunction test since the suscep-
tibility of the network under test is never really defined by the test
results and since in most cases the malfunction is due to a power
transfer.

The pulse technique, however, offers a means of rapid
evaluation of any network under test and defines the transfer charac-
teristics of that network. In defining the transfer characteristics
from any power terminal to any other two terminals in the package
under test, the susceptibility of the network is defined in that the
presence of frequencies injected at the power terminals is seen at
some end device. This then defines the susceptibility of the end
device due to frequencies injected at the power terminals and whether
or not the device responds to the frequencies passed should be examined
by the designer of the equipment. If the end device was a dc high
current relay, high frequency susceptibility of course would not be a
consideration, however, other circuits sensitive to high audio fre-
quencies could be of some concern.

The pulse technique of evaluation could easily be placed
in the hands of the designer as an additional tool to be used to
evaluate his design. The attainability of the susceptibility charac-
teristics of his design would then involve the simple process of
taking oscilloscope pictures which could either be evaluated by the
designer himself or could be given to an interference control group
for evaluation. Because of the inherent simplicity of the test and
equipments used in obtaining data this technique could easily en-
courage the consideration of susceptibility in the breadboard stage
of a design instead of considering susceptibility of an end item which
if uncovered can result in cumbersome supression requirements.

The pulse technique also offers an attractive advantage
once a first test sample of a series has been evaluated in that
subsequent units manufactured to the same design can be rapidly
evaluated by comparing the transients response pictures without
actually performing the end analysis on an analog computer.

Another more apparent advantage is the fact that the pulse
technique of evaluation can easily cover a frequency range from DC to
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upper frequencies limited by availability of pulse generators and
coupling techniques. The present gap from 15 kc to 150 kc in MIL-I-
26600 can be covered in this type of investigation without the
cumbersome addition of specially designed transformers and high power
audio amplifiers.

Other advantages that can be mentioned come under the
headings of time savings and low skill level requirements. In most
cases the test could be performed by taking a few polaroid pictures
from oscilloscopes. The analysis portion on an analog computer to
the present date would take only a few minutes on an automated set
up. The present analysis technique at GD/A would allow an evaluation
of the Fourier components of a response transient up to 15 or 25 mc
in about 5 minutes or less, depending on the resolution requirements
of any test.

VTT. FUTURE APPILICATIONS OF PULSE TECHNIQUES
AND ANALOG COMPUTER ANALYSIS

The pulse technique as applied to conducted suscepti-
bility measurements in this study could also be extended for usage
in radiated susceptibility measurements° It would however, become
very difficult to determine what the limits of the generated broad-
band field should be in fact if limits to be used in all types of
susceptibility testing continue to be non-existant or arbitrary
perhaps the solution lies in using the allowed specification limits
for both measured conducted and radiated interference as the amount
of conducted energy or radiated field any package should be sub-
jected to. If limits were defined in this way it would not be
difficult to generate shaped pulses with shaped spectrums which
would create the broadband specification limit whether conducted or
radiated and subject the package under test to only this amount of
energy. Steps have already been taken during the course of this
study to produce measured specification limits and results show that
there is feasibility in this approach.

Inherent in this pulse technique is the advantage of
being able to store information in the form of photographs and xy
plots which cover the whole spectrum of interest. It is also
possible to conduct the same type of computer analysis of received
information by recovering data from magnetic tapes which forms
another method of information storage. Although these methods have
not yet been studied extensively new vistas in the use of the analog
computer as an interference measurement and storage tool could be
opened by investigation of the newer developments in the fields of
magnetic tape and core memory storage.

Some steps were made to apply the transient analysis
techniques using analog computers to the field of interference
measurement during the course of this study. Of particular interest
was the applicability of this type of measuring and analysis tech-
nique to the problematic and time consuming task of measuring the
broadband interference emanating from transients generated by slow
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cycling equipment such as battery heater thermostats although the
technique applied in general to all measurements made of generated
transients by such devices as solenoids and switches. The results
of these investigationu showed that a very noted time savings could
be achieved by taking oscilloscope pictures of these occurrences and
using the analog computer technique to perform a rapid evaluation of
the spectrum generated. For example a battery heater thermostat
tested cycled at the rate of once every 10 minutes. The measurements
of the conducted interference to MIL-I-26600 specifications using a
current probe and an NF105 took on the avergge four to eight hours.
Taking a picture of the transient and performing the computer
analysiL with other proven curve smoothing techniques took approxi-
mately 15 to 30 minutes.

It was also found during the course of these investi-
gations that an operator could train himself in Lhe technique of
categorizing characteristics of transients in such a way that by
viewing certain transient for the first time he could determine if
the viewed transient represented an out of specification condition
for conducted broadband interference. Using this as a basis for a
new technique, nomagraphs are presently being investigated which
would allow an untrained observer to determine an in or out of
specification condition by merely noting characteristics of the
transient such as rise time, duration, amplitude and area.

VIII. SUMMARY

The results of this investigation have shown that a
pulse with a known spectrum can be used as a tool to measure the
conducted susceptibility of any linear network. The use of this
tool allows the injection of all the frequencies of interest at one
set of terminals (28V DC power input or 115V AC power input if using
MIL-I-26600) of a package under test simultaneously and the examining
any other two sets of terminals for the response characteristics,
The versatility of this test technique does not limit its usage to
only the audio spectrum. It has been shown that techniques could be
applied in two steps to cover the complete frequency range from DC
to 25 MC thus representing a considerable time savings over present
methods used.

If malfunction remains, the criterion for specification
limits the pulse test technique could be used as a one shot test to

determine in what portions of the spectrum an audio or RF suscep-
tibility would exist and could then be followed up with tests using
present techniques.

It should also be noted that the transient or pulse type
test would more nearly represent the true situation encountered in
integrated weapon systems. Experience in examining power lines (28V
DC and l15V AC/400) in weapon systems integrated at General Dynamics/
Astronautics as common couplers of interference has shown that at no
time are pure sine waves encountered on these lines and in almost
all cases erratic waveforms and transients are encountered. It is
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therefore believed that more thought should be given to present
versions of susceptibility tests performed on DC and AC lines of
components of any integrated system since their ultimate environment
will surely be of a broadband nature.
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I. INTRODUCTION

Analog methods of reducing a function of time into its
sinusoidal components have been used for some time at our installa-
tion. During the last year, however, the number of persons who
have shown interest in this problem has been on the increase. This,
we feel is due in part to our knowledge of the subject, but mostly
to the fact that more people are feeling the need for computer
methods to do spectrum analysis.

The purpose of this paper will be two-pronged. First,
an attempt will be made to show where these problems arise and,
second, a description of some of our instrumentation will be given.
Our instrumentation of the transform equations using the Convolution
theorem is one point that will be covered in detail.

To begin we will define the Fourier Spectrum and explain
its meaning in a way which we have found convenient although heuristic.

The Fourier Spectrum of a periodic function (defined as
one which has been in existence forever and which will continue to
be present forever) is generally described by a single cycle of the
wave. An infinite amount of source energy is implied and the repre-
sentation also contains infinite energy if any energy is used during
a single cycle.

The method is as follows: a periodic function, i.e.,

f(t) = f(t + n 7 ), - O0<n <00 (1)

where n is an integer may be decomposed into an infinite sum of
sinusoids

f(t) 021rk 00 2Vk
f C0 +kE1 ain Z-----t + F bKcos - t (2)

by application of the formulas.

C° of(t) dt (3)
0

7'

a nf f(t) csi - t dt (4)

b I _"2V• k
Tr f= . W~t coo 71 t dt (5)

0
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This expansion is possible since the integral

s___ in n tj[ 1v sin m tJI dt + (6)

where n and a are integers. In other words, by assuming that f(t)
is periodic and given by the sum (2), it is possible to use (6) to
obtain equations (4) and (5) for the coefficients aN and bK* An
artifice is used to obtain the offset, C0 ,

2 V + 76 2'r +7;.

J sin at dt cos nt dt = O; n / 0 (7)

Another way of stating Equation 6 is to say that the
set, sin n t , is orthogonal over any range[7Z 2 V + . l1/J
is a normalizing constant to make the set orthonormal.

f(t) according to Equation 3 consists of a d.c. compon-
ent plus sinusoidal compqpents at discrete frequencies C = 2 1Y k.
A plot of the magnitude of the sinusoids is often plotted Ir
as a function of frequency and is called a spectrum plot. The
magnitude at frequency 27_ k is

, J4 + b' KI
A plot of phase angle vs frequency is also sometimes

made. The phase angle is

S( 2 i tan- I (9)
bK

A spectrum of the square wave in Figure la is shown
in Figure lb.

The Fourier series is not applicable to non-periodic
functions. It is modified by a limiting process to the form:

+ 00

F(C-) f f(t) ;j() t dt (10)

-00

so that the spectrum is now a continuous function of frequency,C W
This is in contrast to the periodic functions discrete spectrum.

F(CL) ) is a complex variable representing the amplitude
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and phase of sinusoids at the frequencies • If

00

Sf(t) 2dt (11)

-00

is finite, in other words if f(t) were the voltage across a resis-

tance, the power dissipated in that resistance would be finite,
then each sinusoidal component in F(w ) must have zero amplitude.

This means that the infinite spectrum of a finite energy
transient consists of an infinite number of sinusoids packed with
infinite density along the axis with each sinusoid having zero ampli-

tude but having different magnitudes relative to one another.

The energy of the approximation must be the same. If
f(t) is considered to be the voltage across a 1-ohm resistor, the
squared spectrum, JF(j W )12 vscj , is the energy density spectrum,
a direct indication of the energy dissipated in the one ohm resistor

as a function of frequency.

The area under the curve between W1 and W 2 is pro-
portional to the total energy of all frequencies within these limits.

The total energy is proportional to thme total area under this curve:

=0 f(t) 2 dt =F(jW d W (12)

- O0 -00

For example: the transient defined as

f(t) t 4o (13)

-at t> o

has a spectrum

F(J )W I
a + j(1O

(14
22

a + G)

then

00 00

&e -2at _ _dt= 1 ____dc = 1 (5
2+W.2 2a
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t
The spectrum of the square pulse of Figure 2a is shown

in Figure 2b.

II. TRANSIENT ANALYSIS

Transients can arise both naturally and by being forced
in all physical systems. Their form may be energy, potential, dis-
placement, velocity, thermal, electrical, mechanical, etc. They may
be functions of time or even of a time independent variable although
time dependency is the most common.

The reasons for decomposing transients into a sum of
known functions are varied. Ones which have come into our labora-
tory in the last few months have been

1) Determination of the energy spectrum of a transient
received on an antenna and recorded on an oscillo-
graph recording so that an optimum (signal/noise)
filter can be designed.

2) Determination of the spectrum of a magnetic tran-
sient resulting from a physical experiment where
it was escpected that currents taking circular paths
were causing the magnetic transient. The spectra
then tells how much current was flowing at each
radius.

3) Determination of the input voltage spectra and out-
put voltage spectra of linear networks to determine
interference susceptability of the networks. This
appears to be a problem in a production area. It
will be discussed in greater detail for this reason
later in the paper.

4) Determination of the amount of fundamental which is
present at the output of a non-linear filter.

5) Determination of the frequency characteristics of
various linear transducers as prerequisite to build-
ing inverse filters. This will also be discussed in
greater detail.

6) Determination of the input and output spectrum of a
very low frequency filter to determine the filter
characteristics. Steady state methods were imprac-
tical because of time required - frequencies were
.001 to 1 cps and measurement time was two hours
per filter.

All of the transients were supplied to us as curves or
as actual transient voltage vs time. In all cases we converted the
data to voltage vs time information. If an analog solution is per-
formed, this data is used directly. If a digital computer solution
is required, analog to digital converters are used and the point data
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is stored in digital memory.

The above list of six items is only a sampling of the
ways in which the problem arises. Other situations are listed in
the literature: for which: see the accompanying bibliography.

At this point we will discuss problem types 3 and 5
which involve finding the frequency characteristics of a linear
system between two input terminals and two output terminals.

Figure 3 gives some idea of the types of systems which
generate this problem. Note that energy form transformations may
take place inside the system.

The systems of Figure 3 have one thing in common. They
distort the source data. Sometimes this distortion is desirable -
improving signal to noise ratio. Sometimes it is undesirable - the
thermal inertia of a thermocouple metering a high speed temperature
change.

These distortions can be of two types: linear and non-
linear. Simply put, the difference between a linear and a non-
linear distortion is this: the output level, of a linear system
is linearly proportional to the input level (even though they don't
look the same) whereas the output level of a non-linear system is
not linearly proportional to the input. A large number of systems
are linear or at least are nearly linear over some range of input
levels. Linearity of a system can be checked empirically by in-
creasing the drive and seeing if the form of the output remains the
same and proportional to the input level.

The effects of linear distortion can be removed by
placing an inverse filter in the instrumentation chain. The inverse
filter has the exact opposite frequency effects of the system.
That is, ideally it should have the opposite effect. Certain limi-
tations enter, usually either reliability criteria or noise problems.
Figure 4 shows the effect of a sluggish system on data. This problem
is amenable to solution by Fourier Spectrum analysis.

The effect of a pure non-linear distortion can be re-
moved by building a non-linear black box which again does the oppo-
site thing from the system. For example, if the system squares the
source values, the black box square-roots the system output and
this output is then a faithful representation of the input. This is
shown in Figure 5. This will not be covered further.

The analysis and synthesis of black boxes which produce
both linear and non-linear distortions is beyond the scope and
purpose of this paper. A method is mentioned by: Norbert Wiener,
Nonlinear Problems in Random Theory, The Tecnnology Press of MIT and
John Wiley and bons, Inc., N. Y., pgs. 97-100.

The first problem in describing the frequency character-
istics of a system is generally the instrumentation of a puysical
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f
test of the system. Some systems can be solved theoretically.
These will not concern us especially since the number that cannot
be solved is by far the majority.

If the source can be made to present a sinusoidal drive
to the system then the frequency effect of the system is the ampli-
tude and phase shift between input and output. The system gain then
has two values:

A(Ca)o) = amplitude gain output sinusoid magnitude (16)input sinusoid magnitude

0 (G.J)phase shift = shift (output-input) in degrees.

of, in complex variable terms, the complex gain is

A e io eicWt A 0 - (17)
G(W ) = 0 .

A e io 11 e

where A1 and Ae are the input and output levels respectively and
01 and .o are their phase angle. ei 4t is the unit sinusoid which
cancels in the equation.

G(C) ) is then plotted as a function of w, and is the
frequency response of the system.

The steady state method is often impractical because
mechanical or thermal sinusoids are not always readily available.

Transients are generally available. These are used in
the second method to obtain the curve G( C ) vsW . The philosophy
here is as follows: a transient is composed of an entire spectra
of sinusoids. If the amplitude and phase of these sinusoids are
known for both the input and the output transient then in the same
sense as the steady state case, the system frequency response is
known. Thus, if an input transient has a spectrum I(CO ) and the
output spectrum is ý(4c ), then the system gain is:

G(W) = CJ (18)

The single transients contain all the frequency data,
both amplitude and phase, for all frequencies present in the input,
transient. Zero content of a set of frequencies at the input leads
to an indeterminate gain value at those frequencies.

The transient method is instrumented as follows:

1) The input of the system is forced with a transient
which is know or which can be recorded faithfully.*

*Faithfully can be taken to mean that the recorder may cause linear
distortion but that this distortion is known and can and will be re-
moved by inverse filtering.
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2) The output of the system, a transient is recorded
faithfully.*

3) These transients are then resolved into their spectral
components by computer methods.

4) The complex gain of the system is the quotient of
the output spectra divided by the input spectra.
In other words, the spectra are divided at each
frequency.

III. COMPUTER METHODS OF FINDING THE FOURIER SPECTRUM

The frequency domain representation of a transient
f(t) is given by Equation 10, The alternate form is

00 00

F(CO ) f(t) cos ca t dt - i f(t) sin O t dt (19)

-00 -00

This is a form amenable to solution on either analog
or digital computers when in treated as a constant. If f(t)
is a simple enough transient it can be expressed mathematically and
an analytic solution is possible. We haven't found enough of these
to recommend trying to find an expression for f(t), although the
method is valid and can be used for approximating.

The phase response of this transient is
-00f f(t) sin W t dt

(CO) = tan- o00 (20)
00

- f(t) cog W t dt

and the amplitude response is

A(W 00 f(t) cog " t d) 2 f(t) sin CAt t (21)

These are computed for values of in an range
specified by the requirements of the analyses.

Both trapezoidal rule and Weddle's rule integration
have been used to evaluate Q(CO ) and A(C ) on the digital computer

*Faithfully can be taken to mean that the recorder may cause linear
distortion but that this distortion is known and can and will be re-
moved by inverse filtering.
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after digitalizing f(t). This resulted in good accuracy for band
limited transients where the sampling rate is at least twenty times
the maximum frequency using the trapezoidal rule or ten times when
using Weddle's rule.

Analog methods using active computer elements have
been found to be sufficient or more than sufficient for most of
the transient computations which we have had. The analog solutions
have been comparable with digital solutions when using transients
recorded by oscilloscopic photographs. They have been more than
comparable when using perfect data when the digital sampling rate
was too low, i.e., non-band limited or just plain not enough samples.

A variety of digital integration s h mes are available
in books on numerical analysis. J. M. Salzer ý21 described a method
by which these schemes can be analyzed in the £requency domain so
that an intelligent choice of sampling rate may be made.

A brute force and a filter scheme have been used to
reduce transients on the analog computer. In the brute force method,

shown in Figure 6, equation 19 is solved by integrating the product
f(t) sin t and f(t) cog t over the interval in which f(t) is
non-zero and resolving the vector relation into terms of A and 0
with a servo resolver.

F'requency limitations and other errors in forming the
f(t) sin t and f(t) cos t product somewhat limited the accuracy.

The filter method is a by product of the filter con-
volution theorem (appendix A) which states that the output of a
filter which has an impulse response of h(t) to an input f(t) is

O(t) = f( 'r h(t -T ) d1T , (22)

-00

or at zero time is

O(o) = f(T) h( - )d T (23)

-00

This is identical to equation 19 if h(- rT) is made to be
gin W• t (cos w0 t) and if f(t) is zero for all pesitive time.

Now the requirement of f(t) being zero for all positive
time seems like an unrealistic type of restriction since most tran-
sients don't begin until zero reference time. It isn't a strict
requirement though. Most transients can be shifted, f(t + a) or
mirrored about the t = 0 axis, f(-t), so that they have zero value
for all positive time.
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A shift, as shown in Figure 7, causes the phase angle
of the spectrum to vary proportionally to frequency and has no
effect on the spectrum amplitude.

A mirroring about the t = 0 axis changes the spectrum
to its conjugate. The amplitude response is not changed but the
phase angle now has a negative sign in front. See Figure 7.

Figures 8 and 9 show the ways in which a transient can
be reduced to its spectrum using analog components. Circuits 8
and 9 can be used interchangeably when the phase angle is not of
importance.

For computation, the transient may be generated by either
an analog function generator, or if the time relations are acceptable,
the data from the source is wired into the machine. An automated
set-up which plots A(C ) vs CA) by incrementing W was used to plot
Figure 10, the response of a unit height rectangle of 1 second
duration. Figure 12 shows the schematic of the automated system.

Several pulse forms have useful properties. For ex-
ample, the spectrum of a short pulse of unit area approaches a
constant value for all frequencies.- A pulse of width b has a spec-
trum sin ab which is constant to within 2% up to a frequency 2

of 2 7r cps. This is useful because it eliminates the division
10 b

operation of Equation 18. The output spectrum is the spectrum re-
sponse of the system if the input spectrum can be called flat over
the range of interest.

Of course, many other short pulses can be used in the
same way.

The step function has a spectrum given as 1 1
jCA_

Division of the output spectrum by the input spectrum is simply
done. Also, this function is probably the easiest of all to gen-
erate.

IV. SIMULATION

In order to take advantage of the theoretical concepts
previously stated an automated computer program was prepared and
patched. Different computers may require different sequencing or
special external sequencing may be more practical.

First a block diagram in Figure 11 will be explained,
then an explanation will be made of Figure 12 which is a detailed
analog computer diagram.

There are several ways that a real time function may be
recorded in real time and then played back in computer time. The
ratio of the recording time to the play back time is called a scaling
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factor. One method requires the use of a scope camera (preferably
a polaroid). The sweep rate of the oscilloscope becomes the re-
cording time. After developing the picture the area above the scope
trace is cut out and the photo is used in a photoformer function
generator. The time base t drives the photoformer whose output
f(t) is in computer time. Other function generators can be used.
The important thing is that the function f(t) is synchronized in
some sense with the time base t. Examples other than the photo-
former are: DIODE function generator, tape recorders, and oscillo-
scopes equipped with display scanners. If an oscilloscope that is
equipped with a display scanner is used the time base t drives the
horizontal sample rate. Oscilloscopes so equipped are generally
used for recording the functions appearing on the cathode ray tube's
face on a x-y recorder. The y output of the display scanner is the
time scaled function. Therefore, the sweep rate is the real time
and the time base t is computer time.

The time base t also determines when the coefficient
computing box labeled 0 f(t) e-jW tdt begins to integrate and when

ZO
it terminates. The time base also determines the time at which to
plot the computed coefficients.

The W. base determines the coefficient, CJ , of trans-
formation 0 f(t) - tdt. If a function whose Fourier coeffi-

-00 1
cients decays at a rate of - then W. may be used as a multiplier of

f
the function, i.e. compute 0 f(t) e 3 • tdt in order that any de-

-00
viation may be detected from the -1 spectrum. The W base also con-

trols the x position of the recorder so that a F( W )"s W readout
is plotted.

The right triangle symbolizes a resolver used for trans-
lating from rectangular coordinates to polar coordinates. The pur-
pose of this was explained earlier in the test where

-7A(
2 "1 r k

and

tan-

Since this resolver solution is essentially a static
measurement maximum accuracy may be expected. One or two recorders
have been used depending on whether both phase and magnitude were
desired; one recorder if just magnitude is required. The base
controls the x axis and the resolver output controls the y axis while
the time base t controls the pin in its up or down write mode.
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Figure 12 and the following explanation of the sequencing
logic demonstrates an approach rather than an optimized circuit. An

enumeration of the sequencing is as follows:

1. Integrator number one generates the time base.
The Potentiometer numbered 42 is an initial condion
for the function generators.

2. Comparator amplifier number 21 drops the recorder
pin, energizes the hold buss, and provides voltage
for the sequence timer.

3. Integrator number two is connected so that its
normal switching functions are independent of the

control busses.

4. Comparator-amplifier number 22 prevents the outputs
from integrators 11 and 12 from driving the servo
resolver before the solution of the Fourier coeffi-
cient is found. This saves wear and tear on the re-
solver and the x-y recorder.

5. After comparator 22 allows the Fourier coefficient
to be plotted comparator 23 lifts the recorder pin
and takes over the task of a voltage to integrator 2.

6. Comparator 24 provides integrator three with an ex-
ponential pulse. The output of integrator three
is the frequency base 0 While the value of
is being changed comparator 24 is also supplying a
voltage to the control buss which causes all inte-

grators connected to the conventional control buss
to change from hold to reset mode.

7. Comparator amplifier number 25 lets the computer
change Irom the reseL to the hold condition long

enough for switching transients to decay.

8. Comparator amplifier number 26 allows the computer
to start the next computation cycle as well as re-

setting integrator #2 to its initial condition.

9. Comparator amplifier number 27 is an automatic shut-
off so that the computer will remain in the reset
condition after the last value of has been com-
puted.

10. Comparator amplifier 28 is used to generate a test

function that has a known Fourier spectrum.

V. DISCUSSION

This paper has been tutorial in nature and references
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were not included in the text. The number which could have been
cited at many points were very large as much of this material has
appeared in text books for many years. The "bibliography" included
at the end, although short, should be of interest to those wishing
to read further. References 6 and 7 are especially useful as they
provide additional examples in a metnod similar to that presented
in this paper.
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APPENDIX A

USE OF THE SUPERPOSITION THEOREM

FOR EVALUATING THE FOURIER SPECTRUM

1. The infinite Fourier spectrum of a function f(t) is defined

00

F(CA) = f(t) e-j W t dt

-00

or alternately

00 00

F(W) = f(t) coose t dt -i f f(t) sinw)t dt

-00 -00

This may be evaluated directly using either analog or digital
methods by integrating the products f(t) cosct and f(t) sincot
over the range in which f(t) has a non zero value.

A simpler analog method exists, however, which eliminates multipli-
cation and integration in favor of filtering.

2. First, consider the effects of modifying the function f(t) by shift-
ing it to be f(t + a) or inverting it so that it mirrors itself
about the t a 0 point i.e., f(-t). The reason for this is that the
transient needed for the analysis must be zero for all positive time.

Consider a shift first: By definition,

00F(Cý') • " f(t) e- joWt dt

-00

For the shifted function,

00

F (CU) =/ 1 f(t + a) e-j3 t dt
S

-00

00

e ej wa o f(u)e- JCu du

-00

This equals e j a F(WO)
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Thus, a shift in the origin of f(t) results in a phase shift in its
spectrum which is linearly proportional to frequency. If phase
relations are not of interest, the shifted spectrum amplitude is
identical to the original. In any case, nothing is lost and correc-
tions for shift are simple to make.

Next, consider a reversal in direction; by definition,

00

F( .1' f(-t)e-Ji t dt

-00

00

f f(u)e jW U du

-00

or if F(W) A + i B

then F R() = A - i B = F-CWT

The amplitudes are the same at all frequencies but the phase is
inverted.

In general, transients may be shifted or reversed so that they have
zero value for either all negative time or all positive time. The
Fourier spectrum then can be one-sided, i.e.,

00

F~-',•, I= f(t)e-j~ dt

See Figure 1.

The Superposition Theorem which relates the output of a filter to
its input is derived from the impulse response of the filter. The
input to the filter is assumed to be broken into a succession of
elementary rectangular pulses applied at intervals of A along the
time axis. Each of these pulses when applied to the system produces
an elementary response, the sum of these responses being the output.
As the interval length, is made to approach zero, the response pro-
duced approximates the impulse response of the filter to a greater
and greater degree.

If the impulse response of a filter is g(t) when the impulse is
applied at zero time, it is g(t-nAT ) if the impulse is applied at
a time equal to n4Aq. The height and width of the nth pulse are
f(n 1' ) and A respectively where f(t) is the input function. Thus,
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the elementary response caused by the rectangle at time n•T
is f(n Ar )Ar g(t-n AT ).

The response at any time, t, is considered to be the limit of the
sum of all the elementary rectangles applied between -oo and t as
AT-. 0, i.e., the output, h(t), is:

t
h(t) a lim f(7 )Arg(t-n 41)

7'=n Ar= -00

where n A7 is adjusted so that as Ar decreases, the value of n
increases so that the product remains at a fixed time, T o

The limit is;
t

h(t) = f() g (t-T) dr.

-00

For the purpose of obtaining the Fourier spectrum, we will evaluate
the integral at t = 0, i.e., zero time,

h(O) = f(T) g (- ) d T.

-00

With the forcing function reversed from its normal direction in time
this becomes

00
h(O) =0* f fR (7 g(-.) d .

-00-

or;

00

h(O) a fR( ) g(r) d'

0

The weighting function or impulse response of the filter, g(r), is
made to be coos Wt in one case and -i sinwt in the other so that
the output is given as

h(O) - 00 f~ R c o Zi 00f R T sinc.rd-r.
0 0
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Thus, to summarize:

1. The output of a cosw t filter driven by a function which
is zero for all positive time and evaluated at zero time
is the same as the real coefficient of the Fourier spectrum
of the same function reflected about the zero time axis.

2. The real part of the spectrum of the reflected function.
Thus, reflecting or not reflecting the function is not im-
portant to a cosine filter.

3. The output of a -sinct filter driven by a function which is
zero for all positive time and evaluated at zero is the same
as the imaginary coefficient of the Fourier spectrum of the
same function reflected about the zero axis.

4. The imaginary part of the spectrum of a function is the
negative of the imaginary part of the spectrum of the re-
flected function. Thus, reflecting the function merely
changes the sign of the imaginary part.

5. Use of a sinCAt filter instead of a -sin Wt filter and not
reflecting the spectrum are compensating operations.

4. Analog Instrumentation of the sincot and cosct filter is straight
forward. Figures 6, 8 and 9 show three methods of reducing a
transient which is defined as;

0 t e. 0

F(t) = - 20t 0 4 t 4 2
0 t > 2

The first method, Figure 8, is the brute force method. The
transient is simply multiplied by sinc.>t and coswt, the product
is integrated, and a resolver is used to determine the magnitude
and angle of F(C).

The second method, Figure 8, is to reverse the direction of f(t),
play it into the sin w t and coswt filters and throw the computer
into hold at the zero time of the transient. The resolver is used
as in the first method. The revised transient is defined as;

•0• t> 0

f(-t) C + 20t -2,< t4O
t /-2.

The third method, Figure 9, is to shift f(t) by two seconds so that
it is zero for all positive time. Filter two would not find the
spectrum of the shifted function but rather would find the spectrum
of a transient which was the mirror of the shifted function about
the zero time axis. That is, it would find the spectrum of a
function defined as;
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•o~t < 0

f (t) = (20t0 t < 2

t> 0

This transient contains both a shift and a reversal and would
thus be modified as:

2jW
FSR 

e )

The conjugate is removed by using a weighing function of + sin wt
instead of -sinwt. This is the only difference between filter
three and filter two. The angle 2 is subtracted by the resolver
as shown in Figure 5.

Note that the spectrum magnitude function is not a function of the
direction or time of occurance of the transient. The phase is
affected but can be corrected so that the read-out value is for a
transient going in the desired direction and originating at a given
time.

The advantages of methods 2 and 3 over the conventional method 1
are:

1. Multiplier limitations do not enter the problem.
2. The amount of equipment is decreased by about 50%.
3. More accurate results are obtained.
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OUTPUTSOURC E "SYTMOTU

MECHANICAL
Strain
Position 1 Strain Gage Volts vs. Time
Velocity Pressure Gage Displacement vs. Time
Acceleration Microphone Volts vs. Time
Weight Accelerometer Volts vs. Time
Flow

ELECTRICAL Meter Movement Position vs. Time
Volts ) Oscilloscope Position vs. Time
Ampsj Preamplificr Volts vs. TimeOhms Coupling System Volts vs. Time
Frequency j Filter Volts vs. Time

THERMAL Thermistor Volts vs. Time
Temperature Thermometer Position vs. Time

Thermocouple Volts vs. Time

Figure 3. Types of Systems
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THREE DIMENSIONAL QUANTIZED ANTENNA PATTERN MODEL

L. E. Silverman, J. J. Krstansky and H. M. Sachs
Armour Research Foundation

Chicago, Illinois

Abstract. - This paper discusses the construction of a three dimensional
quantized model for antenna radiation patterns for the purpose of analysis
and prediction of interference. Construction of the model depends upon
the observation that while antenna patterns exhibit a high degree of irreg-
ularity, these irregularities appear as oscillations about several power
levels. The amin beam is treated separately. The model is a quantized
version of the true pattern and is represented as a unit radius sphere with
the direction of the radius vector being the direction of power flow from the
antenna. Antenna statistics are obtained from the model of a symmetrical
antenna using several methods. Relative accuracy of the model statistics
on an arbitrary selection of quantized levels is determined. The study
indicates that the statistical representation is relatively insensitive to
the method used to quantize the analog pattern. Arbitrarily quantized pat-
terns yield useable results for interference prediction purposes.

A three dimensional quantized model based on the asymmetric
cosecant squared antenna patterns is also described and evaluated by com-
parison with experimental data.

I. INTRODUCTION

Any practical interference prediction technique must include the
storage of antenna pattern characteristics in sufficient detail to satisfy the
analysis requirements. If several antennas are involved this may result
in a prohibitive or impractical quantity of data. Either the exact or a sim-
plified description of a given cut through the pattern could be used in the
prediction process, or the gain statistics (the likelihood or probability of
the power density being at a particular value) as represented by the cut
might be used. Many cuts could be taken through the three dimensional
antenna pattern in an attempt to gain an insight into the nature of the pat-
tern.

Ordinarily, a considerable amount of data collection is necessary
to describe the three-dimensional antenna characteristics. In addition, a
problem often arises as to how the collected data should be stored and pro-
cessed to provide meaningful information relative to interference analysis.
Another problem is concerned with the number of patterns needed to
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adequately describe the three dimensional radiation characteristics of a
typical antenna. Since the three dimensional patterns need to be repeated
for a number of frequencies including harmonic and spurious, it seemed
desirable to investigate techniques of reducing the amount of analog infor-
mation to be obtained or required to be stored.

The technique to be described indicates a method to obtain three
dimensional statistical information of antenna patterns. It is based on the
collection of a minimum amount of analog antenna pattern data, reducing
the analog information to digital information and the processing of this
digital information onto a three dimensional model from which the statis-
tical results may be abstracted. The model is concisely described in digi-
tal form.

II. STATISTICAL TREATMENT OF INDIVIDUAL PATTERNS

Evaluation of a generalized three dimensional antenna pattern
model was performed using data that was available from measurements on
a cosecant-squared dish antenna (reflector-feed horn type). The coordinate
system used in this discussion is shown in Figure 1. The X-axis corresponds
to the axis of the dish and passes through the main beam. The X-Y plane
corresponds to the plane of zero elevation antenna pattern. To correlate
the model predictions with the actual experimental data spherical coordi-
nates were used but with different designations. The azimuth angle taken
from the main beam is denoted by o( the elevation angle at zero azimuth is
called , and the co-latitude will always be denoted by g.

Measurements of the cosecant-squared antenna were taken with
the antenna at various aspects to the receiver. For the purpose of con-
struction of the model, only two aspects of the dish were of interest, as
measured by E 0 . The vertical, or elevation pattern corresponds to
F0lo 0=; and E 0 , 0 = 90° corresponds to a horizontal, or azimuth

pattern. These patterns were analyzed and quantized using the following
method.

Analog patterns were reduced to digital data by determining
relative amplitude of the pattern at two degree intervals. All readings
were corrected for any difference between zero db reference on the record-
ing paper and the actual recorded peak. Thus all digital data were in db
relative to zero db peak amplitude (main beam). Since the patterns were
recorded in two steps in order to have a dynamic range of approximately
60 db, the overlap of the second (lower) pattern with the top part of the
first was determined and the digital data from the second pattern was
corrected to db relative to zero db peak. The corrected digital data was
used to make a scaled plot of the antenna patterns.

- a r* -



Figure 2 is a scaled plot of the zero elevation pattern for the

cosecant-squared antenna "I= 0). it is reasonably symmetrical about
the main beam. The first method used to quantize the pattern was the
10-db quantization technique. One determined the portion (in degrees)
of the pattern which exceeds specified levels. The levels were arbitrarily
chosen as 10 db steps. One finds the angular amount of time that each 10 db
level was exceeded, and quantizes that amount at the five db level above
the one from which the information was obtained. Thus the main beam will
be quantized at 5 db and levels will progressively decrease in 10 db inter-
vals. By this quantizing procedure, if a low relative power density occurs
close in to the main beam, the 10 db quantized levels will not show this
lower level where it actually occurs but will have it show up in some angular
region farther away from the amin beam. Since only the probability statis-
tics are concerned, this should not cause an appreciable error for the
particular pattern analyzed, but as discussed later, an error in the three
dimensional pattern model will be incurred with this particular method of
quantization. Figure 3 shows the 10-db quantized azimuth pattern. The
quantized levels were balanced to present a symmetrical quantization.

Figure 4 is a plot of the azimuth antenna pattern given in Figure 2,
but both sides of the pattern in Figure 2 have been averaged to give one

pattern which can be analyzed. The second method of quantization is to
determine angular regions where oscillations tend to take place and then
roughly estimate by eye the level of oscillation, taking into account any large
positive or negative fluctuations. The main beam was considered as extend-
ing to that angle where power was 3 db down from the main lobe peak; hence,
the main beam is quantized at 3 db. This method of quantization causes
ambiguity between different observers doing the quantizing since one can
choose different angular bounds and different power density levels than
another observer. Although this is true, it has been found that slight
differences in range and amplitude of quantization yield similar results
when compared to experimentally obtained statistics. ••hen a more exact
method of averaging the power levels is used to determine the amplitude at
which to quantize, it is found that the more tedious, time consuming exact
method yields results which differ from the more arbitrary coarse-grain
quantization by at most 4-5 db in the worst cases encountered. In many
prediction techniques, this degree of accuracy may easily be tolerated.
This method of quantization does have an advantage over the 10 db quanti-
zation method in that lower levels of oscillation appearing close to the main
beam are accounted for in the position where they actually occur by the
very technique used to quantize the pattern.

Figure 5 shows the derived quantized pattern obtained by the
arbitrary quantizing technique described above. Note the difference in this
quantized pattern from that shwon in Figure 3 in that the levels do not pro-
gressively decrease but tend to follow the true pattern more closely, though
with far fewer power levels used to describe the pattern characteristics.
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Figure 6 shows the asymmetrical elevation pattern for zero
azimuth (o• = 0). The 10 db method of quantization of this asymmetrical
pattern proceeds in the same straightforward manner as for the symmetri-
cal patterns previously described. The 10 db quantized version of this
pattern is shown in Figure 7. For the second method of quantization,
arbitrarily by eye, the asymrnetrical pattern cannot be averaged on both
sides of the main beam. The quantization into arbitrary levels about
oscillation levels is done using the entire pattern and angular bounds are
determined on each side of the main beam. Figure 8 shows the quantized
pattern determined by arbitrary decision on the asymmetrical elevation
pattern. In Figure 7 the relative power level successively decreases as
one proceeds away from the main beam. In Figure 8 the same is true for
one side of the pattern but the other side has a dip near the main beam which
is similar to that encountered in the true pattern shown in Figure 6.

Follwoing the quantization of the analog antenna patterns, the gain
statistics or the cumulative probability density function is derived. The
cumulative probability density function, that is, the probability that a
relative power density is less than or equal to some value of relative power
density versus that value of relative power density, was plotted for both
methods of quantization and compared with data obtained from the original
patterns. The angular amount of time the pattern is less than or equal to
a certain power level is plotted versus that relative power level. A step
function curve is obtained where straight line segments connecting mid-
points is used to approximate the step curve, and hence the actual statis-
tics.

Figures 9 and 10 show the gain statistics derived from the quan-
tized patterns using both techniques of quantization for the azimuth and
elevation patterns, respectively. The crosses are the values measured
from the actual antenna pattern. It is seen that the maximum error is about
four db at the worst point in the azimuth pattern. The straight line segments
deviate from the measured values due to sharp changes in slope occurring in
the pattern quantization. Figure 10 for the elevation pattern has more steps
quantized and thus the measured data come extremely close to the derived
gain statistics. It is obvious that in the limit the more quantized levels one
has, the more the pattern which is quantized approaches the actual measured
pattern and the derived gain statistics will approach the actual measured
gain statistics.

III. CONSTRUCTION OF THE THREE DIMENSIONAL ANTENNA MODEL

The three dimensional quantized antenna pattern model is

represented as a unit radius sphere with the direction of the radius vec-
tor being the direction of power flow from the antenna. Various regions
of the sphere are assigned a single power density level corresponding to
the levels about which pattern oscillations occur. At the main beam peak,
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at unit radius, the power level will be designated as zero db, and all other
levels are relative power density levels, relative to zero db.

Polar Coordinates Representation of Model

Two methods of representing the antenna model sphere were used.
The first method investigated was to plot the quantized patterns for the two
orthogonal cuts on polar coordinates (both patterns in the same plane). For
the model under discussion, this is illustrated in Figure 11. The azimuthal
pattern is represented by the negative sloped plot and the elevation pattern
is illustrated by the positive sloped plot. To form a mental image of the
three dimensional quantized model, one must mentally rotate the elevation
cut 90° to a position orthogonal to the azimuth cut. A plane view of the
model is shown in Figure 12.

Having established the quantized antenna pattern model in this
fashion, one can then obtain the quantized great circle cuts at any elevation
angle + 90°. For example, on the elevation cut, assume that the quantized
great circle cut for an elevation angle of 20* is desired (antenna main beam
pointing 20° above 0* elevation). From Figure 11, the 20* elevation angle
line (dotted) is seen to intersect the quantized elevation pattern at the 25 db
level. For a 20° great circle cut, therefore, the azimuth pattern would be
quantized from the 25 db level as indicated in Figure 13 as dotted lines.
The straight line antenna statistics approximation is then drawn from the
20 db level through the midpoints of the quantized pattern. A similar pro-
cedure is followed for the 40° and 60° elevation angle cuts except that since
the elevation pattern is first intersected at the 35 db level, the azimuth
pattern is quantized from 35 db as shown by the solid heavy line in Figure 13.
Again, the straight line approximation is shown as a heavy solid line through
the midpoints of the quantized pattern. A similar procedure was used to
establish the 0° elevation quantized pattern and approximation shown as a
light solid line in Figure 13.

Measured gain statistics were obtained from the experimental
data by determining the percentage of time (in degrees) that a gain level
was exceeded directly from the analog patterns. This data was obtained
in one db increments of gain. The straight line approximations shown in
Figure 13 were than compared to the fine grain antenna gain statistics
obtained from the measured analog patterns for these same elevation cuts.
The results of this comparison are shown in Figure 14. The data in this
figure are plotted as cumulative probability distribution functions. The
0° elevation cut statistics and the straight line approximation are shown
as extending from 0 db relative gain level. The maximum error, occurring
at the sharp break in statistics between -20 and -30 db, appears to be on
the order of 4 db, while the average error for the remainder of the curve
is about 1 db. The 20* elevation angle cut starts at approximately -20 db
and the order of magnitude of the errors is about the same as for the zero
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elevation pattern statistics. The 40" and 60" elevation cuts begin at about
-30db and be about 2 1/2 db, primarily because no sharp breaks occur in
the actual statistical curve.

These results look promising, especially since they were
obtained by a rather crude approximate model constructed in an arbitrary
fashion. The statistics obtained from the straight line approximations fit
reasonably well over considerable portions of the curve. The maximum
and average errors involved seem quite compatible wAith most anticipated
interference prediction technique accuracies.

Certain aspects of the application and utility of a model such as
has been desribed should be kept in mind. Because of the fact that exact
azimuthal or elevation gain levels and their precise location have been
lost in this 10-db quantized model, the application of this model is restricted
to antennas rotating at a reasonably constant speed. In addition, the manner
in which the antenna patterns were quantized limits the application of the
model primarily to azimuthal great circle cuts at arbitrary elevation angles.
This is true because azimuthal gain vs. azimuthal angle information has not
been retained in the model. This can be verified by noting that the side lobes
near the main beam are of lower gain than some of the lobes in the spillover
region in the actual patterns while the quantized patterns do not indicate this
particular feature of the patterns. Although this does not affect azimuthal
great circle cut statistics, it would have a bearing on statistics of elevation
great circle cuts. It is obvious that more complex antenna models can be
constructed to retain the azimuthal location vs. gain feature to overcome
this limitation. In fact, a more generalized model was investigated which
shows promise of providing considerable more flexibility regarding the
manner in which it is employed to obtain gain statistics of arbitrary receptor
positions relative to the model center.

Rectangular Grid Representation of Model

In order to provide a more general model, the second method was
to lay out the quantized levels of the azimuth and elevation patterns on a
rectangular plane view. It should be kept in mind that the plane view is
simply a convenient method of showing power levels and is not a mapping of
a sphere onto a plane technique. The quantized azimuthal levels were laid out
along the abscissa with X = 0 = main beam, and the quantized elevation levels
were laid out along the ordinate with Y = 0 = main beam. The original lay-
out was made utilizing full 360" data (+ 180" from 0*) for both elevation and
azimuth patterns. The boundaries of each gain level were projected vertically
for azimuth gain levels and horizontally for elevation gain levels to the
point where similar gain boundary levels intersect, forming a rectangle for
each particular quantized gain level. In the case where patterns were quantized
in 10 db levels the intersections are unizue; however, when arbitrarily quantized
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t
levels were used, the intersections must be formed by boundaries of gain

levels which were similar and the gain level assigned to the rectangle would

be the average of the two gain levels. The range of values in azimuth and

elevation gain levels should be approximately the same average db level.
The ranges may extend between different angular bounds on the azimuth and
elevation patterns. It is not necessary for all regions to include both

azimuth and elevation points. Thus, if the azimuth pattern exhibits a level
unrelated to an elevation pattern level, the region can be defined for the

azimuth pattern with no corresponding region for the elevation pattern.

An example of a typical plane view of gain levels is shown in

Figure 15 for 10 db quantization. This model is based on the patterns of
Figure Z (azimuth) and Figure 6 (elevation) which were quantized in 10 db

steps as shown in Figures 3 And 7, for the cosecant-squared antenna. In

the form shown in Figure 15 the model displayed redundant and/or overlapping

information and was not in a form needed, that is, in a spherical coordinate

system. In order to process the model shown in Figure 15 into the required

form, the following steps were taken:

1. The angles shown on the ordinate were limited to -90' and +90*
so that the horizontal line at the top of the model represents the
upper pole of the model sphere and the lower horizontal line repre-
sents the lower pole of the model sphere.

2. The gain levels in the region between + 90* and + 1800
elevation and 0* to + 90° in azimuth were analyzed to determine
which portions of the data in the 90* to 180* azimuth were over-
lap sections and the necessary gain level corrections were

determined. For example, in Figure 15, the gain level for -90*
to -98* elevation over the 0* to + 90* azimuth is -35 db; there-
fore, this level occurs in the back portion of the sphere (from
+ 90° to 180" to -90* azimuth) over an elevation angle from -90*
to -82.

The application of these two steps to the configuration of Figure 15

results in the final model configuration for the 10-db quantization method
which is shown in Figure 16. In the final model, which represents a

spherical coordinate system, the various gain levels were laid out in plane
view as shown. In this model an elevation cut at a given angle is represented
by the horizontal line at the angle and the quantized levels can be determined
directly. The antenna gain statistics can be determined from the quantized
pattern by the straight line approximation technique discussed earlier.

Similarly, a great circle cut in elevation at a given azimuth angle,

that is, a meridian great circle, is represented by two vertical lines, one
at the azimuth angle (C) of the intersection of the great circle with the
0* azimuth line within the 90* -0' -90* sector. For example, a great
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circle in elevation at 0 = 60* would be a vertical line at Oý = 60" and one
at 0( = 120". The intersections of these two lines determine the quantized
levels for this particular cut and, again, gain statistics can be approximated.

A similar technique was used to model the arbitrary quantization
of the same patterns, Figures 2 and 6, quantized versions Figures 5 and 8.
The model, in this case, became slightly more complicated as shown in
Figure 17 which is the 360' x 360" plane view of the preliminary model.
Note that the gain levels are more variate and the gain level rectangles
are not necessarily concentric as in the 10 db quantized level case. Essen-
tially the same procedure of determining gain level overlap was used to con-
struct the final model of the arbitrarily quantized gain levels as shown in
Figure 18. It should be noted that this model may be somewhat more realistic
in that gain level versus azimuth angle has been more faithfully retained in
this model than in the model of Figure 16. This model may be treated in a
similar manner to that described previously to obtain various pattern statis-
tics.

Non-Meridian Great Circle Representation

Any other great circle cut, other than a meridian great circle cut,
can be described in terms of spherical coordinates, similar to the descrip-
tion of great circle sailing around the Earth. The information needed is
the elevation of the great circle at the prime meridian, or vertical elevation
at 0* azimuth angle ( c( = 0), and the angle along the great circle. Any
non-meridian great circle intersects the prime meridian at a right angle;
thus use can be made of Napier's rules for the solution of right spherical
triangles.

, Figure 19 shows the geometry of the problem. Given an elevation
angle at the prime meridian and an angle $, along the great circle
starting at zero for zero azimuth and elevation . In the figure, a great
circle is drawn through the pole P which is perpendicular to the arc RN.
Let these arcs meet at point R. In the right spherical triangle NPR,

PR =col-F = 900- ý =0

(where col- signifies colatitude). Knowing the angles ol-
and 4 R = 90" , then angle P = longitude and r = colatitude of the point of
interest need to be determined. From relations for right spherical triangles:

sin (col- • ) tan P tan

where P complement of P 90 - P

sin 9 = sin (col- ' ) = ctn P tan
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Thus

ctn P sin (col- ) =cos. sin 9

tan 7 t ; tan

'-c P ctn Cos
ktan4/

Thus,

P ctn 1"(cos ctn #) azimuthal angle of point (I)
of interest.

Also, from spherical trigonometry

sin•7  cos cos Q -cos cos (col- )

Therefore, cos r cos cos g =coB cos (col- )

cos r = co sin

r =cos l(cos 0 sin ) (2)

Y' =90" -r - 90" - cos -I (cos X sin ) elevation angle (3)
at a point of interest.

This procedure defines the azimuth angle c( , Eq. (1), and the
elevation angle ,/V, Eq. (3), of any point along the great circle of interest
in terms of known quantities, the elevation at the prime meridian and the
angle along the great circle. Thus the great circle cut may be projected on
the plane view and the quantized levels may be determined accordingly. As
an example, a great circle cut for F = + 600 was calculated to find the
azimuth and elevation points of intersection of the + 600 great circle with the
power density sphere both the 10 db quantized model and the arbitrarily
quantized model. These patterns are shown in Figures 20 and 21, respectively.
The approximated cumulative probability distribution for these patterns based

on straight line approximations is shown in Figure 22. The x marks in this
figure are actual data points obtained from the analog pattern for this cut.
The straight line approximation based on the 10 db quantized patterns shows
a maximum error of about 2. 5 db from the actual data points. The arbitrary
approximation shows slightly greater error, on the order of 5 db. In both
cases, it appears that the magnitude of error may be compatible with expected
prediction accuracies. Also, it is interesting to note that the more general
approach of 10 db quantizing, at least in this case, led to more accurate
approximations.
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IV. CONCLUSIONS

The investigation of antenna models indicates that, based on two
orthogonal major cuts through the main beam of an antenna, one in azimuth
and the other in elevation, a relatively simple three dimensional model can
be constructed from which useful statistical gain information can be obtained
for prediction purposes. Accuracy obtained from the model is within five db
of actual measured data. This appears to be quite compatible with most
anticipated interference prediction technique accuracies. A refinement of
this technique to increase its accuracy, and incidently its complexity, might
be to have the plane view consist of gain level regions other than rectangles,
such as circles or ellipses, which are probably somewhat more representative
of the true radiation pattern than rectangles.
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FRES1EL REGION AND FAR FIELD PATTERNS OF A
HORN ANTENNA AT FUNDAMENTAL AND HARMONIC FREQUENCIES

0. M. Salati and D. J. Levis
The Moore School of Electrical Engineering

University of Pennsylvania
Philadelphia 4, Pennsylvania

Abstract. - A description is given of a test facility for measuring the patterns
of microwave antennas at fundamental and harmonic frequencies in both the Fresnel
region and the far field region. The facility was calibrated by using standard
gain horn antennas and dipole antennas. The effects of nearby objects are essen-
tially negligible.

The patterns and impedance of an "L" band horn antenna, AT-316, excited
by a, UG-953/U, vaveguide to coax transducer were then measured as a function of
distance from the antenna from well into the Fresnel region to the far field re-
gion. The measurements were made at three frequencies in the design band and at
harmonics up to the tenth for both horizontal and vertical polarization.

The antenna patterns at second harmonic frequencies and higher showed
a break-up phenomena which one would expect theoretically because of the presence
of many modes of propagation in the transmission system and the exciting trans-
ducer. Nulls as deep as 70 db below main lobe gain were found.

I. INTRODUCTION

Historically, the communications industry has been satisfied with an-
tenna performance at one or more frequencies in the design band of the equipment.
The usual data requirements consisted of beam width and patterns in the azimuth
and elevation planes for design polarization, gain and antenna impedance. Occa-
sionally data on cross polarization gain was available. The above data all in
the antenna far field not only exists (even though it may be difficult to examine)
but is frequently required by well written procurement specifications.

Before the advent of high equipment densities, high site densities,
higher powers, more sensitive receivers, larger antennas and the recognition of
sophisticated propagation paths, interference was not an apparent or real problem
and the above mentioned antenna data were adequate. Theoretical antenna perfor-
mance was available, for a few types of aperture illumination and for very simple
aperture shapes, in the forward hemisphere of the antenna, in the far field and
only in the design band. 1 Of course, when required, experimental data could have
been obtained (but usually wasn't) for any situation if the cost of acquisition
could be justified.

As the insidious nature of interference was recognized and its potential
magnitude predicted, it was apparent that insufficient data were available on
antenna performance in the near field and at other than design frequency and de-
sign polarization. Over the past five years some of these problems have been
examined and solutions are currently available. For instance, for simple aper-
ture shapes and illumination, Fresnel region gain2 , 3 and power transfer data
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between antennas4 are now available. Antenna patterns or estimates of patterns
can now be calculated, in the design band and with reasonable accuracy, over the
complete sphere surrounding the antenna.5

The calculation of antenna patterns at other than design frequency has,
however, remained a very difficult task. Experimental data on simple dipoles,
dipole arrays, and Disc-cone antennas are currently availableb,7. This paper
describes the results of experimental work carried out on a waveguide horn an-
tenna. Its impedance and its patterns over a ten to one frequency range for both
azimuth and elevation cuts and vertical and horizontal planes have been measured
as a function of separation distance from the antenna. Typical patterns are
shown and graphs of antenna gain as a function of frequency presented. In ad-
dition, a brief description is given of the antenna pattern range. It must be
enphasized that the work reported here is of a preliminary nature.

Ii. CODOAL

Theoretically, given an antenna and the distribution of energy, in mag-
nitude and phase, over its aperture, one can calculate the near field and far
field patterns. In principal, however, this has been done only for siple aper-
tures and aperture distributions in the design frequency band of the antenna.
At frequencies outside the normal band of interest, the antenna and its trans-
mission line system may support higher order modes.

The presence of these higher order modes in the feed system of t e an-
tenna will affect the aperture distribution and thus the radiation pattern0 and
impedance. Since the principle of superposition holds, one could calculate the
pattern resulting from each mode by itself, if proper boundary conditions can
be physically determined, and then combine the individual results to get a net
pattern. The above can easily be done experimentally but only with great dif-
ficulty theoretically. If one knew what rndes were present, the amount of la-
bor could be reduced considerably.

The cutoff frequencies for all of the modes which can propagate in the
WR-650 waveguide line, feeding the horn used in this investigation, are shown
in Table I. It has also been recognized that there may be mode generation and
conversion within the horn itself but no attempt has been made to analyze this
effect at this time. Only a few of the modes shown in the table will be found
because of mode selectivity in the transition between the tube generating the
power and the transmission line9 and thus the number of measurements required
can be materially reduced. In addition, in the experimental work, the frequen-
cies at which the patterns have been recorded were chosen so as to avoid coin-
cidence with the cutoff frequency of any mode.

III. IMPEDANCE MEASUEMENTS

An "L" band exponential horn having an aperture of 41 by 54 centimeters
and a taper length of 93 centimeters, Figure 1, was set up in an outdoor area
free of reflections. Standing wave measurements were made at the input to the
horn (WR-650 waveguide) using a coaxial slotted line with a UG-953/U waveguide
to coaxial adapter and also by using a standard "L" band waveguide slotted line.
'The results obtained are shown in Table II.
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It can be seen from the table that the performance is satisfactory with-
in the operating band for both waveguide and coax-waveguide feed. Waveguide mea-
surements were not made at 1000 mc/s when using vaveguide feed since a stretching
section was not available. Above 2000 mel/s, waveguide VSWR measurements were
not made because of the presence of higher order modes in the slotted section.
By using a coaxial slotted section, it was possible to measure VBWR up to 4000
mc/s before higher order modes were present in the slotted line.

These measurements illustrate that impedance measurements are necessary
if one wishes to understand the behavior of antenna gain as a function of fre-
quency.

IV. PATTIRN NASUREOTS

The above mentioned waveguide horn including its waveguide to coaxial
adapter was used in all of the pattern measurements. Since all measurements were
made with the adapter in place, the results apply only to this particular horn-
adapter combination. The introduction of a small length of waveguide, for in-
stance, between the horn and the adapter would change the relative phase of the
various propagating modes and thus give different results for the patterns.

The equipment set-up usea for the pattern measurements is illustrated
in Figure 2. The "L" band horn, which is used as the transmitting antenna, was
mounted on a radar antenna rotator on a moving tower. The center of rotation
of the antenna was located 75 centimeters behind the plane of the aperture while
the height of the antenna axis was 2.78 meters above the roof.

The movable tower is mounted on a track so that the distance between
the transmitting and receiving antennas can be varied up to 15 meters. The mov-
able tower with the antenna, rotator and signal generator is shown in Figure 3.
The pattern site with its track, movable tower and equipment shelter is shown
in Figure 4. While a few obstacles are visible, none of them are closer than
four meters to the antenna under test and except for the equipment shelter, all
of them are at least one meter below the antenna axis. To check for the possib-
ility of reflections, antenna patterns were recorded both with and without ab-
sorbing material on the obstacles. Very little change could be detected.

The receiving antennas used to probe and record the radiation field
produced by the transmitting antenna were a series of standard gain exponential
horns. These antennas were available in pairs and their gains were accurately
standardized before tests were made. The appropriate receiving antenna for each
test frequency was mounted on a stationary wooden tower. To check for the pre-
sence of ground reflections, the movable tower was moved along the track while
the field strength variation at the receiving antenna was recorded. No serious
reflections were found except at the extreme end of the range (15 meters). In
the future this will be corrected by raising the tower height.

A series of patterns were recorded at each of the following frequencies:
1200 me, 1600 mc, 2600 mc, 3200 me, 4200 mc, 5"00 mc, 6000 me, 7200 mc, 8000 mc,
8900 me, and 9900 mc. At each frequency a pattern was recorded for each compon-
ent of the field in both the vertical and horizontal planies. The entire set of
near field measurements were of primary interest, some measurements were made
into the faX field at every frequency.
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The gain of the antenna was compared to the gain of the standard gain
horn in each frequency range. This was done by replacing the "L" band horn once
during each series of measurements with a duplicate of the standard gain horn
being used as a field probe. The reference level thus obtained was used as a bas-
is for comparing the maximum forward gain of the "L" band horn to the gain of the
corresponding standard gain horn. This gave a reference level for the entire
set of patterns recorded at each frequency, since the gain of the recording sys-
tem was maintained at a constant level during any one set of measurements.

V. RSULTS OF PATTERN NFASWENENT

The patterns which were obtained at the higher frequencies were, as
might be expected, quite complex. In general it was found that the forward beam
had broken up into a number of smaller beams and a considerable amount of cross
polarization was evident. In order to discuss these results it is necessary to
arbitrarily establish certain terms and definitions. These are given below and
also illustrated in Figure 5.

Major Lobe Any lobe within 20 db of the strongest portion of the pattern,
and separated from tlhe rest of the pattern by at least a 3 db
minimum.

Beamwidth The angular distance measured in degrees between the most ex-
treme parts of the pattern which are above a specified level.
The beam defined in this manner may contain a number of major
lobes.

Gain The gain is measured relative to the pattern produced by a stan-
dard gain horn. It is defined as the ratio of the field of an
isotropic radiator to the maximum field strength produced by the
horn (with its' associated adaptor) in a given plane and for a
given polarization.

Polarization

The polarization of the receiving antenna was used to define the field
component being received. Thus if the receiving antenna was orientated to sense
the vertical component of the electric field, the pattern was so labeled regard-
less of the orientation of the "L" band horn. Since the horn being measured was
rotated 90 degrees to measure the vertical radiation pattern this means that the
vertical component of the vertical pattern, for example, will actually become
a horizontal field component when the horn is in its normal position.

Gain

The gain of the "L" band horn as a function of frequency is plotted
for both vertical and horizontal field components for both vertical and horizon-
tal patterns in Figures 6 and 7. The data contained in these plots were taken
from the patterns recorded at a distance of one meter, a distance within the near
field in every case. It is interesting to observe that the gain remains surpris-
ingly constant over the entire frequency range. This is in contradiction to what
one might expect and what has been assumed in the past. 1 0

Theoretically, the gain for the vertical component of the horizontal
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pattern should be exactly equal to the horizontal component of the vertical pat-
tern. The differences in the two curves in Figures 6 and 7 indicate either a
lack of symmetry in the horn itself, uneveness in the track, 02 an error introd-
uced by incorrect positioning of the horn when the planes of polarization were
shifted.

Beamwidth

Both the 3 db and 20 db beamwidths for all field components in both
patterns have been plotted in Figures 8 through 11. As for the gain curve, per-
haps the most significant point about these curves is the remarkable constancy
of the beamwidths over the wide frequency range explored. It is true, however,
that it would be dangerous to assume that points do not exist where both the
beamwidth and gain changes drastically.

Patterns

A typical set of patterns is shown in Figures 12 and 13 as an illustra-
tion of the behavior that may exist outside the normal operating range of the
antenna. The breakup of the main beam into a number of narrower lobes is almost
certainly the result of the multimode excitation of the aperture. A logical fol-
low up of this type of result might be a mode by mode study of the antenna at
a given frequency. This could be done on both an experimental and theoretical
basis. In either case the techniques to be used seem rather obvious.

A particularly interesting set of patterns were obtained at a frequency
of 8 kmc. It was found that at this frequency, the pattern structure of the ver-
tical component in the near field was drastically different from the far field
pattern. Specifically it can be seen from Figure 12 that there is a change from
a two lobe pattern to a three lobe pattern as the separation increases. No ex-
planation has been offered for this effect.

In most cases very little change in the pattern was observed as the
antenna separation was increased beyond two or three meters. This suggests that
far field conditions may be obtained at relatively close range. To support this
idea, plots of field intensity in db as a function of antenna separation were made
for different field components and patterns as shown in Figures 14 and 15. These
data were taken from the patterns recorded and show the maximum field strength
for each separation. The field strength at one meter has been used as a refer-
ence level. Nearly all of the curves approach a slope of 10 db per decade with-
in a distance of about three meters. This would seem to suggest that the far
field of the horn is within this range.

VI. ACCURACY

In a companion paper "the instrumentation of the set-up used in the
measurements has been described in detail." It is shown that a dynamic range
of 100 db was achieved and the accuracy of measurement was at least as good as
the standard attenuator used, that is, better than + 1 db.

VII. CONCLUSIONS

The results of this preliminary experimental investigation of the pat-
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terns, gain, and impedance of an exponential horn antenna suggest the following:

1. The gain is approximately constant up to the 7th or 8th -harmonic and
then increases.

2. In the vicinity of the 7th harmonic, the cross polarization gain becomes
comparable with the gain for design polarization.

3. The antenna beamwidth is approximately constant up to about the 7th har-
monic.

4. The number of major lobes in the pattern changes as the distance from
the antenna is increased.

5. The usual near field-far field criterion, that is distance > D2 /A, does
not apply when other modes exist.

The above observed phenomena, as previously mentioned are preliminary.
It is now necessary to measure a few more horns to observe the statistics of gain,
pattern, and polarization. Future plans include other antenna types and other
feed arrangements.
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mi 0 1 2 3 4 6

0 - 1.82 3.63 5.45 7.26 9.08 10.9
1 .908 2.03 3.74 5.52 7.74 9.12

2 1.82 2.57 4.%6 5.75 7.90 9.25
3 2.72 3.27 4.56 6.08 8.17 9.46

4 3.27 4.06 5.13 6.53 8.50 9.76
5 4.56 4.87 5.8! 7.08 8.93 10.13

6 5.45 5.75 6.53 7.68 9.43
7 6.35 6.60 7.30 8.35 9.62

8 7.26 7.47 7.58 9.08
9 8.17 8.35 8.93 9.81

10 9.08 9.25 9.76
U1 10

Table I. Table of cutoff frequencies for TEmn and T4,m modes. (Note that
for TM modes neither m or n can be zero.)

Freq. VSWR VSWR
mc/s Waveguide Directly Coax-Waveguide Transition

1000 (Line stretching 1.7
section needed)

1200 1.1 1.1
1300 1.07 1.1

1500 1.12
1900 1.05 1.1

2000 1.1 2.1
2200 A 2.6

2500 Mode Conversion 1.8
2800 Present 6.3

3000 3.3
3100 2.7

3300 8.9
3900 3.8

11000 V 4.4

Table II. Impedance Measurements On "L" Band Exponential- Horn
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PREDICTION OF THE FAR FIELD OF PARABOLOID REFLECTORS EXCITED

BY PLANE APERTURES OF ARBITRARY FIELD DISTRIBUTION

H. Zucker
Armour Research Foundation

of Illinois Institute of Technology
Chicago 16, Illinois

Abstract. - A transformation equation between the electric field in a plane
feed aperture located in the focal plane and the reflected electric field at a
paraboloid reflector is derived. The reflector is assumed to be in the far
field of the feed aperture. The equation is obtained by determiniuin the
incident electric field at the reflector by means of the aperture field method,
and the reflected electric field by assuming that the reflector can be con-
sidered locally plane. The far fields of the paraboloid are obtained by
projecting the reflected electric field on the paraboloid aperture also by
using the aperture field method. Specifically the results are applied to
a circular feed aperture by expanding the electric field in the aperture in
terms of TE circular waveguide crossectional mode components. It is
shown that tIW'.rediction of the far field radiation pattern of the paraboloid
for each mode reduces to the evaluation of single integrals. For a variety
of modes the integrals have been evaluated by means of an 1105 computer.

I. INTRODUCTION

In the design of paraboloid reflectors the primary objective is
to generate an aperture illumination which will produce a desired radiation
pattern at a certain frequency. However, the illuminating source usually
contains harmonics and unharmonics of the operating frequency. The radi-
ation patterns due to the harmonic and unharmonic frequencies will depend
on the radiation pattern of the feed. Of particular interest here is to deter-
mine the main lobe radiation patterns due to the harmonics, and if these
lobe patterns remain within the radiation pattern of the main beam at the
operating frequency. If this is not the case, a severe interference problem
may result in directions outside the main beam. The most commonly used
reflector feeds are dipoles, or rectangular or circular apertures consisting
of waveguides or horns. A literature survey revealed that only the radiation
pattern oJ a paraboloid reflector fed with a short dipole has been analyzed
directly.

The analysis to follow is concerned with the radiation pattern
produced by the reflector when fed with a plane aperture in the focal plane
of the reflector. It is assumed that the reflector is in the far field of the
feed and there is neglibible reaction of the reflector on the feed. The incident
fields at the reflector are determined from the fields at the feed aperture
by means of the aperture field method. The determination of radiation
fields of the reflector is performed with the assumption that the surface
current density and the fields at each point of the reflector are the same
as they would be if the reflector could be considered locally as a plane con-
ductor. From the surface current density, the radiation fields can be deter-
mied by integration of the radiation of the individual incremental current
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elements. For the paraboloid reflector the fields that would be obtained
using the current distribution method may also be obtained with a good
approximation by projecting the reflected electric field at the reflector
on the aperture of the reflector and using the aperture field nm thod to obtain
the radiation fields. The analysis below uses the latter method.

Based .,n the above, a transformation equation between the
electric field in the feed aperture and the reflected electric field at the
reflector is derived. Specifically the results are applied to a circular feed
aperture and the electric field is expanded in terms of TE circular wave-
guide mode components. The determination of the resultiEW radiation pattern
due to each mode reduces to the evaluation of single integrals. These inte-
grals have been evaluated for a immber of modes with the aid of a computer,
Some of the radiation patterns are shown,

If. ANALYSLS

The far electric field, Ef, of a plane aperture in the coordin-
ates of Figure I is given by'

-E= j (bljrx 1 (l~~]~ (1)
'f 4 "J 4Tr I Xr [('Iz + atir) x ]NJ(I

where

0 =_7r = the free space propagation constant

A = free space wavelength

ot = ratio of the magnetic field to the electric field in the aperture
plane over the same ratio in free space

and

3 = E e j (x' sin yeco + sin sin dx' dy' ()

Aperture

.a = electric field in the aperture.

The reflected field at the paraboloid reflector will be obtained
from (1) by assuming that the reflector is a perfect conductor and that at
every point the incident field is reflected as though a plane wave were inci-
dent on an infinite plane.

At a plane perfect conductor the relationships between the inci-
dent and reflected electric field at the plane is

ni= T + 2 nIE 1 (3)

IE. and Er are the incident or the reflected field respectively, 1 is the unit
no'rmal to the reflecting surface.

Equation (3) is the boundary condition for the electric field at a
plane perfect conductor. It states that total tangential component of the
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electric field in zero and that the normal components of the incident and re-
flected electric field are equal.

From (1) and (3) the surface current at the reflector may also
be determined by assuming that the reflector can be considered as plane.
The relationship between the surface current density and the incident or
reflected electric field is 3

2 2 1lx xlyi)x=Mr) (4)

where

f = free space intrinsic impedance

1 fri, I1r = direction of propagation of the incident or reflected wave.

The radiation fields due to the reflector may be determined
from the surface current distribution by integration or from the reflected
electric field at the aperture of the reflector also by integration.

To determine the reflected field or the surface current it is
necessary to determine the unit normal to the paraboloid surface. The
equation for a paraboloid surface in spherical coordinates is

r -- (5)
I+ Cos•

where f = focal length.

To determine the unit normal to (5) let

0= r 1 - r- - f , 0=0 (6)
17+ cos cosZ

The unit normal is obtained using the definition of the gradient
and is given by

In (7)

Therefore

l-1 tan•_ i

I= + .+ (ir Pn -sin ) (8)-- • tan 2

The normal of interest is with the minus sign.
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Expressing the spherical unit vectors in terms of cylindrical

unit vectors gives

in -I sin -+ 1l coso-. (9)

The reflected field at the reflector will be evaluated using
(1), (3), and (9). To perform the evaluation, let

K= (10)
4 Tr,

and expanding (1) gives

S= Ef = K 1rIN (-l+ 6(1r) -N (-1. I + at()1

From (9) and (11)

+]N lrsin (-1. Ir + )) (12)

with 1 1, sin ,- 1 Cosy (13)

Equation (12) simplifies to

S' K 1IN • sin ý(I + a.cCosI) (14)

Substitatuig (9), (11), (13), and (14) into (3) gives for the reflected field

Ie = -K it- IN siny[(E-Iz+aC(l siny- 1z cos }IN (cosB'+oa)

+ 2(-1 sin-- + 1zc'T) (i,- N) sin; (15)

Simplifying (15) gives

IErK IN (cos y ia() - K I r IN r fE [a( -a - sin2 4(1+a(cos o •,) (16)
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Equation (16) simplifies further to

JE r = KIN (cos J+a() + K 10 IN' 1 (1 - costt4) (1 - a) (17)

where K and IN are given by (10) and (2) respectively.

Equation (17) shows that there are no z components of the
reflected field. This is to be expected since the properties of the paraboloid
reflector are that when excited from the focal point with a point source the
direction of the reflected wave is entirely in the z direction. With the
assumption made that the paraboloid reflector is in the far field of the excita-
tion aperture the incident wave is in the radial direction and hence the exci-
tation is equivalent to a point source. Equation (17) also shows that if the
electric and magnetic field in the excitation aperture are matched to free
space which corresponds to G = I that no cross polarized component is
present since the second term which contains a cross polarized component
vanishes.

Equation (17) together with (4) can be used to determine the
surface current over the aperture. From the surface current the resulting
radiation pattern can be determined by means of the current distribution
method. The far reflected electric field is then obtained from the following
integral 4

E -M - e~ j' ORx(Jxl )a j~rlr1R ds
]rf 4R R3 R IR) rr

Surface of
Paraboloid

=-J9-K /fIR x lLlnx(i.xoEr)] x RJds (18)

Surface of
Paraboloid

However, it has been shown hat nearly the same radiation pattern is obtained
for small 0 by projecting the reflected electric field at the reflector on the
reflector aperture at z and using the aperture field method. The phase of
the electric field over fhe aperture with the above approximations is constant.
Equation (17) may therefore be considered as a means of determining the
transformation of the electric field over the excitation aperture into a
corresponding field over the reflector aperture.

For a circular excitation aperture which may consist of a cir-
cular waveguide or horn, the field in the excitation aperture can be expanded
in terms of transverse components of TE and TM modes. The far field
radiation pattern for each mode is known in closed form. One integration
with respect to the angular coordinate of the reflected electric field over the
reflector aperture can also be performed in closed form. To obtain the far
field radiation pattern of the reflector using either method one more integra-
tion is necessary with respect to the radial coordinate.
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For the rectangular excitation aperture which may consist of a
rectangular waveguide or horn, the electric field in the aperture may also be
expanded in terms of the transverse components of rectangular TE and TM
waveguide modes. The far fields radiation pattern for each mode is also
known in closed form. However, the integration over the reflected field in
the reflector aperture cannot be performed in closed form. Therefore, two
numerical integrations are necessary to determine the far field radiation
pattern. Approximations for the integrals have been attempted but thus far
have not been successful.

In Appendix A the radiation pattern due to a circular feed aper-
ture is treated using the aperture field method and the three integrations are
performed in closed form. The remaining integration has been performed by
means of a computer using the following parameters:

Radius of the circular aperture a = 0. 472 inches
D

Radius of the paraboloid aperture - 1 = 12 inches

Focal length f = 7. 2 inches

Fundamental free space wavelength .)= 1. 31 inches.

The integrals have been evaluated for all the TE modes that
may propagate in a circular waveguide with the above radius a, at the funda-
mental and harmonics up to the fourth harmonic, n = 4, in 1/2 degree
increment in 0, up to 0 - 45 degrees.

Figures 2 through 8 show the far electric fields in the principal
planes. For other modes the fields have a similar characteristic. The
computed results indicate that the major lobes due to the higher order modes
are all contained within the major lobe of the fundamental TE1 1 mode.

III. CONCLUSIONS

1. An equation for the reflected electric field at the paraboloid
reflector has been derived in terms of the electric field at the feed aperture.
The assumptions made were:

a) the feed aperture is located in the focal plane

b) the reflector is in the far field of the feed

c) the reflector can be considered as locally plane,

d) no action of the reflection on the feed.

2. For any feed aperture for which the far field is known, the
radiation due to the reflector reduces to the evaluation of a double integral.
For a circular feed aperture the electric field in the aperture can be expanded
in terms of the transverse TE and TM mode component. The radiation
pattern due to the reflector reduces to the evaluation of single integrals, since
one integration can be performed in closed form.
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3. The evaluation of the integrals for a circular feed aperture
has been performed by means of a 1105 computer. The radiation pattern
obtained up to the fourth harmonics indicate t0-at all the major lobes due to
higher order modes are contained within the main lobe for the fundamental
frequency.
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APPENDIX A

According to Equation (17) of the text the main part of the reflected

field at the reflector is

E N (cos y+ot) (17)
r r

where IN according to (2) is

IN= i eej (x' sinycoM + y' sinissin ) dx' dy' (2)

Aperture

The electric figld for TE modes in a circular waveguide in rectangular
coordinates is

jWjAk m
Ex 2 [ m1  n •) sin (m-1)?+ Jm+ InT) sin (m+l JA-1

SMm,n co

Ey 2 1 m-1 (k mn) cos (m-'l)T- Jm+l(km,ný) cos (m+1)071
y 2 m-1'~n~'(A-2)

where

J = a Bessel function of order m and k is obtained from the
m conditional equation m, n

J'm (km, na) = 0 (A-3)

The resulting radiation pattern due to Uhe reflected field using the
aperture field method will require the evaluation of terms similar to (2),

namely

I -Pe-j j2f zTr D/Z (cos Yf+*) j15 cos f• Sin d(

r 47r f r
0 0 (A-4)
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where

D = diameter of the reflector and r, I*are related to by the
equation for the reflector as will be shown belol.

With IN given by (2) four integrations will be required. Three
integrations can be performed in closed form. These integrations after sub-
stituting (2) into (A-4) and expressing the rectangular coordinates in terms of
circular coordiates are

f f E a 8j (bsin 9 cos (I~ +~ +q sin y/cos (f d -d d

0 0 0 (A-5)

The x component of (A-5) is obtained by substituting (A-1) and is

j_ _mn a__r 2rr ejb"'ing cos +.'-,)f, sintrcos -,

0 0 0

(JmIl(km, nI') sin (m-l) + Jm+! k mnf')sin (m+l)?Jr dft df d 7
(A-6)

To perform the integration with respect to Iuse is made of the expansion

eJ• s•-•'Jo siny + jn . n € ' sin7 ) cos
nil (A-7)

Substituting (A-7) into (A-6) and using the orthogonality properties of the
trigonometric functions gives

a ZW
JTrjWOkrm, n z(m+i); ejisr. sin 0 Cos (-:)

I x 2 2j f e f m + 1) )(k m, n f ')Jrn+ l J'Edr)

0 0

sin (m+1)j - 3 ml (krn, rn-m (ISr' sin" sin (m-1).j' d f' df

(A-8)
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Integrating (A-8) with respect tot using (A-7) gives

a

0

+ Jm-il0T sin 9) Jm znI(IS "' sin" m-lkmn j k ) sin (m-l)I#d I

(A-9)

Next the integration with respect to .' may be performed using the Lomnmel
integral relationship for Bessel functions, namely

x

S~ rni (OW mi(Px) x d x~ [Pm+i(4x) im(ex) - di (Dtx) Jm+lýPX)j

(A-10)

x i (q~j1 (P) xdx [(3 J mOtxI Jm (Px) Jm i X) Jm(Px)J

0

(A-l i)

Substituting (A- 10) and (A-i l) into (A-9) and combiring terms gives

?n2 k naj(m+3)
=km , n J k a

x 13 Zsin - k2 nJm+l m+ ( nl n(m )
le m, n

- JiM-1(Pa sin. J rn 1(r6sin 9) sin (m-i)

- ýsin J(Pasin% i £$+l(krn na) Jm+(Pfsin 9) sin (m+l)•

-J (k a) J $3f sin g) sin (rn-i) 96 (A-12)
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Using the recurrence relation for Bessel functions

J, (x)= n j (x) + (X= n J X- (x) Vl(X) J M
n (x n+ 1 Z n-i n+1I

(A-13)

together with (A-3) simplifies (A-1Z) to

(,,JmCla sinM
1 2 172*ai k aj (Z+3 (k a)f~(a5nI J+ 1 sin 9) sin (in~l)

x ,n i mn L na&,

With the recurrence relation (A-I2), (A-14) may also be expressed as

k mJ (a sin

I =41T'Zi44.4km naj(+3J (km na t I. (3' i 0)

X-sin 0) sin (m-1 , (+ Ia sinmtk sin ) o s i

skn sinG)

+ m-1(~fsn Qsni (m- 1).~ 01 A 4

( P a n , .in" nn

- kin _ km n sin cos in ) sin -15)

m 3n

2~ ~ ~ sin 2-



I
I can be evaluated by analogy to the evaluation of I and the analogousy x
equation to (A-14) is

2 .(krn+3 a) nJn(a sinty Im+I(4fsin 0) (n+l)AI '.201• W1 k haj -- ' a J+U si0)cos (n1

yi, mmin, na

+ ((T sin 0) cos (m-1)0 inn in fýs ) cos (m+)

mm, n

- Jm-i (Of sin g) cos (m-l) •j (A-16)

With the recurrence relation4A-13), (A-16) maybe expressed as

(2m+3)m 2 J(~a sin?4 J (€f sin 0)

IY = 4 pa 4 k am, naj (2m+3)J (km, na)t r( n " naLr sin )

s ink ,n nn.. nin k m, n sna sin 0

k mJ' (Pa sin*1 J'( (fs 0)

m rn .n 2 .. CoB m m(cos 1
sin 

- kn)in

+ [ in(Pa sint4 J (3 ai 0)
Psint'kmna

km, n m J asn5 i (Pf sin ) sin m#i, (A- 17)

(( i.2 fV - k,- )(ýsin 0
-m, 4
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I
Substituting (A-15) and (A-17) into (A-5) then into (A-4) gives

Jfe-hf r/(

0 (A- 18)

The relationship between y, i, and r using (5) is

=- Zf
sinyd 1 I cos

Solving for sin s'in terms of gives

sin•- 1 + (A- 19)

and

Cos ( A-Z0)

A comparison of (A-15) and (A-17) shows that I has similar terms to I and
therefore only the integrals inside the bracketsXof (A- 15) need to be evaluated.
I may be obtained by multiplication of the term inside the brackets by the
AXoper trigonometric functions. A E mpler form for the far electric field
is obtained in terms of spherical coordinates. Using (1) the electric field is:

E = P R (I + cos 0) LI (Nrx cos#+ N sine)
rf 41rR 0 x ry 4,

-I# (Nrx sin#- Nry cos0)J (A-21)

where N and N are the x and y component of IN . Due to the similarity
of term W and &Y (A-al) simplifies to r

rx ry

Efr = Km (1 + cos 0) 1i D1 sin m + ID2 cos m 40 (A-ZZ)
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t
where

D, ~ D/Z J M#asine J' sin )

I 1 C (syik0a
0

k m,( i n) , a • do (A-23

•f sin O 9 
2 s 2  k 2m n) m ( sk r 0

D/Z mz j (ia sin" Jm 13s 0)D [ m
D S = Z sinyk a sin 0

0 m, n

kmn rn (•a injI (( sy4J s d (A-24)

- z 2 z r

and

e -j PR+f) • ) -m , n a J (km, na) (A-25)

n 1(417) R m m

Equations (A-Z3) and (A-24) have been evaluated by means of an

1105 computer for( = I and the parameters given in the text.
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f
ESTIMATES OF THE RADIATION IN THE
SHADOW REGION OF APERTURE ANTENNAS

H. N. Kritikos
The Moore School of Electrical Engineering

University of Pennsylvania
Philadelphia, Pa.

Abstract. - This paper gives estimates of the shadow region radiation of
circular aperture antennas. The approach was based on the concepts of
microwave optics which is valid for cases where the wavelength is small as
compared to the dimensions of the system. This approach directly implies
that the shadow region radiation is determined only by the type of primary
illumination and by the shape of the boundary of aperture. For the special
case of a circular aperture illuminated by Huygens' sources, it was found
that, to a first order approximation, the shadow region field depended on
the field present immediately next to the aperture. It was also concluded
that the minimum back radiation is achieved by a primary illumination which
tapers to zero at the boundary with the smoothest possible rate.

I. INTRODUCTION

With the recent developments in the reduction of the internal noise
levels of microwave receivers, the antennas became one of the important factors
which limit the sensitivity of receiving, systems. An evaluation of the
performance of a receiving antenna requires the knowledge of the field pattern
not only in the direction of the main beam but in all directions including
that of the shadow region.

For the case of aperture antennas, generally the field pattern is
well k4nown in the front direction. However, limited information is available
for the pattern in the back direction or shadow region. This lack of readily
available information motivated the undertaking of this work. For apertures
with an axial symmetry, a theoretical study of the field radiation pattern
in the shadow region has been made. Because of the special nature of this
problem from the many possible approaches available for the solution it was
decided to choose the one which offered the -reatest pos,:ible simplicity and
flexibility. This anproach is essentially based on Kirchoff's approximation
and is valid only for cases where the wavelength is small as compared with
the physical dimensions of the system.

By using the asymptotic behavior of the integrals involved in the
formulation of the oroblem it was possible to reduce the results to a
simple form and thus avoid! the typical lenfgthy calculations which occur in
diffraction problems.

The main conclusions of this work are the following: The field found
in the back direction of the axis of revolution of the aperture is always a
maximum, an,! is directly proportional to the field found in the edges of the
aperture. rTe field in the edges is :-iependent on the type of ape~rture
illumination. For uniform. illumination the fiel, at the edges is directly
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proportional to the field present in the aperture. For tapered illuminations
the field is directly proportional to the rate at which illumination distri-
bution goes to zero at the edges.

It is believed that the obtained results are conservative estimates
and that in actual practice other factors such as secondary reflection,
etc., will introduce signals which may be larger than those estimated. The
value of the above results, however, lies in the fact that they give not
only a picture of the mechanism through which the radiation takes place
in the shadow region but also, because of their simple forms they provide
one with means by which trends can be easily seen and utilized.

Ile M4ETHODS OF CALCULATING THE FIELD PATTER4S OF APERTURE ANTENNAS

The most general approach to the problem of determining the
radiation pattern of aperture antennas is that based on the formalism of

diffraction theory. '"9 This type of formulation requires the solution
of either a partial differential equation with the appropriate boundary value
conditions or an integral equation. Unfortunately, the problems which are
of interest to us do not belong to the limited class for which exact
solutions are available. This implies that either numerical solutions or
some approximations have to be used in order to arrive at a final answer.
Numerical solutions are always possible but they are cumbersome and usually
require the use of a computer. This restricts their usefulness only in
cases where one is interested in very accurate solutions and is willing to
invest the time needed for programming. In our case the nature of the
problem is such that a very detailed determination of the field does not
have a practical significance because of the many other factors (such as
structural imperfections, reflecting objects, etc.) which in practice can
introduce serious deviations from what one might expect from theory, It
seems, therofore, that some approximatior. has to be used in order to bring
the final results to a usable Lurm. befoure u.lg, iU.tW the wethod develuped
in this work a brief discussion of the work already existing in this area
will bog iven below:

For the case of a feed illuminating a metallic reflector having
the shape of a spherical shell, the feed-reflector interaction has been
formulated in terms of an integral equation, which was approximately
solved by utilizing the properties of integrals with rapidly oscillating
kernels. 7 This approach is of considerable theoretical importance
because it is based on an exact formulation and it opens the road to the
determination of the induced currents on the reflector. A limitation of
this method is that it presents the final result as the difference of two
quantities, the incident field and the scattered field. The incident
field is a quantity which is known, however, the scattered field is only
approximately known. Small errors in the scattered field can result in
large percentage errors in the total field. This method therefore has to
be used with some caution especially in cases where the field in the
shadow region is several orders of magnitude below the incident field.
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Another series of approximations can be secured by simply assuming
a solution in such a way that it is consistent with our intuition and our
experiences 1,910 The shortcoming of these methods is that they do not

allow for higher order corrections in an obvious manner, the great
advantage is, however, their great flexibility. In a number of cases
the final result can be presented in such a form that theoretical trends
can be immediately seen thus having an extremely high practical use.
These approximations are valid for oases where the wavelength is small as
compared to the physical dimensions of the system and in general have
been very successful for calculating the field pattern in the front
direction. Following these approximations the most coesoonly encountered
methods for finding field patterns of aperture antennas are:

First, the induced current method, where the current distribution
in the reflector is assumed to have a given form and from these induced
currents the field pattern is determined.

Second, the aperture method where the field in the aperture is
assumed to have a given distribution then using Huygens' principle the
field is found for regions lying in front of the aperture. The above
two methods given the field only in the front direction. An attempt has
been made to extend the induced current method 11 in the back direction.
The final result appears, as in the first discussed case, as the differ.
ence of two quantities, the 1icldent field and the scattered field. The
scattered field is a quantity which was only assumed, therefore, any small
error in the assumption can appear as a large percentage error in the
difference.

Another possible approach which was investigated was the treat-
ment of the diffraction proble* with the aid of the recently developed
concepts of diffraction rays. 0  It was found that this approach, although
it possesses considerable merit it was not easily adaptable to the problem
in hand, especially in cases where the primary illumination of sperture
tapers to zero at the edges.

The limitations of the above mentioned techniques and the moti-
vation to arrive at simple, flexible and useful solutions led the author
to seek a new solution which is basically an extension of the aperture
method. This solution does not present the final result as the difference
of two quantities and thus it is free from limitations of the methods
available at present. This method is valid only for cases where the
wavelength is small as compared to the physical dimensions of the reflector
and is based on Kirchoff's approximation. For this reason a brief discussicn
of Kirchoff's approximation follows.

III. KOTTLER'S IUTLWALS AND KIRCHOFF'S APPROXIMATION

Kirchoff's approximation is based in Huygens' Fresnel form-
ulation of scalar diffraction problems or Kottler's formulation of
electromagnetic diffraction problems. Huygens' Fresnel principle enables
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one to determine the field at some point enclosed by arbitrarily chosen
surfaces provided one knows the electric and magnetic field in the sir-
face and the sources enclosed by the surface.

For the special case where one has an observation point, a
source and an object which obstructs the source, Kirchoff's approximation
takes the following form. See Figure I.

A closed surface is constructed around the observation point
composed by two open surfaces So and 5i1 Surface So is one of the sides
of the obstructing object. The contribuion of this surface to the field
at the observation point is sero.

Surface Sl is an arbitrarily chosen surface. Normally it is
chosen in such a way that it is possible to make a good approximation
for the field at the surface. The usual approximation being to assume
that the field in the surface is the incident field.

This is just a very brief statement of the aspects of the
Kirchoff's approximation which are of iemediate interest to us. Extensive

discussions are available in the literature. 1,2,9,10

The Kirohoff approximation is only valid for cases where the
wavelength is small as compared to the physical dimensions of the system.
In the past it has been extremely successful for providing approximate
solutions to diffraction problem. The main limitation is the fact that
corrections for obtaining more precise results cannot be done in an
obvious manner. This leaves its use with some degree of uncertainty,
however for a large number of problems it is absolutely the best method
to use because other alternatives are so complex and inflexible that
their use is not justified by the circumstances.

Having made the Kirchoff approximation one can proceed to
determine the field at a point by using the familiar Kottler integrals. 9,10

One has then,

FA

3E 1 - y FX-C dY-- H dL (1)

The H component

- If [H~) 7V 1 r;

A -ftr

- ~ ~ ~ lip-z 'E ¶r.ad. H=Iwd/ (2)

-I'frA G
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where • is the tangent to boundary of the surface and n is the normal

k--k

where X is the wavelength and R is the distance from the observation point
to the element of integration*

Letting Up be any component of E or H field one has for the
far field,

Up U eT ik- + g) .'+ik -n.*- dS (3)

for ik,* • this reduces

U -ikE .R*

Up - f u (n.R + n.s) dS (W)

where n is the normal to the surface of integration and a is the normal
to the wave front.

Another approximation can be constructed by examining the
radiation properties of a plane wave element. It can be shown that the
radiation field of a plane wave surface element gives the following

field. 90

't 1k (l +coa e) 0080 Eo (5)

"4 ike.JkR
00E¢m • (l +oos 8) sin E0 (6)

where R, 0, 0.are the spherical coordinates and E0 is the amplitude of
the element.

These are the formulas on which the subsequent discussion will
be based.
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IV. ASYMPTOTIC EVALIATION OF INTEGRALS OF THE FORM

a. ZI- eikx g(x) dx
a

b. Z2 aikf(x) g(x) dx

In the statement of the Kirohoff approximation the fields were
given in an integral form. It is often the case that these integrals
cannot be evaluated easily. In a number of -ases it is possible by
taking into advantage the geometry of the situation to expand the integrand
into a series of eigenfunction which can be integrated separately. The
difficulty, however, with this approach is that for large values of k this
type of series converges very slowly. In tis section a series expansion of
the above integrals will be given in power of (1) so that for large k the
first term gives a good approximation.

These types of expansion have been already reported in the literature 506

with a sufficient degree of generality. In this work only a simple form
suited well for our application will be discussed.

b
Case a. Integrals of the form Z1 f e g(x) dx

a

Let us integrate this integral by partas

e 0ikx g(x) b b eikx g

k S = g'(x) dx

Ia a

Again interrating by parts one hai,

al e ei

"e g(x)( k) 1 a g"(x) dx

Continuing this process the following series are obtained,

z e~k _"(x)(7

n-l (ik)n"l
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If the function d(x) is a smoothly varying function then clearly
for large k the first few terms are sufficient to give a good estimate of
the function ZJ. b

Case b. Integral of the form Z2 -e fekf(x)

a
Method of Stationary Phase.

If the functioning f(x) has a stationary point within the region

of integration and if k is large and the function is of bounded
variation then the following approximation is vali.' Let x the point
f'(x) - 0 x - x 0 . For fm(xo)>•O0

J(xo)
Z (k lg kf(%o)",i + (8)

For f"(xo)<
g(xo) f2Yl k (o

More detailed discussion of this expansion can be found in the literature. 5

V. TIH SHADOW R:QfION FIE.LD PATTFiXN OF A CIRCULAR APERTURE

In the previous section all the background material necessary
for the determination of the shadow region field radiation has been pre-
sented. In this section this background material will be integrated and
estimates of the field pattern and its order of magnitude will be given.

The special case which will be examined is that of circular
aperture having a given field distribution in the vicinity of the edges.
As it will be seen later in this section the distribution of the field at
the edges is all that is necessary for the determination of the shadow
region pattern. The field at the edges may arise from either direct
radiation of a feed illuminating a parabolic reflector# or# in the case
where the primary radiation goes to zero at the edges, from secondary
radiation and reflections. As far as this section is concerned the origin
of the field at the edges is not important as long as its form is known.

As it was mentioned previously, the problems examined in this
study are only limited for cases where the wavelength is small as com-
pared to the dimensions of the system. This allows one to view the situation
from a physical optics or more properly from a microwave optics point of
view. The immediate conclusions that or~e can draw is that the diffraction
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mechanism has a local character i.e., it is the shape of the boundary
separating the illumination from shadow region which determines the
diffraction pattern (see Figure II) and not the general shape of the
object. One can also predict that for all practical purposes for circular
reflectors the field will drop sharply in the sides but then an interference
pattern will appear having always a maximum in the vicinity of the axis of
revolution of the reflector. The magnitude at the field maximum lying
in axis of the order of magnitude of source. This was actually one of
the main conclusions of Fresnel when he demonstrated the wave nature of
light by placing a point source in front of a sphere and observing that
there is a maximum of light intensity in the direction of the line joining
the center of the sphere and source..5

The specific case which is examined is that where the field in
the plane of the aperture has the following general shape:

Ez -1 ' r)f(r) cos 0e Eo IHI.-.E (10)

where z is a cartesian coordinate.

r and 0 are spherical coordinates as shown in Figure II

Following an approach based on Kirchoff's approximation the
observation point P is enclosed by three surface SO# 3D S2. Surface
So is the back of the reflector, surface S1 is the infinite plane of the
aperture minus the area of the aperture, and surface S2 is the infinite
semisphere. The contribution of surfaces S and S2 is assumed to be
zero while the contribution of the surface 21 can be obtained by using
Kottler's integrals.

For convenience the expression giving the electric field is
rewritten below:

36 -pJ, k0 -ikR
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f
Let the first integral be

1fnR) dS (12)

the second $

R - ('r*H) A(13)

and the third#

I ~~(E x -o)d

•Ar

For the first integral one has

n.s - 0
-W ."n.R a s.R w coo 0

It was pointed out previously that most of the contribution to
this type of inteeral comes from points lying close to the boundary. Con-
sequently certain approximations involving the distance R which are valid
in the vicinity of the rim of the reflector are made below. Thus one has
the typical far field approximation,

IR RO- r coo a a R0 - r sin 0 cos (o - 0') ; coo a - sin 0 coo (0 - 01)

For the R appearing in the denominator it is sufficient to let R - R0.

Substituting these quantities to the first integral and
noticing that dS - r dr do

ik r C T e 'ikRo + ikr sin 0 co (o . 0') "L i c -••oos 0 r do dr ( 5

0 p
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But T u Es + E therefore from equation 10, one has,

2w•

ia ie R00 (zco0O i o) s. -kr -ikr sin 0 coorn 0)~rrrf

o p (16)

By retaining only the first team of the series given by equation 7 the first
integration with respeot to the variable r can be performed approximately.
In this case only the lower limit contributes to the Integral because
the field at the upper limit goes to zero. The result is

i*•• e'IkRO f(p) or e (- 0-ikr sin 0 cor (0o-')
3Ll (P) 08 a 0 sin ) * sin 0 coos (0-0) d0+0(f)

0 (17)

Notice that the incident field in the surface of integration has the form

-41 -_1- 2 -.40"ET -soosof(r) +Tsin of(r)-(-cos -xsin 0.,yuinocoo)f(r)

a (_Z corn 0 - 30(l oo02 0) + -I' ain 0 coon 0 f (r) (18)

Only Ex gives a contribution to the integrsl, Es and Ey give sero. Let us
nov consider small values of th- angle 0 therefore the following approximations
can be made cos OwI, sin 0 ';0 in all places except at the expression appear-
ing at the exponent. The integral is then,

2w
1 ' O -0, ik sin 0 corn (o-o)

11 " • R Pf(P) Xe a (1- coo 2 o) do (19)

0

or

ax"1 (o F (ko sin 0) - 1 e-
6

ik p sin 0 cos 0

x S,
--'

(coo 2 0 coo 2 o' - s.in 2 o sin 2 ov) do] (20)
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Using the exprehsion in (X) f- *± oo do

0

and also the relation jn(x) . (.,)n (X) one obtains

Ii -'~�S •( (%°) p(p) sn(kp sn ) + con 2 0'72 (kp sin - (21)

where J and J are Bessel functions of mero and second order. Let us
considei the sahond integral. Notice that

Alsow k

Substituting these in 11 one has

2u

1 0 J E O-i d (22)
0

Making the same far field approximationa as before one has

2wR 1 :Ipf k; kan0os(-'
12 1 f (p) esne con (0-) p do 0 (23)

0

For the third integral one has

E¢ x 'T 0

E x -rT E IE
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Similarly one oan show that,

2w

.ik0

As it was expected the two last integrals vanish leaving no

longitudinal components present.

The final result therefore is given by equation 20.

This is a very useful result because it gives the radiation pattern
for small angles in the shadow region without having to know exactly the
form of the field in the edges of the reflector. Notice that the pattern
above has a peak in the axis of the reflector as it was expected from optios.

The field in the axis is

E(axis) - -f(P) (25)

The power flow at any point can be determined with the aid of the Poynting
vector which is

S F % R(I'x I) (26)

Assuming that the far field behaves like a plane wave, one has,

E0 HH0

Then equation 26 becomes

P 2 f2(P)o 1/2

R 7 -(27)
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The power flow per unit stereo angle in

1/2

P . R2S u 1. p2f2 (P) 2~(~ (28)

Th-e is one of the main results of this development because the
maximum in the direction of the axis is of great interest. The field
arrives at this direction in phase from the edges thus making it the
maximum which will stand out from all the maxima of the interference
pattern.

VI. ESTDIATES OF THE SIrE AND SHADOW RFGION RADIATICK OF
A CIREULAR APERTURE WITH A UNIFORM ILLUMINATION

For cases where the primary illumination is zoro to first order
in the edges of the reflector a methed is required which can give estimates
of the field present there from secondary reflections. In order to obtain
these estimates the following approximation is made. The field in the plane
of the aperture is assumed to be a plane wave, and then using Kiroheff' s
integration methods the field in the plane of the aperture is determined.

This is a highly idealized method and in actual practice one
would expect that deviations from these assumptions will alter the results.
Hbwever, one might argue that because of the fact that side radiation is
some orders of magnitude below the primary pattern and because there are
so many other non-controllable factors (such as reflectors from the
supporting posts, structural imperfections, reflections from the grounds
etc.,) an exact theoretical calculation is of very little practical use.

For this reason this highly idealized situation will be pursued
here, with the understanding that it provides estimates which are con-
servative and that, in actual practice, larger values of field intensity
which are predicted here, are likely to be encountered.

From equations 1 and 4,, one has

E(P) FAR (ik)(ri.R) + in.s) dS 7E

A J

+R k eik H~) Ci
rA

This equation gives the contribution only of the radiation fields; static
and induction fields are neglected. *becalse they do not contribute to the
far field. For the evaluation of the above integrals one observes that:
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n.R v 0

n~e * 1
-W -E mne eea

-r.H COB 008-..

This integral will be evaluated for two oases. a For points

lying in the far field and;:b - For points lying in the rim of the reflector.

Case.. a For the first *aset one has, (see Figure II)

12

T~(pI) - ET-k372 - J -i

rA

r -ikRl

irV o 00 P 0do (29)

or integrating the first integral with respect to the variable Rt approxi..
matelys

((P)"T - e-"a~2) dPf - O(d. Y2 AiR 00 POd (30)

These integrals will. be evaluated now with the method of the stationary
phase. For the first Integral let

Ri,2 (y) -RO 00T ;71p2  2 O2T (31)
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The first derivative is

(R uixl t. '4 si FPL /2-- . (32)

The stationary point is at

Ri,2 (j. 0) - 0

The seoond derivative is

R; s 2 2 (33)

2

R1, 2 ( ( 0). R0 o Rio2 (3h)

~~0 2,o - +_p-

Also LiR 0, (35)

and Rls 2(- 0) - p (36)

For the second integral one has

R(0) - pR 2 - 2p% o8 (0-) (37)
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. p2  -0 sinz RI(u-', o'u+,) 0 0 (38)

(r-+p-o p cs(00)'

RR'(' -2p '" (Iii0"

Also Lim R(,o,, 01+.0 , - p (42)RI
and R(O-,l, *'.u) a R (43)

Sinoe in the line integrals there are two Ntationary points the contribution
of both Vill be taken into acoount. Using equation 8 the final result as

or"
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Therefore

ik E(P') 0 (0 $in of - a oos g) E0 p r a sin (W - kP) WIs)

Observe that as it was expected no longitudinal components exist
in the far field.

Case bi The radiation field In the rim of the reflector and the shadow
region field.

For this case a slightly different approach will be used. The
field at the edges of the reflector will be taken to be the mm of the
individual contributions of each of the surface elements which form the
total area of the apertures Since eventually the results of this develop.
ment eventually will be used for the determination of the far field in the
back direction only the radiation fields of the plane wave area elements
will be considered* Using equation 5 where B a one has for the field

0

The second In'tegral because of it. radial como~nent does not contribute
to the shadow region radiation and for this reason its evaluation wl
be omitted.

a Ft r pointslinginthe edgesR 2  72poos ,R 1 -O, 92u"

Equation one has +

Of

The seon inega (because of it rauinl o)(oeik does no 0contribute

0
In this case r ad ton andfo the stationary point occursa ai

before, forpon 0. Also i the e nd for - 0p ; # a 0 1, W2
With equation 8 this reduces to

Ee( (PI '()soo 0o +,+,- 7sin (elw)e'ik20-• ( sI+ 0 si,) (h0)

cP (r, oos (0 Ya) 23 7z co 0- 0 si 01 (5)
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or for large kp

Ee(P') -00 -l an 0• 1*T,•, (51)

This expression gives the field at the edges of the reflector.
However, in order to have the results of the previous section apply here
one has to show that in the immediate vicinity of the edge of the field
behaves as f(r)e'ikr.

Let us consider an observation point close to the rim. The
field in this point is given by equation h8. Integrating the equation
with the aid of equation 7 and omitting the second integral one has

Ee(P') j 0oos 0 s o) (*-ikR2 -. 'idl) dY (52)

In this case R2 a, osq 008P *F2 - Rý sin2  (53)

Since the observation point is close to the rim the edge to a
first approximation can be taken as an infinite straight line.

Quantity Rl therefore can be approximated

Rod Rp M~1)

The first ter•n of the sun of the exponentials can be evaluated
as before the second part also cm be evaluated by the sathod of stationary
phase by noting that stationary phase occurs for 0 0. The final result
ist

E(P' .~co 0 *~oi e)/~ iIC(R +P)-it f2f _11(RO-P)4it) (S

This is of the form of (s cos 0 + 0 sin 0)f(R) e iwhere the Lin
of (R) f(p) from equation 51 can be see to be

f(p) - (56)
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For this ca"e it will be intruative to determlne the front to
back ratio.

The total power going through the aperture is

2 1 0. 7)

PT 10 AS P R(Ex (57

For a plane wave one has E o

and ftHO

The above expression beaomes

a 2.1 2 a 1/2 (8

PT V: (58)

The power flow per unit stereo angle in the axis of the shadow region
from equation 56 and 28 is

1 p2 E2~9

If one define the baok lobe gain Gb s folloUs

where ? is the total power transmitter by the aperture then,

I~v~~ 2 ~2
oa 0.- 

(61)Gb

Y0

The front, gain of aperture with uniform illumdnation Is

lm A h2 2 2 (k)2 (62)
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The front to back ratio iu

P f ./ G .( ) 2 16 (63)

Fb 'b/hiw rb

This is the final result of this section.

VII, SIDE RADIATION OF APERTURE WITH TAPERED ILLUMINATION

In most oases the aperture is not uniformly illuminated but
the illizination tapers to zero in the edges of the reflector.

The side radiation can still be evaluated by using Equation 5.
The line integrals are of coursee equal to szeo.

The field for a general distribution ZO g(r) at the observation
point P' (p,, 01) is

R 2 f

E E0 f "ý A-ilcR
'(PI) u2( os 0 - P sin EoikR g(r) dR dW (6h)

R0

or integrating approximately with respect to R
a R 2

E ir Eo

E,(P')Or.-j• 2 ('2 o. o- sin o)e. g(r) dy'. 0E (So. o-Z.sin o)

o RR

0-ikR d''1
ei- + o(ý) (65)

The first term gives zero while the second term can be evaluated
an before (see equation h9) to give

E W) 0i [Czcos (ol~v)- 08sin (o01.u)) 2J2W e-iC 2 p-ilT L&r

- (z os 010 - sin 01) (66)
k 378 0
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For large kp this gives

Ea(P. ) - d i ) (s cosn 01 sin 01 ) (67)

The conclusion is therefore that the field in the edges is

directly proportional to the derivative of the illumination distribution
function in the edges.

Comparing this with the assumed form of the fields in the edge
(eq. 10) It con be shown that

f(P) d O (68)

noting that L&U

7 -r

1•, 0

The power flow in the back is then

Ib d4E2 g K2 p2  (6?128k 0

Notioe that this differs from equation 59 by the factor k2. Thi
mans that for high frequencies the leakage in back becomes smaller while
for a uniform illumination this was a constant.

VIII. DISCUSSION OF RESULTS

The approach and the final form of the results of this work
were such that no involved solutions and computations were necessary.
This satisfied one of the main objectives of this study i.e., simplicity
and flexibility. As it was discussed previously a number of variables
which cannot be properly accounted (such as secondary reflection, etc.)
are capable of producing stray signa23s such that the field pattern, which
nonrUy exists there, may be substantially altered. It seem therefore
that only an approximate but simple and flexible approach as compared to a
precise but involved and lengthy method can be justified by the special
circumstances of this problem.
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Since# in this study, only oases for which the wavelength is
small as compared with the pbysical dimensions of the system are considered#
then the behavior of the field in the shadow region can be better understood,
at least qualitatively, from similar problem in optics. For the case where
a source illuminates an obstacle one generally expects the following
behavior. To a first order approximation, the field in the illuinnation
region is equal to the incident field. In the illuminated to shadow
boundary the field normally drops in a manner similar to a Fresnel
infinite straight edge diffraction pattern. As one moves deeper into the
shadow region contributions from the illuminated shadow boundary of the
obstacle come into the picture thus creating an interference pattern.
Experience with this type of problem in optics shows that the interference
pattern is mainly determined by the shape of the illuminated shadow region
boundary of the obstacle. The results of this study, for the special case
which was considered, have also shown that the pattern in the shadow region
Is primarily determined by the field present in the edges of the reflector.

The special case which was examined here was that of a circular
aperture with the general type of field piesent in the edges which one
would expect arising from a collection of Mugens' sources located in the
plane of the aperture. Becq1Lee of the fact that the radiation arrives in
phase at points lying in the far field in the direction of the axis of the
reflector, the field there always has its maxdmuz intensity.

It was found that the power per unit stereo angle radiated in
the direction of the axis of the reflector apart from a correction factor
is of the order of magnitude of the field present in the edges of the
reflector. For small angles from the axis of the reflector the field
pattern also was determined. Figure IMI shown a typical field pattern.
The reason why the patterns for 0 - 0 and 0 a y differ is the polarization
of the incident radiation.

In determining the shadow region radiation only the general form
of the field was necessary to be known in the edges with the only
restriction that it was originally generated by some distribution of
Huygens' sources. In order to evaluate the effect of the aperture
illumination to the shadow region radiation, estimates were made for the
radiation found in the edges arising from different types of illumination.
For the case of a uniform illumination it was found that the field in the
edges apart from a correction factor is of the same order of magnitude,
as the field present in the aperture.

For the cases where the illumination tapers to sero in the
edges, an already known fact was directly shown here, i.e., that the
field in the edges to first order is sere. However, a second order approxi.
mation shows that it is directly proportional to the rate at which the
illumination goes to sere at the edges and to the wavelength. One of the
conclusions therefore is that the minimum shadow region radiation is
obtained with a tapered illumination having the smoothest possible trans.
ition to "ero in the edges.
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[
One of the limitations of the approach which was pursued here

i,e., the Kirchoff approximition, in that estimates of its accuracy can-
not be made in an obvious and convenient manner. It is well known, how-
ever, that careful applications of Kirchoff's approximation have been
very successful in a large number of similar problem$. For the particular
problem examined here the estimates given in this work are believed to be
conservative. In actual practice it is expected that other factors (such
as secondary reflection, etc.) will tend to create field intensities
which will be higher than what is predicted here.

The methods which have been used in this work and particularly
the asymptotic evaluation of the integrals form a powerful tool which has
potential applications to a number of other problem. For example esti-
mates of the back radiation of apertures with a boundary of other shape
than circular can conceivably be given by using these methods. Also for
other diffraction problems where it is advantageous to sacrifice extreme
preoision for considerable saving of effort and time this approach can be
of great value.
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WIDE BAND NOISE INTERFERENCE
IN TIB HF SPECTRUM

W. H. Gossard, Department of Defense
N. C. Gerson, Vice Chairman, Arctic Committee, USNC for the IGY

C. L. Gandy, Department of Defense

Abstract. - The high frequency radio spectrum is permeated by wide band

noise phenomena which goes unnoticed by many radio noise measuring

techniques. As a result of exploration into broad band communication

systems, the incidence and characteristics of three of the most common

wide band interference phenomena were studied and certain measurements

of their characteristics have been made. The three noise sources are

lightning discharges, automotive ignition and broad band sweepers. The

latter type of interference was studied in some detail and the results

of a world-wide spectrum sampling effort is reported. Several different

display techniques were used. Initial problems of interpretation of

these records are of more interest in form than in fact as showm by the

interesting wood grain patterns obtained.

The significance of wide band noise on both narrow band and

wide band data systems is discussed.

I. INTRODUCTION

This paper presents for those who are not familiar with wide

band spectrum work in the high frequency radio region, some new insight

into the phenomena of certain wide band spectrum noises. Investigations

of wide band noise are a natural outgrowth of the argument and the

necessity for utilizing all of the available spectrum. One side of the

argument favors spread spectrmn communication techniques. Systems using

such technology are being developed and tested experimentally.

II. BASIC DISCUSSION

Interest in the characteristics of the noise environment in

which such systems must operate is a natural follov; on. It is not the

desire here to discuss S/N relationships in wide band and narrow band
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cases, but rather to discuss some of the differences in the noise

problems of the two cases.

Noise is considered in this paper as related to the wide band

studies to be any energy within the received bandwidth which did not

originate as transmitted signal energy. In other words, any distortions

of the signal energy spectral components are considered a transmission

path or receiver circuit characteristics and are not considered as noise.

This leaves basically three sources of noise to consider; Gaussian noise,

interfering narrow band noise, and wide band noise.

Wide band h-f communication technology often implies the use

of short duration signal elements requiring wide spectra in the order of

hundreds of kilocycles for their transmission. The signal energy in any

narrow band of frequencies within this spread spectrum is very low -

which is true also for the white noise energy in the restricted band.

However, the total signal energy in the wide band spectrum is cor-

relatable, whereas the noise energy is not. Since Gaussian noise is

the property of the world's statisticians, I can leave that noise in

nWr presentation here. In the narrow band signaling situation wide band

impulsive interference provides only a small amount of the total noise

energy due to the narrow bandwidths used in narrow band receiving

systems.

Although the narrow band signaling noise is not of much

concern in the results of our investigations, some discussion of their

effect on wide band spread spectrum communication is in order. The

narrow band interfering noise spectral energy (QM) very heavily masks

certain energy components of the wide band signal. However, unless

the spread spectrum was really clobbered with narrow band, high powered

interference sources only a minor number of the total spectral

components would be affected.

The main purpose of the investigation of wiide band spectral

noise on which this paper is based was to determine the extent and

characteristics of the third noise source, wide band noise. Many such

sources can be easily conjectured, automotive ignition, motor commutator
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arcing, welding arcs, industrial processes, sweeping and stepping

ionospheric sounders, and many others. In fact, every time a circuit

of any kind is energized or de-energized there is a wide band field

produced. Certainly most of these circuits have such low energizing

and de-energizing levels and such poor coupling characteristics to

radiating parts and such poor radiation characteristics that fortunately

the greatest part of these fall into a local interference class or below

ambient noise and thus do not affect the problem at hand. Those sources

which unfortuitously overcome all the hindrances stated are space

radiated as wide band noise and must be considered.

If one could imagine every arcing source radiating

sufficiently to be detected and with each an independent probability

event, then we would have to stoD experimenting and also give this

problem back to the statisticians.

III. EXPERIMENTAL RESULTS

The work reported on here was started in 1958 in conjunction

with IGY ionospheric studies for wide band extraterrestrial noise

sources.' 3 The initial studies were accomplished by using standard

radio receiver equipments character±zed by Figure 1.

What was determined from these simple listening tests was

that over a very wide range of h-f frequencies there were both simul-

taneous noise bursts and noise phenomenon with an apparent time delay

as a function of frequency. The latter type of noises existed in

such a variety of modes that subjective aural identification was con-

sidered extremely inaccurate. In some cases, repetitious character-

istics were noted which required time storage and strained aural

recall. Stop watch measurements were used to convince the experimenters

that these noises were of a quasi-repetitious nature.

The next step of the experiment was a modified h-f receiver

with a swept VFO sweeping the wide band i-f pass band. The detected

i-f envelope was used to intensity modulate a CR0 (Figure 2). The sweep

rate of the system was 7 sweeps per second and the film advance rate Ins

set at approximately 7 in./min. The r-f band pass of the receiver was
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broadened to about 100 Ic. The results using this device were startling

to say the least as will be shown later in the discussion. At the same

time the results (obtained in the Washington, D. C. area) from this

device were being studied, a sophisticated h-f sampling equipment was

being employed in the San Francisco Bay area and the results were

already being studied. Figure 3 is a functional block diagram of the

sophisticated system.

The results from the West Coast studies revealed the existence

of h-f radiated phenomena which have been nicknamed "h-f sweepers" and

"noise trains" by the experimenters. Both of these names are repre-

sentative of the main characteristics of these phenomena.

Wide band noises were broken down into various classes and

sub-classes, which are dependent on the instrumentation and the 500 kc

spectrum limitation. For example, the s~ieepers are called a phenomena

and are divided into four sub-classes as described by the form of the

time derivative r.

C1l linear

a 2  approximately exponential

a 3  apparently varying continuously (e.g., cubic)

a4  discontinuous and other anamolous types

Figures 4,5,6 and 7 show samples of these phenomena. Figure 8 is a

strip of a very disturbed period which almost belongs to the statisti-

cians.

These phenomena evidence repeated patterns of activity, for

short periods of time, such that it was possible to tune the wide band

system during the repeated conditionb in order to track the extent of

the frequency excursion. This provided data which indicates that

sweepers are extremely wide band phenomena extending well beyond a total

excursion of 1.5 mc/s. Figure 9 is a composite of one case investigated.

The 1henomena which to the observer has an apparent instantaneous wide

band ý-f characteristic is called a P phenomena, Figure 10. It is

possible that these phenomena are produced by such sources as ignition

systems or in some cases are actually the initial section of sweepers
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which was proven to be true when film speed was advanced. Sub-cases for

the 0 phenomena are:

Pi isolated event

3 2 multiple event (over a time interval less than 1

second)

03 repeated or repetitious events

These previous data were from a set of 5 minute samples made

20 Feb 1959 from 18.0 mc/s to 27.25 mc/s. Sweepers were first noted in

the 20.5 to 21 mc/s band and thereafter in increasing numbers up to the

top of the test spectrum. Such phenomena have been observed at other

times down to 3 mc/s and up to 35 mc/s, although the peak of activity

has been generally concentrated around 26 mc/s. Results of investiga-

tions made on a world-wide basis indicate that the sources of inter-

ference are widespread. As many as 4,000 sweepers per hour have been

counted. Typical counts and diurnal variations occur as shown in

Figure 11. Considering sky mave propagation and the vagaries of the

sources, it is almost impossible to draw any positive proof type con-

clusions about the diurnal variations from these data. Two of the

possible explanations are: First, that the variations occur as a result

of the vertical lobe pattern of the antenna, which in turn would require

the signal to essentially be of solar origin. This has been discounted

by other observed phenomena related to the signal structure. Second,

that there are many sources spread over the world's industrial centers

and that the number observed increase as the F-2 path between the

source and the receiving site supports propagation at the observed

frequencies.

The higher frequency, i.e., 25 to 26 mc/s predominance of the

sweepers indicates that if the second cause is the correct explanation,

then the sources in all likelihood have a maximum over-all radiation

characteristic, i.e., the combination of r-f source, coupling coeffi-

cients and radiation efficiencies favor these higher frequencies. This

is not necessarily a valid assumption since the D-layer absorption, path

geometry, critical frequency, launch angle and many other factors would
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have to be known for a positive assertion on this point. Figure 12

shows a set of data typical of the distribution of sweepers over the

20 to 30 mc/s frequency band.

The most plausible explanation of the source of these sweepers

is that they are produced by industrial processes which use large energy

r-f inductive or dielectric heating or molding processes which change

frequency as the item being processed changes in e.g., shape, dielectric

constant, or heat content. This possibility is borne out by the f-m

modulation which is found on many, but not all sweeper signals. European

data quite naturally gave peaks at 50 cps, U.S. data at 60 cps, and

Japanese data a fair amount of both, but mostly 50 cps. A great number

of sweepers are f-m modulated with fixed low frequencies (300 cps was

limit of observation) other than 50 or 60 eps or with randomly varying

low frequencies. D/F bearings from Washington indicated the source to

be emanating from about NW; whereas bearings from the San Francisco area

indicated the source to be approximately NE. Unfortunately, a co-

ordinated D/F program was not made and whether the sweepers were from a

common source was not ascertained. Further D/F work is planned using

simultaneous recording and D/F bearing data.

The other major characteristic is the sequence of sweepers

with almost identical . These "sweeper trains" were thoroughly

investigated for frequency dispersion. None was found and thus it can

be tacitly assumed that each sweeper observed in a train is separately

generated. Figure 13 shows the results of the time measurements of a

typical sweeper train. Although a deviation of - 10% from the mean time

was noted for almost all sweeper trains, some trains showed a wider

variation, approaching t 20,. This was noted mostly where T wasm
greater than 10 seconds.

Two major problems arose in the work associated with these

studies. Cue is that wide band noise studies require narrow band

ancillaries for a completely instrumented study. The experimental wide

band work with its new look at the spectrmi was of so much interest in

the early phases of this work that ti~e narrow band f-m characteristics
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were practically overlooked. The first experiments were narrow band, and

f-m modulation was looked for but was not found. Figure 14 is a

spectrograph from one of these non-modulated sweepers. It was at the

suggestion of Mr. Watts, CRIL, who had observed 60 cps f-m modulation

on narrow band spectrograph records, that the further modulation

studies and results previously mentioned were made.

The second problem was the discovery of a new signal which

appeared to be a multi-valued frequency function with time which showed

up in the second system used Figure 2. This signal was nicknamed "wood

grain", as you can understand from Figure 15. This phenomena results

from wide band j type noise sources, however, the peculiar pattern

obtains due to the fact that the wide band noise repetition rate is

varying at a rate very close to the sweep rate. Due to the wide band

characteristic, every time a pulse occurs, a sample is recorded on the

output since all frequencies are instan&ineously energized. The

detected r-f envelope from a narrow band receiver sounds like the

typical noises of an automotive ignition system. Calculation of 10

pulses/sweep at a 7 sweep per second rate gives 4,200 pulses per minute.

For example, an 8 cylinder car would then be turning a quarter of this

rate or 1,050 rpm. It is possible that these signals are of local

origin and account for the occasional high density of 3 phenomena,

however no positive correlation was found during a limited test period

with dense traffic activity. In fact, some of the strongest signals

occurred in the early morning hours when the traffic pattern in the

vicinity of the Washington test site was at a minimum.

IV. CONCLUSIONS

There are still a number of unexplained phenomena in the hnf

spectrum as seen through• the eyes of wide band receiving and display

systems. There are still unanswered questions concerning the c type

sweepers which are open to further research. Several of these questions

follow:

a. What are the actual sources of sweepers, i.e., are they

man made or natural phenomena?
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b. If natural phenomena, are they terrestrial or extra-

terrestrial?

c. If the phenomena is man made, can it be eliminated?

d. What are the error producing effects of sweeper inter-

ferences on various types of communications7

e. What error alerting or correcting schemes can be employed?

For example, r-f band filters above the desired signal spectrum could

be used to deve3.1p alerts that interference will occur or to inhibit

circuit functions.
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NEW MTHOD OF INSERTION LOSS MEASUREMENT OF
R. F. FILTERS UNDER RATED LOAD CONDITIONS

BETWEEN 14 KC TO 1000 MC, AND HIGHER

J. C. Klouda
Elite Electronic Engineering Company

Radio Interference Consultants
Chicago, Illinois

Abstract. - A different approach to measuring the insertion loss
of RoFo filters under rated load other than that used in MIL-STD-
220Ao This method is especially adaptable for use in both the
design laboratory and production line testing. Tests on filters
can be made with rated D.C. or A.C. current flowing in them.
The frequency range through which the insertion loss can be meas-
ured is 14 KO to 1000 MOo Frequencies above 1000 MC are being
investigated, and from the results of present tests, the range
may be extended to 10,000 MC. Results of tests made on various
types of filters through different frequency ranges are also
included. This includes tests made on ferrites, powdered iron,
and moly-perm materials. Comparison test results between
MIL-STD-220 are shown, with the possibility of using this pro-
cedure as an alternate method of insertion loss measurements
under both no load and rated load conditions.

I. INTRODUCTION
In determining the insertion loss of an RoFo line

filter, the effect of rated line current on the insertion loss
is normally desired0  This rated line current can be D.C. or A.C.
"at some power frequency such as 60 cycles, or 400 cycles. De-
pending upon the application of the R.F. filter, it may be de-

* sired to know what effect the line current has between the fre-
quency range of 14 KG to 1000 MC, or higher. Considerable
deviation of insertion loss from no load to full load may be had
if saturation in one form or another occurs in any of the filter
elements. Studies and analysis of RoFo filters with varied
amounts of line current flowing through them are highly desir-
able in both designing the filter and from the quality control
standpoint. This method used in determining the insertion loss
characteristics of the RoF. filter under varying load currents
extends the frequency range through which insertion loss measure-
ments may be made. In turn, it gives a much needed tool to both
the design engineer and quality control specialist. Several
problems encountered in coupling the RoF. energy into the filter
circuit over the broad frequency range is discussed. The amount
of line current can be continuously varied from zero to 100
amperes or more, depending upon the availability of the power source.

II. DESIGN OF EQUIPMENT
The basic equipment design consists of provisions

for an incoming R.Fo signal from the signal generator or trans-
mitter, and an output to be connected to a receiver with a
calibrated attenuator. The intermediate portion of the circuit
is coupled to both the signal generator and the receiver circuits°
Included with the internediate circuit is provisions for in-
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jectirg the D.C. or AoC. current at low voltage. A variac
regulates a transformer whose secondary is connected into the
intermediate circuit. The voltage required on the secondary
is normally only that required to overcome the voltage drop of
the filter and provide the necessary rated current. The
circuit as described in Figure 1 gives good response between
the frequency range of 50 MC to 1000 MC. For frequencies
between 14 KC and 50 MC, a variation in the coupling networks
between the signal generator and the intermediate circuit and
the intermediate circuit of the receiver are required. Most of
the initial tests with this equipment was done in the current
areas of 30 amperes or less. They were also primarily con-
ducted at the power frequency of 60 cycles. Insertion loss
readings, with the test setup were made on the basis with and
without filter inserted. When a transmitter or high power
signal generator was used, extreme caution must be used to
shield the transmitter from the receiver. A shielded enclosure
or shielded cube provided excellent shielding, and isolated the
transmitter effectively from the sensitive calibrated receiver.

II1 MEASUREMENTS ON FERRITES IN
400 MC to 1000 MC FREQUENCY RANGE

To determine the effect of line current on insertion
loss measurements of wires covered with ferrite beads and
ferrite sleeving, the frequency range of 400 MC to 1000 MC was
selected. It is in this range where +hese ferrite materials
are normally used on filament leads, i- leads, and other
control leads emanating from a given liece of equipment. The
idea of the ferrite beads or sleeves i; to eliminate the high
frequency inuerference that may be present on these leads.
Some filament leads may carry currents as high as 20 or 30
amperes. One type of ferrite was tested, as an example, over
the frequency range of 400 MC to 1000 MC. The ferrite was
housed in a completely shielded coaxial device with type N
connectors on the input and output. The reason for this was to
eliminate as much as possible, any variations which may be due
to the RFoP signal leaking around the ferrite itself. At a
frequency of 500 MC with no load current flowing, it was found
that the insertion loss, due to the ferrite material, was 35o6DB.
As the current was increased in two ampere steps, the effective
insertion loss of the ferrite element decreased. At 14 amperes
the insertion loss had dropped to a value of 20.5 DBo At 600 MC
the insertion loss at no load was 45 DBo At a 15 ampere load it
had dropped to 2( DBo Similarly at 1000 MC the no load insertion
loss figure was 5r DB, while at a current of 15 amperes the inser-
tion loss had again dropped, this time to 40 DB. Figures 2 and
3 show the effective drop in insertion loss in the filter
between no load and 15 amperes. Tests were then performed on
other types of ferrites with a smaller insertion loss being
measured with current flowing.
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Results of Insertion Loss Tests on Ferrite Sleeve

with Various Line Current Flowing

Frequency . No Load 5 Amp. 10 Am p." 15 Amp.

500 MC 35.6 DB 30.5 DB 23.8 DB 19 DB
600 MC 45.0 DB 3700 DB 30.0 DB 26 DB
800 MC 50.0 DB 44.0 DB 37.0 DB 32 DB

1000 MC 56°0 DB 50.0 DB 44.0 DB 40 DB

Results of Insertion Loss vs. Load Current

at a Frequency of 500 MC on Ferrite Sleeve

60 cps. Current Insertion Loss

0 Amperes 35.6 DB
2 amperes 34.8 DB
4 amperes 32.0 DB
6 amperes 29.0 DB
8 amperes 26.0 DB

10 amperes 23.8 DB
12 amperes 22.0 DB
14 amperes 20.5 DB

IV. EFFECT OF CURRENT FLOWING IN PIE SECTION FILTER
WITH FERRITE ROD INDUCTOR

A miniaturized pi-filter with a ferrite rod inductor
was checked between the frequency range of 150 KC to 1 MCo
Check points were made at 150 KC, 300 KC, and 1 MCo Under no
load conditions the insertion loss was 77 DB, 65 DB, and 84 DB
respectively. As the current was increased the attenuation
droppe d until at 5 amperes the insertion loss at 150 KC was
58 DB, at 300 KC, 49 DB, and at 1 MC, 67 DBo Figure 4 shows
the curve of this test filter at no load, 1 ampere, 2 amperes,
3 amperes, 4 amperes, and 5 amperes 0 It can be seen that the
insertion loss of the filter network becomes progressively
poorer as the current is increased. From the results of these
tests it can be seen that if the insertion loss of the filter
is required to remain constant over a given current range,
this equipment is a very useful tool in making checks on
various designs of inductance coils. A small test fixture could
be setup and various inductance coils plugged in to determine
which one will satisfactorily meet the requirements of the
particular suppression requirement. Should other inductances
be used to substitute for the original inductance, a check on
its saturation characteristics can be readily made to determine
its acceptibilityo In this manner the final product will not
have deteriorated due to a substitution of a supposedly re-
placeable item0

V. MEASUREMENTS FROM 14 KC to 250 KC

In determining the insertion loss of filters in the
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frequency range of 14 KC to 250 KC, a change in the coupling
between the signal generator and intermediate circuits was
required. Another change in the coupling network of the inter-
mediate circuit to the receiver was also in order. This change
in coupling was necessitated to induce a sufficient amount of
RoFo signal into the intermediate filter test circuit. The
equipment was setup using powdered iron cores and molybdenum
permalloy powder cores to determine the effect of various
amounts of AoC. line current. Figure 5 is the curve showing the
effect of various amounts of line current on a pi-section
filter using powdered iron and molybdenum permalloy cores. It
is readily seen that this equipment is a valuable tool in
determining the proper design of inductance coils to be used in
RoF. line filters at a given current rating0

Results of Insertion Loss Tests
on Tr Filter Using Powdered Iron Toroid

Frequency No Load 15 Amp.

14 KC 20 DB 15 DB
40 KC 32 DB 27 DB
80 KC 41 DB 37 DB

100 KC 49 DB 45 DB
150 KC 60 DB 56 DB
250 KC 68 DB 64 DB

VI. CONSIDERATIONS TO BE MADE
IN DESIGNING INDUCTOR COILS

Once a given amount of inductance is found to be
required for a given filter application, an inductor must now
be designed that will meet all of the inductance requirements from
no load to full load. Most core manufacturers give B-H curves
on the various core material that they have available0 By
using these curves and the physical dimensions of the core, an
approximation can be made of the number of turns for a given
inductance at a given current for which the core will not
saturate, or have only a small percentage of saturation0 A
handy formula for this determination is as follows: H-4•_N
Where H is in oersteds, L is magnetic path in centi- L
meters, N is number of turns, and I is in amperes0 Since the
formula is an approximation, a certain amount of error is
present. To varify your design figures a sample coil can be
wound and tested at any given current rating you so desire0 A
check of the test coil can save many hours in redesigning a
filter which does not meet the attenuation requirements of a
given job, because of saturation.

VII. COMPARISON WITH INSERTION LOSS MEASUREMENTS KADE
AT NO LOAD IN ACCORDANCE WITH MIL-STD-220

A series of tests were made on a ferrite sleeve
filter using the methods put forth by MIL-STD-220 under no load
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conditions. This same filter was then tested under no load
using the method described in this paper to again determine the
insertion loss at no load. The results were found to be very
comparable. Some discrepancies were noted. Further investi-
gation is being made at this time to determine the nature of
these discrepancies so that this method of measuring insertion
loss may become an alternate method to both MIL-STD-220, and
MIL-STD-220Ao In this way only one test setup would be required
for determining the insertion loss of filters under no load or
rated load0 RoF. line filters could more easily be tested in
a practical installation such as a shielded enclosure by using
this method of insertion loss measurement. Not only would the
filters be checked out for saturation, but also for proper
mounting and R.Fo isolation. Figure 5 shows the test results
comparing the insertion loss of a given filter using the
MIL-STD-220 techniques and tle proposed techniques as described
in this paper.

VIII. CONCLUSIONS

One of the main advantages of this equipment to
measure insertion loss of R.F. line filters at rated current is
Lhe wide frequency range through which these measurements can
be made0 It gives the design engineer an additional tool for
both high and low frequency insertion loss tests at rated current
which before were impractical. In the area of ferrites it can
give much needed information as to the characteristics of
different ferrite materials when subjected to high density mag-
netic fields of low power frequencies. Further investigations
are being made at this time to determine how high in frequency
insertion loss measurements can be made at various R.F. filters
with rated line current flowing through them. It is believed
that with certain modifications it can be extended to 10,000 MC.
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SPURIOUS FREQUENCY MEASUREMENTS IN TRANSMISSION LINES --
A COMPARATIVE REVIEW OF AVAILABLE TECHNIQUES

W. A. Edson and V. G. Price
Electromagnetic Technology Corporation

Palo Alto, California

Abstract. - Several methods for measurement of spurious signal levels in

microwave transmission lines have been developed in recent years in response

to a growing need for control of radio interference. This paper compares

these methods from the standpoint of accuracy, speed, information content and

applicability to the present spectrum signature collection plan. To supplement

this review, some suggestions are given for application of these methods or

improvements thereof to spectrum signature collection, production testing of

components and systems, and standards laboratories. It is believed that ap-

plication of these methods will contribute to the solution of the overall

problem of controlling unwanted radiation and reducing radio interference.

I. INTRODUCTION

This paper is a survey of several methods for transmission line

measurement of the signals generated by high power microwave transmitters.

For convenience, these signals are classified by type as functional or

spurious and by frequency as near-band or far-band. The near-band frequency

region is uni-modal and extends from d.c. through the assigned operating band

to the cut-off frequency of the first higher-order mode. The far-band is the

multi-modal region extending from the upper edge of the near-band to the

highest frequency of interest. Measurement of the level and frequency of

signals in the near-band is fairly straightforward and is well documented.

Measurements in the far-band region are complicated by the multi-modal

character of signal propagation; for this reason emphasis in recent years

has been placed upon developing techniques for measuring far-band spurious

power. Representative of such techniques are the selective mode sampler
1

method described by Lewis; the electric probe analysis method of Forrer and
2 Con 3

Tomiyasu; a probe method for coaxial lines described by Knop and Cohn;

a calorimetric method described by Price;4 and a Tee--junction waveguide

sampling method reported by Sharp and Jones. 5

Figure 1. illustrates a general measurement technique commnon to
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all these methods. A signal sampling network is installed in a transmission

line which conducts signals from a high-power source to a load. The level,

frequency and in some instances the relative phases of the sampled signals

are the parameters to be determined by measurement. While all of the methods

have a common basic approach, they differ considerably in complexity. Further-

more some of the approaches are suitable for production type tests while

others are better suited for a standards laboratory. In the following para-

graphs these approaches are briefly described and compared.

II. MEASUREMENT METHODS

Lewis Method

The signal sampling network used by Lewis is illustrated in Figure 2.

His method centers upon the use of a set of mode-selective directional couplers

reported by Judy and Angelakos6 and based on the coupled-wave theory of

Miller.7 Each of the several directional couplers is designed to select

by a phase discrimination process one particular mode which may propagate

at the measurement frequency. Each bolometer attached to these directional

couplers may be equipped with a transmission type wavemeter to select the

frequency of measurement. Lewis found that two-hole couplers provide a usable

fractional bandwidth of only about 10%; however, there is little doubt that

suitably designed multi-hole couplers could both extend the bandwidth and

improve the modal selectivity.

Taking into account the associated coupler loss and other calibration

factors, the power level indicated by each detector represents the power

associated with a given mode. Therefore, the several modal powers at a given

frequency must be summed to determine thc total power available for radiation.

The Lewis method offers a straightforward method for determining with good

accuracy the power level of spurious signals in transmission lines. The

principal limitation on this method results from difficulties in separating

degenerate mode pairs. Thus in practice this method is limited to frequencies

below which no more than five or six modes can propagate. Within this range

the method is adaptable for use in a standards laboratory as a reference to

measure the effectiveness of other measurement schemes.
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Forrer and Tomiyasu Method

This technique, illustrated in Figure 3, uses a series of calibrated

electric probes located in a prescribed manner on a broad and a narrow wall

of a rectangular waveguide to sample the relative power level and the phase

angle of the internal fields. Band pass filters are used to separate the

particular harmonic signals to be measured from others and from the high

power fundamental signal. The mathematical analysis of the raw data to deter-

mine the power level of each mode propagating at the measurement frequency is

rather involved; therefore a program has been prepared for data processing

with a digital computer.8 In this process the computer performs a numerical

Fourier analysis of the input data, which is represented as a set of linear

equations. Inversion of the matrices of these equations permits the modal

power evaluation to be made. The output of the computer is a table of modal

power levels for some particular frequency, at which data was taken. As in

the Lewis method, the several modal power levels at a particular frequency

must be summed to determine the total power available for radiation.

Because this method can provide an accurate determination of the

levels of many spurious signals it is adaptable for use in a standards

laboratory. Furthermore, the apparatus may be calibrated to operate over a

wide band of frequencies. However, the need for a digital computer for data

reduction is a serious disadvantage. Another disadvantage is the lack of

sensitivity. To avoid ionization or breakdown, it is necessary that electric

probes inserted through the broad wall extend into the waveguide only a very
short distance. Such probes operate at coupling losses in the range of 40

to 60 db.

This method may be used up to frequencies for which no more than

about 30 modes may propagate. This limitation occurs as a result of the

need for matrix inversion. The order of the matrices increases with modal

number and when the order of the matrix is high, small inaccuracies in the

measured data are exaggerated by the inversion process.

Knop and Cohn Method

This method, illustrated in Figure 4, samples spurious signals in

coaxial transmission lines, as contrasted to the rectangular waveguides of



the two previous methods. Except for details associated with the geometry

of the probe section it is identical with the method described by Forrer and

Tomiyasu. The Knop and Cohn method is attractive because in typical situations

a coaxial line propagates fewer modes than does a rectangular waveguide.

Therefore, fewer measurements need to be made, and the mathematical analysis

is considerably less tedious. Often, through the second and third harmonic

only two or three modes propagate. At frequencies where more than two or

three dodes can propagate it is convenient to use a computer to reduce the

data. The foundation for a computer program for the coaxial line case is
9

given in reference

Price Method

This measurement technique utilizes a series of multi-modal absorp-

tive filters to withdraw from the main transmission line all of the power

being propagated within certain chosen bands of frequencies. The power

abstracted in each band is dissipated in a liquid cooled load in which a

temperature rise, relatable to the dissipated power may be observed. The

measurement scheme is illustrated in Figure 5. The filter used to separate

the spurious frequency power in a particular band must, of course, be

effective for each modal signal which propagates within the band. A leaky-

wall filter proved to be satisfactory for this function.

This calorimetric method is substantially different from the

preceding sampling approaches iLL that; no modal infornation need be determined,

the sample comprises 100% of the available power in the measurement band, and

the method is completely independent of load VSWR at the measurement frequency.

The lack of identification of modal power levels is not an important disad-

vantage in most cases because of the many mode conversions produced in the

plumbing systems of typical transmitters. In fact, since total power in a

frequency band is measured, one can use a single indicator to read the power

level. This method does, however, have several significant limitations:

1. Identification of the frequency of measured signals is not precise, 2. the

use of a liquid calorimetric medium is not convenient for integrating the powers

absorbed at various locations on the waveguide and 3. the sensitivity of the

method is not satisfactory.
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With further refinements (for example, controlled Peltier cooling

could be used to replace a liquid calorimetric fluid) this method could

prove valuable in situations where the load VSWR at the measurement frequency

is high. Day-to-day monitoring of the output of an operational transmitter,

for example, might be accomplished with this technique.

Sharp and Jones Method

Sharp and Jones reported a waveguide sampling section in which a

set of Tee-junctions are used to sample a small portion of the spurious

power propagating within the main transmission line. Their method is illus-

trated in Figure 6. In this figure a set of secondary waveguides incorporating

band pass filters are mounted perpendicular to a main waveguide and coupled

to the internal fields by means of narrow resonant irises. The number and

position of the secondary waveguides depends upon the number of modes propa-

gating at the frequency band under measurement. One group of secondary

waveguides is used to measure signals representing the second harmonic

frequency. Other groups are used for the third and fourth harmonics. These

groups are located so that the highest frequencies (corresponding to the

smallest irises) are near the source and the lower frequency waveguides are

near the load.

The measurement procedure with this method is to attach a bolometer

mount successively to each secondary waveguide and record the power observed.

An average is then made of the powers thus sampled to obtain the level of

average spurious power at a particular frequency. If the signal is pulsed

rather than continuous the peak poweL may be determined from the PRF and

pulse width. Caution is necessary, however, because the spurious frequency

pulse envelope is not usually the same as that for the carrier.

Advantages of the Sharp and Jones method which make it attractive

are its high sensitivity, its capability of measurement up to the fifth and

sixth harmonic region and its insensitivity to load VSWR if enough secondary

waveguides are used in each group. The use of calibrated attenuators in the

secondary waveguides permit adjustment of the sensitivity of the sampling

section to read both very high power spurious signals as well as weak

calibration signals. Disadvantages in the method are found in the need for
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connecting the power indicating meter successively to each of the several

secondary waveguides and in its reported accuracy of + 3 to + 5 db. The

former limitation could be removed by using an integration device to sum and

average the outputs of each bolometer mount in a given group. This would

allow a single meter to read the average power level in a particular band.

The latter limitation could be removed by the use of tapered transitions to

change the dimensions of the measurement section so that no mode is at cut-off

in the measurement frequency band.

III. COMPARISON OF METHODS

The various transmission line measurement methods described in the

preceding sections may now be compared on the basis of accuracy, speed,

information content and applicability to present and future needs. These

characteristics are considered in turn in the following paragraphs.

To make the comparison meaningful it is necessary to assume a

uniform set of conditions. It is assumed that the fundamental frequency is

1300 mc, that the measurement frequency range extends to 3000 mc, that the

load is well matched to all modes which propagate in this range, and that a

30 db signal-to-noise ratio for the detectors is maintained.

Accuracy

Exact data on the limiting accuracy of the various measurement

methods is still lacking. The values indicated in Table I are those reported

in the literature or represent the present authors' estimates of the state

of the art. They do not represent the ultimate accuracies attainable by any

of the methods.

Table I - PRESENT ACCURACY LIMITS

Method Range

Lewis + I db

Forrer-Tomiyasu + I db

Knop-Cohn + 1 db

Price + 5 db

Sharp-Jones + 3 db
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Speed

To compare the speed of the various measurements we have estimated

the number of manhours required to make a complete transmission line test

from set-up to data reduction. These figures do not include the number of

manhours required to operate the transmitter used as source of signal but

only those actually used in performing measurements and reducing data. A

quantitative comparison of the various measurement methods is given in Table 11.

Table II - TIME IN MAN HOURS

Cali- Reduce
Method Set-Up Test brate Data Total

Lewis 1 1/2 2 1/2 4

Forrer-Tomiyasu 2 1 3 3 * 9

Knop-Cohn 1 1/2 1 1 3-1/2

Price 1 1/4 1 1/4 2-1/2

Sharp-Jones 1 3/4 2 3/4 4-1/2

* Includes computer time on IBM-704 or equivalent.

Information Content

The several measurement methods differ substantially in the amount

of information made availahle about the spurious signals measured. Three

types of information are listed in Table III for this comparison. These are

power, frequency and type of presentation. Under power the methods are

compared as to whether individual or total modal powers are determined at a

particular spurious frequency. Under frequency, the methods are compared as

to the accuracy of spurious frequency measurement. Under presentation, the

methods are compared by the type of read-out device useful for the measurement.

A bolometer, for example, would indicate the average power level sampled while

an oscilloscope presentation would permit indication of pulse shape as well

as peak power.
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Table III - INFORMATION CONTENT

Exact
Method Power Frequency Presentation

Lewis modal yes Bolometer or scope

Forrer-Tomiyasu modal yes scope

Knop-Cohn modal yes scope

Price total no calorimeter

Sharp-Jones total yes Bolometer or scope

Applicability

One of the purposes of this comparative review has been to consider

the applicability of some transmission line measurement methods to the

spectrum signal collection plan now being implemented by the Department of
10

Defense. As the plan now exists, there are no requirements to test trans-

mitters by a transmission line method if multimodal propagation may occur

in the line below 12 Gc. Accordingly the plan has no direct requirement for

any of the methods presented herein. However, the use of valid transmission

line tests either in conjunction with an open field test or in a closed

system, may greatly simplify the part of the plan concerned with far-band

spurious frequencies.

To illustrate this conjecture consider an open field test associated

with a simultaneous transmission line measurement of both near and far-band

spurious frequencies. A comparison bctween the far field data and that

derived from the transmission tests will provide a relationship between the

two for the particular transmitter involved. Subsequent tests on the same

transmitter or on additional transmitters of the same type can then be made

with a transmission line technique at considerable savings over that required

for the far field tests. Furthermore, a day-to-day monitoring on transmitters

in critical areas can be made to insure that a change in spurious frequency

generation has not taken place with increase of operational time.

As a separate matter closed system tests, using a dummy load, may

be the only practical means for measurement in the far-band of equipment on

some ships or in other close-quarter installations.

Open-field tests using a waveguide transmission line sampling

device could be accomplished best using the Sharp-Jones method modified to
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work properly with the VSWR expected in an operational equipment. The Knop

and Cohn method, (also modified by adding additional probes to account for

reflected waves) would be satisfactory for coaxial line transmitters.

The needs of laboratory tests to provide reference standards are

best fulfilled by the Forrer and Tomiyasu method because of its accuracy

and wide frequency coverage. Its sensitivity limitation may be largely

overcome in a laboratory test since high power signals would not be involved

and deeper probe penetration is possible.

IV. FUTURE REQUIREMENTS

Requirements for transmission line tests in the future are expected

to fall into three classes; 1. open field and closed system tests of

operational transmitters, 2. manufacturing production line tests of tubes

and filters to insure a specified spurious frequency performance and,

3. standards laboratory reference measurements.

In typical field tests it will be important to be able to measure

spurious signals quickly and with a single-meter indicating system. The

signal sampling system must respond properly in spite of the existance of

substantial reflected waves within the system under test. Adequate directional

discrimination will provide a reading indicative of the forward propagating

power available for radiation. While an accuracy better than + 3 db is

desirable, it is not vitally important since the power levels of spurious

frequency signals vary more than this amount with transmitter tuning and

with aging of the tube. Production tests of tubes should be simple and

preferably accomplished with a single-meter indicator. Accuracy should be

+ 2 db or better in this application. It is desirable to provide a multi-

modal matched dunmy load for this application to simplify the tests. Reference

laboratory standard tests will have maximum accuracy and repeatibility as

primary objectives at the expense of speed or convenience. In this applica-

tion it will generally be desirable to identify the modal signals propagating

in a line.

V. CONCLUSIONS

Several transmission line measurement methods for determination of
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spurious frequency power levels were reviewed and compared as to accuracy,

speed, information content and applicability. With minor improvements

several of these methods are directly applicable to the DOD plan for collection

of spectrum signatures and to several new areas of measurement which may be

expected to develop.
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AN INTEGRATED APPROACH TO

BONDING, GROUNDING, AND CABLE SELECTION

IL M. Newman and A. L. Albin

Filtron Company, Inc.

Flushing, N. Y.

Abstract. There appears to be considerable confusion over the methods and
philosophies of grounding, bonding, and cable treatment which will result in
optimum interference reduction. This paper will present means to minimize
interference through the proper selection and utilization of various cables, the
establishment of a well-bonded ground plane, and the implementation of good
bonding techniques, considered from the viewpoint of integrated system
requirements.

Bonding and grounding philosophies and the method of inter-connecting equip-
ment racks, cabinets, and instrumentation were investigated. The mechanical
and electrical details for establishing a low impedance bond were also studied.

The establishment of a ground plane was required in order to realize the full
benefits in reduction of r-f interference coupling and audio crosstalk. The
relative advantages of single point and multipoint grounding philosophies will
be shown for radio-and audio-frequency applications. The use of a multi-
point ground system was recommended in most cases because of its superior
advantages for r-f interference control.

The choice of cable, routing, shielding, and grounding techniques that should
be implemented to transmit various types of signals was also considered.
These recommendations were based on tests performed on shielded, coaxial,
and twisted pair cables to measure the interference coupling. The tests
covered 60-cycle power frequencies, 15 kc through 29 mc radio frequencies,
and pulsed signals. A fundamental issue was the optimum grounding method
over the frequency range of interest. The magnitude of shielding isolation
that could be achieved under various conditions of shield terminations was
also determined.
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Applications will be given to airborne and ground support facilities of a

mis sile installation.

I. INTRODUCTION

In recent years radio frequency problems have increased in propor-
tion to the increased complexity of missiles and electronic systems. There
appear to be many differences of opinion concerning the methods and philoso-
phies which result in optimum interference reduction. Unfortunately, among
many groups of engineers engaged in separate tasks on a large system, such as
a missile and its test complex, there is a lack of a concrete or standardized,
engineering approach to important considerations such as equipment bonding,
shield termination, or a basic ground system philosophy.

This paper will describe problems existing at a government instal-
lation, approaches we have taken, and methods and techniques successfully
used to minimize interference in the electronic complex. These methods and
techniques will include: establishment of a well-bonded ground plane, multi-
point and single-point grounding theories, bonding, cable choice, routing,
shielding, and grounding techniques. Cable coupling tests will be described
to substantiate our grounding philosophy.

II. DISCUSSION OF PROBLEM

A recent interference reduction program was performed at a large
government missile installation. The purpose of this program was to study,
measure, analyze and reduce electromagnetic interference in the missile
ground electronic checkout complex. The primary function of the electronic
complex is to check out space vehicles. Radio frequency interference, often
encountered during these checkout procedures, adversely affects the testing
operation, which employs both radiated and conducted control and monitoring
circuits. Interference has been traced to the building ac and dc power sup-
plies and nearby electrical equipment, as well as rf sources.

Several steps have been taken by the government agency in the past
to reduce interference. To this end, portable shielded enclosures in the
hangar area have been built at considerable cost. During checkout periods,
it has been necessary to perform the checkout operations at night, since the
ambient noise level has proven to be somewhat lower during this period. This
has resulted in additive cost due to overtime and delays in the vehicle check-
out schedule.
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Although shielded enclosures of large size were built to protect

the missiles from external interference sources during checkout, local inter-

ference from electrical and electronic equipment, vehicles, etc., within the

enclosures, was a problem. In order to assure a successful missile system

checkout, it was necessary to initiate a program for reducing interference

in the checkout area.

One of the most important problem areas was the inadequate ground

system used for the entire electronic complex. The ground system was found

to consist of a single ground stake to which power systems, equipment racks

in the various areas, and each missile "track" ground were connected by 2/0

cables. (Figure 1) In some areas this cable, running for a considerable

distance, represented a common impedance to a number of equipments and signal

returns for numerous circuits. (Figure 2) Particularly at the higher fre-

quencies, major differences in potential can exist between the missile and

other points such as the power return and instrumentation racks, the teleme-

try station and other associated equipments. The absence of an unipotential,

or nearly unipotential, ground plane within such a complex contributed great-

ly to interference problems both in the rf range and at lower frequencies.

Some systems used multipoint grounding and others followed the

single-point grounding philosophy. Many of the instrumentation cables ex-
amined were noted to have shields floating, which, particularly in long

cable runs, increased the radiation from these cables as well as their sus-
ceptibility to rf fields in the area. As shown in Figure 3, the shields at

the end of the cable were found to be ieft floating. Note that an insulating
braid is used over each shield. In Figure 4 the shields are tied together
and bonded at a distant point through a 22 gauge wire. At high frequencies

this bond wire has considerable impedance, and the shields are no longer at
ground potential. Figures 5 and 6 show additional examples where temporary
shield connections were made to ground, and led to radiation of interference.

Another problem encountered was the rf environment within the

overall building, which was of sufficient magnitude to prevent or degrade
complete checkout of the missile. Many of these interference signals were
generated within the building. Inspection of the sources showed that the
interference level could be greatly reduced by appropriate interference sup-
pression measures and an rf control program. Interference due to radiation
from vehicular ignition systems in fork lifts and trucks represented a major

source of interference.

Cases were reported in which instrumentation used for obtaining

data during checkout of a missile were inoperative or provided highly unsat-
isfactory data due to the presence of strong background interference signals

and transients. Examination of the equipment enclosures showed that no

attempts at shielding had been made. Figure 7 shows open rack construction
typical of that employed at the site.

- 436 -



Broadband interference emanating from the dc and 400 cps power
sources furnishing power to the missile and laboratory rooms represented anoth-
er problem. The conducted interference appearing on these lines was coupled
into the missile system and also to the ground checkout instrumentation circui-
try. The intensity of the conducted signals, especially at the lower frequen-
cies, caused sensitive equipments connected to or coupled to those lines to
malfunction.

Finally, objectionable rf coupling was found between cables used to
transmit signals from system to system in the ground station complex. As an
example, remote indicating equipment connected to the voltage monitoring con-
sole located in the instrumentation room, which sequentially samples missile
power circuits, was located in the console rooms and in the checkout area.
Switching transients from this unit were conducted into many areas due to
'rosstalk and rf coupling, which was attributed to unsatisfactory cable choice,
routing, grounding, and shielding techniques.

I11. APPROACH TO SOLUTION

Due to the severity of, the interference, and the problems of attempt-
ing to control interference within the existing installation, the systems
approach was adopted. That is, common problem areas would be determined, and
their possible adverse effects on the system evaluated. The program which was
set up established an integrated approach to interference control, necessitated
by the dispersion of equipment throughout the site, incompatible interface de-
sign, and lack of suitable controls on RFI internal and external to the check-
out area.

Analysis of the preliminary study showed that the main interference
sources were gasoline engines, power generators, and switching circuits in the
checkout equipment. The energy was predominantly conductively coupled on the
power lines or radiated from signal and control cables. A program was insti-
tuted to:

1. Define techniques for bonding, grounding and shielding structur-
al components and equipments.

2. Analyze signal characteristics and optimize cable selection and
treatment.

3. Develop specifications for RFl-free design of equipment and in-
stallation, tailored to the system requirements.

4. Reduce interference generation and susceptibility in particular
equipments by specific RFI control measures.

System Ground Plane

The initial step established a well-bonded, low impedance ground
plane throughout the complex. After a survey of the ground system was performed
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and the architect's ground system specifications reviewed, a revised specifica-

tion was prepared which established a much improved ground plane. It was im-

possible to establish a ground grid since the site was completed. The method
adopted under these circumstances provided that all metallic structures in the
building be well bonded together and act as the ground plane. The RF specifi-
cation detailed the establishment of a low impedance ground plane by bonding
together all metallic structures such as I-beams, cable trays, and the elec-
tronic equipment racks. By bonding chassis to racks and racks to cable trays,
subsystem grounds were established in each equipment rack or cabinet. By pro-
viding good bonding between the chassis and the rack member, between cable
shields and the cabinet, and with added shielding, radiation from the equip-
ments and cables was substantially reduced.

Figure 8 shows a view of the cable trays. Note the use of a multi-
tray system to separate power and signal cables. The bond straps can be seen
in greater detail in Figure 9. Structural members were tack welded, as shown
in Figure 10. In areas where improved shielding was required, a sheet-metal
cover was fabricated for the tray (Figure I1).

Interference Suppression

In order to reduce the high ambient RF noise level in the building
to acceptable limits, measurements were first made to determine the type of
interference present in the bay area and trace the interference to its orig-
inating source. Among the equipments found to contribute to the general in-

terference background, and in some cases to the specific transients observed,
were the following: counters, oscillators, calibrators, tape recorders,
print dryers, thermostatically-controlled crystal ovens of receivers, t;mers,
dc motors, digital voltmeters, voltage and frequency monitoring units contain-
ing stepping switches, digital recorders, Eput meters, graphic recorders
(from which the timing pulse was noted throughout the checkout area) and IBM
accounting machines (sorter and reproducing punch).

To minimize radiated interference, shielding kits were installed
on all fork lift trucks. Unsuppressed vehicles were restricted to 1,000 foot
minimum distance from the area during missile checkout tests.

In an effort to reduce the broadband interference being transmit-
ted from the power generator units to the missile and ground electronic complex,
interference tests were performed on these units, to determine filter require-
ments. The suppression of interference on these lines was very important due
to the fact that the power cables extended all over the test area radiating
broadband interference.

System Analysis

Existing checkout procedures, particularly compatibility tests and

simulated flight tests, were reviewed to minimize the number of accessory
cables and equipment units which might contribute to RFI and to provide speci-
fic locations and grounding for such equipment, and optimize cable routing.
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Characteristics of the signals being transmitted between various
ground systems in the missile checkout were analyzed. These signals were
categorized to separate high-level, low-level, and power cables. The cable
choice, routing, shielding, and grounding techniques used by the installing
contractor were studied. Revised cable specifications were prepared to in-

dicate the optimum types of cables to be used to transmit the various sig-
nals between systems. This specification also indicated cable routing, and
shielding and grounding techniques, to minimize crosstalk and rf coupling
between circuits. Studies performed in this area are described below.

IV. CABLE TESTS

In any missile or electronic installation when various sensitive
and low voltage equipments are involved, it becomes extremely important
that the optimum cable choice, grounding and shielding techniques are util-
ized. An extensive laboratory investigation was performed to measure the
coupling and crosstalk between various types of cables.

It was necessary to investigate the optimum grounding method to
be used on coaxial cables in order to minimize audio frequency crossta)k
and rf coupling when coaxial cables are used for signal transmission. As
shown in Figure 12, two 17 foot lengths of coaxial cables were placed adja-
cent to each other and terminated in their approximate characteristic imped-
ance. One cable was excited with a signal generator and the induced voltage
developed in the adjacent cable was measured with a field intensity meter or
oscilloscope, depending on the frequency band of interest and required sen-
sitivity.

The induced voltage in the receiving cable was measured for four
conditions:

a. Sending and receiving cable resistor termination floating at

the receiving end.

b. Sending and receiving cable resistor termination grounded at
the receiving end.

c. Sending cable resistor termination grounded and receiving
cable resistor termination floating at the receiving end.

d. Sending cable resistor termination floating and receiving
cable resistor termination grounded at the receiving end.

The shields at the signal generator end of the cables were grounded in all
instances.

The following tests were performed on these cables:

a. RF tests
b. AF tests

- 439 -



c. Pulse tests

d. Power frequency tests

Similar tests were run on shielded twisted pair cables.

Radio Frequency Tests

Radio frequency tests were performed on these cables for the frequen-
cy interval of 14 kc to 150 kc and from 150 kc to 29 mc. The output voltage of
the signal generator was held constant at .1 volt and at 2 volts rms respective-
ly, over each of these frequency ranges.

Whiie performing these tests, it was noted that there was an exces-
sive amount of radiation at both ends of the directly excited cable due to im-
proper shielding at these points. The energy radiated from the directly excited
cable coupled directly into the adjacent cable due to shield discontinuities at
the terminations. Excellent shielding measures had to be applied at the resis-
tor terminations at the receiving end and also at the connections at the signal
generator end of the qxcited cable in order to eliminate this effect. This is

--- e-cxtremely important requirement which was found to be dominant over the exact
method of termination.

Figure 13 shows test results in coupling which can exist between ad-
jacent coaxial cables for the specified shield grounding methods. The results
of these tests indicate a relatively high magnitude of coupling when the loads
are floating (single-point ground), compared to the multipoint ground circuit.
In the case when both terminations are floating the coupling increases rapidly
above 3 megacycles. The crosstalk remains close to the receiver background
noise level up to 10 megacycles when the sending cable is grounded or floating
and the receiving cable is grounded. Resonances at approximately 10 and 20
megacycles are also more pronounced with the loads floating.

A similar version of this test setup was used to measure the isola- 4

tion between shielded twisted pair cables (see Figure 14). The main difference
in the test procedures was that the shields were grounded at the sending and
receiving ends of both cables, and the circuit return path was grounded only
at the sending end. In other words, the signal current was flowing through the
twisted conductors at all times. Figure 15 shows test results over the fre-
quency range of 150 kc to 29 mc. The curves show that shielded twisted pair is
superior to the coaxial line when the load must be isolated from ground, par-
ticularly in the frequency range above 3 mc. The induced voltage in the
twisted pair cable was below the receiver background noise level between 150 kc
and 20 mc, and close to the noise level in the range 150 kc to 3 mc for the co-
axial lines under both conditions of termination. Results with the grounded
coaxial cable compared favorably with those obtained with the twisted pair over
most of the range. Under the test conditions, an isolation in excess of 100 db
was readily attained with shielded and coaxial cables grounded at both ends.
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Video and Power Frequency Tests

Additional tests were made to determine cable coupling parameters in
the video and power frequency range. For the pulse tests, the sending cable
was energized with a pulse of magnitude 80 volts, a repetition rate of 4 kc,
and a pulse width of 2 microseconds. A wideband oscilloscope was used to meas-
ure the induced voltage in the receiving cable. This test setup was similar to
that shown in Figure 12.

A final test series was performed at 60 cycles per second. These
tests were made to determine the magnitude of conducted and induced currents
developed in cables when a 60 cycle current was flowing in the ground plane,
and to investigate the possible effects that might result from so-called
"loops." The shields of signal circuits were grounded at both ends, to investi-
gate if the currents flowing in the shield, due to differences in potential at
two points of the structure, would induce currents in the inner conductor and
cause malfunctioning or errors in signal circuits. The test setup is shown in
Figure 16.

Test results under the conditions of termination previously des-
cribed -- receiving end grounded or floating -- are shown in Figure 17. They
may be compared with the summary also given for the radio frequency tests.
It is seen that for the pulse tests, when both terminations of the coaxial
cable were grounded, isolation of 78 db was obtained. This case gave only a
slight improvement over the ungrounded coaxial termination which provided
72 db isolation. The twisted pair gave 20 db more isolation than the unground-
ed coaxial line. The improvement may have been greater, but could not be ob-
served because of the threshold sensitivity of the indicator.

As in the previous tests, the twisted pair provided maximum isola-
tion from ground plane currents at power frequencies. No signal could be de-
tected above the indicator noise level with the twisted pair or the coaxial
line ungrounded load. A slight degradation was observed with the coaxial load
grounded, but 137 db isolation was still obtained.

V. CONCLUSIONS

The results of these tests indicate that to minimize rf coupling
and crosstalk between coaxial cables, the loads and shields should be bonded
to the ground plane at both ends. These results also indicate that a multi-
point grounding system is more beneficial to reduce coupling than is a single
point grounding system.

However, while multipoint ground circuits are recommended for radio
frequency applications, there are some circumstances, primarily in low frequen-
cy, low-level applications, such as audio or servo amplifiers, in which single-

point grounding is advantageous. When a coaxial cable is grounded at both
ends, usinci the ground plane as the return circuit, 400 cps and 60 cps currents
in the ground plane can induce audio frequency interference into extremely
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sensitive low-frequency circuits; therefore, single point grounding may be the
best approach. However, it must be remembered that by grounding a cable at a
single point, a radio frequency interference problem exists.

Thus, there appeared to be a conflict between the optimum choice
for radio frequency interference control and the optimum method of grounding
for reduction of audio frequency conducted currents. However, use of shielded
twisted pair offers a compatible solution.

It was established from these experiments that when sensitive cir-
cuits and adjacent high signal levels are transmitted in an electronic system,
shielded twisted pair cables offer the maximum 1ol•tion, provided the shields
are properly grounded at both ends, and the circuit return path grounded at
one point. By using the cable in this manner, the ground loop problem, due to
heavy currents flowing in the ground plane, and rf coupling due to high signal
levels, are both solved. Thus, both radio frequency interference and audio
frequency interference can be controlled.

It is important to distinguish the concepts of single and multi-
point "grounding" of signal circuits from the establishment of a ground plane.
In all cases observed, a good electrical ground plane was essential for con-
sistent performance and maximum interference reduction, and could best be
achieved by electrically connecting all metallic surfaces in the system, as
described earlier.
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FIGURE 2: GROUND SYSTEM JUNCTION BLOCK
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FIGURE 3: TERMINAL PANEL, WITH EXPOSED UNGROUNDED CABLE SHIELDS
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FIGURE 4: CABLE JUNCTION BOX SHOWING GROUND RETURN LEAD
(WHITE WIRE) AND SHIELD HALO
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t
REQUIREMENTS OF MEASUREMENTS

OF SHIELDED INSTALLATIONS

R. G. Klouda
Elite Electronic Engineering Company

Chicago, Illinois

Abstract.- This paper delves into the various practical require-
ments of shielded irnstallations and how measurements are made
under field conditions. Discussions will range from large built-
in installations on military sites, to prefabricated types of
enclosures. The usefulness of various materials used in
shielded installations over a given frequency range will. be
listed so that a handy reference may be had when a shielding re-
quirement comes up. In the past a compromise between shielding
effectiveness and building construction has limited to some
extent the usefulness of the shielding. New ideas and techniques
will be offered to enhance the shielding effectiveness for these
installations.

I. INTRODUCTION

A demand by the military for building interference
free areas which are composite with conventional building
practices has increased. This requires the electromagnetic
shielded enclosure to be blended in with the architectural de-
sign of the building and not be visible to the eye; the overall
appearance of the room therefore being basically unaffected by
the shielding requirements. This type of construction is typical
of AC&W (Aircraft Control and Warning) Sites, which will be
discussed here today.

The entire radar site is normally contained in an area
of approximately 400 feet by 400 feet. Three to five radar towers
are positioned to do their prescribed job of searching, tracking,
and height finding. Approximately 200 slant feet away is the
Operations Building, a cement block building which houses radar
receiving and teletype equipment and the air conditioning facili-
ties. A portion of the Operations Building houses the computors
and display equipment. This is the dark room and automatic area
that is electromagnetically shielded. The physical size of the
room is 80 feet by 40 feet by 14 feet high. The finished wall
interior is of conventional dry wall; the ceiling covered with
acoustical tile, and the floor of tile covered access panels.

II. SHIELDING REQUIREMENTS

The functional requirements of the room do not blend
easily into the design of an RoFo shielded enclosure0 Openings
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and protrutions that exist in the room must be RoFo secured. A
fair list of them are vent openings, personnel doors, pipes and
tubes for heating, pneumatic needs and electrical needs, structual
beams, light dimmers, receptacle and luminar boxes, telephone
lines, and in the past, interior partitions and windows.

how, the shielding requirements are obvious since
the receiving equipment has certain thresholds of susceptibility,
whether they be of the solid state or vacuum tube design. High
power radar transmitters, adjacent microwave stations, associated
communication equipment and non-technical equipment all place
the computors and display equipment in a high RoF. ambient area.

Attenuation requirements have varied in the past and
are still in the process of refinement. At the present time a
35 DB attenuation requirement has been specified. The frequency
range being covered is 200 KC to 3 KMC. A higher range of
frequency and attenuation figures is required at other sites0

Initially there were some conflicts between attenu-
ation requirements and specified methods to be used to obtain
this end. One such problem involved the shielding material to
be used. Originally 16 by 16 copper screen mesh was specifiAd.
This was challanged and laboratory tests had to be conducted to
verify this action.

For the laboratory tests a double electrically
isolated 24 ounce solid copper cube was designed and constructed.
The material under test was applied to the sixth side of the
40 inch cube. Since the five sides of the solid copper cube
afforded well over 120 DB of attenuation for the frequencies
concerned, the test material could be studied for its shielding
effectiveness properties, tolerance to small and random openings,
quality of solder seams, and the effects of protrutions through
the shielding.

A field intensity, field strength meter was positioned
inside the cube and the transmitting equipment was operated on the
outside. Shielding effectiveness tests were then conducted in a
general accordance with MIL-E-4957A. Small and random openings
were made on the test material and data obtained and evaluated.
Protrutions of conducting items were passed through the test
material and data obtained and evaluated. From the former tests,
the number and size of openings which were previously plannod to
be used were found to be acceptable when used in conjunction with
24 by 24 copper mesh. The latter tests showed that contemplated
openings, due to pipes and small copper tubing would, when proper-
ly secured to the enclosure, meet the attenuation requirements.
Another facet to this test varified that any protrutions such
as a nail or conducting stub, when insulated from the shielded
material, re-radiated much more energy into the room then would
otherwise occur when its length was a sub-multiple of the test
frequency. The value of wave guides which were to be used on
protrutions which were constructed of non-conducting material
was also investigated with this method. The results of these
tests were a definite aid in deciding on the shielding material
to be used.
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Another conflict in specification was clarified using
the 40 inch test cubical. Originally expanded metal lath was to
be used from the floor level down. This technique would defin-
itely degradate the attenuation figures since the lath had open-
ings of approximately 1/2 by 3/8 inches. Laboratory shielding
effectiveness tests pointed out that the copper screen should be
continued down the wall and at least one foot into the floor
plane. Still another deficiency lied in the type of R.F. doors
to be installed in the shielded area and its vestibules. Common
steel tubular doors with bronze weather stripping fastened to the
perifery were called for. Past experience had shown that this
type was not R.Fo effective. The doors were re-designed and
fashioned after doors used on prefabricated types of shielded
enclosures. Sterrated phosphorous bronze fingers around the
perifery of the door, using a three point contact latch proved
to be the answer. On certain exit doors, panic hardware was
used as the opening mechanism. Upon completion of the shell of
the Operations Building in its normal fashion, the first shielding
steps were taken. Pockets constructed of copper screen were placed
on the ends of the floor beams, the flaps of which were later
soldered to the wall shielding material. The wall and ceiling of
the shielded area were covered with 24 by 24 copper screen mesh
which fastened over the first furring strip. A continuous solder
seam was made with the shielding material and around all vent
openings, conduit pipes, copper tubes, and receptacles, and
luminar boxes0 The light dimmers were boxed in with copper screen
as well as some steam pipes. As previously decided on the main
RoFo wal, covering was brought down the sides of the walls to the
cement foundation and overlapped a minimum of one foot into this
plane. The remainder of the floor plane was covered with expanded
metal lath. Solder seams were continuous on all copper to copper
seams and on the floor plane from the wall to a distance inward
of ten feet. From the ten foot perifery to the center of the room
the expanded metal was spotted every six inches0 The screening was
brazed completely to the particular ground system in vogue, either
a grid or multi-point ground system.

III. SHIELDING EFFECTIVENESS TESTS

Upon completion of the shielding installation, a complete
preliminary shielding effectiveness test took place. Test points
required for the RoFo attenuation checks were at 200 KC for both
electric and magnetic fie-ds, 1 MC electri field, 1d C el ectric0 .. . . ,• eJ, IL , 18 PIC e-le t i

field, 400 MC plane wave, 1000 MC plane wave, and 3 KMC microwave.
Forty-five watt transmitters were utilized for all test points.
Stoddart and Empire Devices field intensity equipment was used
fur the receiving instrumentation. The tests are conducted with
loop, rod and tuned dipole antennae connected to the transmitter
and receiver in the required frequency range. Magnetic field tests
are performed to determine if seams and bonds were adequate to
obtain a good R.F. contact. A good test is to compare readings
obtained on two different bonds. If a difference of several DB is
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noted, it usually can be attributed to poor soldering or brazing.
For the low frequency tests, 200 KC to 18 MC the

receiving equipment was calibrated by placing the receiving antenna
four (4) feet from the transmitting antenna. The relative
strength of the particular field was recorded in DB. The trans-
mittinig equipment and antenna was then placed outside of the
shielded enclosure. Except for the fact that the copper screen
was now interposed between the two antennae, all other relative
aspects and distances remained constant during this test. The
difference in readings gave the shielding effectiveness in DB
of the shielded enclosure. This test method was continuously re-
peated along the entire perifery of the room. Both magnetic field
and electric f:'eld tests were conducted in this manner.

For the plane wave and microwave tests the transmitters
were located approximately thirty (30) feet from the enclosure,
and the calibration procedure repeated. The entire wall of the
shielded enclosure was therefore bathe in a high frequency RoFo
field. During these tests an entire section of wall could be
probed and attenuation figures obtained.

After the successful preliminary tests, the interior of
the Dark Room and Automatic Area are completed. A second furring
strip is fastened over the copper screen and onto the first strip.
Several methods are fesiable. One method is the use of plastic
nails and resin adhesives. Dry wall is then fastened to the second
furring strip and acoustic tile to ceiling. During the interim
between the preliminary and final shielding effectiveness tests,
some additions and modifications that may effect the attenuation
figures usually are considered and action taken. The shielding
consultant should remain on the scene while these changes are
made. The final shielding effectiveness survey will test any of
the modifications made.

IV. CONCLUSIONS

From the experience and information gained from the
testing of large military R.Fo shielded areas, several conclusions
can be drawn. To obtain optimiun attenuation with the shielding
material used, the coverage of copper screen must extend at least
one foot into the floor plane and not stop at the floor level as
was previously specified. The number of personnel doors should
be reduced to a minimum and the floor plan of the site should be
so arranged as to have a personnel by-pass of the shielded area.
This will keep entrance and entry to the automatic area to a mini-
mum. The doors should be of the sterrated phosphorous bronze
type with a three point pressure latch. Specifications should be
modified to state that the entire vestibule, including the floor,
be covered with copper screen. Installation of wave guide cores
for vent openings would increase the frequency coverage and
attenuation figures for the shielded area. Complete R.Fo filter-
ing of all power lines, and other signal lines, phone lines, etc.,
that enter the room would also enhance the attenuation figures.
Re-routing of all unnecessary lines including telephone and power
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lines would help to keep R.F. coupling into the shielded area to
a minimum.

We hope the techniques used here, and recommendations
made, will enhance future shielding effectiveness figures for
similar sites.
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PART II - PREFABRICATED TYPE SHIELDED ENCLOSURES

I. INTRODUCTION

We will now consider shielded enclosures of smaller size
and of the demountable type. The requirements for a room of this
construction will be guided by the following parameters: (1) fre-
quency range through which the tests will be made; (2) ambient
levels of interference present and their frequency range; (3) ra-
diated and conducted susceptibility levels of instrumentation
operating within the room; (4) military specification limits and
requirements; (5)1 possible future sources of interference with
estimates uf frequency and intensity (r) practical materials
available for shielded enclosures; (7) power requirements;
(8) various signal and metering input circuits; and (9) ventila-
tion and lighting requirements.

Ilo RoFo INTERFERENCE SURVEY

To obtain the answers to the afore mentioned parameters,
a radio interference survey is conducted at the planned site of the
shielded enclosure. Standard tests cover the frequencies from 14 KC
to 1000 MC. The major sources of R.F. noise which will be encoun-
tered include switching transients of all kinds, ignition noises,
electrically functioning production equipment such as welders, di-
electric heaters, induction heaters and all other items that
generate R.F. energy intentionally or not. if equipment at the
site is known to generate R.F. energy above or below the standard
test frequency spectrum, consideration should be made in chosing
the shielding material to provide adequate R.F. attenuation at
these frequencies. Problems will arise if the R.F. susceptibility
level of the instrumentation that is to be used in the shielded
enclosure is high, Frustrations and errors will be the result of
attempts to make accurate measurements under these conditions. To
guard against this occurrence extra care must be taken in deciding
on the kind of shielding material, and type of room and filters
that will be used. The decision is usually made after the R.F.
survey. To illustrate by example: From the survey a maximum reading
of 1.0 volts per meter at lIC is recorded. The R.Fo radiated sus-
ceptibility level for the instrtments within the room is 1.0 micro-
voltýs per meter. It. sufficies to say a 120 DB is required.
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Two important requirements are placed on shielded
enclosures by certain military specifications. One requirement
to facilitate antenna tuniig, is the size of the room. A minimum
room with dimensions of 20 feet by 10 feet by approximately
12 feet high is called for. The other requirement is that the
ambient level present in the shielded room be r DB down from the
specification limits.

III CONSTRUCTION

There are three (3) popular types of room construction
now in vogue: (1) single-layer shielding, (2) cell type shield-
ing, and (3) double-layer insulated shielding° The latter is the
most sophisticated of the three.

All of the above are constructed in sections so that
they are transportable and demountable. (See Figure 1.)

IV. PRACTICAL M[TERIALS

Materials which provide sufficient effectiveness at
various frequencies are copper, bronze and galvanized sheet iron.
Copper and bronze screening are available, but a mesh less than
18 by 20 should not be used and wire diameter should be a minimum
of OoOll in0 The lowest frequencies at which a given shielding
effectiveness is required normally determine the type of material
to be used0 Ferrous materials produce more shielding effectiveness
at power frequencies than do non-ferrous materials. Examples of
materials having high shielding effectiveness at low frequencies
are netic and co-netic materials, while galvanized sheet iron has
medium shielding effectiveness at the lower power frequencies. The
accompanying table shows shielding effectiveness of a given mater-
ial at a given frequency.

Non-ferrous materials are used to attenuate magnetic
fields at higher frequencies. Here, shielding effectiveness is
dependent upon material thickness and must be related to the frequen-
cy. 1

When a given material is decided upon, an increase in
shielding effectiveness may be had by increasing the thickness of
the material 0 However, doubling thickness will only increase
shielding effectiveness by r DBo To increase shielding effective-
ness and still not materially increase thickness of the material
required, multiple-shielded enclosures are used. If, instead of
doubling thickness of the single shield, another shield of the
same thickness as the first is placed around the second, with a
spacing of approximately 2 in. and isolated electrically from the
first, shielding effectiveness of the room should theoretically
be increased by the same amount as the shielding effectiveness of
the first shield. Distance between the two shields and discun-
tinuities in the shield will decrease total shielding effectiveness
slightly. Magnetic field test results of single and double electri-
cally isolated enclosures of copper screening and 3-oz. copper foil
arp shown in Figure 2. Placing both layers of this material one
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on top of the other would have resulted in only a 6 DB increase in

shielding effectiveness.

V. POWER REQUIREMENTS

When bringing AC power into a shielded enclosure, a
line filter must be employed which will allow power frequencies to
enter but attenuate all other undesirable frequencies. Standard
commercial line filters are available with attenuations on the
order of 100 DB. These filters are normally placed outside the
shielded enclosure. At times, 100 DB attenuation is insufficient
to remove the unwanted signals from the power line. To provide
higher attenuations, a series of filters has been developed by
Elite Electronic Engineering Company. These line filters are
divided into two sections. One section is used outside the en-
closure and the second section inside. Each filter section has a
minimum attenuation of 60 DB through its effective frequency range.
Placing both filter sections in series gives an attenuation of 120 DB,

or more (Figure 3). Filters made in this manner can be used on
single-shield enclosures, double-shield enclosures or cell-type
enclosures. When line filters are to be used at frequencies of
400 cps or more, an investigation should be made into the amount
of reactive power drawn by the filter. Many filters may draw more
current than the 400 cps generator can handle.

VI. METERING AND INPUT CIRCUITS

Another shielding discontinuity is introduced by inser-
tion of an RoF. feedthrough. An important requirement of the
feedthrough connector is that it must allow a specific RoFo current,
if required for testing, to enter or leave the shielded enclosure
with minimum loss.

The UG-30/U Type h feedthrough adapter exhibits a
nominal impedance oY 50 ohms and can be used as a feedthrough
connector. This feedthrough is ideal for single-shield bulkhead
mounting. When multiple shields are used, a special panel must be
installed to provide a single shield at the point of RoF. connector
entry. In cell-type enclosures, this can decrease enclosure
shielding effectiveness at this point. In double electrically
insulated enclosures, there may be a decrease in attenuation be-
cause of the single layer plus associated multiple connections
between inner and outer shields. To alleviate this situation, a
special R.Fo feedthrough connector was deaigned by Elite to maintain
isolation between both inner and outer shiveids, and still present
a nominal impedance of 50 ohms. The EL-SlOO-1l Uni-Ground Feed-
Through enables R.F. connectors to be placed in any location or in
any par.el in a multi-layer shielded enclosure. Use of a ferrite
sleeve over the coaxial conductor also prevents intense external
high frequency radiation from entering the shielded enclosure.
U!HF connectors or BNC connectors are not recommended if a minimum
VSWI{ is desired of the RoFo feedthrough connector.
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VII. VENTILATION

Ventilation openings, if improperly designed, could
cause a serious reduction in shielding effectiveness. The amourt
of air entering or leaving the enclosure is based upon the amount
of heat that must be extracted from the room due to electronic
equipment in operation, plus the number of operators present
during testing. Another ventilation consideration is the amount
of R.Fo attenuation presented by a particular opening. Screened
openings usually have to be extremely large in area to permit
sufficient air to flow through the fine mesh required to prevent
R.F. leakage. When frequencies above 1000 MC need not be atten-
uated to a high degree, a multi-layer opening of 1/4 inch copper
mesh rapidly decreases in effectiveness. A ventilating opening
must then be designed as a waveguide attenuator operating below
cutoff at its lowest propagating frequency. In this manner,
shielding efficiencies of up to 100 DB can be obtained at fre-
quencies of 10,000 MC. A 1/4 inch diameter tube 1 inch in length
would have approximately 102 DB shielding effectiveness at
10,000 1C. A 1/2 inch diameter tube 2-1/4 inch long would give
approximately 100 DB effectiveness at 10,000 MC. Openings 1 inch
or more i.P diameter would have little or no attenuation at
7000 MC. To obtain an opening of sufficient size to admit the
required volume of ventilating air, these tubes are placed side
by side until sufficient air flow is achieved.

VIII. ILLUMINATION

Lighting requirements can be most easily met by using
incandescent sources. This type of lighting normally does not
produce any interference. However, in a large enclosure, the
heating effect of a sufficient number of lights to produce the
required illumination could cause a heat dissipation problem.
Fluorescent lamp fixtures are available that are both filtered and
shielded. Unfortunately, these fixtures must be considered care-
fully because the remaining amount of interference present may
affect test results obtained in the shielded enclosure.

IX. TESTING THE ENCLOSURE

After the enclosure has been selected and lighting,
ventilation and electrical power inputs considered, a series of
tests must be performed to determine if enclosure attenuation
requirements are met. These three tests, described below, are
made with rod, loop and tuned dipole antennae connected to the
transmitter and receiver in the required frequency range.

Magnetic field tet6L are normally performed in tle
frequency range of •4 to 200 KC. Tests through this frequency
range will determine if the bonds are under sufficient pressure
to obtai. a rood RoF. contact. A good means of comparison for
deter"-.ir ir. whether the seams are making electrical contact is
to perfor. a !-.agnetic field test ir. the middle of the panel and thern
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test adjacent seams. If a difference of more than 1 or 2 DB is
noted between mid-panel and seam readings, a high RoF. impedance
is probably the cause. This can be eliminated by tightening the
seams and making another check.

Electric field tests are helpful in determining if there
is inadequate bonding of the filters to the shielded enclosure or
leakage through the filters themselves. Electric field tests are
normally made in the frequency range of 15 to 25 MC.

Plane-wave tests are effective in determining if atten-
uation in the frequency range of 400 to 1000 MC is sufficient to
maintain the shielding effectiveness of the enclosure. The en-
closure in subjected to a high intensity field in this frequency
range by means of a 45 watt transmitter and tests are made inside
the enclosure to determine if there is adequate attenuation. If
interference is conducted inside the enclosure, the power line
inputs should be throughly investigated. Insufficient decoupling
of line filters in multi-layer shielding is usually the problem.
When filtering is placed on one side of the enclosure only, as
in the conventional line filter, interference may be doupled back
in the power line and re-radiated inside the shielded enclosure.
With the second section of a two section line filter on the inside
shield, any interference induced in the line around the first
filter section is further attenuated, permitting more effective
use of the shielding effectiveness of the enclosure's inner
shield.

With these various aspects of shielded enclosures in
mind, the design engineer is better equipped to specify the type
of shielded enclosure required for a specific application. 3
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Fig. 3 - Double-section r-f line filter for shielded test
enclosure. A small tube is connected to each of the filters,
as they enter the shielded enclosure, to prevent radiation
from leaking around the filter. In the double electrically
insulated enclosure, the tube prevents multiple conducting
paths which tend to reduce enclosure shielding effectiveness.
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SHIELDING EFFECTIVENESS OF VARIOUS MATERIALS

MATERIAL (SINGLE-LAYER) SHIELDING EFFECTIVENESS
DB

0.032-in. COPPER 55

0.003-ino COPPER 29

22 x 22 MESH COPPER 35

18 x 20 MESH BRONZE 24

0.032-ino GALVANIZED IRON (4

1/4 x 1/4-in. MESH GALVANIZED IRON 12

(COMBINES BOTH PENETRATION LOSS AND RE-

FLECTED LOSS. VALUES OBTAINED BY TEST MADE

AT 15 KC IN A MAGNETIC FIELD.)
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A POLARIZED DISSIPATIVE RFI
SUPPRESSION FILTEP

F. N. Hansen
McMillan Industrial Corporation

Ipswich, Mass.

Abstract. - A new filter is described, whereby series inductance and dis-
tributed shunt capacitance are combined with electrical loss in a compact
device without the use of lumped parameter reactive components and with-
out obtaining the undesirable peaks and valleys which usually characterize
the attenuation performance of lumped parameter circuits when plotted in
the frequency domain. The addition of a feed-through capacitor on one end
acts to polarize this filter, thus obtaining desirable performance for noise
suppression at a magnetron.

The filter described in this paper helped solve an unusual RFI-

suppression problem. A commercial system designed by a leading electronics
manufacturer contained a 2, 000 watts magnetron operating at 2, 400 mc.
Initial design included a metal cage over the magnetron to contain the elec-
tromagnetic radiation. The filament leads, fed through the metal housing
by means of high voltage ceramic isolators (10, 000 WV pulse) supplied the
magnetron with about 32 amp. 60 cps filament current and served as nega-
tive return for the high voltage. (See Fig. 1. ).

It is generally known that these filament-leads incline to transfer
RF-energy to the outside of the system. Since this power is radiated, con-
ducted along power lines, also damaging the filament transformer, it is an
undesired source of Radio-Interference with communication equipment
located at the environment of the magnetron operated apparatus. The usual
measures to reduce the RFI by means of applying external chokes and by-
pass capacitors, shielding of the leads, lead dressing, etc. were not
applicable in this case. Finally it was tried to replace the feed-through
isolators by feed through capacitors, designed to stand the high voltage.
(See Fig. 2)

The RFI-energy conducted along the filaments was reduced to a
certain degree. This solution however did not seem practical since, apparent-
ly because of reflections, standing waves originated inside the magnetron
housing, arcing and sparking on all joints and screws. (Fig. 2)

Therefore, a filter was designed based on the principle of a corn-
rnercial type of the McMillan- Radio - Interference - Suppression filters
(B-25). This filter is in its function different from the usual UHF-Micro-
wave filters. (Fig. 3) Series inductance and distributed shunt capacitance
are combined with electrical loss in a compact device without the use of
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lumped parameter reactive components and without obtaining the undesir-

able peaks and valleys which usually characterize the attenuation performance
of lumped parameter circuits when plotted in the frequency domain.

Before the mechanism of this filter will be discussed further,
some results and operational characteristics obtained may be produced.

Fig. 4 shows the attenuation characteristic of a simple filter of
this kind. The curve designated "A" shows the attenuation of the filter designed
for the above mentioned application. Extremely high voltage requirements
combined with rather high current capacity, also elevated temperature on the
magnetron housing as such have reduced the electrical length of this filter.
The curve designated as "B" offers the attenuation of a regular power line
filter for 25 amp. , 250 WV, 0-400 cps of about the same geometrical length
(about 8 inches).

Fig. 5 (Slide 4) presents a simple sketch of the new lossy filter
compared to the generally known lossy line in UHF-techniques. The lossy
filter is shown in its simplest form as straight inner conductor for better
comparison. The sketch is self-explanatory showing the old lossy line with
its resistive inner conductor and shield. The VSWR is well retained; the
power transfer is limited. It works like a pad also for the power frequency.

The new filter is designed to transfer power as efficiently as
possible, still suppressing undesired superposed high frequencies. There-
fore, inner and outer conductors are highly conductive. The losses are
produced in the mold between it. The optimum arrangement of its parameter:

M = magnetic permeability

6 = dielectrical constant
lanc" =- loss tangent

e= geometric dimensions
allows the suppression of RFI to an extremely efficient degree.

SUMMARY

Besides the described application this new principle of designing
RFI-suppression filters has found numberless different applications in power
installation, electronic instrumentation and aircraft.
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SHIELDING EFFICIENCY CALCULATION METHODS FOR SCREENING, WAVEGUIDS

VENTILATION PANELS, AND OTHER PERFORATED ELECTROMAGNETIC SHIELDS

W. Jarva

Filtron Company, Inc.

Flushing, N. Y.

Abstract. - The basic procedures for calculating the shielding effi-
ciency of continuous metallic shields, which were originally developed
by S.A. Shelkunoff, have been found to apply equally as well to per-
forated shields. Methods are developed for calculating the shielding
to be expected from discontinuous shields having a wide range of
different physical structures, and results are compared with values
measured in the laboratory. Theoretical explanations are provided
for test results obtained by some investigators, which are essentially
independent of frequency, whereas results obtained by others vary
radically with frequency. The methods provide means for determining
the polarizability of rectangular openings and also permit computation
of the difference in shielding measurements obtained with antennas
placed close to or far from the shielding barrier.

I. INTRODUCTION

Many problems arise not only in the field of radio interfer-
ence but throughout the electronics industry where estimates are re-
quired of the percentage of electromagnetic energy that may pass
through or be reflected from a perforated metallic surface. The per-
forations may be part of the equipment design or may be unintentional,
and can range from a single opening to many openings per square meter
of surface. A few examples are openings in waveguide ventilation
panels, radar antenna reflectors, coupling openings between waveguides
or resonant cavities, and flaws in shielded enclosures.

In addition to the large number of variables that can exist
in the perforated surfaces, other variables due to the environment in
which the barrier is to operate must be considered. These variables
are functions of such things as distance from the radiating source,
type of radiator, type of equipment requiring shielding, and location
of the equipment with respect to the barrier.

II. BASIC SHIELDING EQUATIONS

In accordance with the methods of Schelkunoff, leakage
through openings in metal shields has been treated from the viewpoint
of transmission line theory. In order to obtain satisfactory estimates
of the efficiency of a wide variety of perforated shield designs, it
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was found necessary to account for attenuation, reflections, opening
area, skin-depth effects, and coupling between closely spaced openings.
The shielding efficiency in decibels is expressed in simplified form
for ease of engineering application as follows:

S A a Ra + Ba + KI + K2 +3 ()

where

Aa = aperture attenuation = 27.3 R for rectangular apertures
aW

- 32-R for circular apertures (3)

D = depth of apertures in inches

W = width of rectangular apertures in inches. For relation-
ship of aperture dimension W to direction of fields, see Figure I.

d = diameter of circular apertures in inches

R = aperture reflection losses
a

= 20 1 glo +1k 1(4)
=2 0910 I41

z
k = a= ratio of the aperture characteristic impedance to

w
the impedance of the incident wave

= W/3.142r for rectangular apertures and magnetic fields (5)

= d/3.682r for circular apertures and magnetic fields (6)

= jFW 1.7 x 10-4 for rectangular apertures and radiated (7)
fields

= JFd 1.47 x 10-4 for circular apertures and radiated (8)
fields

F = frequency in megacycles per second

r = distance from signal source to shield in inches

J
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B = correction factor for aperture reflections which becomesa

significant when Aa is less than 10 db

A
2 - -a

= +20 log1 0  1 (k 1)2 10 (9)

(k + 1)2

K1 = correction factor for the number of openings per unit

square when the test antennas are far from the shield in compari-
son to the distance between holes in the shield. For other dis-
tances, see under derivations.

= +10 910 (10)San

a = area of each hole in square inches

n = number of holes per square inch

K2 = correction factor for penetration of the conductor at

low frequencies

=-20 logi 0  Fl +-. (11)

where p = ratio of the wire diameter to skin depth for screening

= ratio of the skin depth to conductor width between holes
for perforated sheets

Copper skin depth = 2.6 x 103 inches

K3 = correction factor for coupling between closely spaced

shallow holes

= +20 1og01 tanh(-A- (12)

-(8 6 86 )
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i11. DERIVATIONS

Attenuation Calculations (Aa)

The first three terms of Equation (1) are equivalent to
the equations given by Schelkunoff for continuous metal shields. In
Schelkunoff's equations, A represents the attenuation as the wave
passes through the metal, whereas in Equation (1), A a represents the

attenuation as the wave passes through the aperture which, for fre-
quencies below cutoff in rectangular guides, Is given in reference
(1) as:

A Ta D W" nepers (13)

where f and fc are the frequency under consideration and the cutoff

frequency, respectively. It will be observed from Figure I that W
is always that hole dimension perpendicular to the E field. Conversion
of Equation (13) to decibels for frequencies well below cutoff provides
Equation (2) and a similar procedure for circular guides provides
Equation (3).

Reflection Calculations (Ra)

Schelkunoff gives reflection losses as being a function of
the ratio of the metal intrinsic impedance to the incident wave imped-
ance. Similarly in Equation (4), the reflection losses are calculated
as a function of the ratio of the waveguide characteristic impedance
below cutoff to the incident wave impedance. The characteristic
impedance of a rectangular waveguide well below cutoff Is:]

z (14)a 7T

The impedance of the wave emitted by a small loo2 source at points
close to the source compared to a wavelength is:M

Z = jolir (15)w

Taking the ratio of Equation (14) to Equation (15), we have:

k WTrr

which is the equation for k given by Equation (5) for magnetic fields.
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Both Equations (14) and (15) are in MKS units, but in taking the ratio,
W and r may be expressed in either inches or meters. Similar procedures
provide Equations (6), (7), and (8).

Corrections to Reflection Calculations (Ba)

This factor is given by Schelkunoff for metal shields as:

B = 20 loglo I -(k - 1).2 e 2 crt (16)
(k + 1)2

where c-and t are, respectively, the complex propagation constant and
the thickness of the shield in MKS units. In a waveguide below cutoff,
the phase constant approaches zero and the propagation constant becomes

equal to the attenuation constant, so that e-2 't becomes equal to the
reduction in signal intensity in nepers for twice the depth of the

-2o-t
waveguide. The expression e A , therefore, may be expressed in

decibels and is equal to 10 "171 which converts Equation (16) to Equa-
tion (9).

Corrections for the Number of Openings that Must Be Considered (K1)

It 's obvious that when electromagnetic signals pass through
a metal shield by penetration of openings, the amount of power that is
transferred from one side of the shield to the other is a function of
the number of openings. Not so obvious is the fact that if insertion
loss tests are made of the shield, the results will be a function of
the distance between the antennas and the surface of the shield, assum-
ing the shield to be centrally located between the antennas. If small
antennas of approximately the same size as the openings or smaller are
used for test, and they are located on each side and adjacent to one
of the openings, the measured shielding efficiency will be that of the
opening itself. On the other hand, if the antennas are located at a
large distance from the shield in comparison to the distance between
holes in the shield, the measured shielding efficiency will be equal
to that of a single opening plus the ratio (in decibels) of the total
wall area illuminated by the radiator to the total opening area located
in the illuminated region. If the openings are evenly distributed, this
ratio is a constant, since any change in the wall area illuminated will
cause a similar change in hole area. Therefore, the minimum shielding
efficiency becomes that of the single opening plus the correction factor
of Equation (10). At intermediate points, the shielding efficiency lies
between the two values.

- 482 -



Both values are of practical importance. The shielding
efficiency near the shield is important for protection of sensitive
equipments which may be placed close to the walls (data cables, etc.)
and it is specially important in cases where radiation hazards may
exist so that personnel are protected who otherwise may unknowingly
enter a strong field existing in the vicinity of a poorly designed
seam. Calculations of the shielding efficiency in the interior parts
of a structure are important since, if advantage is taken of the added
shielding efficiency, a considerable reduction in cost of shield con-
struction can be achievi.

Low Frequency Corrections for Screen-Type Shields (K2 )

Numerous tests have shown that the high-frequency shielding
efficiency of screening materials can be satisfactorily approximated
by assuming that the openings in the screen are equivalent in size
to the openings in a flat perforated metal sheet, and the depth of the
openings is equal to the wire diameter. At low frequencies when the
skin depth becomes comparable to the radius of the wire, a consider-
able loss in shielding efficiency occurs. This may be considered from
the viewpoint that the apertures as waveguides are made wider 3 and
shorter by a skin depth. However, this approach runs into difficulty
when the skin depth becomes equal to or greater than the wire radius
since this is the borderline region where leakage through the metal
itself also must be considered. in order to maintain reasonable
simplicity for calculation purposes, the test results for a variety
of copper screen shields were plotted as a function of skin depth,
and an empirical equation was derived for the correction factor as
given by Equation (11). It is probable that this correction factor
will also be satisfactory for perforated sheet metal, but no test data
are available for corroboration.

Corrections for Closely Spaced Shallow Openings (K3 )

When the apertures in a shield are closely spaced and the
depth of the openings is small compared to the width, the shielding
efficiency has been found to be greater than otherwise would be ex-
pected. This is interpreted as being a result of coupling between
adjacent holes which becomes important when the attenuation through
the openings is small. Considering two such adjacent holes, subjected
to an electromagnetic field, it appears that the current induced on
the conductor between the holes can flow into one side of a hole and
return immediately via the adjacent hole -- in effect merely encircling
the conductor. Since the current is the same in closely spaced holes,
this is equivalent to placing practically a dead short circuit at the
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end of each hole considered as a waveguide. The impedance of the short
may be approximated for rectangular holes by the surface impedance pre-
sented by the surface of the conductor between the holes,

a (17)

where is the metal intrinsic impedance (MKS units)

j~c
(d = 27Tf

1 = permeability of the metal = 1.26 x 10 henries/meter for copper

g = conductivity of the metal = 5.8 x 107 mhos/meter for copper

Direction of the fields and current, and dimensions a and b are shown in
Figure 2.

The characteristic aperture impedance given by Equation (14)

is JW at all frequencies being considered. The ratio of ZL to Za is,

therefore,

ZL 77' a a(8)
Z g b jW/ W bW (18)

At frequencies as low as 10 kc, the expression under the

radical is smaller than 10- showing that for all reasonable opening
dimensions and any frequency of interest, ZL is much smaller than Za

In accordance with transmission line theory, the input
impedance of the guide may be calculated by:

Z Z

= z L coshC a+ a sinhc(
ZL a Za cosha+ ZL sinhCX (19)

wherel is the waveguide attenuation in nepers.
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Since for the express condition being investigated a is
small, and since Z << Z , Equation (19) simplifies to:

L a

ZL z iZa Z tanh (X (20)= a coshCa = a

The ratio of the intensities of the reflected wave to the
transmitted wave when the attenuation is large is equal to:

-w+za 2 (21)
4 ZwZa

When the attenuation is small, the ratio becomes:

Z. IN Z 1)(22)

4 z z,wzL

For all practical purposes, the wave impedance Z is always
w

much larger than either Z or Z and the ratio of Equations (22) toa L
(21) reduces to:

zZa 1

ZTtanhG( (23)

Expressing Equation (23) in decibels provides the correction
factor for closely spaced shallow holes as given by Equation (12). It
will be observed that since Za is always larger than Zi for Aa equal to

10 db or less, the correction factor is always positive and increases
the shielding efficiency.

IV. COMPARISONS WITH MEASUREMENTS

The results of tests made by many groups who are, or have
been, active in shielding work are available for comparison purposes.
Many tests have also been made at Filtron on a variety of perforated
shields. Unfortunately, siandard methods of test have not been de-
vised, which are acceptable to everyone, so that the results obtained
must be interpreted in each case in the light of the test methods.
In order to clarify the reasons for variations in test results, some
discussion is required of test methods.
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Discussion of Test Methods

The methods used for laboratory tests at Filtron consisted
entirely of insertion loss tests made with small (3-inch diameter)
shielded loops. Primary advantages of the small-loop method are the
ability to test small samples, minimizing of environmental reflection
effects, and derivation of the shield quality under the most rigorous
conditions that could be encountered in actual use. The loops are
co-planer and are located with 3.5 inches between loop centers if the
thickness of the test sample permits. Co-planer orientation of the
loops permits estimates of the wave impedance to be made for calcula-
tion of reflection losses. The field emitted in the plane of the
loop causes a unidirectional current to flow on the test sample at
the point between the loops, and tests that area with a wave having
essentially the impedance of a wave from an infinitesimal loop located
at the same distance as the center of the test loop.

Some experimenters have used coaxial loops; however, this
method of test has a number of disadvantages. The field emitted in the
direction of the loop axis causes a circular current to be induced on
the test sample. If a straight seam is under test, currents flow in
opposite directions over the top and bottom halves of the seam. The
wave impedance in the axial direction is zero on the axis and gradually
increases with distance from the axis so that the impedance ratios
vary from point to point and reflections are difficult, if not impossible,
to calculate. In general, tests made with coaxial loops should give
lower insertion loss values because of the lower wave impedance and,
consequently, lower reflection losses.

Many tests have been reported using antennas housed in metal
enclosures. In this case, if the antennas are located deep within the
enclosures so that they are far from the test sample in comparison with
the dimensions of the enclosures, the test becomes equivalent to an in-
sertion loss test in a waveguide transmission line. The wave impedance
becomes equal to the characteristic impedance of the guide for the
particular mode being generated. This is particularly significant for
tests made with high-impedance antennas. The presence of the metallic
enclosure so reduces the wave impedance that the reflection losses
become far less than expected with such antennas.

Testing of shielded enclosures for plane waves use the
radiation field, and necessitate the use of reasonably efficient
antennas separated a considerable distance compared to a wavelength.
Use of highly directive antennas, such as helixes or dipoles, with a
corner reflector provide highly reDeatable and accurate test results.
On the other hand, antennas such as the half-wave dipole are so subject
to reflections from surrounding objects, observers, etc., that the
reliability of the results becomes largely a function of the experience
and capability of the testing personnel themselves.
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Metal Screening Tests

Low Impedance Tests. Figures 3 and 4 show the shielding
efficiency of 16, 22, 40, and 60 mesh copper screening as measured with
co-planer loops. For comparison, four calculations are provided for
each curve. Calculations in this case were made with Equations (2),
(4), (5), (9), (10), and (11). The agreement between measurements
and calculations is within 5 db and in most cases is considerably better.
It will be observed that all the curves exhibit a characteristic dip
in the region of 200 mc. This is probably due to the loop wave imped-
ance becoming complex, since the current around the loop perimeter is
no longer constant.

Figure 5 gives the insertion loss obtained with No. 2 mesh
copper screen, again measured with co-planer loops. These tests
demonstrate the coupling between shallow closely spaced openings.
Calculations were based on Equations (2), (4), (5), (9), (10), (11),
and (12), and are in good agreement with the measurements, although
the calculations were very nearly equal at 10 mc. The wire diameter
was large, so that low-frequency skin depth corrections were small
as shown by the flatness of the curves. The somewhat erratic nature
of the curves is probably due to the nonhomogenous character of the
shields and coupling effects permitted by the low attenuation.
Similarity of the curves indicates the presence of some variables
in this special case, which are not accounted for in the calculation
methods. Since practically all the shielding efficiency is due to
reflection losses, the relative changes in the complex guide imped-
ance and complex wave impedance have an accentuated effect at the
higher frequencies.

Table 1 shows the shieldiný efficiency of No. 22 mesh
copper screen as given in AFM 100-35. In this case, calculations
are slightly high at 1 and 10 mc. The methods of measurement are
not known, but comparison with the curve in Figure 3 shows the values
are slightly less than those obtained with co-planer loops, and
probably the tests were made with the coaxial loop method. The
calculation methods were the same as used for Figures 3 and 4.

Plane Wave Tests. Table 1 also lists the measured plane
wave shielding efficiency for No. 22 mesh copper screen. Calcula-
tions using Equations (2), (4), (7), and (10) give good agreement
at the mid frequencies, with a progressively greater disagreement
at the lower and higher frequencies. This is expected at the low
frequencies because no correction factor was applied for penetration
of the conductor. (The factor K2 was derived for loop tests.) Since

the details of the methods of test are unknown, no explanation can be
offered for the high-frequency discrepancy.

High Impedance Tests. Test results listed in AFM 100-35
as high-impedance measurements are also given in Table I. The cal-
culations which were made in this case assumed that the actual wave
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impedance used in the test setup was equal to that of a 30-inch square
waveguide. It is obvious that since the measured values are consider-
ably less than the plane wave results, the wave impedance was sub-
stantially less than that of free space (377 ohms). The term high
impedance is defined as being greater than that of free space, so
that the reported results are actually low-impedance test results,
although not as low as obtained with loop tests. It appears that
the high-impedance radiator was contained in a metallic enclosure,
which substantially reduced its effective wave impedance.

Ventilation Panel Tests. Table 2 lists the results of
measurements made on a waveguide-below-cutoff-type ventilation panel.
The openings in the panel were 1 7/8 inches square and 2 3/4 inches
deep. Tests were made on this sample with both the insertion loss
method and with an attenuation method, to demonstrate the inaccuracies
inherent in the insertion loss test when the sample is thick compared
to the distance between loops.

Calculations were made using Equations (2), (4), and (5).
Co-planer loop tests were used. The metal thickness was large com-
pared to skin depth at all frequencies. Since the hole area was much
greater than the metal area, none of the correction factors apply.
It will be observed that the insertion loss measurement of 25 db is
considerably less than the calculated sum of reflection and attenua-
tion losses, which are, respectively, 2.5 and 40 db. For insertion
loss, the loops were positioned with their centers 6 inches apart,
so the sample could be inserted and a true insertion loss test made.
To make the shielding efficiency test, the initial reading (shield
out) was made with the loop perimeters touching, everything else
remaining the same. This in effect (insofar as the pickup loop could
measure the intensity of the incident field without affecting it)
would provide two readings which are proportional to the incident
field intensity just inside the shield to the transmitted field just
outside the shield, conforming to the definition of shielding efficiency.

It is obvious that the difference between the two series of
tests must be due to the difference in the initial signal level measured
with the shield out. Since the loops were brought closer together from
a center separation of 6 inches to that of 3 inches, the ratio of the
field intensities is 8 to I or 18 db. (At the frequencies and dis-
tances under consideration, the field varies inversely as the cube of
the distance.)

Therefore, the insertion ioss test was too low by about 18
db. Consideration of the physical conditions of the test indicates
that when the wave entered the guide, it was confined to the dimensions
of the guide, and the inverse cube loss was not permitted for the length
of the guide although the usual guide attenuation still applied. In
other words, everything else remaining the same, reduction of the test
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sample thickness to a small fraction of 6 inches would reduce the
"shield.in" insertion loss reading by 18 db because of spreading out
of the field. This demonstrates the fact that insertion loss tests
are equal to the shielding efficiency only when the test sample is
thin compared to the distance between the test antennas.

Antenna Reflector Calculations

A particular problem that often arises is the question of
antenna reflector design, where it is desired to maintain adequate
reflection from a surface having maximum opening size. The large
openings may be required to minimize wind drag, weight, or for reasons
of economy.

A usual design used in the UHF range employs a square mesh
of one opening per inch and a conductor diameter of 0.080 inch. Assum-
ing a frequency of 400 mc, Equations (2), (4), (7), (9), and (10)
provide a ratio of 8.5 db for the ratio of the incident wave to the
transmitted wave. The holes, closely spaced and having an attenuation
of only 2.4 db, fall in the category requiring application of the
correction factor K3 (Equation 12). Thi- provides an additional

reflection of 11.4 db, bringing the total ratio to 19.9 db, which
corresponds to a power reflection of about 100 to 1. Comparison with
results obtained from a nomograph in the IRE Proceedings of February
19615 indicates agreement within about I db.

Polarized Openings

Another problem that is often encountered concerns the ratio
of the leakage through an elongated opening when the incident field
polarization is parallel to the aperture to that obtained with per-
pendicular polarization. H. A. Bethe 6 has provided means for cal-
culating the polarization of apertures in infinitely thin walls. As
far as is known, no one has approached the problem in a manner which
includes the effect of opening depth. An equation for polarizability
of rectangular apertures may be obtained by taking the ratio of
Equation (1) for the two different directions for each type of field.
For instance, the difference in reflection losses for a single opening
and low impedance fields would be represented by:

r I _+ I + 10

R2 R1 =0log 2h +1+I

-- ( _ A• __A (24)

ýr 1 - 10 - O

2W + +10
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where h is the longer opening dimension and A2 is the attenuation
obtained when the field is polarized parallel to it. A1 is the
attenuation with the field polarized parallel to W.

The difference in attenuation would be represented by

A - A1 = 27.30 (25)

Calculations for an aperture 4 inches long and 1/10 inch
wide in a metal panel 1/16 inch thick indicate a reflection difference
of 24 db and an attenuation difference of 16.5 db, so that the
polarizability is equal to 40.5 db. Practical experience has shown
that polarizabilities of this magnitude are often encountered in the
field.

V. CONCLUSIONS

The extensive range of variables over which agreement is
obtained between calculations and experimental results indicates that
the basic concepts introduced by Schelkunoff provide the correct
approach to opening leakage. It is concluded that each of the terms
of Equation (1) describes, or approximates, with reasonable accuracy,
the actual physical events which take place during the shielding
process.

Results of general significance indicate that the char-
acteristically flat shielding efficiency curves obtained by many
investigators is due to the test method. Variations of reflection
losses are eliminated because the source wave impedance and aperture
characteristic impedance vary in the same manner with frequency.
Use of the shielding materials under actual conditions where the
incident wave impedance is either equal to or greater than that of
plane waves will provide shielding considerably greater than the
measured values. Tests made with loops apply accurately to the
minimum shielding to be obtained under any conditions, but tests
made with enclosed high-impedance sources require evaluation before
they can be applied.

Heretofore, methods for determining the polarizability of
unsymmetrical apertures have only been available for infinitely thin
metal sheets. The methods described permit calculation of the
polarizability of rectangular apertures of any depth. If equations
are developed for the characteristic impedance and attenuation constant
of apertures of other shapes, then their polarizabilities may also be
determined. As a matter of fact, these equations can be developed
empirically through a simple series of tests.
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Design of antenna reflectors or other reflecting surfaces
where minimum weight, cost, or wind drag may be of importance may be
performed without the need for previous empirical tests. Present
designs can be considerably reduced in metal content if it is known
that they will be used only with waves of a particular polarization.

Design of large shielded enclosures for which a particular
value of shielding efficiency is known to be required, may be greatly
reduced in construction cost if adantage is taken of the added
shielding quality provided at the interior regions of the enclosure.
The methods described provide means for obtaining the required shield-
ing quality at any desired distance from the shielding barrier.
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TABLE I

COMPARISON WITH MEASUREMENTS REPORTED IN AFM 100-35

Meas Calc
Screen Test Freq Values Values
Type* Type (MC) (DB) (B

No. 22 Mag 0.085 31 28

15 mil field 1.0 43 45

10.0 43 49

No. 22 Plane 0.2 118 124

15 mil Waves 1.0 106 110

5.0 100 95

100.0 80 70

No. 22 Elec 0.014 65 **65

15 mil field to 60

No. 12 Elec 0.014 50 **53

20 mil field to 60

* All screens made of copper.

**These values assume a wave impedance equal to that of a

30-inch square waveguide.



TABLE II

COMPARISONS OF MEASUREMENTS AND CALCULATIONS FOR

VENTILATION PANEL WITH 1 7/8 INCH SQUARE OPENINGS 2 3/4 INCHES DEEP

Measurements

Insertion Shielding Calculations

Freq Loss Test* Efficiency Test* Attenuation Reflections
(MC) (DB) (DB) (DB) (DB)

0.15 **24 - 40 2.5

10 **25.5 45 40 2.5

25 **26 44.5 40 2.5

* All tests made with co-planer loops.

** Calculated correction for insertion loss tests +18 DB.
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RADIO TINTERFERENCE AND SUSCEPTABILITY STUDY OF
HIGH POWER TRANSMITTER JAMMERS

T. B. Brown and W.S. Schwagart
The Hallicrafters Company

Chicago, Illinois

Abstract. - This paper will be concerned with the study of radio frequency
interference suppression on a group of three airborne high power transmitter
barrage jammers.

The scope of this presentation will be primarily a historical
account of the efforts of three project design groups to qualify the equip-
ments to military radio interference requirements. It is intended that the
information contained herein will be of maximum help to those actively engaged
in qualifying similar military equipment. For this reason, emphasis is placed
on practical approaches rather than theoretical.

Because the equipments are classified, reference will not be made
to nomenclature and specific operating frequencies. A brief description of the
three transmitter systems is as follows:

1) A microwave, "S" band, system consisting of
a) Transmitter unit containing a voltage tuned

high power carcinotron with suitable high
voltage and noise modulation circuitry.

b) An oil circulating heat exchanger unit.
c) A control indicator.

2) A UHF system consisting of
a) A driver unit with a noise source and low

levei distributed amplifier.
b) An amplifier unit which features a high

power traveling-wave tube.
c) A control indicator unit.

3) A VHF system consisting of
a) A power supply unit.
b) Two transmitter units, one low band and

the other high band - both featuring a
noise source with low and high level
distributed amplifiers.

It is probably safe to say that during the design of an airborne
barrage jammer the engineering staff encounters almost every type of RFI
suppression problem known. The fact that the barrage jammer design is
deliberately aimed at producing high level wide band radio frequency inter-
ference to smother radar reception creates a most interesting challenge in
channeling this energy to the antenna only. The engineering solutions to
suppression of noise conducted in the power lines and noise radiated from the
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equipment range from the application of well-known techniques through the
examination of the latest most sophisticated methods. One familisr fandainental
point loomed laxge throughout the evolution of these projects. The initial
evaluation of RFI problems in the early design stages was an absolute necessity
andwAthout it, size and weight would unquestionably have been much higher.

All of the three equipments evolved from previous studies in which
prototypes were designed and submitted for Air Force countermeasure tests.
Even before this work culminated in contract awards for fully qualified
production units, studies had been made on prototypes to determine the problems
in designing to meet specification MIL-I-26600. Information from these studies
then was used to generate Radio Interference Control Plans for the pre-
production prototypes.

The preliminary parallel studies of these three equipments pointed
out one salient fact. A maximum effort to suppress radiated and line conducted
noise at the circuit level was to be retarded by the presence of certain design
requirements. Some of these requirements and their effects are:

1) Plug-in modules which render continuous shielding
difficult and in some cases impossible.

2) A high system reliability requirement which, in
some instances, was at odds with the quantity
of extra components necessary to provide adequate
suppression.

3) Space factors of the circuit modules which, in
some instances, did not permit room for adequate
circuit suppression or shielding.

Because of these factors, it seemed evident that a large share of
the noise suppression effort must be relegated to the filtering of conductors
leaving the transmitter and the shielding provided by the external case and
front panel.

Actually, the entire noise suppression task on each of the three
equipments became an effort to combine best practical circuit suppression
techniques with rigorous shielding and filtering.

There were several fundamental suppression techniques used in
common to all three transmitters, as listed below:

1) Filament and B+ leads were by-passed at each point
of entry to or exit from a module.

2) Shielding was used on all signal leads to suppress
radiation and to prevent crosstalk.

3) Each module featuered a single -.round return point.
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4) Where possible, all module ground conductors were
returned to a single equipment ground point to
minimize circulation of ground currents.

5) All conductors leaving transmitter chassis to
external cables are heavily filtered. Filter
assemblies are bonded to the front panel.

From this basic starting point each equipment design staff branched

off into whatever direction appeared most suitable for its particular unit.

Shielding

One of the main problems encountered in the design of the three
transmitters was the conflict of radiation suppression with air cooling
requirements. There is of course no mystery in the fact that, wherever
forced air is used to dissipate heat, the intake and outlet openings also
peimit the emanation of radio frequency energy. If the level of RF energy
present is high and there is little reserve in air flow capacity, an acute
problem can arise in attempting to suppress radiation without overheating che

equipment. All non-solid shielding materials such as perforated metal,
fine mesh copper screening, and metal honeycomb present a pressure drop to
airflow. Metal honeycomb is the "cadillac" of these materials, for very
high electric field attenuations are obtainable up through the microwave band
with negligible air pressure drop. Honeycomb, however, has the disadvantages
of occupying far greater volume and costing far more than either screening or
perforated metal. As an example, panels of honeycomb vary in thickness from
1/4 to 3/4" depending upon attenuation desired and the production cost of
1/4" material is approximately 50 cents a square inch. Hence, from the product
design standpoint in airborne equipment the first choice is low volume
inexpensive flat perforated metal or screening wfýth honeycomb called upon for
the impossible situations.

In this trio of transmitters, perforated metal, screening, and
honeycomb all found various applications. The microwave transmitter showed
the least difficulty of the three. Here, an oil circulating heat exchanger
dissipates the bulk of the heat. There are some components mounted in air,
but a blower of more than adequate capacity is employed to cool them, and the
pressure drop in metal screening is of little significance. In the first
models, oiled dust filters with three layers of coarse aluminum screen were
used in the air intake and two air outlets. The dust filters were found
inadequate to handle the high level of low frequency modulation in the
transmitter until a single layer of fine mesh screening was added to each
filter. Radiation in the microwave region is no problem incidentally, as
long as the RF plumbing is tightly sealed, since a carcinotron oscillator
is the only source and is inherently almost a perfect shield chamber.

in the VH1F transmitter, however, the high level. distributed amplifier is
rich in .Y fields above 100 MC and is also entirely dependent upon forced
air for cooling.
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The transmitter case is divided into two decks, the upper and the
lower, with two compartments in the lower deck and three compartments in the
upper deck. One common blower provides air for cooling all of the tubes in
the transmitter.

All forms of non-solid shielding in the outer case were tried with
poor results in cooling until honeycomb was applied. Some inconvenience was
suffered in that the 1/4" thick honeycomb could be placed nowhere except on
the external surface of the cover. Attenuations of from 30 to 90 DB above
100 KC are achievable with honeycomb thickness varying from 1/4 to 3/4 inch.
Below 100 KC, H-field attenuations of honeycomb become inferior to that
obtainable with perforated metal or fine mesh screening.

The UHF transmitter consists of two units, a '"ow level driver and
a power amplifier both air cooled. In the driver, no problem was experienced
with perforating the cover for air outlet. The power amplifier employing a
traveling-wave tube which confines the passband energy quite well, showed
uncomfortable levels of intermodulation products in the 50 MC region. Forced
air cooling was dangerously inhibited in suppression of the intermodulation
products until honeycomb was employed in air i2leWL and outlet openings.

The foregoing emphasis on the applications for shielding forced
air ports is not intended to leave the impression that this was the only
shielding problem in the three transmitter jammers. Everywhere throughout
the construction of the units will be found the application of woven mesh
gasketing between dust covers and panels and module chassis. Where rough
cast surfaces bear on smooth panels, aluminum mesh embedded in sheet neoprene
was glued to the casting with conductive cement to prevent radiation leaks
between panel and casting.

Some of the shielding methods for individual transmitters as now
related will illustrate the diversity in solutions.

The top of the VHF transmitter case is removable to allow access
to the modules of the upper deck. Shielding in the form of beryllium copper
finger stock was riveted to the outside edges of this cover to provide good
contact to the case and prevent RFI radiation.

The UTHF transmitter consists of two sections, one transmitter unit
and one power amplifier unit. The transmitter unit is divided into three modules
constructed as drawers which s1ide into three compartments in the transmitter
case. Beryllium copper finger stock was used to ground the drawers to the
transmitter case. Connecting cables between modules were placed in metal
channels to prevent crosstalk.

The philosophy of the project groups in selecting beryllium copper
fingers rather than woven metal mesh gasketing was that finger stock would
retain its resiliency better after a large number of engagements and disengage-
ments with the top cover. Since the cover on the VHIF transmitter and the
drawers of the UHF transmitter must be removed for any maintenance, it was
expected that the fingers would have better life characteristics. Experience in
the Microwave dust cover has shown, however, that the use of monel in woven
meta-l mesh gaskets for this type of application is quite satisfactory.
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In both the microwave and VHF units, active and spare fuses were
sources of radiation. Active fuses sometimes act like antennas, radiating
the low frequency noise from diode power supplies. Also, the complete lack
of shielding in commercial fuseholders permits any internal high frequency
noise to pour through the opening in an otherwise well shielded panel.
Typical solutions were solid metal shields placed on spare fuseholders in
the microwave transmitter, while ceramic capacitors bypassing active fuases
proved sufficient. In the VHF transmitter, where all fuseholders were grouped
together, a shield comprised of solid metal with wire mesh gasketing was used
to surround the fuse cluster on the front panel.

Actually, fuse suppression problems have been plaguing the electronic
equipment designer for so long that it is strange no concerted effort to
market a shielded fuseholder has been made. It is recommended that enter-
prising fuse manufacturers review this market potential.

One of the difficult comprcmis-g in RFI product designing stems
from the eternal conflict between military metal finishing specifications and
interference specifications. The task of establishing direction to the
mechanical designers activities can be simplified if, at the project inception,
the principle is firmly stressed that noise suppression requirements take
precedence when incompatible with paint finishing specifications. Corrosion
problems because of dissimilar metals in RF gaskets and adjacent surfaces was
once a trying problem. Now with such materials as aluminum, monel, copper
and silver-plated copper available in commercially available metal mesh
gaskets, the task of choosing compatible metals has been greatly simplified..

Filters

In all of the three transmitters, filter assemblies in shielded
compaatments inclosing the main connectors were employed. The packaging of
the filters however, was determined by the space available. In the VHF
transmitter, sufficient volume was available to permit the use of hermetically
sealed capacitors and coils installed in compartments with removable covers.
In both the microwave and UHF equipments, however, filtering volume was at a
premium and the employment of completely sealed and potted connector filter
assemblies with high density packing of components was mandabory.

Since the designer often faces a choice between these two styles
of filter packaging, it is worthwhile to summarize their relative merits.
In general, it can be said that the unpotted filter assembly with removable
covers offers high ease of maintenance, since any defective component may
be replaced. Its disadvantages are poor space economy and in some cases poorer
price economy.

The sealed filter connector package permits the greatest density
of components and in production volume can often be purchased at less cost.

However, the failure of any one component necessitates the replacement of
the entire package, which in the instance of one assembly in the microwave
comprises twenty-two filter circuits. Hence, the design of the filter must
be directed toward the achievement of extremely highi reliability.
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Inasmuch as sealed multi-circuit filters are becoming more common

in airborne equipment applications and the reliability requirements for
airborne equipments are continuing to rise, it is worthwhile to review some

of the problems the equipment designer faces in specifying and procuring
filters. The design procedures in selecting the optimum filter circuit and
circuit parameters have been thoroughly discussed in the literature.
Essentially, the only electrical design problem in multi-circuit filters not

common to single filters is leakage or crosstalk between circuits. This can
become a serious problem at frequencies above 1 MC if adequate precautions are
not taken. In a well designed multi-circuit filter, one will usually find
that good high frequency bypassing techniques have been employed at the
filter input; that internal to the enclosure the input is well shielded from
the output section; and that magnetic coupling bctveen adjacent coils has
been minimized through the use of toroids. Let us say that all this has been
done and a filter package prototype is at hand which permits the equipment
to comply with the applicable radio noise specification. Let us say further
that all electrical components have been selected with the applicable environ-
mental extremes carefully considered. And finally, let us say that a
reliability analysis has been made using the most sophisticated mathematical
tools and a satisfactory reliability factor has been predicted. There then
remains one more task for the equipment designer to perform - completely
review the internal construction and workmanship of the preproduction
prototype. The following items comprise a list of headaches experienced in
the products of some of the top filter manufacturers in this country:

1) Inadequate stripping of formvar wire causing
cold solder connections after many hours of use.

2) Too low a gauge on wire from coils to terminals,
permitting breakage caused by varying stresses
in the potting compound.

3) The use of potting compounds that react chemically
with solder causing eventual open circuits and/or
holes in the soldered can .,eams al:Lowing the
entrance of moisture.

4) Poorly conceived filter cans that permit excessive
stress on solder seams also resulting in eventual
leakage holes.

5) Too great a reliance upon potting compound to
mechanically support components.

6) Improper insulation between adjacent circuits
permittine Pvpnt1ual circuit-to-circuit or circuit-
to-ground shorts.

Perhaps it would require unusual clairvoyance for the design
engineer with responsibility for purchased parts approval to detect or anticipate
all the design weaknesses or the types mentioned. Experience has shown,
however, that the followin, minimum procedure will weed out the majority of
defects and is well worth the time and cost:
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1) Request the vendor to supply one prototype,
unpotted and unsealed. Examine the wired
interior thoroughly and write down all possible
visible trouble spots using plain cammon sense
as a guide.

2) Using a completely finished sealed and potted
sample, cut filter into sections and inspect for
air pockets in the potting compound.

3) Perform the following on at least three and
preferably more samples:

a) Temperature cycle (-55 to 10000) for
100 to 200 cycles with a continuous
monitoring of continuity on all
circuits.

b) Humidity and temperature cycle (to
applicable specification).

c) Fllowing humidity a voltase flash
test on all terminals at 2• times
rated voltage.

4) Where space permits, insist that capacitors be
hermetically sealed even though the filter
enclosure is potted and solder sealed.

5) In writing the filter specification, leave
absolutely nothing to imagination. There is
no substitute for rigorously spelling out all
environmental requirements, current and voltages,
permissible temperature rise, voltage drop, and
minimum insertion losses, and voltage flash ratings..

1[1L-F-15733, the only military specification available on filters,
is often used as a guide but is suitable only to the extent that detailed
environmental and other special requirements are included.

In the transmitter jammer group, the primary power sources are
115 volts, 3-phase, 400 CPS, 4-wire and 28 VDC. With the AC neutral and DC
negative combined in one ground conductor, five filters are required for
power input. Power circuit filtering was always separated physically from
other filtering to avoid heat dissipation and crosstalk problems.

Each jammer system consists of three units. Placement of filtering
depended upon the function of the units, which were not uniform. Hence, the
distribution of filtering wrong the three units of each system was unique
to the system. In the microwave equipment, filtering was required in the
transmitter unit and found unnecessary in either the heat exchanger or control
unit.
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The VHF equipment, however. comprised of power supply, transmitter,
and control units required filtering in all but the latter.

In some instances, rigorous filtering at the module source was
necessary in addition to main filtering of unit output cabling. Examples
of this axe found in the UHF transmitter equipment, which employs traveling-
wave tifhe circuitry.

Noise from the diode rectifiers of the driver power supply was
found on the power leads. Bypassing each diode with a disc capacitor
minimized the noise on these leads. Noise was also being conducted and
radiated from the bias leads of the power amplifier tubes. RF chokes were
placed at grids suppressing noise from this source.

A connector on the front panel which provides a means of metering
voltage and signal levels of the multiplier module was a high level source of
radiating noise. A filter box was constructed with feedthrough capacitors in
each lead. The connector was mounted on the box and the assembly mounted to
the front panel.

The signal input and the .NT protect circuit were coupled to the
tube with a "T" connection allowing signal to be conducted on the
control chassis leads. A special filter was designed to connect into the
"T" providing isolation between the signal and the protect circuit. Also,
with the cathode tied to the filament internal of the tube, the filament
leads were conducting a large amount of signal to the power lines. A filter
was installed in the power leads at the TWT filament transformer.

The effect of a high equipment reliability goal in some instances
prevented the use of simple bypass capacitors when the quantity required
to accomplish suppression was considered excessive and the same result could
be obtained with a filter.

An example may be found in the VHF transmitter where resonances in
plate and grid lines of the final stage caused spurious signals to appear in
the transmitter output.

These responses could be suppressed vth bypass capacitors at
the tubes but this required considerable space in the compartment and
restricted air flow. A bandpass filter was designed to eliminate these
responses from the transmitter output, conserving space in a crowded compartment
and reducing the number of components used by approximately twenty, thus
increasing the reliability of the transmitter.

Another example of the effort to minimize in the quatity of
components is found in the high voltage rectifier circuits of the microwave
transmitter. Over '70 diodes are used in one rectifier circuit. In order to
source suppress the high level 100 to 300 KC noise from the diodes, a
capacitor bypass across each diode was considered. A higher reliability
factor, however, could be achieved by accomplishing the necessary attenuation
with large capacitors and chokes in the pi-type line filters.

506 -



Antenna Conducted Spurious Frequency Measurements

The conduct of tests for the measurement of low level spurious

frequencies existent in the antenna circuit was a requirement in the

frequency range of 150 KC to 1 GC. The basic test method used was to obtain
a sample of the transmitter output fed to a higher power 50-ohm dummy load.
The sample signal was taken from an appropriate coupler to a suitable
calibrated receiver such as the Empire Devices NF-105 and the Polarad FIM
units. Considerable difficulty was experienced, however, in obtaining suit-
able couplers commercially for this work.

It was necessary that couplers provide at least 30 DB of
attenuation in the passband of the various transmitters to protect the input
circuits of the receivers. The attenuation outside of the passband must be
low enough to allow measurement of any spurious present. Commercially
available couplers were useable from 30 MC to 10 GC, however, below 30 MC the

attenuation increased so rapidly they were not useable. Therefore. an
important part of this test program was to become the development of special
low pass coupling devices.

Several methods for measuring the 150 KC to 30 MC range were
developed. For measurements on UHF transmitters, the simplest method
consisted of a lossy coaxial line connected from the transmitter output to
the receiver input. The length of the line was calculated to give 30 DB of
attenuation at the transmitber output frequency. Below 50 MC the attenuation
decreased rapidly, allowing the measurement of any low level spurious present.
Absorbing the transmitter power caused a temperature rise that required
cooling of the line. The line was coiled on a wooden frame and spaced so the
air could circulate around the cable.

A second method was devised using a special coaxial voltage
divider which when placed in series between the transmitter output and an
insulated high power 50-ohm load, interrupts the ground return circuit of the
load with a 0.1 ohm resistor. The voltage developed across the 0.1 ohm
resistor is fed to a receiver through a 50-ohm matching resistor. In this
measurement system, the transmitter, coaxial voltage divider and receiver are
bonded to a copper ground plane. The dummy load is not grounded. The
system was found useable to 900 MC.

A third method for measuring low frequency antenna conducted on
microwave transmitters was the use of a specially designed coaxial coupler
with reactive elements in series with the probe suitably chosen to offer
high attenuation of 30 to 40 DB above 1 GC. An excellent lo-pass characteristic
was obtained in this coupler with attenuation decreasing to less than 1 DB
at all frequencies below 10 MC.

Susceptabili by

The topic of susceptability has been relegated to the end of this
discussion primarily to end with a cheerful note. Although, at the inception
of the project, some fears were expressed over the effects of susceptability on
the characteristics of the noise output, no problem of any kind has ever been
experience! wrfth audio or RP conducted or RY radiated susceptability tests.
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CONCLUSION

The equipment described has now been delivered to the Air Force
in substantial quantities, has been subjected to operational tests, and is
a part of Air Force training programs. To date, no evidence of incompatibility
within the control of the designer and manufacturer has occurred, The endeaver
to improve the system's performance continues, however, not only from an
operational standpoint but also from the viewpoint of increasing the
effectiveness, economy, and reliability of parts used for radio interference
suppression.
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RECEIVER SUSCEPTIBILI TY UNDER NUL TE-MODE CONDI ¶IIONS

Paul C. Yuen and J. J. Krstansky
Armour Research Foundation

Chicago, Illinois

Abstract. - This paper describes a series of exoerimental tests made on a
radar receiver to determine the resnonse of the RF portion of the radar to
signals propagated in different modes at various frequencies which corres-
pond to spurious resnonses of the receiver. Mhe data obtained from these
measurements provides an insight into signal propagatico in practical radar
systems utilizing rectangular waveguide at frequencies removed from the
design frequency band.

The test procedure used in the measurement of mode sensitivity
is described. The modes which were propagated include the 7Eo, V3I1, TE 01 ,
ME20, TE30 , and IE02- Mode exciters and converters were used to excite the
desired mode.

The date obtained, data evaluation and comments pertaining to
measurement problems are aluo presented. Results of the tests indicate
that the spread in sensitivity to the various modes decreases as the frequency
of the test sifal is increased. The IIIh, mode is the major cause of the
larger spread At the lower frequencies.

I. IN'TRODUC1ON

In order to obtain data on the behavior of the 17 system of a
typical radar receiver under multi-mode conditions, a series of tests have
been set up to measure the mode sensitivity of a radar system. These measure-
ments have been designed to determine at various points in the RF system
the conversion of energy from one propagating mode to other modes. 'he data
obtained from these measurements is intended to provide an insight into
signal propagation in a practical wsveguide system at frequencies other
than the design frequency band, and also should lead to a measurement tech-
nique for receiver sensitivity under multi-mode conditions.

II. TVST PROCEDURE

A block diagram of the radar receiver which was tested is shown
in Figure 1. As shown, the antenna consists of a reflector with a "pill
box" parabolic-cavity feed system. Two 90 0 H-bends and a twist connect the
feed to a rotary joint which is of coaxial-line construction rather than
rectangular waveguide. A special Y-shaped junction section connects the
rotary joint to the receiving channel and the transmitting channel. A
directional coupler is also included as an integral part of the Y-junction.

From the Y-section the receiving channel consists of a 7R tube,
a coaxial-cavity-type tunable preselector, a matching iris, and the fre-
quency converter. The iris is used to tune out susceptance introduced
into the waveguide by the local oscillator coupling loop.

The RF system of the radar operates over a band of frequencies
from 3100 to 3500 mc. All stubs and joints have been designed for minimum
mismatch over this bandwidth. However, the introduction of signals into
the system at frequencies hirener than those in the design band can lead to
conversion o' energr from one mode to other modes due to severe mismatch
conditions. The stubs and cavities in the system are fairly narrow-band
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device and will not operate satisfactorily outside the design band.
The measurements which were performed on the radar receiver consis-

ted of exciting selected modes at selected frequencies at different input
points in the RF system of the radar. At each test point the mode exciters
and mode converters were connected to the input point with all secceeding RF
sections also connected. Thus, at test point 3, the system being tested
included the preselector, the matching iris and the frequency converter. By
selectively adding 1F sections, the effects of the added sections can be ob-
tained by comparison with the previous results. This method permitted the
use of the IF and video stages of the receiver, and thus an MVs test condition
could be used as a standard reference condition throughout the test.

At each of selected test input points, each of the mode exciters
and mode converters were connected to the radar system. Signal power at the
test frequency was inserted into the system by means of the mode exciter. The
input power required to obtain a minimum visible signal was then determined.
A measurement of the VSWR in the line connecting the mode exciter to the signal
generator permitted the output power reading on the signal generator to be
corrected for mismatched load conditions.

III, MODE EXCIlRS AND CONVerTERS
Six readily excited modes were used for the tests. These included

the TEJO, T!OI TMli, 20. TE3 0  and7W modes. All modes were for the
rectangular S-tand waveguide use in the radar system. The first three modes,
TE 0  T% and TM11 were excited directly by the proper mode exciters. The
Tko'and 'he T330 modes were obtained by exciting the TI0 mode and converting
it' using properly-designed mode converters, The TEO mode was obtained by ex-
citing the TE1 I mode and converting it. Sketches of ihe six mode exciters
and converters are shown in Figure 2.

In order to determine the propagation of each mode through the PF
system of the radar, frequencies above the cutoff frequency for each of the
six modes, and frequencies below the cutoff frequency for each of the modes
except the TE10 mode were selected. A diagram containing the cutoff frequencies
for various modes propagating in S-band rectangular waveguide is shown in
Figure 3.

IV. DISCUSSIV' OF TESTS
Figure 4 contains a block diagram of the equipment setup for the

mode measurements. The mode exciter was driven by a signal generator whose
output was filtered to remove harmanics. An adjustable short on the end of
the mode exciter (for TE,1 and TOl modes,) and a stub tuner were used to
match the mode exciter to the signal generator and maximize the signal. A
slotted line and VSWR meter were inserted in the line to measure the standing
wave ratio. The VSWR reading can then be used to correct the output readinci,
if necessary, of the signal generator due to mismatched presented by the mode
exciter as a load on the generator.

For the TEIO, TEO, and •Il modes, the mode exciter was connected
to each selected inout point iy means of an adapter section. The adapter sec-
tion was qn eighteen inch waveguide section which causes higher-order modes,
which may have generated, to be attenuated before reaching the frequency
converter section. The adapter section was also constructed so as to permit
its connection to the different flanges used at the various innut points.
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For the ' and TE 0 modes the T9, mode exciter was connected
to the Th•or TE• ,mod converter and then to ýhe adapter section. For the
TE0 mode, the ;!Ol mode exciter was connected to the 702 mode converter and
thenf to the adapter section. The adapter section was connected to the desired
input point on the radar system.

The six modes were introduced into the RF system of the radar at
three different input planes:

1. 90 H-bend
2. T-R tube
3. Crystal Mixer

These three input planes correspond to points 7, 4, and I respectively, ofFigure 1.
F .The local oscillator and preselector of the radar were tuned to

a receiver frequency of 3240 mc and the preselector tuning was disabled so
that the preselector attenuation curve remained constant throughout the tests.
The radar local oscillator was used for tests at 3240 mc. External signal
sources were used to provide local oscillator Dower at the other test fre-
quencies which were-

3240Mc 5540Mc
4140Mc 8k90Mc
4896Mc 9971Mc
At these selected frequencies some variation in crystal current was

encountered. This was due to the lack of sufficient isolation between the mode
exciters and converters, and the mixer and was most pronounced at input plane
1, the mixer. It was found that movement of the adjustable short to match the
mode exciters to the signal generator caused variations in the crystal current.
The local oscillator coupling loop, designed to function as a directional coup-
ler within the design band, did not perform well at out-of-band frequencies.
Consequently, some power was radiated towards the input and this was reflected
by the short back towards the crystal. Varying the short Dosition varied the
relative phase between the local oscillator power coupled directly to the
mixer and that reflected from the short. This caused Variations in the crystal
current which were too large to be handled by means of an attenuator between
the signal source and the mixer since the maximum output power from the signal
source was not sufficiently high to allow for the added attenuation.

A crystal current of one milliampere was set as the standard and
all data taken at other values of crystal current were referred to this stand-
ard. In order to correct all data to this reference current a set of cali-
bration curves was obtained. This set is plotted in Figure 5.

The basic data taken was the sensitkvity of the radar system for
each of the six modes introduced at each of +hrbe input planes at each of the
six test frequencies. The sensitivity measurement consisted of measuring the
minimum visible signal (MVS). This was obtained by introducing a pulse signal
of the same width as that used in the radar. The level of the signal was
then reduced until it was just visible in the noise.

Each measurement was repeated three times and the average value
taken as the test datum. Tests showed that a repeatability of one decibel
was obtained. That is, the three readings for one test noint did not differ
by more than one decibel, and average readings when repeated after several
hours agreed to within one decibel.
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V. TEST RESULTS AND lISCUSSION

Table I lists the sensitivity readings of the radar for
signals of each co the six modes at. each of the six frequencies introduced
at each of the three input planes. The data are given in decibels referred
to one milliwatt.

These data are plotted in Figures 6, 7, 8 arn 9. Figures 6, 7
and 8 contain plots of mode sensitivity vs frequency for inputs at the 90*
H-bend, the T-R tube, and the crystal mixer, respectively. Figure 9 contains
plots of sensitivity for the TE1 0 , T7 03, and TMI modes vs frequency at each
of the three inputs.

Examination of the data in Table I and the curves plotted from
these data shows thatt

(a) signals introduced at the 90* H-bend (input to the RP
system) are attenuated strongly outside of the design band; e.g., the T10
mode sensitivity decreases from -97 dbm to -47 dbm. The attenuation appears
to reach a maximum in the 5 to 8 kmc region and then decreases. Thus the
7It mode mensitivity reaches a minimum of -25 dbm and then rises to 4-3 dbm71Mc.* (b) signals introduced at the T-R tube appear to suffer attenu-
ation which fluctuates with frequency. Thus the T0 mode has a sensitivity
of -97 dbm at 3240 Mc. The sensitivity decreases to 4896 Mc, increases to
8190 Mc, and then decreases, reaching -55 dbm at 997lMc.

(c)T , and T signals introduced directly at the
mixer suffer generally incr 2 ased attinuation with frequency; e.g., the T310
mode sensitivity decreases from -99 dbm at 3240 Mc to -64 dbm at 9971 Mc.

' ,O1 and .T02 signals suffer decreased attenuation from 3240 to 554o Mc,
ancllhen increasing attenuation with increasing frequency.

Probably the most striking point obtained from these figures is
that for signalsintroduced at each one of the input planes the spread in
sensitivities for the six modes tends to decrease with increasing frequency.
That is, the difference in sensitivity between the mode with the highest
sensitivity and that with the lowest sensitivity becomes less as the frequency
becomes higher. Table II gives the differences in the sensitivity (in decibels)
between the TEO and higher order modes. The difference (in decibels) between
the highest sensitivity and lowest sensitivity is also listed as the spread.
As can be seen, the spread at each of the input planes decreases with
increasing frequency.**

These statements are valid only for the limited data obtained in the tests.

The actual plot of attenuation vs frequency would nrobably be a very
rapidly fluctuating curve. For examples of the variation of attenuation
with frequency of typical preselection cavities see I. Reingold,
"Characteristics of Microwave Duplexer Tubes under Spurious Radiation
Conditions," Fifth Conference on Radio Interference Reduction and Flectronic
Compatibility, 1959, pp 578-600.

except for the spreads at P190 Mc for input signals at the 90" H-bend and
the mixer.
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For signals inserted at the 90* H-bend the spread decreases
from 37 db at 3240 Mc to 7 db at 9971 Mc. For input signals at the T-R
tube the spread decreases from 42 db to 6 db. For input signals at the
mixed the spread decreases from 38 db to 6 db.

Also of importance is the relatively sharp decrease in the
spread as the signal frequency is increased from 4140 Mc to 4896 Mc. The
change is from 47 db to 18 db at the 900 H-bend, from 50 db to 8 db at
the T-R tube and from 32 db to 10 db at the mixer. This sharp change is
due to the effects of the TM11 mode. If the TMII mode is excluded so that
only TE modes are considered, then the spreads are

3240 Mc 41ho Mc
90° H-bend 27 (37) 16 (47)
T-R 30 (42) 11 (50)
Mixer 27 (38) 14 (32)

The quantities in parentheses are the spreads if the TM.I mode is included.
In every case the spread is decreased by excluding the Tff, mode.

The cutoff frequency for the 11411 mode in S-and wareguide is
4.875 Mc so that at 3240 Mc end at 4140 Mc the TMII mode is cut off while
at 4896 Mc and higher frequencies the 2411 mode can propagate with relatively
low losses. Thus in the radar system the division between relatively large
and small spreads appears to be linked to the cutoff of the TMI1 mode, which
iR the TM mode of lowest order.

Table III contains listings for each mode of the difference in
decibels between the sensitivity at the 90' H-bend and the sensitivity at
the T-R tube, and between the sensitivity at the 90' H-bend and the sensi-
tivity at the mixer output.

Signals introduced at the 90' H-bend travel through the
entire RF receiving channel to the mixer. Signals introduced at the T-R
tube travel through the T-R tube, preselectro, matching iris and frequency
converter sections. Signals introduced at the mixer unit bypass all the
other RF sections and travel directly to the local oscillator coupling
loop and the crystal mixer. These two sets of data thus give a measure of
the attenuation of each mode caused by the different sections of the RF
sys tern.

The data presented in Table III show two interesting trends:
1. The attenuation of the RF system is not a smooth function

of frequency but fluctuates with the frequency. As an example, consider the
data it the first row of Table III. These listings give the difference (in
decibels) between the sensitivity for TEo signals introduced at the 90*
H-bend and for T9O signals introduced al the input to the T-R tube. As
shown, there is no difference in sensitivity, and hence in attenuation, at
3240 Mc between the 90' H-bend and the T-R tube. At 4140 Mc the sensitivity
at the TR tube is 12 db greater than at the 90° H-bend; at 4896 Mc it is
3 db greater; at 5540 Mc, 27 db greater; at 8190 Mc, 41 db greater; and at
9901 Mc it is 12 db greater.

2. There are three cases where the sensitivity is higher for
signals introduced at the 90' H-bend than for signals at the T-R tube
desnite the larger path length, and the added attenuation (due to the rotary
Joint) of the 90' H-bend input. These cases are at 3240 Mc for the 7(,
7902 and T•ll modes.
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The increased sensitivity despite the added path length and
attenuation due to the rotary joint is probably due to conversion of part
of the higher-order mode to the •0 mode. At 3240 Me all higher-order
modes are cut off so that only the 99O mode can propagate as a wave.
The matching posts and rotary joint in the waveguide are designed for
operation in the band of 3100 to 3500 Mc. For signals at frequencies
outside this desigi band these imits become obstructions and discontinuities
in the waveguide, and part of the energy in the higher-order rodes can be
converted to energ in the T93 mode. This results in a higher sensitivity
reading.

Figures 10 and 11 contain plots of the attenuation versus
frequency of the six modes:

7EJO

'E20

,j30
02

below their cutoff frequencies, and above their cutoff frequencies,
respectively. Figure 10 contains the attenuation for each mode due to the
signal frequency being below the cutoff frequency ad where losses are
neglected. Figure 1U contains the attenuation for each mode for frequencies
above cutoff but including wall losses due to copper walls.

As can be seen, the attenuation is high for frequencies below
the cutoff frequency and low for frequencies above the cutoff frequency.
At 3240 Mc all higher-order modes are cut off and only the oIT mode
propagates. Thus conversion of energy in the higher-order modes to the
dominant m mode can result in a higher sensitivity.

Table IV contains listings of the difference in decibels
between the sensitivity at 3240 Mc and the sensitivity at the other test
frequencies for each of the input planes and each of the modes. These
data are a measure of the selectivity of sections of the radar's RF system
using 3240 Mc as a reference.

A final test was performed in which the radar's own local
oscillator was used for all mode tests. This test consisted of measuring
selected spurious responses of the radar tuned to approximately 3240 Mc,
using the six different modes at the input to the 90* H-bend. The results
of these tests are shown in Table V. The same general trends noted in data
obtained using a substitute l.o. signal are encountered when the actual
spurious responses are being measured.

V1. CONCLUSIONS

The following conclusions can be drawn from the results
obtained on the tests to determine mode sensitivity of the radar system?

1. For signals introduced at each of the three input planes
the spread in sensitivities for each of the six modes used in the tests
in general decreases with increasing frequency. As an example, as shown
in Table II for input signals at the 90" H-bend, the spread narrows from
37 db at 32L0 Me to 7 db at 9971 Mc.
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2. 1he narrowing of the spread of sensitivities with increasing
frequency indicutes that the measured sensitivity of the radar can be
obtained without concern for the mode distribution set up in the waveguide
system if

(a) the frequency is sufficiently high that several
modes can be propagated; i.e., not cut off,

(b) an excitation mode is used which is not cut off,

(c) some uncertainty in the results is accented; for
the radar tested this uncertainty appears to be
within 7 db at 9971 Mc.

3. T and signals at 3240 Mc have a higher
sensitivity when interodnc- at the ;-bend input than at the T-R tube,
despite the longer path length and greater selectivity of the former
input. This effect is believed to be due to conversion of the TZ0I, l1N1
and TE0 2 modes, all of which are cut off at 324o0 M, to the TE m•ode
which can propagate at this frequency.

-. Wb sharp increase in the sensitivity of any of the modes
studied was observed as the frequency of the mode was increased. A sharp
increase in sensitivity would be expected ou the basis of the curves of
Figures 10 and 11 as the signal frequency was increased from below cutoff
to above cutoff for each mode. However, these curves are approximations
and do not include the effects of losses in the waveguide for frequencies
below cutoff. Inclusion of these losses changes the shape of the attenu-
ation-versus-frequency curve, smoothing it out so that the attenuation
changes more gradually with frequency and no sharp variations are obtained.

5. 1he T4,, mode shows a variation in sensitivity of 59 db
between 3240 Mc and 414"dMc for input at the H-bend. Examination of the data
in Table I indicates that much of this large attenuation is being caused by
the preselectar.

6. Attenuation of the various modes is caused not only by the
preselector but also by the rotary Joint. The latter unit is of coaxial-
line construction and hence its use in the waveguide system requires transi-
tional sections and matching units. These are designed for operation in the
3100 to 3500 Mc frequency band. At frequencies outside this design band
severe mismatch conditions can result, leading to both attenuation and mode
conversion.

7. The attenuation of the rf system does not increase mono-
tonically with frequency. As shown in Table I, the measured sensitivity
fluctuates considerably with frequency. This is of imortance since it
implies that a selectivity curve for the RF system cannot be specified
accurately without taking data at frequency intervals small compared to the
fluctuations of the selectivity curve. -le selectivity curve is also a
sensitive function of the preselector cavity tuning, a fact which means that
a different selectivity curve must be obtained for each setting of the
preselector.
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Table I

Radar Sensitivity* vs Frequency for Six Hodes and
Three Signal Input Planes

Input Mode Exciter Frequency - Mc
Plane and Converter 3240 4140 4896 5540 8190 9971

9-97 -47 -41 -25 -27 -43
90end 20 -94 -48 -42 -33 -31 -38
H-Bend -70 -32 -39 -27 -27 -43-& - 1 -24 -29 -22 -45

30 -94 -47 -40 -25 -33 -45
0+S02 -70 -36 -33 -23 -31 -39

4 -97 -59 -4 -52 -68 -55
T-R 0+ TO -94 -65 -49 -51 -67 -56
Tube 1 -69 -55 -41 -45 -74 -54

-55 -13 -49 -141 -69 -58
0+I 0-95 -61 -147 -514 -68 -514

0-1+ý 02 -67 -54 -43 -40 -74 -52

"1 o0  -99 -96 -95 -88 -69 -64
Mixer Z isO -95 -88 -82 -84 -64 -63-72 -82 -87 -90 -67 -64

-61 -64 -77 -86 -74 -66
1 TE -95 -90 -84 -89 -60 -60
0+TE30 -76 ,,h44 -93 -82 -69 -65

*Sensitivities are listed in decibels referred to one nilliwatt (dkmn)
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TABLE II

Difference in Sensitivity in db Between TE 1 0 and Higher-Order Modes

Input Mode Exciter Frequency - Mc
Plane and Converter 3240 4140 4896 5540 8190 9971

TE0 +TE 2 0  -3 +1 +1 +8 +4 -5

TE 0 1  -27 +15 -2 +2 0 0

7 TM 1 1  -37 -46 -17 +4 -5 +2
900°E +E -

nTE 10 +TE30 -3 0 -1 0 +6 +2
H -Bend

TE 01+TE -27 -11 -8 -2 +4 -4

Spread 37 47 18 10 11 7

TE 1 0 +TE 2 0  -3 +6 +5 -1 -1 +1

TE 0 1  -28 -4 -3 -7 +6 -1

4 TM 1 1  -42 -46 +5 -11 +1 +3

T-R TE 1 0 +TE 3 0  -2 +2 +3 +2 0 -1

Tube TE 0 1 +TE 0 2  -30 -5 -1 -12 +6 -3

Spread 42 50 8 14 7 6

TE10 +TE20 -4 -8 -13 -4 -5 -1

TE 0 1  -27 -14 -8 +2 -2 0

1 TM 1 1  -38 -32 -18 -2 +5 +2

Mixer TE 0 +TE 3 0  -4 -6 -li +1 -9 -4

TE 0 1+TE 0 2  -23 -12 -2 -6 0 +1

Spread 38 32 18 8 14 6
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f
TABLE III

Difference in db Between Sensitivity at 900 H-Bend (Input Plane 7) and

Sensitivity at T-R Tube (Input Plane 4 ), and Mixer (Input Plane I)

Mode Exciter Input Frequency - Mc

and Converter Plane 3240 4140 4896 5540 8190 9971
TE 4 0 +12 +3 +27 +41 +12

10 1 +2 +49 +54 +63 +42 +2i

TE10+TE20 4 0 +17 +7 +18 +36 +18

1 +1 +40 +40 +51 +33 +25

TE 0 1  4 -1 +23 +2 +18 +47 +11
1 +2 +50 +48 +63 +40 +21

TM11 4 -5 +12 +25 +12 +47 +13
1 +1 +63 +53 +57 +52 +21

TE 1+TE30 4 +1 +14 +7 +29 435 +9
+1 +43 T44 +64 +27 +15

TE 0 1 +TE0 2  4 -3 +18 +10 +17 +43 +13
1 +6 +48 +60 +59 +38 +26

Average for 4 =1 +16 +9 +20 +42 +13

All 6 Modes 1 +2 +49 +50 +60 +39 +22

Maximum 4 4 9 16 9 7 5
deviation
from Average 1 4 14 10 9 13 7

90 H Bend used as a reference
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Table IV

Difference in db Between Sensitivity at 3240 dbc and
Sensitivity at Other Test Frequencies

Input Mode Exciter Frequency - Me
Plane and Converter 4140 4896 5540 8190 9971

-1o -50 -56 -72 -70 -54
9 n 0+ 20 -46 -52 -61 -63 -56
H-Bend -38 -31 -43 -43 -27

k--59 -36 -31 -38 -15
Z -47 -54 -69 -61 -49

0+&0 -34 -37 -47 -39 -31

4 0438 -53 -45 -29 042

T-R 0 -29 -45 -43 -27 -38
Tube + -14 -28 -24 + 5 -15

01 -42 - 6 -14 -14 + 3_;_-I+3E -34 -48 -41 -27 -41•01+ "302 -13 -24 -27 * 7 -15

1'lo - 3 - 4 -11 -30 -35
Mixer -TEo+TE20 - 7 -13 -11 -31 -32

7I +10 +15 +18 - 5 - 8
W1 +3 +16 +25 +13 + 5

"T9 - 5 -6 -35 -35
1++ - +02
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A SURVEY OF FM RECEIVER TECHNIQUES FOR REDUCING

COCHANNEL AND ADJACENT-CHANNEL INTERFERENCE

Elie J. Baghdady, Harold G. Fritz, Ahmad F. Ghais, and
Joseph M. Gutwein

ADCOM, Inc.
Cambridge, Mass.

ABSTRACT

The characteristics of CW-type and impulsive disturbances
in FM are briefly described in order to bring out their differences
from message modulation. Fundamental aspects of receiver design
to ensure proper functional performance in various parts of the re-
ceiver are then pointed out. This is followed by a survey of various
receiver signal-processing operations that lead to important re-
ductions and often vi"'tual elimrination of the interference or its
consequent disturbances.

Among the techniques described are those for enabling a de-
sired signal to be received in the presence of other undesired signals
that may be stronger or weaker than the desired signal -- including
feedforward and feedback around the limiter, dynamic and static
trapping, phase-locked loops and frequency compressive feedback.
Practical design considerations are pointed out in every case.

Also of the Department of Electrical Engineering and Research
Laboratory of Electronics, Mass. Inst. of Tech. , Cambridge, Mass.

Note: This paper will be published in the "Proceedings of the Eighth
Conference on Radio Interference and Electronic Compatibility. "
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CAPTURE EFFECTS OF DIODE ENVELOPE DETECTORS
-- A DETERMINANT OF RECEIVER SELECTIVITY

J. E. Bridges
Armour Research Foundation

Chicago, Illinois

Abstract. - The diode-envelope detector plays a significant role in determin-
ing the true selectivity characteristics of a receiver. A review of the basic
equations relating to envelope detection shows that the carrier to interference
ratio is a significant parameter in the determination of adjacent channel
interference effects. It is shown that when the carrier-to--interference ratio
is large, additional selectivity is obtained by the capture effect. Under
impulse-noise or other interference conditions, where the carrier-to-
interference ratio is less than one, the diode detector process is captured
by the noise or interference and the desired signal is significantly degraded,
well beyond the effects indicated by the usual RF and IF selectivity response.

A method of recapturing the weaker of two adjacent channel
signals impressed on a diode detector without greatly modifying the IF
response will be briefly discussed. In this case, the "Q" of one of the L-C
circuits of the IF amplifier is increased so as to enhance the desired carrier
amplitude. Appropriate post-detection filtering is designed to restore the
desired waveshape and to give added effective selectivity.

I. INTRODUCTION
The second detector is often regarded as just another circuit

element, -- not much different than other components found in any com-
munications or radar receiver. It is, perhaps, regarded as slightly more
complex than resistors or ccndensers, but far simpler than any of the other
components. This may be true, but the same cannot be said about the
operation and performance of the diode detection process.

Many college texts present only a cursory treatment of the
detection process -- in spite of its important influence on the operation of
communication receivers and, other certain conditiins, radar receivers. 1-8
A number of excellent papers, however, have been published on this subject.

To thoroughly understand the basic operation of a second detector.
we must ask ourselves this question, just what does the second detector do?
All it does, if properly designed, is to follow the envelope of the IF signals
impressed upon it. So the clue to understanding the diode detection process
lies not within the thermionic or crystal diode in itseif, but in the peculiar way
in which the various signals presentedl to the detector combine to form an
envelope. I should emphasize that I am. referring tL, the so.called linear diode
detectors.

To see how the various iiignals combine to form an envelope
consider the following simple example, which many of you are familiar with.
Assume two sinuscidal waveforms which have very' nearly the same frequency.
These waveforms are described in Equation 1. 1 which shows the sum of these
two frequencies.

0(4 ,d -5 oou1
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e~t ~ 11~> abo.6z-.~LJCosD.k - Vo,
If Equation (1. 1) is suitably manipulated, Equation (1. 2) can be

derived. This shows an envelope function which amplitude modulates a phase
modulated carrier. It is this envelope fmnction in which we are most inter-
ested.

Figure 1. 1 illustrates this a little bit more vividly. Figure 1. l(a)
illustrates the type of envelope encountered when both signals are of the same
amplitude. We note that we have a distorted sine-wave type modulation and
also a rather pronounced phase modulation at the time when the envelope is
very nearly zero. This phase modulation is of importance in FM receivers,
but is of little concern in the diode envelope detection process. Figure 1. 1(b)
illustrates the case where one of the amplitudes is approximately twice the
other amplitude. We note that the envelope is approaching an undistorted
sine wave and that the envelope looks very similar to usual AM modulated
envelope. Figure 1. l(c) illustrates the case where one signal is considerably
larger than the other; and, in this case, the envelope is very similar to the
envelope of an amplitude modulated sine-wave carrier.

Now assume a more complex example; that of the envelope devel-
oped by two amplitude modulated carriers, where u is the angular frequency
for the desired carrier, and v and w are the angular frequencies of its
sidebands, where x is the angular frequency of the undesired carrier, and
y and z are the angular frequencies of the undesired carrier's sideband;
also, where a is the amplitude of the desired carrier, and b and c are
the amplitudes of the desired carrier sidebands, where d is the amplitude
of the interfering carrier and e and g are the amplitudes of the interfering
carrier's two sidebands. These are graphically illustrated in Figure 1. 2.
In addition, we must also assume that the difference between the two carrier
frequencies is small compared to the average frequency of the two carriers.
Equation 1. 3 defines the instantaneous waveform.

e(*)= Qww +Losv~t +e as +ýCosst (1. 3)

As has been derived previously,9 the envelope function of Eq. 1. 3 can be
expressed as follows by Eq. 1. 4.

+4-oosm-ý + 2baog (wy-.-\YL (1.4)

-2 ~.~cO$~ Y + 2 a W)4ý- 4
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To simplify Equation 1. 4 so as to permit a fairly simple explanation, assume
each carrier to be modulated 30%0 or less and that the desired carrier to the
interfering carrier has a ratio of two or more. Equation 1. 4 then reduces
to the following for an error of approximately 1016 or less in the signal-plus-
noise to noise amplitude ratio.

e~wop4~{a - 0. * O&-)± owt (15)

Defining predetection carrier to interference ratio as, s = a/d and noting

that b= 7 maa where "m "is the Jo modulation of the desired carrier"aEquation 1. 5 reduces to that indicated in Equation 1. 6.

- 4 -L -L 6
Ovwe I p e. { + + Za /MCVS±Z?0+U Zacicow~~ (16

where wa is the desired moduation and w,. the interfering modulation and1

mi % modulation of interfering carrier.

Equation 1. 6 is now in a form that can be expanded by the binomial theorem
which then gives us the approximate detector output as indicated by Equation
1.7,

enVVel(pe - 4. oa/_S" '~1.OL4 ~cS~?t4 /~s 17)

Equation 1. 7 illustrates the basic capture effect. Note that for
every db reduction of the interfering carrier, the modulation of the inter-
fering carrier is reduced at twice that rate. If the interfering carrier is
reduced in amplitude by 1 db, its modulation will be reduced by 2 db. This
effect is often known as modulation suppressionlO It should be emphasized
that this capture effect applies only to the modulation of the interfering
carrier. We note also the 4th term in Equation 1. 7 exists and this is the
beat note between the desired carrier and the interfering carrier. The
amplitude of this beat note is directly proportional to the amplitude of the
interfering carrier. If the frequency difference between the interfering
carrier and the desired carrier lies in the audio or video bandwidth follow-
ing the detector, no capture effect exists for this beat note. If. however,
the difference between the interfing and desired carrier frequencies is
outside the audio or video bandwidths, then this term can be neglected pro-
vided that it does not desensitize the video or audio sections of the receiver.

The modulation suppression effect may perhaps be intuitively
explained in a different manner. The diode detector may be considered as
a sort of mixer or converter stage. Perhaps it can be imagined to be scane-
thing like a switch. This switch is opened and closed at some frequency.
If one sinusoidal signal is considerably larger than another sinusoidal
signal, this switch is opened and closed at the rate determined by the larger
signal frequency. In this case, the information contained in the frequency
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and phase relationships of the larger carrier and its sidebands is preserved,
since all that has been done is to simply transfer the signals at IF frequency
to dc, so that the carrier is at 0 frequency. But in the case of the weaker
signal and its sidebands, the informational relationships contained between
its sidebands is now virtually destroyed. These weaker signals exist as beats
only between the larger carrier. Thus the modulation of the weaker carrier
is suppressed by the capture effect, and the amplitude of the weaker signal's
modulation is a function of the ratio of a larger carrier to the smaller carrier.

It is also necessary to discriminate between two types of inter-
fering conditions, that of co-channel interference and adjacent channel
interference. In the case of co-channel interference where two carriers
occupy the same channel, the modulation suppression effect does exist but
is considerably masked because the audio or video bandwidth will pass the
beat note between the desired carrier and the interfering carrier. In the
case of adjacent channel interference, the beat note between the two carriers
is suppressed by the filtering action of the video or audio circuits, but the
modulation of the interfering carrier remains. Under these circumstances
the modulaltion suppression effect is of importance and as will be developed
in a later section can be shown to effectively increase the selectivity of a
communications type receiver.
II. AN EXAMPLE OF THE IMPORTANCE OF THE CAPTURE EFFECT

The following example will illustrate the importance of the capture
effect. Consider the situation indicated in Figure 2. 1. Illustrated is a typi-
cal field interference condition. Perhaps the object of this configuration is
to predict the interference effects. There is a desired transmitter and an
interfering transmitter of which both signals are received by the front end of
a communications receiver. These are subsequently amplified by the IF
amplifier and are rectified by the linear-envelope diode detector. The output
of the diode detector then passes through an audio amplifier and thence to a
loud speaker. At the output of the loud speaker or the terminals of the loud
speaker we have a distortion analyzer or some other type of root-mean-square
amplitude indication. Figure 2. 2(a) illustrates the IF response of this type of
receiver and Figure 2. 2(b) illustrates the acoustical output as a function of
the modulating frequency.

Now suppose that frequency of the interfering transmitter can be
varied at constant radiated power output. In addition, let assume that the
desired transmitter may have a 400 cycle modulation and that the interfering
transmitter would have perhaps a 1000 cycle modulation. At the start of the
test the frequency of the interfering transmitter is adjusted to that of the
desired transmitter, thus giving a co-channel inte;rference situation. The
ratio of the carrier of the desired transmitter to the undesired carrier is
made equal to two. By means of a distortion analyzer, signal plus noise-to-
noise ratio can be determined. In this case the signal is the 400 cycle note.
The automatic gain control of the receiver is disabled and fixed by means of
a battery. Then the frequenry of the interfering transmitter is varied at
constant output and the signal-plus-noise to noise ratio is noted as well as
the components of the various frequencies at the second detector and at the
acoustical output.

The approximate theoretical results of such a procedure by the
use of Equation 1. 7 is indicated in Figure 2. 3. Curve A is the usual
amplitude response of the intermediate frequency amplifier. Curve B
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represents the desired modulation as a function of the difference frequency
between the desired and undesired carriers. Curve C is the amplitude of
the carrier-to-carrier beat note at the second detector. Curve D is
representative of the amplitude of the interfering modulation if the capture
effect is not taken into account. Curve E is representative of the inter-
fering carriers modulation when the capture effect is taken into accounLt.
Curve F shows the actual output from the loud speaker of the carrier-to-
carrier beat note. In Figure 2. 3, the heavy lines are representative of
actual outputs whereas the dotted lines are present only for purposes of
illustration and comparison.

We note that the carrier-to-carrier beat note is relatively
uneffected by the capture effect and exists in full magnitude until the carrier
difference (f - f ) is greater than the audio bandwidth. The interfering
carriers modulalion, however, within the audio bandwidth is suppressed by
approximately 6 db. Where the IF amplifier's response begins to severely
attenuate the interfering carriers amplitude and where the carrier-to-carrier
beat note is reduced by the audio circuits the capture effect becomes more
important and the undesired carrier's modulation falls off at a much greater
rate than that indicated by the usual IF selectivity response.

Another example may more clearly illustrate the capture effects
is as follows.

Assuune that the interfering carrier for the co-channel inter-
ference condition is twice as large as the desired carrier. With these ampli-
tude conditions, the frequency of the interfering carrier at constant output
is slowly varied to the adjacent channel conditions. Figure 2. 4 illustrates
this condition. As before, Curve A represents the usual amplitude response
to the IF amplifier. Curve B represents the amplitude of the 400 cycle
desired modulation. Curve C represents the carrier-to-carrier beat note
at the detector. Curve E represents the actual acoustical output of the
undesired 1000 cycle modulation and Curve F represents the carrier-to-
carrier acoustical output. In this case we note that Curve B, the desired
modulation is suppressed about 6 db for the co-channel interference case by
the capture effect. As the frequency of the interfering carrier is varied to
the adjacent channel conditions, the carrier-to-interference ratio gradually
approaches two or more, in which case the diode is recaptured by the desired
carrier. During the time that the diode detector is captured by the undesired
carrier, the modulation of the interfering carrier follows that of the IF
response. However, when the desired carrier captures the diode detector,
the interfering carrier's modulation again falls off at a much greater rate
than that indicated by the usual IF amplitude response.

In short, by a very simple example, several of the basic factors
which effect the performance of the diode envelope detector have been shown.
The most important factor is of course the carrier-to-interference ratio.
A second important factor of interest is the response of the IF amplifiers
prior to the detector and the response of the video or audio amplifiers sub-
sequent to the detector. Other important factors are obvious, such as the
location of the desired carrier within the IF response and the location of the
undesired carrier within the IF response. Also not taken into account but
important was the frequency of the modulating signals and the degree of
modulation.

The effect of imrpulse noise on the diode detector is very similar
to that of a continuous wave carrier which is larger than the desired signal.
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If the amplitude of the impulse noise ringing components in the IF becomes
larger than the amplitude of the desired carrier, the diode detector is
captured by the impulse noise. Under these conditions, the frequency and
phase relationships between the desired carrier and its modulation are
suppressed. This may be important in various A-M multiplex systems.
It is also worthwhile to mention that this is another reason for suppressing
the impulse noise prior to the IF and second detector.

A knowledge of the operation cf the second detector is important
in the measurements of noise figure of the receiver. To measure the ENSI
of the receiver, the inserted carrier should be many times larger than the
noise. This is spelled out in tests by Terman and Petit in Receiver
Measurements, pages 408 to 410.

If thermal noise is applied to the diode detector,the precise
analysis is too complex to be innumerated here. An approximate solution
is illustrated in 9 and a more precise solution to some of the effects is given
by Rice 5 and Goldman. 6 Figure 2. 5 illustrates some of these effects. In
this illustration the rms amplitude of the noise is normalized at unity and
the rms amplitude of a larger sine wave is normalized at 2. 8 times the
amplitude of the noise. Of interest is the amplitude of the AC signals follow-
ing the detector when a carrier is present and when the carrier is not present.
We note that more than twice the noise power exists following the second
detector when a large carrier is present than when it is absent. This occurs
because the detection efficiency is reduced and the noise has to supply a type
of quasi-ocarrier, The data illustrated in Fig fre 2. 5 is approximate and a
more thorough discussion is given in the listed references, and applies
where the audio bandwidth following the detector is equal or greater than
the 112 power IF bandwidth.

III. REMEDIES
There are a number of techniques that can be employed to improve

the capture effect. Only the simplest will be discussed here. The detection
system described in the following paragraphs is capable of improving only
adjacent channel interference problems, where the interfering signal at the
second detector is larger than the desired signal for the conventional IF
design, and where the difference in frequency between the two carriers is
larger than the audio or video bandwidth.

Figure 3. 1 shows a simple superheterodyne receiver except that
two other elements have been added. Ptic;r to the detector, the '"Q" of one
of the tuned circuits is allowed to increase by a factor tf four for this ex-
ample. In the case of tube c- -uits, this increases the IF gain while at the
same time narrows the IF bandwidth. In the case of double-side-band A-M,
this increased "Q" circuit should be located in the center of the I-F response.
As large an increase in "Q" is desirable which is consistent with other de-
sign factors, such as local oscillator stability. Now if the desired A-M
carrier is tuned at the peak of this new response, its higher frequency side-
bands will be significantly attenuated, ; To reconstitute the appropriate
amplitude relationships, a low-frequency deemphasis circuit can be added
to the post-detection filtering. In the case of audio, pre-emphasis of the
higher audio frequencies could also be considered.

Figure 3. 2(a) shows the relative amplitude response of the
peaked I-F response. Note that this response is sirmlar to that of Figure
2. 2(a), except that the gain has been considerably increased in the center

S38 -



portion of the IF response. Figure 3. 2(b) shows Curve Althe low-frequency
de-emphasis to equalize the low-frequency emphasis introduced by the IF peak-
ing. For comparison, Curve B shows the post-detection filter response for
the remaining audio portion.

If the concept shown in Figure 3. 2 is used to enhance the reception
of the weaker of two adjacent channel signals, the weaker signal is tuned to the
peak of the IF response shown in Figure 3. 2(a). Thus the carrier amplitude of
the weaker signal, in this illustration is increased by a factor of four over that
found in the usual IF response. If this action increases the desired carrier to
interfering-carrier ratio sufficiently, say to 2 or greater, the detection pro-
cess is captured by the smaller but desired signal and the modulation of the
undesired carrier is then suppressed.

Assume that the interfering carrier for the co-channel interference
condition is twice as large as the desired carrier as defined by the usual IF
response. Figure 2. 4 illustrates this condition. If the peaking de-emphasis
techniques shown in Figure 3. 2 are now substituted for the usual IF design
as shown in Figure 2. 4 and 2. 2 the desired carrier will now become larger
than the interfering carrier for all adjacent channel interfering conditions.
Figure 3. 3 illustrates this condition. As before, Curve A represents the
usual amplitude response of the IF amplifier. Curve B represents the ampli-
tude of the 400 cycle desired modulation. Curve C represents the carrier-
to-carrier beat note at the detector. Curve E represents the acoustical output
of the undesired 1000 cycle modulation and Curve F represents the carrier-to-
carrier acoustical output.

As the frequency of the interfering carrier is varied form a co-
channel interference condition to an adjacent channel interference condition,
note that this scheme offers little benefit in the co-channel interference case,
since the carrier-to-carrier beat note Curve F, predomonatessat somewhere
greater than a carrier difference of 7 kc, the benefits of the I? peaking now
become apparent. The modulation of the desired carrier, Curve B, is sup-
pressed for a much smaller range of tuning for the interfering carrier. In
addition, the modulation of the undesired carrier, Curve E, is rapidly sup-
pressed, once the interfering carrier is tuned out of the peak response. The
following table illustrates the benefits of the IF peaking and post-detection
de-emphasis scheme over the conventional approach.

Relative Audio Output Amplitudes

-Conventional - Peaked
f i - fo0 Desired c's Interfering c's Desired c's Interfering c's

Modulation S/N Modulation Modulation S/N Modulation

8kc .2 .5 .4 .3 1.5 .2

15 kc .3 30 .01 .3 120 .002

From Figures 2. 4 and 3. 3
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The foregoing example was chosen to illustrate the principles
involved and may not be the best practical solution. As mentioned previously,
circuit and frequency stability pose challenging design problems. If tran-
sistors are employed, additional gain in the audio and video sections may have
to be used, since gain is not always exchangeable for bandwidth in the case of
transistors.

IV. EXPERIMENTAL EXAMPLE
It is always interesting to obtain some experimental data to

further illustrate analytical results. A collection of equipment to do this is
illustrated in Figure 4. 1, and is self-explanatory. Great care was taken so
as not fo overload any portion of the IF or detector circuits. The HP 608C
output frequency was tuned to the center of the IF response, and could, if
desired, be modulated about 30% by a 400 cycle tone. It represents the de-
sired carrier and its modulation. The undesired carrier was generated, but
inherently without modulation, by the Kay Verisweep. We can, however, con-
sider its dc output as its modulation. The Verisweep's operation was adjusted
so that its frequency varied from about 29 mc to 31 mc at a 60 cycle rate.
The horizontal deflection of the 'scope was synchronized to the Verisweep's
sweep rate. The bandpass filter is utilized to eliminate the carrier-to-carrier
heat note except at the peak IF response. By means of the dual trace sampling
plug-in unit, the output at the second detector and at the filter could be photo-
graphed sequentially for comparison.

Figure 4. 2 A, B, and C shows the 'scope trace for various
carrier to interference ratios without modulation. Note that in C, the dc
output of the interfering carrier is suppressed, but that the beat note between
the carriers was increased. D, E, and F of Figure 4. 2 shows similar results
except that the desired carrier was modulated 30%. D and E illustrate very
dramatically the modulation suppression of the desired carrier when the inter-
fering carrier is larger or of comparable amplitude. Note that at the outer
edges of the trace, where the interfering carrier is blanked by the Verisweep
circuit design, the detector behaves normally and detects the desired modu-
lation.

V. CONCLUSIONS AND RECOMMENDATIONS
The so-called linear diode detec'ion process is by no means

linear and it plays a major role in determining the receiver's true selectivity.
The most important factor is the ratio of the desired carrier to interfering
carriers. This ratio is, of course, a function of the predetection IF response.
Also playing a major role is the post-detection frequency response. This
behavior of the second detector complicates the measurement of interference
and noise. Although simple approximate equations may be employed to over-
come this measurement drawback, measurement of the RMS signal prior to
the second detector seems to be the most straightforward.

One hesitates to make any broad and generalized recommen-
dations in view of the wide variety of equipments and field situations. Never-
theless, if one must put his head on the blnck, it would seem desirable to
considerably modify the current AM receiver design practices, within
practical limits, so that the IF response is as narrow as possible, and then,
after detection, de-emphasizing the lower frequencies. An alternate approach
to post-detection de-emphasis would be to pre-emphasize the higher audio
frequencies at the transmitter. It should be emphasized that this IF peaking
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improves only the conventional DSB or vestigial SB AM transmission and
reception systems with reasonable degrees of modulation. There is no
indication that the basic comparisons previously made between SSB, DSB
FM and the like have been changed.
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(C)

(A) Top -- Low-pass filter output for sweep only
Bottom -- Output at second detector for sweep only s = 0

Scale 1 cm vert. =. 5 volts

(B) Top - Low-pass filter output to sweep + carrier
Bottom -- Output at second detector to sweep + carrier s = 1

Scale 1 cm vert. = . 5 volts

(C) Top -- Low-pass filter output to sweep + carrier
Bottom -- Output at second detector to sweep + carrier s 3

Scale 1 cm vert. = .5 volts

1 cm horizontal about 1/3 mc
center frequency 30 mc

Fig. 4. 2
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(D) Top -- Low-pass filter output to sweep + carrier 30/ mod.
Bottom -- Output at second detector to sweep + carrier 30% mod. s = . 5

Vert., 1 cm = .5 volts

(E) Top -- Low-pass filter output to sweep + carrier 30% mod.
Bottom -- Output at second detector to sweep + carrier 30% mod. s = 1

Vert., I cm = .5 volts

(F) Top -- Low-pass filter output to sweep + carrier 30% mod.
Bottom -- Output at second detector to sweep + carrier 30% rmod. s = 3

Vert., 1 cm = 1 volt

I cm horizontal about 1/3 mc
center frequency about 30 mc

Fig. 4.2
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A 1-TO 1O-KMC PANORAMIC RECEIVING SYSTEM
FOR RFI MONITORING

R. Powers
Rome Air Development Center

Rome, N.Y.

R. H. Sugarman and K. E. Walker
American Electronic Laboratories, Inc.

Philadelphia, Penna.

Abstract. - A voltage-swept Panoramic Superheterodyne Receiving System covering the
range from i kmc to 10 kmc has been developed for the rapid intercept and monitoring
of radio frequency interference. Known as the AN/GRR-9, the equipment is contained
in a standard 6-foot relay rack except for the indicators, which are in a separate
bench-mounted case, and the antennas, which may be mounted on a tripod or a
rotatable mast.

The entire frequency range of 1 to 10 kmc is covered continuously and
simultaneously in four bands (I to 2 kmc, 2 to 4 kmc, 4 to 7.2 kmc and 7.2 to
10.3 kmc) at sweep rates of either 15 cps or 60 cps with receiver sensitivities as
high as -95 dbm. Each band is provided with a cathode-ray tube indicator which
displays signal amplitude vs. frequency.

Discussed in detail are the antennas, the RF input filtering and mixing
stage, the carcinotron-type local oscillators with special leveling and sweep
linearity correction circuits, the linear and logarithmic IF amplifiers, the
indicator and control unit, and the power supply system.

I. INTRODUCTION

The AN/GRR-9 is a wide-range Panoramic Superheterodyne Receiving System
covering the frequency range of I kmc to 10.3 kmc and intended for rapid indication
of frequency and amplitude of radiated signals within its band. The entire fre-
quency range is swept and displayed continuously and simultaneously in four bands
at sweep rates of either 15 cps or 60 cps. The receiver has been designed partic-
ularly for monitoring radio frequency interference in the above range and may be
adapted to recording such signals over long periods of time. It can be utilized
to monitor potential equipment installation sites or test ranges to determine
rapidly the presence of objectionable interfering signals with a high probability
of intercept. Where precise readings of frequency and field intensity are
required, it is a useful, time-saving instrument for indicating signal areas within
the entire I-to 10-kmc range, which may be analyzed in more detail with a manually
tuned field intensity meter. The AN/GRR-9 Receiver should find application in
coarse prespntations of transmitter spectral signatures and in analyzing emission
characteristics of wide-band jamming systems. The system is designed for in-
stallation at either a fixed ground site or in a van for mobile operation.

II. GENERAL DESCRIPTION

Figure I is a photograph of the complete AN/GRR-9 Receiving System,
with the exceptin of the associated antennas. When installed in a mobile van,
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the antennas may be externally mounted on a tripod or on a rotatable mast.

As illustrated, the equipment consists of six cases, five of which may

be contained in a standard 6-foot relay rack, Ihe sixth unit is the indicator-
control chassis, which may be located at distances up to 25 feet from the remainder
of the equipment. The five rack-mounted units consist of, from top to bottom, the
7.2-to i0.3-kmc RF-IF drawer, the 4-to 7o2-kmc RF-IF drawer, the 2-to 4-kme RF-LF
drawer, the 1-to 2-kmc RF-IF drawer, and the power supply system.

A simplified block diagram of the system is illustrated in Figure 2.

Linear horn antennas covering the frequency ranges of I to 2, 2 to 4, 4 to 7, and
7 to 10 kmc respectively feed the signals through a coaxial cable to a corres-
ponding RF-IF chassis. Each chassis contains an RF section (heavy outline) con-
sisting of a bandpass filter, a balanced mixer, a voltage-t.uned local oscillator
and a local oscillator output attenuator Each RF component is designed for
operation over its corresponding frequency band. Identical to all of the RF-IF
chassis are the local oscillator sweep circuit, the power-leveling circuit, and the
30-mc IF preamplifiers and IF amplifiers.

Detected video signals from each of the receivers are displayed on
corresponding "plug-in" cathode-ray tube indicaLuLs having illuminated scales and
located on the indicator-control chassis. This chassis also contains the sweep
generator which provides the common sweep voltages fo. the cathode-ray tubes and
the local oscillators. As will be discussed later, no provisions have been made
for image rejection; the resultant presentation of two signals separated by 60 mc
providing an aid to recognition of the ptesence of weak signals. lhe system power
supply, which is the final unit, provides D.C. voltages of -1600V, -150V, +150V
and +300V to all other chassis.

III. EQUIPMENT DETAILS

Antennas

Each band of the receiver is provided with a separate linearly polar-
ized horn antenna which is of an AEL standard design These antennas are shown in
Figure 3, Each horn includes a broadband transformer waveguide-to-coaYial adaptor
for connection to a coaxial line. The hoins have equal E-and H-plane beamwidths
and may be oriented for maximum output to determine signal polari_•ation 1he
minimum beamwidth ot any antenna is not less than 15 degrees lhe gain varies
from 12 db (over a dipole) at 1 kmc to 17 db at 10 kmc ihe VSWR is 1 7 o, less
at frequencies below 7.2 kmc and 2 8 or less at 10 3 kmc

RF LComponent s

,lIgute 4 is a top-view phot o-p aph of a tvpi(al ki- IF daw,-- I ht:
receiver input stage consists of a handpds's., pr,,''1 _ C tor l 1 I 'r Ih,_ bandpa- s
tilters have a nominal insertion los - of 1 5 cfb wilti signal a,,cnuation .,0 db
or greater within 10.M of the band edges lhese preselect ors combine their
characteristics with the pass band chatacterisi cs of the balanced mixer to pre-
cludCe essential ly all spur ioUn receIptI o; ou 01sict. of thLtn itcnded band

Special broadband. balanccd coastdl hvb :J ir1'-', ec- r 1rnLt full
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width of each band are utilized to achieve improved performance. Increased
receiver sensitivities are obtained through partial cancellation of the noise gen-
erated in the local oscillator. This is accomplished by outphasing of the noise
at the IF preamplifier input while the desired signal is made to phase additively.
This type of mixer also provides higher isolation between the local oscillator and
the antenna terminal, thereby reducing oscillator radiation.

Local Oscillators

The broadband, rapid scanning operation of the panoramic receiving
system is made possible by use of electronically tuned backward wave oscillators
(BWO) to provide local oscillator signals to the mixer. The carcinotron or
permanent magnet type of backward wave oscillator is used. Tubes which have been
employed in the systems developed are listed as follows:

Frequency Band (kmc) Tube Type Improved Tube Type

1-2 QK546 (C0315) QKB931

2-4 QK691 --- QKB816A

4-7 QK528 (C094) QKB760A

7-10 QK610 (C043) QKB831

An attenuator is provided between the local oscillator and the balanced mixer
to fix the level at which the local oscillator is maintained with respect to
required crystal current. Also, the attenuator isolates the output of the local
oscillator from any undesirable standing waves caused by mismatch in the mixer.

Curvature and Leveler Circuits

Although the backward wave oscillators provide the basic local
oscillator signal power required, they suffer from two properties which must be
corrected in order to utilize them in a receiving system of this nature. As shown
by typical tube characteristics in Figure 5, backward wave oscillator output fre-
quency is a non-linear function of the input sweep voltage. This would result in
a non-linear calibration of the horizontal "frequency" scale of the cathode-ray tube
indicators. In addition, tube power output varies quite irregularly over the tuning
range and can have a ratio as high as 40 to i. Non-limited power outputs could
result in excessive receiver sensitivity variations, higher noise levels, and
possibly, burnout of the mixer crystal.

To correct these deficiencies of the backward wave oscillators, sweep
curvature and power-limiting circuits have been employed in the AN/GRR-9. Figure 6
is a simplified diagram showing operating principles of these two circuits.

The curvature circuit contains an amplifier tube whose plate load
includes seven diodes. Each diode is biased at a different reference voltage.
the value of which is adjusted by means of corresponding separate potentiometers
arranged in a ladder-voltage divider network. As the linear sawtooth sweep
voltage is applied to the amplifier, its output becomes curved through plate
load shunting action as each diode becomes conductive. Each reference voltage is
variable to allow for changing of the curvature to accommodate backward wave
oscillator tubes having different charactcristics.
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The curved sweep voltage is applied through a differential amplifier

ana a series push-pull output amplifier to the backward wave oscillator. The

differential amplifier serves as a high impedance feedback point, feedback being

used to present a low impedance source to the backward wave oscillator and to

stabilize amplifier operation with temperature, power supply and tube or circuit
component changes.

In the power-leveling method employed, as shown in Figure 6, mixer

crystal current produced by the backward wave oscillator is compared with a
reference signal in a differential amplifier. The resultant error signal, through
the D.C. isolator circuits, corrects the grid bias of the backward wave oscillator
to maintain essentially constant crystal current in the RF mixer.

IF Components

The output of the balanced mixer is connected to a push-pull 30-mc
IF preamplifier, which is built on a separate chassis in order to achieve maximum
circuit stability. The unbalanced output of this amplifier is connected through
a short coaxial cable to the main 30-mc IF amplifier. The IF strips are shown

in Figure 4. The over-all IF bandwidth is 8 mc, which provides for reception of
pulse signals of 1/2 microsecond duration or greater. A continuous IF gain con-
trol is provided for each channel on the front of the indicator-control panel.
The IF amplifiers may also be switched to logarithmic operation. A 60-db dynamic
range is provided in this mode of operation for both visual observation of signals
widely varying in amplitude and also to facilitate recording of signals over long
periods of time.

Indicators and Control

All indicators and controls of the entire system are arranged on a
19-inch rack panel on the front of the indicator cabinet, as shown in Figure 7.
The indicators are 3-inch, rectangular cathode-ray tubes lined up in order of
RF frequency. Thus, looking at the front of the indicator panel, one sees four
tubes with 1.0 kmc marked on the left side of the left tube and 10.2 kmc marked
on the right side of the extreme right tube. Each tube has an ;!luminated
graticule with a frequency-calibrated scale engraved thereon. Video indicators
are on sub-chassis which slide in and out of the main video indicator panel. Each
indicator is provided with controls for beam focusing and positioning, and a
VIDEO GAIN control. IF GAIN controls for each channel are located just below
the indicator for that channel. A SWEEP RATE switch selects backward wave
oscillator and indicator sweep rates of 15 cps or 60 cps. The only other con-
trols provided and required for the operaLion of the receiving system are the
power supply switches and a metering switch. These switches are located along the
bottom of the indicator panel. There is also an audio output provided for each
channel and a combined output for all channels. Sawtooth sweep signals are
available at these outputs for operation of other remote indicators or recorders.

Figure 8 is a photograph of the 4-to 7.2-kmc indicator with two CW
signals present. Because of the lack of image rejection, as previously mentioned,
the signals appear as two pips side-by-side (actually 60-me separation), thus
serving to identify true signals, particularly in the presence of baseline nOiSL.
at maximum IF gain settings. The spike at the start of the sweep has occurred
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with several backward wave oscillator tubes. The CW signal on the left at 4.3 kmc
is approximately -80 dbm, while the CW signal on the right at 6.6 kmc is -85 dbm.
The linear IF gain setting was at three-quarter maximum value. With low noise
backward wave oscillator tubes, receiver sensitivities run on the order of -95
dbm. Frequency calibration is limited to 2 percent of the indicated frequency.

Pulse-modulated signals are displayed as a pair of pips whose height
varies rhythmically, depending on PRF. The brightress of the pips are less than
those from a CW signal. Pulse stretching is used to increase the visibility of
short pulse signals.

Power Supplies

The power supply drawer contains the principal supply voltages for
the entire equipment. A top view photograph of this unit is given in Figure 9.
This chassis consists of two subassemblies. Looking at the front panel, one sees
that the transistorized power supply section is to the right. The voltages from
this unit are +300, +150 and -150 volts.

The other section contains the vacuum tube-regulated -1600 volt
supply. The rated drain for the -1600, +300 and -150 volt supplies is 200
milliamps. The rated current for the +150 volts is 500 milliamps.

The transistorized power supplies have been provided to conserve
space and to minimize heat generation and power requirements. Measures to pro-
tect the transistors from burnout caused by short circuits on the supply output
have been included. The power supplies are designed to work on 104 to 126 volts,
50 to 70 cycles.

IV. CONCLUSIONS

The I-to l0-kmc panoramic receiving system described can serve as a
highly useful instrument in signal environment evaluations. Leveling and
curvature techniques which overcome detrimental backward wave oscillator
characteristics have been incorporated. The indicator cabinet. which can be
remotely located from the rest of the equipment, serves as a convenient master
control unit and provides a readily discernible display of intercepted signals
over the entire 1-to 10-kmc frequency range.
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NEW INSTRUMENTATION FOR ACCURATE MEASUREMENT OF BROADBAND
INTERFERENCE IN THE 1 TO 10 KMC FREQUENCY RANGE

by
G. LOPEZ and M. ENGELSON
Polarad Electronics Corp.

Long Island City,N.Y.

Abstract. - This paper describes a multi-bandwidth receiver for measure-
ment of broadband interference in the I - 10 Kmc frequency range. The
effect of impulse bandwidth on receiver response to pulsed signals of un-
known energy distribution is considered. The pulse width - impulse band-
width relationship is determined experimentally and approximations of
the sin x/x equation are used to substantiate these results.

Subsequent discussion details the development of instrumen-
tation to fulfill the required objectives. Special attention is given
to the use of wide band, fast response circuitry utilizing solid state
components.

I. INTRODUCTION
There are, at the present time, available several radio noise

and interference meters covering the frequency range of 1-l0 G C/sec. The
instrument to be described (Polarad C. F. I.) is the most recent addition
in this frequency range. The goal was to improve on the operating
characteristics of existing instruments in the following respect:

1. Weight and size.
2. Accuracy and range of phenomena to be measured. Particular

emphasis was placed on the low frequency response of the direct peak read-
ing V.T.V.M., the bandwidth arrangement for the measurement of broadband
phenomena, dynamic range and measurement accuracy.

The weight and size requirement was achieved by extensive
transistorization. The equipment under discussion contains only five
tubes - a klystron microwave oscillator, a high input impedance peak,
V.T.V.M. and a low noise signal preamplifier.

The impulse generator calibrator is calibrated against a cw
standard on a point by point basis in order not to sacrifice accuracy
for cw measurements. High broadband measurement accuracy can be achieved
by using the substitution rather than full scale calibration method of
measurement. The general emphasis, in the field of accuracy, was placed
on broadband measurement techniques. To this end the instrument has three
carefully controlled bandwidths. The bandwidths are controlled by passive
switchable filters and are independent of I.F. aging and detuning since
the overall I.F. amplifier bandwidth is wider than the filters. One of the
filters is adjusted to have an impulse bandwidth of I mc/sec, and a meter
scale has been calibrated directly in uv/mc and db above 1 uv/mc for direct
broadband measurements without conversion factors.

The front end noise voltage indicated by the peak V.T.V.M. is
proportional to the impulse bandwidth used. With an impulse bandwidth change
of I to 10 there is a noise voltage increase of 20db. If we assume that the
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internal noise is about 10 db above 1 uv (3 uv) for the low bandwidth case,

the sansitivity in the wide bandwidth case would be 30 db above I uv. A

conventional display of 40 db above 1 uv full scale would, therefore, mean

a total indicator range of only 10 db under wide bandwidth conditions. The

requirement for a 70 db dynamic range was therefore established.

II. THE BROADBAND MEASUREMENT PROBLEM
One of the prime requirements of any new measuring instrument is

that its results be compatible with those obtained with instruments already

in existence. This problem of agreement betwean measurements taken with

different instruments is particularly troublesome for the case of the field
intensity meter measuring broadband interference. Broadband interference is

measured in terms of spectral intensity namely, db above a microvolt per mc/
sec (D.B.M.C.). Measurement in terms of D.B.M.C. is presumably independent
of receiver bandwidth, thus making measurements obtained with different
instruments comparable so long as their impulse bandwidths are known. Getting
the spectral intensity by dividing the peak meter indication by the receiver
bandwidth is however, accurate only when the interference is impulsive in
nature over the frequency range of the receiver bandwidth. This is usually
not the case when the interference is caused by pulsed R.F. The spectrum of
a rectangular pulse has the well known sinx/x configuration which, if the

pulse is sufficiently wide, cannot be treated as an impulse.
1,2,3,4,5,6

Several recent papers have dealt with various aspects of
the broadband measurement problem.

The effect of the pulse width bandwidth product on the recorded
spectral intensity can be calculated ( see appendix). The following experi-
mental and calculated data was obtained:

Error in Spectral Intensity as a function of the Pulse Width Bandwidth Product
Pulse Width
Bandwidth
Product. BT 0 .1 .2 .5 .8 1.0
Computed
error(db) 0 .1 .3 .8 .3 4.6
Error taken
from ref.

3(db) 0 0 1 2 3 5
Error determined
by experimentation

(db) 0 0 2 3 4 5
The reason for the difference between the calculated and observed

errors at low pulse width bandwidth products is probably due to the rounded

shape of the actual pulse and the non ideal (square) I.F. response curve. The
less square the pulse the less is its sidelobe, content, and the greater is
the difference from a theoretically square pulse at low pulse widths. It is

observed that the pulsed R.F. interference measurement problem is peculiar in
that the interference, depending on the pulse width receiver bandwidth product,
is neither broadband nor narrowband. The interference can with reasonable
accuracy be treated as broadband if the pulse width bandwidth product is less

than 0.J ;nd as narrow band (cw) if the pulse width bandwidth product is more
than one. The uncertain area of pulse width bandwidth products between 0.1-

1.0 can be eliminated by providing for bandwidth changes. In this connection it
is desirable to have a third bandwidth in order to easily determine which of the
other two bandwidths, broad or narrow band, to use of the measurement. The inter-
ference would be treated as broadband if TB-.l. and as narrow band if TBl__ 1.0.
An example will illustrate the above statement. Given a wide pulse, such that

TB=2 then for a bandwidth 1/2 the maximum or TB=I, it is observed that the peak
V.T.V.M. indication hardly changes at all. It can then be surmised that the
pulse is wide enough
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to be treated on a cw basis when using the wide receiver bandwidth. If on the
other hand the interference is caused by a very narrow pulse, say TB =0.05,
for a bandwidth increase of five times the minimum bandwidth or TB = 0.25,
the meter reading will change by a factor of approximately five. This inter-
ference can obviously be treated on an impulsive basis. Thus by switching
between the two bandwidths, it is possible to determine the most accurate
manner of treating the interference, namely narrow or broadband. For the
unlikely case of interference ca~ased by a pulse width such that TBmin = 0.1
and TB = 1.0, the interference could equally well be treated as narrow
or broaaand, depending on the bandwidth used.

III.DESCRIPTION OF SYSTEM (FIG.l)
The receiver under discussion (Polarad CFI) is a triple conver-

sion superheterodyne receiver (overing the frequency range from 1-10 KMC.
(fig. 2). Calibration is obtained by an impulse generator with flat output
over the entire frequency range.

The following specifications apply:

Frequency Range 1000mc to 10,000mc
Method of calibration Impulse Generator
Input impedance 50 ohms
Sensitivity (1 mc BW @ S=N) -90 dbm (min)
Impulse Bandwidths 1 mc,Smc,8mc
Image and spurious response rejection 60db down
Video bandwidth 12mc
Weighting circuits Avg, quasi-peak,

peak, slideback-peak

The frequency range of the receiver is covered in four bands
(typical tuning head band shown in fig.3).

Band I .950-2040 Mc
Band II 1900-4340 Mc
Band III 4200-7740 Mc
Band IV 7300-i0,00OMc

Preselection is employed in each band to reduce the image response,
located at twice the first IF from the desired signal, to greater than 60db
down. Because of the relatively high 1st IF frequency of 260 MC, a two cavity
preselector design provides the necessary off-band attenuation. The pre-
selector 3 db bandwidth varies from 8-10 Mc at the low bands to 18-25 Mc at
the high bands. The preselector is cam driven along the band simultaneously
with a klystron cavity oscillator which delivers fundamental L.O. power to
the 1st mixer.

Alignment of the preselector and cavity oscillator is facilitated
with use of anti-back lash gears and rigid tuning mechanisms. With this
mechanical arrangement, frequency accuracy is held to 1%.Digital frequency
readout is obtained by the use of a decade counter.

Further frequency stability is obtained by AFC. A D.C. feedback
voltage, which is opposite in polarity to signal or oscillator drift, is
applied to the klystron repeller. Capture and hold-in capability is largely
determined by the IF discriminator bandwidth and the repeller mode width.
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The 1st conversion results in a 260 Mc IF. Amplification at this
frequency is obtained with two broadband grounded grid amplifiers. Ceramic
planar triodes are employed to achieve an IF noise figure of 5 db. The gain
of the 260 Mc IF is 18 db with a bandwidth of 20 Mc. Vacuum tubes were
selected over transistors in this application.

At the time of development comparative noise figures and gain,
with solid state devices, were obtainable only with experimental units of
moderately high price. Transistors are however, presently available with
perfojmance somewhat equivalent to the planar triode. However, it has been
shown that the non-linearities inherent in transistors are such, that noise
figure measurements are meaningful only in the absence of signal. Tests
have shown that because of cross modulation effects, improvement of S/N ratio
as a function of input signal does not follow the expected increase.

Obviously, one of the requirements of a receiver used for RFI
is that its susceptibility to cross modulation be negligible. Methods are
outlined to reduce the high cross-modulation effect prevalent in RF Tran-
sistor amplifiers. However, they entail compromises which ultimately increase
the noise figure of the amplifier. By employing vacuum tubes at the front
end, this problem is not encountered. Sufficient gain is obtained by the
grounded grid amplifiers, so that noise contribution by succeeding mixer
and amplifying stages is negligible.

Conversion to 140 Mc IF takes place immediately following the
two stages of 260 MC triode amplifiers,. L.O. power is supplied by a fre-
quency doubler driven by a crystal controlled 60 Mc transistor oscillator.
This oscillator also drives a tripler to generate 180 Mc L.O. power for the
final conversion to 40 Me. The amplifier chain at 140 Mc consists of five
synchronously tuned transistor stages, three of which are AGC controlled.
Overall gain is 20db with 25 Mc BW. The stages used for AGC are biased
for reduced gain to obtain optimum operating conditions for the wide dynamic
range required. Interstage coupling is simplified with the use of toroidal
ferrite cores. Efficient coupling is obtained and interstage feedback is
minimum because of its self-contained field. The tuned inductance of the
primary is purposely made small so that collector capacity can be adequately
loaded externally.

A third and final conversion results in a 40 Mc IF. A tran-
sistor stage is used as a mixer with 180 Mc L.O. emitter injection. Six
stages of 40 Mc IF amplifications follow, the last stage being a 5639 pen-
tode. High power output requirements (20 db dynamic range), with 14 Mc
overall IBW, made it necessary to employ a tube. A 3K ohm detector load is
required to obtain the bandwidth. RF detection efficiency with a 3K load
is slightly greater than 50%. The output tube must therefore, swing at
least 50 VRMS to produce the required output at the detector. To transis-
torize this stage requires a transistor of approximately 5 watt collector
dissipation and at least a 100V collector-base voltage rating. Such a
transistor is costly and adds additional difficulties in the driver stages.
The tube used is rated at 4w plate dissipation and is driven by a low-power
transistor of the drift-field type, 2N384. Overall IF 3 db bandwidth is
10 Me, and the video BW following RF detection is 12 Me. The multiple
impulse bandwidth provision takes the form of a filter chassis which is in-
serted in the 40 Mc IF amplifiers chain.

The filter chassis contains two filter networks with impulse
bandwidths of I me and 5 mc selectable by a front panel switch. A third
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position on the switch marked 8 mc does not contain a filter, but feeds through
the signal with only the normal IF and video bandwidth restrictions. The
filters used are double tuned, critically coupled networks. Insertion loss
of the narrow band filter is approximately 4 db, and the 5 Mc filter is 1 db.
A 40MC IF amplifier is used in conjunction with the filter networks to compen-
sate for the unequal transmission loss. A change in d.c. operating point of
the transistor amplifier results in a change of gain when the system is
switched to the 5 and 8 Mc positions. Two adjustment pots are used to pre-
cisely set the gain in the mid and wide band condition so that there is no
visible change in output meter indication as a function of bandwidth. This is
only true for high level signals. Signals close to noise will be modified
by virtue of noise changes. The overall IF bandwidth of 1OMc plays a negli-
gible part in determining receiver impulse bandwidth in the narrow and inter-
mediate positions. Changes in the 1OMc wide IF bandwidth, due to different
transistor parameters and temperature effects, has no effect on the 1 and
5Mc IBW of the receiver. Furthermore, critical alignment of an IF amplifier
to a specified bandwidth is not necessary. Stability in the wide-band
condition is obtained by controlling the video bandwidth. Impulse bandwidth
is determined by the combined bandwidth of RF, IF and Video stages. It was
mentioned earlier that the video BW is 12Mc, therefore in the narrow and
intermediary bandwidth conditions the impulse BW is strictly a function of
the narrow IF filters. However, in the wide band position, the combined
responses of video and IF amplifiers result in an impulse BW of 11 Mc.
Bandwidth reduction of the video stages is accomplished by a capacitivie
adjustment which reduces the video bandwidth to obtain a system IBW of 8mc.

The wide bandwidth of this receiver could create a problem
on the output peak reading voltmeter. Under the wideband conditions the
receiver is capable of passing a .06 micro sec pulse unattenuated. At high
duty cycles the charge current requirements for a simple RC detector circuit
are satisfied by conventional circuits of proper bandwidth. But as the duty
cycle is lowered the problem becomes one of supplying extremely high charging
current pulses of short duration. The large charge current requirements
make it desirable to have a low source impedance. The combination of emitter
follower and junction diode make an almost ideal driving source with no
complexity.

The output impedance of an emitter follower is approximately

R =R R = output impedance
B + 1 R° = source impedance

Bg AIC = Current gain
14 IB

The detector output load impedance is approximately 3K. A 2N1143 transistor
is used as an output video stage, with a typical beta of 30. Substituting
these values results in an Ro of approximately 100.

The diode that is used as a peak detector should meet the two
following requirements:

t. it must have high conduction capability.
Back resistance must be sufficiently hi 6 , -o that loading

on the VTVI stage is negligible.
A search through the multitude of junction diodes available shows th;at where
high conduction is available a low back resistance usually is present.
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Certain computer silicon diode types, however, are an exception. They

combine high conduction capability with extremnqly high back resistance.

Measurements of unselected units with a milli/.ammeter indicated leakage
currents of no greater than 3 millikamperes. This is equivalent to a

back resistance of greater than 200 Megohms. The conduction characteristics
are such that with a forward current equal to 1 ampere the voltage drop
across the diode is typically 1 volt. The effective diode resistance in
the forward region is typically 1 ohm. Thus the transistor and diode
combination represent a source impedance of approximately 100 ohms. This
low source impedance characteristic coupled with high speed recovery time,
make the transistor diode circuit ideal for-this application.

The circuit shown in fig. h represents the peak reading VTVM.
Because of the low source impedance of the transistor-diode combination,
a load capacitance of .01 uf is acceptable and yet maintain the charge time
requirements. This circuit does not require the use of electrometers or
special vacuum tubes to obtain a proper discharge time. The lew duty
cycle response of this VTVM is shown in fig. 4. Vacuum tubes were chosen
over transistors to properly realize a high d.c. impedance. A dual triode
stage serves as a VTVM in a cathode coupled configuration that provides
a high degree of linearity.

There are many methods of AGC used to obtain wide dynamic
range in transistor superheterodyne receivers. If the transistor is used as
a gain control element, then it can be connected to utilize its forward
or reverse bias characteristic, to obtain gain control. Each system has
its pros and cons. As a rule more dynamic range can be obtained with re-
verse AGC, but forward AGC has superior signal overload properties.

Still other methods are available to the designer in the form
of diode networks which control interstage signal transfer. In these
methods forward diodes or reverse diodes (eg. Varicap) are employed in
shunt signal circuits. With conventional receivers, these methods can be
used with a degree of success, dependent on the type of signal received
and its presentation at the output. Reverse AGC was chosen over the other
AGC schemes because of its uniform gain characteristics. With this technique
the output gain characteristics is reproducable within j db.

The impulse generator employed, produces a flat spectrum over
the entire operating frequency range. A 150V impulse of .02 nano sec.
duration is keyed at 1000 cycles to generate this spectrum. Peak output
of the impulse generator is set at 60 db over 1 uv/mc (-47dbm) for receiver
of 1 MC IBW and is variable over a 20 db range. Periodic reversal of charging
voltage on the shorting contacts significantly decrease the effect of
single contact corrosive build up. All video circuitry employed to drive
the generator is transistorized; because of this, power needed to drive
the generator is below 30 watts.

The entire receiver is constructed in a manner to facilitate
manufacturing and provide ease of maintenance, the circuits shown in
fig. 1 are housed in individual sub-chassis. All the sub-chassis are
easily secured and removed from the main frame. Transistorized power
supplies included. Tuning head chassis are interchanged quickly and no
internal or external hand connections are necessary to prepare the
receiver for operation. This modular type of construction adds versatility
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to the receiver. Since receiver elements can be readily integrated, the
form factor of the receiver can be easily adjusted to fit specific require-

ments, both from a mechanical and electrical viewpoint.
IV. CONCLUSIONS

The conclusions that can be drawn from this project are many
and varied. The major points are that: - Transistors, if properly utilized,
can contribute markedly to RIFI receiver design. The compatibility problem,
getting the same results with different instruments, can be successfully
solved. For the case of the present receiver, the solution takes the form
of three switchable bandwidths. This is the first of a new generation of
solid state Field Intensity Receivers.

APPENDIX
EFFECT OF PULSE WIDTH BANDWIDTH PRODUCT ON

MEASURED SPECTRAL INTENSITY

Assuming a rectangular R.F. pulse (figure 6) we find that the
frequency spectrum of the envelope has the well known sin x/x distribution
(figure 7.) The spectral intensity at the carrier frequency (frequency
that is being pulsed) is F(fo) = ETX

2

+ sin 2 foT exp (-J2TT foT1] which reduces to ET for
2 foT 2

foT ? 2. The lowest I.F. of the C.F.I. is 40 mc/sec. F (fo) can there-
fore be taken as ET/2 down to a pulse width of T 2 = .05 usec.

40 x 106
The peak meter indication will be determined by the portion of the frequency
distribution that falls within the video amplifier passband after uetection,
as shown in figure 8.

The deyiation of the peak meter reading follows: The integrated
impulse bandwidth , for the case of many stages in cascade is:

Go J G(f)) df

Also
VP= S Go B= JSG (f)f df

S is the spectral intensity, which is C Sin IT fT

ITfT

thus 0 rfT G() dVp = C JSin

Assuming a rectangular passband characteristic normalized to I (fig?) we get
fo Sin -TfT dfSfo+B/2

Vp= C oilfTd

Thus the peak pulse level reaching the V.T.V.M. is

Vp=C Ba Sin 7r fT df=
iTfT

fo + B/2 fl + B/2
=C fo Sin x dx = K Sin x dx

rT x Tfi x
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T = Pulse width
B = Band width
f = Deviation from center frequency (fo)

The spectral i tensiy computed from the above peak voltage reading is
F' (f) = K B Sin x dx

TB 0 x

The true spectral intensity is of course, K, which we can normalize to
K=l. fo+ B/2
F' (f) =1 r Sin x dx

TB fo x

fSinxiis the so-called sine integral Si x, values of this integral can be

found in any mathematical table of functions. It is now possible to de-
termine the effect of the bandwidth pulse width product on the spectral
intensity measured by the receiver. For example:
Let i x B = I at this point x = ft

T
f= deviation from center frequency which is equal to the video bandwidth (B)
f = B and x = T
F' (f) = 1 Sin x dx = 1.86 = .593

x x
at B T = 0.8 .8
F' (f) = 1 sin x dx = 1.778 = .706

X X .8

at B T = .5 .5
F' (f) = 1 Sin x dx = 1.36 .867

x .0 X .5

at B T ='.2 .2
F' (f) = Sin x dx = .607 .965

X o x .2

at B T 0.1 .1
F' (f) = 1 Sin x dx = .31 = .985

x 0 x .314

The computed error is:

BXT 0 .1 .2 .5 .8 1.0
Pulse width
bandwidth
product
F (f) 1.0 .985 .965 .867 .706 .593

Error d.b. 0 0.1 .3 .8 3 4.6

201oglO 1
F (f)
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Figure2

Calibrated Fie~ld Intensity Receiver
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Figure 3
TuntnR Head Chassis
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A SENSITIVE RECORDING SYSTEM FOR H:aRMONIC PATTERN

MERASURE-4ENTS AT MICROWVAVE FREQUýC,!IES

R. J. Doviak and D. J. Lewis
The Moore School of Electrical _ýýgineering

University of Pennsylvania
Philadelphia, Pennsylvania

Abstract. - A recording system having a high sensitivity and a broad dynamic
range was developed and tested. A high sensitivity is obtained through the
use of a microwave receiver as the detector. To obtain the necessary range
and freedom from nonlinearities, a servo feedback system in conjunction
with a calibrated attenuator is used to maintain the detected signal at a
constant level. At L band frequencies the system has a total dynamic range
of over 100 db. The setup is adaptable to standard microwave generators
and detectors.

I. INTRODUCTION

The measurement of antenna patterns at frecuencies beyond the
normal design band of the antenna is an exacting task because of the need
to observe complex field distributions. The need for an antenna pattern
recording systemn, having a large dynamic range and a strictly linear
relation between the recorded results and actual power levels, is apparent.
The use of a system which combines simplicity and versatility with a large
dynamic range is therefore desirable. Such a recording system has been
developed. Conventional pattern recorders are dependent upon the linear and
non-linear characteristics of crystal detectors and mixers and are limited
in dynamic range due to deviation from these characteristics when input
power levels exceed certain bounds. Extremely sensitive low noise receiving
systems, such as those employing parametric amplifiers or masers, are limited
in their input power range because of changes in their characteristics at
relatively low power levels and hence full advantage of the increased
sensitivity cannot be achieved.

In the proposed system the crystal detector, mixer, parametric or
maser element, will always be operated at a constant level of input signal
thereby eliminating the dopendence of system linearity on volt-ampere
characteristics.

IH. PRINCIPLE OF OP&RATION

The prime component in the recording system is a precision
variable attenuator which controls the level of the inout signal. A
"waveguide below cut-off" type attenuator, which is characterized by its
stability and accuracy, has been used successfully. This attenuator has
the advantage of having a linear deoendence between insertion loss (in db)
and coupline distance. Other tyupes of precision attEnuators having a
minimum insertion loss of sero db are available and may easily be utilized
in the system.
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The basic components used in this system are shown in block
diagram. form in Fig. 1. The transmitter output level, which is modulated
by an 'audio signal frequency, fm, equal to the carrier frequency of the
servo system, is controlled by the variable attenuator and fed to the
transmitting antenna. The transmitted signal can be detected by using a
simple microwave crystal detector and tuned amplifier or a more complex
superheterodyne receiver. The detected signal at frequency fm is fed to
a difference amplifier where an "error" voltage proportional to the
difference between a reference voltage and the signal is amplified and
sent to the field winding of a servo motor which controls the setting of
the attenuator. The reference voltage is chosen to have the same frequency
as the modulation voltage of the microwave transmitter. When the received
signal level exceeds the reference voltage level, the servo motor drives
the attenuator to increasing levels of attenuation until a received signal
is attained having the same amplitude as the reference voltage level.
When the transmission loss between the two antennas is increased due to
antenna rotation, resulting in a decrease of received signal level at the
difference amplifier, the "error" voltage "returns" the attenuator setting
to lower levels of attenuation until the received signal equals the
reference voltage level. In this manner, a continuous record of the
varying transmission loss between transmitter and receiver can be obtained.

The normally closed switch is used to cut off bhe reference
voltage at the zero db setting of the attenuator dial in order to prevent
the servo motor from driving the attenuator beyond its mechanical limits.

The position of the attenuator dial is recorded by coupling a
potentiometer to its shaft. A dc voltage, proportional to the angular
position of the shaft, is conveyed from the variable arm of the potentio-
meter to a high impedance dc recorder. The indicator records the angular
position which for a "waveguide below cut-off" type attenuator is linearly
proportional to the attenuation in db of transmitted power. The antenna' s
angular position is relayed to the recorder in the conventional manner as
shown in Fig. 1.

III. GENERAL CONSIDBRATIONS

The system maintains a constant level of receiver input signal
determined by the level of the reference voltage, Vr, and the gain of the
receiver Gr. The accuracy and linearity that can be achieved is primarily
limited by the characteristics of the variable attenuator employed. The
difference voltage (Vs- Vr) is related to the servo-mctor control voltage
VC by the relationbhip

Ivs - Vrl Gd = Vc

wheýre Gd is the gain of the difference amplifier and Vs the si gnal voltage.
Vc is determined primarily by the load torque characteristirs of the servo-
motor. In order thst the serve motor resronds to an inrut control voltage,
Vc must be greater than or equal t' Vjn, where V,_n is the minimum voltaFe
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needed to activate the servo motor.

It is convenient to define a system accuracy parameter, p, by
the relation Vs

p = 10 log V- (2)
r

A factor of 10 is used in equation (2) because we are considering a video
receiver in which the output voltage is proportional to the input power.
Substituting equation (1) into (2), we obtain

IpIlO lo vmin 
(3)

Equation (3) is plotted in Fig. 2 for values of Vmin- 30, and Gd= 100,
which are the characteristics of the system used. The figure indicates
close agreement between the experimental points obtained and equation (3).

The dyrnamic range of the system is limited on the high end by
the maximum power level of the transmitter. The low end limitation is
determined by the noise level of the system and the required system
perforvance.

In obtaining qualitative information, it is found that dynamic
range must be sacrificed for increased system performance and accuracy.
Consider the servo motor to have the ideal characteristics as shown in
Fig. 3. Also to simplify the analysis we shall only consider the steady
state operating conditions of the motor.

A given load-torque level determines the minimum control
voltage Vmin below which the servo motor is not activated. Maximum
sensitivity is obtained when the system gain GdGr is set to a value such
that the noise voltage level Vn is equal to Vmin. With the above considera-
tions it is possible to obtain a quantitative value for the dynamic range
as a fumction of system accuracy. Assuming that noise voltage (V,)
originates only in the crystal detector, the (S/N)c voltage ratio at the
control windings is defined by

[s V (4)
n

or rewriting IVs V

Substitutinr from equation (2) and sclvinr for p we obtain

1pf = 10 log N (6)
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where ( = -.
n

The dynamic range of the system is given by

Rdb - 10 log P- (7)
0

where Pt is the available transmitter power and Po the power level at which
video crystal is operated. The demodulated signal power output, Ps, is
related to the input rf power Po and crystal diode conversion loss C(db) by

PP0 (8)
-logl C

The signal to noise voltage ratio at the input to the audio receiver is

U =V (9)

where Pn is the crystal noise power at the modulation frequency fm. P and
the noise power level, Pn, are related to (S/N)i and crystal diode conversion
loss by

1 P (10)N = I C Pn
log- - n

where C = conversion loss in db.

Solving for P0 we obtain

N S) 1og1  TO11
01

and substituting (9) into (7) R becomes

R db - 10 log t 21 - C(12)-F
[n (NQ I

Substitutinr for (S/1-)i from equaLion (6) we obtain the relation
between dynamic range and accuracy.

n 

1

C
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Measured values of noise power at a servo carrier frequency of
60 cps were about -65 dbm. The conversion loss of video crystals average
about 5 db. 2 The limits on values of (S/)c are not easily defined, but
appear to be dependent on the servo motor and noise characteristics.
However, a value of about 0.2 has been experimentally found for the system
described below. Substituting the above values in equation (13) and
simplifying it results that

Rdb lOO - C + 10 log 8P + O og log 10g0(14)
log-1 LP•

10

Equation (12) is plotted in Fig. h as a function of system accuracy for a
transmitted power level of 1 milliwatt. Also plotted in the figure are
experimental points obtained for a crystal detector having a noise power
of -62 dbm. Hence, with this system, a crystal video detector offers a
59 db dynamic range with an accuracy of less than t 0.3 db. Other sources
of error such as gear back-lash, friction, etc. were not considered in the
above analysis. The use of a 60 cps carrier frequency caused an excess of
noise due to cable pick-up and may account for the differences between
experimental points and the theoretical curve.

Crystal diode noise power at audio frequencies obey an inverse
frequency law3 and one may expect an improvement in the sensitivity and
consequently an increase in dynamic range if the carrier frequency is
somewhat higher than 60 cps. For instance, at a frequency of 1000 cps the
noise power may be decreased by as much as 10 db. However, at still
higher frequencies the noise power is independent of frequency and no
advantage would be gained by increasing the carrier frequency of the servo
system indefinitely.

The use of a more sensitive receiving system will extend the range
of operation considerably with increased accuracy and dynamic range. For
instance the use of a superheterodyne receiving system, as described below,
having a sensitivity of about 105 dbm resulted in a system having a
dynamic range of about 100 db with an accuracy better than + 0.3 db.

IV. DESCRIPTION OF SYSTEM

The physical layout of a typical feedback measurement system,
which was developed and constructed for a series of antenna pattern measure-
n,_n-ts at harmonic frequencies, is shown in Figs. 5 to 7. In this setup a
double conversion superheterodyne receiver is used as a detector to obtain
the maximum possible range. A series of Hewlett-Packard sipnal generators
provide the sign2l power. A typical pattern record obtained with this
system is shown in Fig. 8. The important system characteristics (response
speed, range and accuracy) are tabulated in Table 1.



The feedback servo assemply is mounted on an adjustable bracket
which can be attached to the panel grips of several different signal
generators. The attenuator dial knob on the signal generator is replaced
with a small gear which meshes with the drive gear on the servo motor.
With this arrangement, the internal attenuator of the signal generator forms
part of the feedback loop. A total frequency range of from 1 kmc to 10 kmc
was possible with the signal generators used with this unit. The potentio-
meter used in the voltage divider circuit activating the recorder pen is
mounted on the same panel and is geared to the attenuator shaft to provide
a dc output signal which is linearly related to db of attenuation.

The servo amplifier and its associated power supply is mounted in a
six foot relay rack together with the recorder. The same rack also supports
the servo amplifier and power supply for the recorder roll servo. A control
panel at the top of the relay rack contains the biasing circuits used to
adjust the zero level and scale factor for the recorder pen.

The modulation and reference voltages are taken directly from the
60 cycle power line. This permitted us to drive a small 60 cycle two phase
servo motor directly from the output of the servo amplifier. However, as
would be anticipated, stray pickup is a serious problem when this frequency
is used.

The basic servo system was also used for obtaining continuous records
of insertion loss as a function of frequency. The arrangement was basically
the same as for the antenna pattern measurements, except that the signal
generator frequency dial was linked through a second servo system to the
recorder roll drive. A broadband crystal mount with a tuned audio amplifier
was used in place of the superheterodyne receiver to avoid the problem of
keeping the detector tuned to the same frequency as the signal generator.
The results of these tests were extremely promising. It was possible to
obtain plots of insertion loss as a function of frequency with a great deal
more nrecision and accuracy than can be obtained from point by point
techniques.

V. REFERENCES

1. Torrey and Whitmer, "Crystal Rectifiers," Vol. 15, Radiation Laboratory
Series, p. 25.

2. Ibid, p. 193

3. Ibid, p. 32



RESPONSE RANGE ACCURACY
SPEED DB DB
DB/SZC ,.

35 db/sec 100 t + 0.3

TABLE I
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FIG. 5

Transrniter and Attenuator Servo - motor

FIG. 6 FIG. 7
•illivolt Pecarder and fliasing Super Ileterodyne Receiving Systern

Circuit.s 
and Antenna Pattern Pecorder.
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THE VOICE INTERFERENCE ANALYSIS SET,
AN INSTRUMENT FOR EVALUATING THE PERFORMANCE

OF A VOICE COMMUNICATION CHANNEL

W. M. Grim, Jr.
General Electronic Laboratories, Inc.

Cambridge, Massachusetts

Abstract. - The Voice Interference Analysis Set rapidly and accurately
analyzes the performance of a voice communication channel in the presence
of interference. The analysis is computed on the basis of a 14-band Articu-
lation Index calculation as developed by French and Steinberg. A modu-
lated pilot tone, which replaces the usual speech signal, is transmitted over
the link under test. At the receiver, the tone is used to normalize the inter-
ference so that noise-to-signal ratio measurements can be made in each of
the bands. The individual channel outputs are then properly combined to
produce the final output.

Analog and coded digital outputs are provided in addition to a
front panel indication.

In addition to simple cases of white and shaped noise, the sys-
tem can evaluate, individually and in combination, complicated cases involv-
ing reduced transmission-path bandwidth, peak clipping at the transmitter,
narrow band interference, and interrupted interference.

Self check features and malfunction alarms are included for
monitoring the performance of the system.

I. INTRODUCTION

The Voice Interference Analysis Set is a system designed to
analyze rapidly the performance of a voice communication channel in the
presence of external and system noise. The analysis is made on the output
of the channel and the results are presented in terms which can be readily
interpreted in terms of word score.

A system type test is desirable because it is a complete voice
communication system which is under test. All components should be tested
under conditions simulating, as closely as possible, the normal operating
conditions of the system. Because the talker and the listener are also parts
of the system, their characteristics must be considered in any test of the
complete system in order to obtain valid results. Tests measuring the de-
tailed electrical characteristics of a receiver alone are desirable, but in
themselves do not indicaLe how the system will perform for speech transmis-
sion under actual conditions.

A simple method of evaluating system performance is to measure
signal-to-noise ratio at the output of the receiver. However, when an attempt
is made to convert this measurement to Articulation Index (AI), a standard
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system-performance parameter, gross errors can arise in the conversion.
Fig. 1 shows the range of AI possible for different forms of interfering signal
as a function of output signal-to-noise ratio.

The standard method of measuring system performance is the
listener test in which a number of people listen through the system to a list of
words read by a talker. Systems are then scored by the percentage of words
correctly understood. Such tests usually require a trained crew of at least
ten people and approximately 15 minutes is required for each test. Thus, the
listener test is not satisfactory where large amounts of data must be gath-
ered in short periods of time,

A relatively recent theory of speech intelligibility indicates that
the information lies in the syllable envelope pattern rather than in the fine
details of the speech waveform. This theory was based on the fact that
trained operators can "read" speech spectrograms, and "write" words which,
when played back properly, can be understood. Practical machinesi operat-
ing on this Pattern Correspondence principle have been designed and built at
General Electronic Laboratories. Unfortunately, such a machine requires a
"clean-line" sample of the speech waveform in close time correspondence
with the sample used to modulate the transmitter.

The Voice Interference Analysis Set (VIAS) described in this
paper was designed to provide a method for system testing which had none of
the disadvantages of either the listener test, the Pattern Correspondence
machine, or the signal-to-noise ratio measurement method. The system is
capable of making a complete measurement in 30 seconds. 1 was designed
by General Electronic Laboratories, Inc. specifically for use in the Electro-
magnetic Environmental Test Facility being developed for the U. S. Army
Signal Corps by Pan American World Airways, Inc. and Bell Aerosystems
Corp.

Although developed for the specific purpose mentioned abovc, the
equipment is sufficiently versatile to be used directly, or with minor modifi-
cation, in any situation where system degradation due to interference must be
rapidly and accurately evaluated in accordance with psychoacoustic principles.

II. BASIC OPERATING PRINCIPLES

The VIAS is essentially an analog computer, designed to instru-
ment the AI method of performance calculation originated by French and
Steinberg2 and modified by Beranek 3 . In this method of computation, the
speech frequencies between 200 and 6100 cycles are divided into a number of
equally contributing bands, usually 20. The signal-to-noise (S/N) ratio in
each band is determined and expressed logarithmically on a scale where unity
or fully contributing corresponds to a SIN ratio of plus 18 db and zero or non-
contributing corresponds to an S/N ratio of minus 12 db. Ratios above or
below these values are rated as unity or zero respectively. These individual
channel contributions are summed and divided by the number of channels used.
The result is the AI for the system. Curves for converting the calculated Al
to word score for different vocabularies appear in the literature. 4
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No speech is actually transmitted in this machine. A modulated

pilot tone, located near the peak of the normal speech spectrum, is used to

provide a reference level. Because the speech spectrum shape is known, the
levels of speech can be directly inferred from the reference tone for the
machine calculation of S/N ratio.

As originally developed, the AI calculation was valid for only
steady-state wide-band noise. Subsequent modifications by Kryter 5 extend
the calculation for cases where peak clipping exists at the transmitter, for
narrow band interference, and for interrupted types of interference.

MI. PHYSICAL DESCRIPTION

The complete VIAS consists of three major components: the
Analyzer, the Test Signal Generator, and the Self Check Signal Generator.
The Analyzer is housed in a standard 77" high cabinet. The remaining units

..-... ccupy 24-1/4" and 15-3/4" of panel space in a standard 19" relay rack.
The entire set contains 127 vacuum tubes exclusive of power

supplies and requires approximately 2 kilowatts from a 115-volt, 60 cps,
single-phase line, for operation.

Pictures of the units are shown in Fig. 2.

IV. SYSTEM OPERATION

A block diagram of the VIAS is shown in Fig. 3 together with the
transmitter and receiver portions of the voice communication channel under
test. Subsequent sections of this paper refer to this figure.

In operation, a tone generator supplies a 950-cycle tone triangu-
larly modulated at a 5-cps rate for modulation of the transm"Mter. The aver-
age output level corresponds to the average power of speech. The modulation
simulates the time-varying power characteristics of the speech waveform.

The output voltage of the receiver under test includes the comnpo-
nents near 950 cycles representing the speech output and, in general, noise
components related to the interference. The transducer response network
shown in Fig. 3 passes for further processing only those components which
correspond to the acoustic output of the transducer used with the system.

A filter separates the 950 cycle tone components from the noise
components. The tone is detected to provide a slowly varying direct current
for controlling the gain of the log amplifier. The log amplifier is a high-gain
operational amplifier with a logarithmic diode in the feedback path so that its
closed-loop gain for the noise components fed to it is inversely proportional
to the magnitude of this direct current. Thus, the output of the log amplifier
is a noise whose amplitude is proportional to the input noise-to-signal ratio.

For convenience in the instrumentation, two shaping networks are
included in this portion of the system to weight the frequency distribution of
the noise in a manner inversely proportional to the normal speech spectrum.
Thus, the noise spectrum level at any frequency at this point in the system is
made to be proportional to the noise-to-speech ratio at the same frequency at
the input to the system.
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As required by the French and Steinberg computation method, the
noise is separated into bands for analysis. Fourteen are used in this machine.
The bandwidth for each filter is selected to provide equal contribution to Al
for each band. The gain through the filter and its associated amplifier is ad-
justed so that the noise output is proportional to the noise-to-speech ratio in
the band with the same proportionality constant for each channel.

Because the machine actually measures noise voltages corres-
ponding to noise-to-speech ratio, it is convenient for the remainder of this
discussion to think of the machine as measuring degradation of AI, (1 - AI),
rather than AI directly.

The output of each channel is detected to provide a direct voltage
proportional to the noise. A limiter at the detector output limits the voltage
to the 30-db range with limits corresponding to zero and fully contributing
channels. Such limiting is necessary to prevent an extremely noisy channel
from producing more than its permissible amount of degradation and to pre-
vent an extremely quiet channel from cancelling out the degrading effects of
noise in other channels. Such limiting is required by the AI calculation
technique.

The limited output of each channel is logarithmically weighted
and combined in a summing network. The output of the summing network is
integrated for approximately seventeen seconds to provide an analog output
indication. This particular output is in terms of degradation, "0" represent-
ing a quiet system. A simple stepping-switch analog-to-digital converter
provides a 12-wire, 20-state output code for driving punch card or other data
recording machines as well as a 10-state front-panel indication.

In addition to performing an AI calculation on broadband noise,
the machine will evaluate narrow-band and interrupted interference and the
beneficial and detrimental effects of peak clipping at the transmitter end, as
well as combinations of these effects. The methods by which a machine
evaluates these conditions is outlined in the subsequent paragraphs.

A modification bf the AI calculation to account for the effects of
narrow band interference, the so-called spread-of-masking correction,
states that interference in any band actually affects all other bands to a
degree dependent on both the separation between the analysis band in question
and the frequency of the interference and on the frequency of the interference
itself.

The machine evaluates this effect, in the dase of the upward
spread of masking, by connecting the input of each cha~nnel detector to all of
the lower frequency channels through a network with the proper attenuation
value. There is no correction for a less well-established effect, downward
spread-of-masking, in this machine. This correction, although minor, could
be included by a similar network.

It is well known that peak clipping of a voice signal at the trans-
mitter will result in improved performance in the presence of interference,
primarily because the average side-band power can be increased. 6 This
equipment reproduces this effect. As mentioned previously the modulated
signal for the transmitter is a modulated tone designed to simulate the
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average level of speech. If peak clipping is incorporated in the transmitter,
a normal adjustment of the tone input will result in an increased transmitter
output at 950 cycles. Becaase this will now result in an enhanced receiver
tone output, the gain for noise as determined by the log amplifier will be re-
duced. Thus, detected output voltages and the corresponding degradation
will be reduced. Al as indicated by the digital output will be correspondingly
increased. In contrast to the enhancement in the presence of noise, peak
clipping causes a reduction in intelligibility when no interference is present.
The machine is designed to make an appropriate correction for this effect.

A study of the Kryter 5 procedure for calculating the effects of
interrupted noise on Al indicates that for higher interruption rates the re-
sults are dependent only on the duty cycle of the noise. Corrections in this
region are obtained by taking advantage of the fact that the channel'filters
essentially average the noise of higher rates. By selecting a detector form
whose response is proportional to the average output, the correction is
arrived at without further circuitry.

Correction at low interruption rates is obtained by designing the
detectors to follow the envelope of the interrupted interference. However,
because of the statistical nature of the noise, considerable filtering is
demanded in the detector and so this design goal has been somewhat compro-
mised.

The basic Al concept implies that channels which have no infor-
mation (speech) have no contribution to index. The machine is thus provided
with contribution switches for ten of the end channels. These switches have
three positions: full, half, and zero contributing. The system is arranged
so that when a channel is zero contributing, the AI is reduced by an amount
equivalent to full error in the channel and the channel is prevented from
producing further reduction even if noise is present. When the switch is in
the half-contributing position, the AI is reduced by half of the maximum
single channel reduction and the reduction due to noise is limited to an addit-
ional half channel. Information for determining the setting of these switches
must be obtained by a normal frequency response check on the complete
system including the input and output transducers.

The logic and timing circuit consists of accurate timer to set the
integration period as well as the relay logic necessary to accept input control
pulses, To, T1 , and T2 , and perform all the internal switching necessary

for a measurement. Examples of internal switching functions are: reset
commands for the timer, stepping switch, and integrator; removal of re-
sponse corrections during a check cycle; alarm indication; and timer
initiate pulses.

V. MONITORING PROVISIONS

Self Check provisions for periodic calibration are provided in
order to provide a quick check of the performance of the machine. A Self
Check Signal Generator consisting of a source of 950 cycle tone and a source
of noise shaped to have the spectral distribution similar to that of speech is
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provided as a piece of auxiliary equipment. By means of internal feedback
and built-in attenuators, signals of various, accurately known, signal-to-
noise ratios are conveniently available. In normal system operation, a Self
Check Signal Generator is permanently wired to the analyzer but not electri-
cally connected.

When a check cycle is initiated by means of a button on the Anal-
yzer, the input is automatically transferred from the system being tested to
the output of the Self Check Signal Generator, and all corrections for system
frequency response are removed. The Analyzer then performs a normal
analysis on the test signal. If the error in output is more than 5%, an alarm
indication is provided.

For greater reliability, the output of the Test Signal Generator is
continuously monitored.

The input line to the Analyzer is continuously monitored to pro-
vide an alarm in the event of a receiver or transmission line failure result-
ing in no 1'Uot tone and no noise input.

VI. SYSTEM PERFORMANCE

When analyzing interference consisting of white noise or speech-
shaped noise, a properly adjusted system will provide answers within 2% of
the theoretical results under laboratory conditions. Variations of up to 5%
may be expected under field conditions. A typical curve for white noise is
shown in Fig. 4.

The result for cases in which peak clipping exists at the trans-
mitter show up to 7% error in the laboratory; deviations of up to 10% may
be expected in the field. A typical curve showing performance in the presence
of peak clipping is shown in Fig. 5.

The results for cases of broadband interrupted interference are
not as accurate as those mentioned above; errors up to 30% have been re-
corded for low duty cycle (20%) medium rate (100 IPS) interruptions. For
all other curves tested (all combinations of 10, 100, 1000 interruptions per
second and 20%, 40%, 70% duty cycle) the deviations from published data7
were typically less than 15% of Al.

VII. CONCLUSIONS

The Analysis Set described in this paper should be a great aid in
making intcrference measurements when the results are desired in psycho-
acoustic terms. Although designed specifically for use in the Electromag-
netic Environmental Test Facility, the equipment is capable of operating in
any situation where rapid and accurate determination of the effects of noise
on the performance of a voice communication link is desired.
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ELECTROMAGNETIC COMPATIBILITY IN MICROMINIATURIZATION

J. W. Hohmann and J. D. Meindl
U. S. Army Signal Research and Development Laboratory

Fort Mbnmouth, N. J.

Abstract. - This paper discusses the present trends in microelectronics
and the anticipated rf interference problems. The various miniaturization
techniques and the state of the art are outlined.

I. INTROI1JCTION

Today much money and effort are being expended in the general
field of microelectronics. Virtually every large electronics firm has
committed itself, to at least an exploratory program in this area. There is
no reason to think that this effort will decrease in the near future; however,
there is a wide range of opinions as to how far and how fast miniaturization
will be carried. Rather fantastic packing densities have been forecast which
at present are completely unrealistic because of power dissipation limitations.
The levels of miniaturization discussed in this paper are those which are
presently feasible and which are just beginning to appear on the market.

Except for a few limited cases, little has been done to determine
the electromagnetic compatibility of these miniature circuits. This is the
case for a variety of reasons, one being that the small size inherently
reduces many coupling problems. Perhaps even more important, very few sub-
systems, let alone systems, have actually been constructed from miniaturized
circuits; therefore, it has not been necessary to consider the radio-frequency
interference problems very thoroughly. This situation, however, is rapidly
changing and within one to two years, many electronic equipments will be
thoroughly studied to determine the feasibility of complete or partial minia-
turization. At that time a substantial electromagnetic compatibility study
will be required.

Basically, there are two interference problems: One concerns the
undesired coupling between the microcircuits, and the other the irint-rference
that originates external to them. Customarily, the interference radiated
from an equipment itself must be considered, but microminiaturized equipment
will operate at such low power levels that the radiated energy will be negli-
gible in practically all cases. The most typical problem will be the situ-
ation in which only part of a system is miniaturizeq. The engineer responsible
for radio-frequency interference will have to deter~ine if the remaining
unminiaturized components will adversely affect the operation of the minia-
turized section. This would be difficult without an understanding of the
general miniaturization techniques. A detailed knowledge of fabrication
techniques is unnecessary; however, the engineer should be familiar with the
different types of miniature resistors and capacitors available.

II. BASIC COMPON1NT1

There are three typical resistors, two of which are shown in Fig. 1.
In solid silicon circuits the bulk resistor is simply a bar of semiconductor
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with ohmic contacts on both ends. This type of resistor is limited to

relatively low valn-. for various reasons. For example, if the bar is too

thin or too narrow, its lack of physical strength makes it difficult to handle.
The second silicon type, the diffused-layer resistor, is shown in (B) and (C)
of Fig. 1. A thin layer of p-type material is formed in the n-type bar. When
reversed biased, the p-n junction isolates the diffused layer from the rest of
the bar. Since the diffused region can be very narrow and thin, the value of
this resistor can be much higher than the bulk resistor. In reference to
Fig. 1, (C) is a modified version of (B). The third type of miniature resis-
tor is the thin-film-deposited resistor. In this method a resistive material
is deposited on an insulating substrate. The resistive material may be chosen
from a wide range of materials varying from common nichrome to little-known
alloys. Here again the deposited layer may be quite small in cross section,
thereby facilitating the production of high resistances.

There are two basic types of capacitors: thin film and p-n
junction. The thin-film capacitor is composed of two conducting layers with
a film of dielectric in-between. One common configuration is successive
layers of silicon, silicon oxide, and a deposited metal. Another type of
thin-film capacitor consists of successive layers of deposited metal, insulator,
and another layer of deposited metal. Ordinarily the upper limit on these
capacitors will be in the 0.005 microfarad range. The other typical capacitor
is a p-n junction type. Basically the p-n Junction operates as a diode: however,
if the junction is reverse biased, it can be utilized as a capacitive element.
The maximum capacitance that can be produced in this manner is several thousand
picofarads.

One very promising aspect of the above circuit elements is the
ease with which they may be combined to form distributed RC networks, as
shown in Fig. 2. In this case the diffused layer has a relatively high con-
ductivity. Me p-n junction supplies the capacitance, and the bulk material
functions as the resistance. There are numerous contact arrangements for this
simple configuration that can be used to obtain a variety of electrical char-
acteristics from the structure. For instance, there could have been only one
contact on the bottom instead of two. This one contaict could have been in the
middle, at either end, ur anywhere in-between. There could have been three
contacts on the bottom instead of two. These variations are almost unlimited
and each one has different characteristics.

There have been several attempts to produce miniature inductors,
the best of which has been only moderately successful. Since no one has
introduced a really satisfactory means of producing miniature inductors, a
circuit to be miniaturized ordinarily should be completely redesigned to avoid
the use of inductances. This, of course, is not always possible, but a signif-
icant reduction in the number of inductors used in typical circuits may be
expected.

In many instances, the relative ratios of active to passive com-
ponents can be expected to change sharply when the circuits are miniaturized.
In the past, economics has demanded that the number of active components be
held to a minimum because of the low relative cost of high-grade resistors
and capacitors. Particularly in a miniaturized solid silicon circuit, a diode
or transistor will often be cheaper to make than a resistor or capacitor.
Therefore, the percentage of active components can be expected to increase by
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a factor of two or three.

Actually there are three basic approaches used to form miniature
circuits: the discrete component, the multilayer thin-film, and the semicon-
ductor solid-circuit approaches. These are in the developmuent phase, and some
hardware representing each of them is in pilot-line production.

ITT. DISCRET CCNHPOWNT CIRCUIT

In the discrete component approach, each component is produced
separately and miniaturized individually. One program of this type that has
received considerable attention is the micromodule system proposed by the
Signal Corps. In this concept each component is placed on an individual
ceramic wafer and then several wafers are stacked to form a module, as shown
in Mg. 3. On each wafer which is standard size 0.31 X 0.31 X 0.01 inches,
the connections are brought out to the notches. Twelve riser wires placed in
the notches are used to connect the components to form the desired circuit.
After the proper connections are made by soldering, the whole unit is encap-
sulated in epoxy for protection. The finished module may be plugged into a
printed circuit board in the same way as for a transistor. The height of a
module depends upon the number and type of components needed.

At present, two pieces of equilmient--the Helmet Radio and the
Micropac Computer--are being fabricated from micromodules. The Helmet Radio,
designed for use at the infantry squad level, is in the prototype stage. The
Micropac Computer (Mig. 4) is completely compatible with the Army Yield Data
System and can replace a much bulkier computer having the same capacity. It
has a volume of 3 cu. ft. and weighs 100 lbs. Its memory of magnetic cores
has a capacity of 2000 words and it can be increased to 4000 or 6000 words.
The whole unit has a power requirement of 1500 w. A prototype model will be
completed by September 1962. At this stage of development, the radio-frequency
interference problems in the Helmet Radio have not received very much attention.
It appeared that the i.f. stages in the radio might cause some difficulty;
therefore, a metal can was placed around each i.f. module as a shield. In the
prototype models, this arrangement has been perfectly satisfactory. The computer
has not been subjected to externally produced rf interference tests such as those
described by Harder and Powers of IE4, and there are no plans to conduct these
tests. Individual subsystems, however, have been examined analytically, and -.o
difficulties were foreseen under normal operating conditions.

To present a more precise idea of the interference prob-Lem, let us
consider a module containing one digital circuit. If the module is 4/1O-inch
high, the largest loop that could be coupled to outside magnetic interference
is 0.124 sq. in. To produce an erroneous signal, the induced voltage would
have to be at least 100 my. This means that to cause an error, the external
interference would have to exceed a dB/dt of 0.312 gauss/sec. These figures are
based on causing an error in a digital circuit completely contained in one module.
Of course the loops formed on the printed circuit board that holds the modules
could be several times larger. Good design dictates that these loops should be
less susceptible to interference than the ones contained completely within a
module.

Another discrete component approach, which is receiving attention,
involves placing a complete circuit inside conventional transistor cans such as
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the TO-5 or T0-18. Very-small components are individually bonded to a single

substrate or header. Fine gold wires are used to interconnect the components,
and then the can is sealed by welding. The finished package is very similar
to the standard transistor can, except that it has eight to twelve leads
instead of three. This type of unit is now for sale by several firms and may
soon be appearing in equipment.

Placing the circuit in such a small volume makes it unlikely that
an erroneous signal could be induced in one of the internal loops in the circuit.
It is doubtful that the largest loop in this can has an area exceeding 0.002 sq. in.
These circuits, however, must be interconnected by printed circuit boards or by
some similar technique, thereby producing somewhat larger loops for flux linkage.

IV. THIN-FILK CIRCUIT

There has been a very substantial effort involved in fabricating
all types of components by thin-film techniques. This technique has met with
varying degrees of success depending upon the component involved. Resistors
and capacitors can be produced accurately and1 reliably, but inductors, transistors,
and diodes have not been successfully produced. Fabrication of multilayer passive
structures is very promising. Numerous thin-film resistors and capacitors can be
deposited on top of one another to form a complex multilayer structure and insu-
lating layers deposited between the components provide isolation.

Figure 5 represents the 16 layers formed coincident with each other
to produce a typical digital circuit. All the necessary interconnections are
also supplied by the depositions. The completed structure is only a few mils
thick. This particular device was developed under a Signal Corps program. The
multilayer structure can be made small enough to be effectively used as a single
component in the discrete component circuits described previously. In these multi-
layer structures, magnetic coupling is not much of a problem but capacitive cou-
pling obviously is. The coupling within a single structure is sufficiently large
to require that it be taken into consideration in the initial design. Mhe cou-
pling between adjacent structures can be substantial; therefore, care must be
used in the physical layout of the system.

V. SOLID-STATE INMTERATED CIRCUIT

The third, and by far the most publicized, microcircuit technique
is the semiconductor solid-state integrated circuit. The customary definition
of a solid-state integrated circuit requires that all the components of the
circuit be located in or on one block of silicon. By a series of diffusions and
depositions, the desired components are formed and interconnected. This type of
construction is inherently smaller and potentially quite reliable. The increase
in reliability is expected due partly to fewer and simpler interconnections. At
present, integrated circuits have two serious drawbacks: The circuit elements
have loose tolerances because of fabrication limitations, and the production-line
yield is low with a corresponding high cost. Fabrication processes, however, are
certain to improve and will provide integrated circuits with tremendous potential.

Before any particular integrated circuit is described, a brief explan-
ation of the diffusion process would be helpful. At the present time a large
percentage of the available diodes and transistors are made by diffusion--the
basic process used to produce integrated circuits. The process begins with a
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silicon wafer. First, a layer of silicon oxide is formed by passing steam over
the wafer. After the oxide is formed, the surface is coated with photoresist.
With a small accurate mask, the appropriate areas are exposed and developed.
Afterwards the wafer is rinsed in hydrofluoric acid. The acid does not attack
the photoresist but it does remove the oxide where it is exposed. Once the
oxide is removed, the wafer can be placed in the diffusion apparatus. The
material to be diffused into the silicon wafers is placed in a diffusant boat.
As the boat is heated, a vapor is formed that has the proper materials, and the
wafer is surrounded by this vapor. The vapor slowly diffuses into the parts of
the silicon wafer laid bare by the photoetch and acid bath. This is a relatively
slow process usually measured in hours. A diode can be formed by a single dif-
fusion while a transistor requires two separate diffusions--some types of tran-
sistors even require three. In general, two or three diffusions are sufficient
to produce typical integrated circuits.

Figure 6 is a detailed pictu.re of a typical NOR circuit in integ-
rated form. At the top is the standard circuit drawing. The circuit in the
middle, (B), is exactly the same as (A); it is rearranged to simplify the explan-
ation of the bottom circuit. There is one small difference--the individual
resistor and capacitor of (A) have been changed to a distributed network in (B).
The actual silicon integrated circuit is represented by (C). The large bars are
composed of solid silicon and. used as buak resistors. The four round dots to the
left are the input diodes, which are formed on the bar by diffusion. A fine gold
wire connects each diode to the appropriate input lead. Just to the right of the
diodes, the distributed RC network can be seen. The large rectangular raised
area is a silicon-oxide layer with a metal electrode on its surface so that the
result approximates the distributed network shown in (B). Just to the right of
the distributed network, there is a small rectangle. This is an ohmic contact,
which means that a small area of conductor is alloyed to the silicon bar to
provide a good lead bond at that point. A gold wire runs from this contact to
the base of the transistor, as shown in (B). The resistor R is the bulk resis-
tance between the ohmic contact and the tab at the bottom la:eled (-V). The
transistor is located on the shorter bar. It is formed on this bar, and the
remaining component, B0 , is the bulk resistance between the collector of the
transistor and the tab labeled (+V).

Figure 7, another example of an integrated circuit, illustrates the
versatility of the technique. The standard circuit diagram is shown in the
upper left, and the same circuit redrawn is shown in the lower left. Again
the individual resistor and capacitor have been replaced by a distributed
network. The model on the upper right shows only the bulk resistors. Below
it is the completed circuit, including two transistors, gold wires, and the
deposited layers forming the distributed RC network. This circuit is enclosed
in a package, 0.250 X 0.125 inches in outside dimensions. As far as interfer-
ence is concerned, the most critical loop would be the one containing the
emitter and base of a transistor. In this circuit, the area of this loop is
estimated to be 0.0003 sq. in. Therefore, to induce a signal of 25 mv in this
loop would require a dB/dt of 12.9 gauss/sec. As in any other system, these
circuits must be interconnected, thus larger, more critical loops almost cer-
tainly will be formed. This is unforthnate, but not too serious. The overall
size reduction will be such that these unavoidable loops in an integrated cir-
cuit system will have perhaps only 1 % of the area of a similar loop in a piece
of conventional equipment.
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VI. SPECYAL HIGH-SPEED PROBLO•S

Some very complex radio-frequency interference problems are found
in Project "Lightening," a 1000-Mc tunnel diode computer using discrete minia-
ture component circuitry. This extremely high-speed operation with semiconductor
devices, plus the reduced size of the equipment, has made the design very diffi-
cult. The three main problem areas are due to high-speed operation. Delays due
to wire length are significant and require optimum location of components. Signal-
waveform distortion is greatly increased. Signal crosstalk becomes sufficiently
large to require shielding a large part of the wiring. One type of shielding is
accomplished by using a channel wiring assembly whereby the wires already covered
by insulation are placed in slots (Fig. 8). Because the surfaces of these slots
are metal-plated, the resulting configuration is virtually a coaxial transmission
line. The circuits are placed on wafers and then the wafers are placed in the
holder as shown. Since this computer is a tunnel-diode device, all components
must be held to a tight tolerance, usually 1 %. 7his requires that. the trans-
mission lines and their terminations be laid out very carefully. It is found
that a large part of the interference problem is due to common ground return
paths. By designing to isolate the ground return paths as completely as possible,
the electromagnetic coupling was reduced to an acceptable level, and the desired
operating speed was obtained.

VII. CONCLUSIONS

7here are several types of miniaturization not mentioned in this
paper, one being the molecular circuit. Its omission is not intended to imply
that it is not a promising method, but the ones described are much nearer to
the hardware stage. Also, each of the three types of circuits: discrete
component, thin-film, and solid circuit, is not exclusive, i.e., these types
may be used separately or combined to produce equipment.

In conclusion, considering interference effects, it can be stated
that most miniaturized equipments appear to be less susceptible to external
radio-frequency interference than their full-size equivalents. This is basic-
ally due to the smaller areas and volumes available for coupling and the rela-
tive ease with which smaller volumes can be shielded. 1MdIniaturizcd circuits,
however, will operate at lower power levels and thereby forfeit part of the
advantage gained by their small size.
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INTERFERENCE EFFECTS IN
PARAMETRIC AMPLIFIERS

M. L. Wright
Airborne Instruments Laboratory

Melville, L.I., N.Y.

Abstract. - This paper presents an interference analysis for the
one-port difference-frequency parametric amplifier and the results
of interference measurements on both a microwave and an audio
frequency one-port amplifier. Saturation, intermodulation, cross
modulation, desensitization and problems peculiar to parametric
amplifiers are analyzed and discussed.

I. INTRODUCTION

During the past few years, increasing numbers of para-
metric amplifiers of many types have been used as low noise ampli-
fiers in receivers. Their use has brought increased system
sensitivity to weak signals and has generally reduced noise levels
to a point where external-device losses are significant.

The advantage of increased signal sensitivity provided
by these amplifiers could be negated by a vastly increased
susceptibility to interference. Although weaker signals could
be received they may be masked by a high level of interference
generated in the amplifier. Previous interference investigations
have been limited to saturation effects 1 in parametric amplifiers.
It is the purpose of this paper to present the results of an
analysis and measurements of additional nonlinear interference
effects such as cross modulation, intermodulation and desensiti-
zation. The analysis and measurements are for a one-port difference-
frequency configuration, but the methods used here can be applied
to other types as well.

It should be emphasized that the measurements made here
are on amplifiers in current use and do not represkiit optimum
conditions for interference suppression.

II. PARAMETRIC AMPLIFIER ANALYSIS

Parametric Amplifier Operation

At present many different types of parametric amplifiers
exist but only a few are in general use. The electron beam and
multiple diode types 3 have specific advantages and applications;
however, the single diode parametric amplifier seems most popular.
In single diode configurations 4 the one-port difference-frequency
mode appears to be the most widely used and is the mode of
operation discussed In this paper. Sum frequency and two-port
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difference-frequency modes are used, but appear to have no
advantages except for some specialized applications.

The one-port difference-frequency amplifier 5 has
identical input and output frequencies and exhibits gain due
to a negative resistance effect. Because the amplifier has
only one port a circulator is normally used to provide separate
input and output terminals. For this paper such devices are
considered as being external to the amplifier although they are
normally included in the amplifier package.

The amplifier port of the circulator can be considered
as being terminated in a load -ZL and the voltage gain is then
given by the reflection coefficient,

K -ZL) - Zo = ZL + Z0  (I)
K -ZL + Z0  ZL - Z0

which is greater than one. As shown below, the negative resis-
tance effect occurs as a result of positive resistance loading
at a frequency higher than the signal.

Small Signal Theory

The usual small signal theory 4 considers the varactor
as a time-varying capacitance at the pump frequency. In order for
this to hold, the pump must be the only arge signal present. In
this analysis all frequencies are applied to a nonlinear Q vs. v
curve, and each voltage may take on any amplitude. This method
is less accurate for small signal conditions but the use of large
signals is more easily handled.

A voltage variable capacitance diode or varactor can
be assumed to have a charge vs. voltage characteristic represented
by a power series such as

Q = qo + av + bv 2 + cv3 + .... (2)

The voltage v is the sum of the voltages that exist at the diode
terminals. (Only three frequencies are conside 'ed here but to
be consistent with later sections, which include more frequencies,
the subscripts 2, 7 and 9 are used.) For this analysis a signal
frequency w2, an idler frequency w7 and a pump w9 are of interest
and

v v2 e jw+t v2 e jwe + v7 e~ 7t+ ve Jw7t +

-JW9t (4

-624 -



where vn = IVn eJ6n and vn = Vnl e-jn
2 2

Substituting (3) into (2) and equating the result to a sum of
charge variations at the frequencies of interest

Q = q2 eJw2t+ q~e-Jw2t+ ... + qe-9t (4)

gives equations for sinusoidal nharge variations at these fre-
quencies. Differentiating these equations with respect to time
and neglecting products of small signals gives equations for
signal currents in terms of voltages.

12 = Jw2 (av 2 + bv 9 v*) Y2 2 v2 + Y2 7 v7 (5)

17 = -Jw 7 (av7 + bvgv 2 ) = Y7 7v7 + Y7 2v 2  (6)

These equations suggest a shunt representation of the varactor
with various Y equivalents as shown above.

Equations (5) and (6) can be used to determine the
normal operation of the amplifier. The signal current may be
found by substituting (6) into (5),

12 - Y2 2 v2 - 27 72v2 1 02 YX2 v2 7)

71 X7

where IOn = input current generator at wn

in = On - IXn 'n

Y(n ý external admittance at wn

The midband voltage gain is:

v 1 w2w~bv9 (822
Kv =C = where Gneg = (8)

V_ Gneg G x7
kJ• Gx 2

The Gneg term,, describing the negative conductance of
the amplifier, depends on a frequency conversion factor w2wybhv 9

2

and the external idler Loading G, 7 . Unless otherwise noted,
all calculations and measurements were made at 20 db power gain
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where Gneg/Gx2 = O°9.

Gain Change Effects

From Equation (8) it is apparent that the gain is
determined by the difference between unity and Gneg Gx2 which,
under high gain conditions, is almost one. Under these con-
ditions small changes in G~g or Gx2 will cause large changes
in gain. Differentiating (8 with respect to Gx2 we obtain the
incremental change in gain

A Kv Gx2Xv - -uv x (91)

This change in gain is assumed to be caused by changes in the real
part only of Yx2 although a similar expression can be obtained for
complex changes.

The gain can be changed also by changes in Gne• as well
as the external loading. This term can be changed in several ways,
all of which involve higher order terms than are present in equa-
tions (5) and (6) which were used to derive the small signal gain.
In order to examine these terms and their effect on the amplifier,
additional frequencies must be assumed to exist at the varactor.

Nonlinear Anplifier Operation

In order to predict the amplifier behavior with many
frequencies present, the interactions between all signals must
be calculated. This can be done by assuming that more frequencies
exist at the diode and then computing the effect of these addi-
tional frequencies on the amplifier behavior.

Nine frequencies will be a~susied to exist at the varactor
and their spectrum is shown in Figure 1. Frequencies wI through
w4 are assumed to be within the signal passband of the amplifier
and w5 through w8 are the corresponding idlers where widler =
wpump - Wsignal. The pump frequency is again w9 . Within the signal
passband w2 and w3 are considered as input or applied signals and
wI and w4 are products generated in part by the mixing of w2 and
w3. These frequencies wI and w4 will be needed in a later section
and are included here for convenience. The voltage v in equation
(2) is now the sum of the nine frequencies w1 through w9 .

iwlt * -jwlt * -Jw 9 t
v = v1 e + vie + v 9 P (I0)
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Substituting (I0) into (2) only up to the cube term, collecting

terms and differentiating as before gives us equations as follows.

Il = JwI (a + cvt 2 ) v, + bv 9 v* + c(v~v* + v6 v7 ) v (Ii)

= Y1 1Vl + Y1 8 v8 + Y12v2

12 = [(a + cvt2) +(b9 + cv

= Y2 2 v 2 + Y2 7 vi

= -.JW, [(a + cvt2) v* + (bv4+ cv'~v)v1 (13)

v V + Y*V

S=-w3 (a + cvt 2 ) v6 + bvgvI + c(v 2 v* + v6 v ) vý] (14)

= Y8 8v + Y8 1  + Y8 7v7

where vt 2 2 2 + v32 + .... + v92

Equations (12) and (13) now include higher order termsneglected in (5) and (6). With these equations we can calculate
the change in Gneg due to the applied signals.

It is of interest to note that (12) and (13) reduce to(5) and (6) when all voltages are small compared to the pump voltage.It is only when the signal or idler voltages become comparable to
the pump voltage v9 that they change the operation of the device.Under this condition, the Y's should not be considered as admittances
but only as convenient substitutions for which the true nonlinear
expression must finally be used.

If a "desired" signal v 2 is assumed small and v3 , an
"interfering" signal, is assumed comparable to v9 , Gneg becomes

Gneg = W2 wT(b 2 v9
2 + 2bcv3 v6 v9 + c 2 v 3

2 v6
2 ) (15)

12_2_ 4= W2W b•V9• r I + rf(,v3--------E v3 (16)

L -7 -b9  (169
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2  
2  2cPv32l

SW2w7" v9 L1 + j _= Gneg + AGneg (17)" L

where P = Vidler - V9-n
Vsignal Vn

Differentiating (8) with respect to Gneg gives the following incre-
mental change in gain.

AKv AGng(8A -K v - K= G n e g
v Gx2

Under high gain conditions jGx2 Z IGnegf and

2cPv 3
2  2Fv (9Av K neg =K 'v =F (19)

Kv V K neg v bv9  3 V

This change in voltage gain depends on the operating gain Kv and
v3 which is a measure of the interfering power at w . This change
In gain is normally called desensitization. It is tNe change in
gain at one frequency due to the presence of a large signal at
another frequency. If w2 and w3 are CW signals equation (19) is
consistent with this definition.

Assume for the moment that w3 is a 100% square wave modu-
lated signal and that the amplifier bandwidth is sufficient to pass
the modulation frequency sidebands. Under these conditions the
output signal at w2 will be decreased by an amount 6Kv/Kv whenever
vý is applied. Since v 3 is a modulated signal, this modulation will
d pend on the magnitude of AKv/Kv. This modulation of a desired
signal by a modulated interfering signal is called cross nodulation
and it is useful to think of this cross modulation as a time-
varying desensitization. In this manner, a single device charac-
teristic can be applied to two interference phenomena.

Modulated signals are normally described by an average
amplitude and a modulation index rather than by a peak amplitude
and a change from that peak. Alternatively, if the interfering
signal has an average value of v and a modulation index of m,
the normalized average value of v2 Is

,,2 m2
v 1 = 1 - F(V1) (2 + m ) (2n

and the modulation index of M of v' Is
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M = 2Fr (v) 2  (21)

By the use of (20) and (21), it is possible to convert from peak
values to quantities commonly used to describe modulated signals.
In either case, the quantity F is important in determining the
amount of interference that will be produced under a given set of
conditions.

If in equation (12) and (13) all voltages are assumed
small except for v 2 , v 7 , and v9 the amplifier behavior for large

input signals can be derived by replacing vt2 by its parts. Sub-

stituting as above and collecting terms, equations (12) and (13)
become

12 = Jw 2 (a + cv 2
2 ) v 2 + Jw 2 (bv 9 + cv 2 v 7 ) v7 (22)

= Y2 2 v 2 + Y2 7 v7

* -jw 7 (a +cv 2) v* -jw (bv 9 + cv*v.) v (23)

= Y77v7 + Y7 2v 2

Under midband conditions and neglecting detuning effects
the gain expression is identical to the small signal gain, equation
(8), derived previously. In this case,

2 2V 2cPV2 2 c~p2v2 1

Gneg = w2 w7 b v9  bZv (24)

= w2 w-b 2 v 9
2  + Fv 2

2 + ( F )2 v 2 f4 (25)

where F = 2cP as in equation (19)
bv 9

Note that the same factor F occurs in (25) as well as
(19) and that cquation (19) also describes the onset of a loss in
gain due to large signals. This loss in gain is called saturation.

The factor F is seen to enter into expressions for desen-
sitization, cross-modulatIon and saturation, and it is convenient
to use t-. basic qUant',t. F as a flgore of merit for lIiterfererice
effects involving changes In gain. In ths case a small number F
is desireable and represents a greater tolerance to Interference.
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Parametric Amplifier Intermodulation

From equation (1i), the intermodulation (IM) is:

I1 = YllVl + Y1 8v8 + Y1 2 v 2 = -VlYxl (26)

Substituting for the necessary idler terms and rearranging,
equation (26) becomes:

Y18Y87*Y72

v2 (Y 1 2 + (Yt4)(Ytg) (

Yxl +Yll -1 t1

where Yt8 =Y88 + Yx8

Y * Y*
t 77 x7

Note that an equivalent amount of IM would be produced at the out-
put if an effective IM generator of

Y1 8 Y8 7 Y72
101 = v 2 (Y 1 2 + . ) (28)Yt7 Yt8

were connected to the input. Because this source is approximately
independent of the amplifier gain and frequency response, it will
be used as a measure of the intermodulation performance of the
amplifier.

Assuming all frequencies are subject to midband conditions,

w w8w7bb*vQ cv 2v3+ *v \

101 = Jv2 (W 1 c [v2v3 + v6 v7  - * v7.*

=Jv 2wlc (vv3+ vv7) ( 1~ -W 7 Wgb 2 v9
2 )

Yt7 t8
2 1 3+v~v 2 Yt7 t8(29)

2~ 2N
= jv 2

2 v3 w1 c (1 +p

Note that this expression is of the form IM = Kvlvj and that the
effect of Intermodulation at idler frequencies c~n'be included by
the factor (1 + p 2 ) 2

- 630 -



The intermodulation expression (20) assumes that all
signals are under midband conditions. In most normal interference
situations, the midband conditions do not apply and the above
expression should be considered as specifying the maximum inter-
modulation that a particular amplifier may generate. The actual
value of intermodulation will generally be lower than the calcu-
lated value.

III. INTERFERENCE MEASUREMENTS

The results of measurements on two one-port parametric
amplifiers will be presented here. One is a microwave amplifier
operating at 1400 mc with an X-band pump. The other is a low
frequency prototype of the microwave amplifier and has the same
equivalent circuit as is assumed for the microwave amplifier,
except for component values. This amplifier was constructed to
facilitate some of the measurements required for interference
prediction. This low frequency amplifier operates at 1400 cps
with a pump and idler of 18.2 and 16.8 kc respectively. For the
more important types of interference both amplifiers were measured
but for some effects only the more appropriate one was used.

Load Sensitivity

A measurement was made of the sensitivity of the low
frequency prototype amplifier to changes in external load and the
results are shown in Figure 2. This figure shows the expected
behavior as predicted by equation (9), with the load sensitivity
becoming greater with increasing gain.

Cross Modulation and Desensitization

Although cross modulation and desensitization arise from
the same source, the measurement of each effect will generally be
different. The microwave amplifier, with a bandwidth of 15 mc,
is capable of passing all necessary sidebands of some commonly
used modulation frequency. (1000 cps used here.) For this ampli-
fier a measurement of cross modulation is more sensitive and
accurate than desensitization and will be shown here.

Figure 3 shows, as a function of frequency, the amount
of 100% square wave modulated interfering power required to pro-
duce a level of either 1% or 10% modulation on the desired signal.
The groups of lines for 1% and 10% modulation represent different
desired signal input levels and the cross modulation is seen to be
relatively unaffected by the desired signal level. The cross
modulation does depend on the interfering signal level and, as
can be observed from Figure 3, the interfering signal power required
for 10% modulation is 10 times LhaL v'equired to produce 1% modula-
tion. This is the behavior that is predicted by equation (19).
The cross modulation as a function of interfering signal power
was measured at a single frequency for values of CM from .!% to
50% and the relation indicated by equation (19) holds quite well
over this range. The variation of CM with frequency shown in
Figure 3 is caused by the varying attenuation, with frequency,
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The low-frequency amplifier, with only a 12 cps band-
width, would require the use of very low modulation frequencies
in measuring cross modulation. For this reason, and also because
the short term amplitude stability of this amplifier is quite
good, the CW desensitization was measured instead of the cross
modulation. The amplifier stability was such that changes in
gain of 1% could be measured. The variation of gain with inter-
fering signal power is shown in Figure 4. The "2 for 1" behavior
holds well for changes in gain up to about 8 db.

Saturation Measurements

The saturation characteristic of the low-frequency
amplifier is shown in Figure 5. This amplifier saturates about
20 db lower than most microwave amplifiers due to the small pump
voltage required to produce gain. However, the behavior of this
amplifier is representative of that obtained with other amplifiers
which saturate at higher levels.

Intermodulation Measurements

Intermodulation measurements were made on both the
microwave and the low-frequency amplifiers. In both cases, the
generated intermodulation product power levels are measured as
functions of the two interfering signal power levels. In all IM
measurements, the functional behavior of the IM output power is
as predicted by equation (29). This equation can be expressed
in terms of power inputs and outputs as

PIM = P1 + 2 P2 + CIM (30)

The P's are in DBM and are to be added munerically (not as powers),
with P 2 the interfering signal closest to the intermodulation
product in frequency and P1 the other interfering signal. If the
intermodulation constant C0 M is in DBM also, the IM power output
PIM will be in DEM'. An example of this behavior is shown in
Figure 6 for the low frequency amplifier. The constant CIM is
+80 DBM in this case and equation (30) can be used to predict the
LM power output for any non-saturated region. For example, if

PI - -50 DBM at fa and P2 = -50 DBM at fb, PIM = -50 + 2 (-50)
+ 80 = -70 DBM. This is the value shown in Figure 6. The calcu-
lated value of CIM is 85 DBM and is higher than the measured value,
as expected.

The results of IM measurements on the microwave amplifier

are shown ifn Figures 7 and 8. In both measurements, the IM pro-
duct is at the center of the passband and one input signal is out-
side the band. In Figure 7, the other input signal is in the ampli-
fier passband and CIM is 40 DBM. When the second interfering
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signal is placed outside the band the intermodulation constant
drops to 33 DBM. This is indicative of the increased attenuation
of this interfering signal as it moves further from the amplifier
passband. A series of measurements were made in which allowances
were made for amplification and/or attenuation of all signals
present, and the results of these measurements show that under
these conditions CIM is a constant. The use of a fictitious IM
input generator in the analysis is thus justified by the measure-
ments.

Interference Peculiar to Parametric Amplifiers

Perhaps the most serious interference problem generated
by a parametric amplifier is pump power leakage from the signal
port. Typical measured pump power outputs range from approxi-
mately +5 DBM to -30 DBM depending on frequency and the specific
configuration used. In many cases this can cause considerable
interference to nearby equipment if this source of RF power is
unknown to the user. Devices to suppress this interference have
been built into circulators specifically developed by A.I.L. for
use with parametric amplifiers and a pump leakage reduction of
20 db has been obtained over wide frequency ranges.

A potential interference problem within the amplifier
is the generation of false signal frequency outputs due to mixing
of the pump with inputs near the idler or sum frequencies. This
effect is similar to intermodulation but is caused by input
frequencies well above the signal frequency. The microwave
amplifier design used here has an inherent rejection of input
signals in this frequency range and the measured interfering
signal output was small (< -80 DBM) even with high level (0 DBM)
inputs. The interference reducing circulator described above
also attenuates interference of this type by attenuating the
interfering signals before they reach the amplifier.

IV. CONCULSIONS

The interference characteristics of one-port parametric
amplifiers can be summarized by restating their calculated behavior
as described in equations (8), (9), (19), (25), and (29). Each
equation predicts a certain interference behavior with varying
inputs and contains constants which determine the absolute level
of the generated interference. The experimental evidence agrees
quite well with the predicted variation; fiowever, the absolute
interference amplitudes agree only approximately with the calcu-
lated values. In many cases, the calculated value is adequate
for practical use in determining interference although it is
only approximate (± 5 db). For intermodulation the calculated
value is the maximum which should be encountered and the actual
interference should be less severe. The reason for the difficulty
in calculating the interference constants lies partly in the
original Q vs. v approximation. The power series in equation (2)
does not converge as rapidly as is desireable, and higher order
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terms may contribute a significant error. i

A practical difficulty encountered in microwave
amplifier interference measurements is the uncertainty of the
relation between diode voltage and input power at the frequencies
of interest. The interference is determined by the interfering
voltages at the diode but only the available input power is known.
The methods used to determine the diode voltages from the input
power are usually indirect and are sometimes subject to consider-
able error.

The interference problems in parametric amplifiers, and
also in many other devices, can be roughly divided into two types:

1. gain change effects.

2. generation of additional frequencies.

It has been shown that the same amplifier parameters are involved
in all gain change effects discussed and a different set of
parameters can be used to describe the generation of one particular
additional frequency. It would be convenient if these or similar
parameters could be used as figures of merit for interference
effects. This would facilitate the comparison of different
amplifiers and enable comparison with similar types of devices
such as traveling wave tubes, Eventually, such figures of merit
could become part of the specification of the device along with
gain, bandwidth and other parameters.
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J. F. Lyons
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Melville, New York

Abstract. - Maser av.plifiers exhibit unusual interference
characteristics. On a study program currently in progress these
characteristics are being investigated analytically and, within
the limits of available maser equipments, experimentally. To
date some intorosting results have been obtained. Among those
discussed in this paper are (1) saturation and dynamic rango
characteristics which are a function of the duty-cycle of the
input signal, (2) inherently long maser gain recovery time after
saturation, k3) cross-modulation characteristics which are pre-
dictable, 4) the absence of intermuodulation, and (5) pre- '-able
gain stability. Extensive experimental interference data ootained
on an S-band maser shows close correlation with the analytical
results.

I. INTRODUCTION
The extremely low-noise character of the maser r-f

preamplifier leads systems men and receiver engineers to consider
using this device in new receiving systems. In todays electro-
magnetic environment this choice may or may not be wise depending
upon the specific maser properties included in the generic classi-
fication, interference characteristics. Generally speaking this
classification includes any maser property (for example, gain
stability, saturation level and intermodulation) which is a potential
source of interference in an adverse electromagnetic environrient.
This paper discusses the interference characteristics of the travel-
ing-wave type of maser (TWTl). The earlier maser type, the cavity
maser, has been succeeded by the TWI-typo which exhibits far superior
electrical performance. There is nothing lost by the emission of
the cavity maser.

An adequate preliminary discussion of maser theory
would be far too lengthy for inclusion in this paper. As a compro-
mise, ahe athor refers the readers to several excellent rofer-
encesl,23,L,5. In addition, all analytical effort is a simple
nature.

II. ANTALYSIS
Pass Band

It is possible to calculate the instantaneous ampli-
fication bandwidth of the T..TM. DeGrasse, Schulz-Du-Bois and
Scovil5 express the electronic gain of a T.;i.1 as

Gb +-27.3 X+ F+ ()
Vg

where
= imaginary component of the magnetic susceptibility

for magnetic fields with positive circular polari-
zation,

F+ = filling factor for mafmetic fields with positive
circular polarization.
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and consequently

X'(f) = Kg(f - f

where
g(f - fo) = function that describes the frequencyvariation of j'4.

We are mainly concerned with g(f - re), which describes the
line shape of the maser material and determines the shape of
the instantaneous amplification bandwidth of the 51M. (This
assumes that no artificial means, such as stagger tuning, have
been used to increase this bandwidth.) If one makes the usual
assumption that the line shape of the maser material is Lorentzian,
then DeGrasse et.al. show that

where

Bm = bandwidth of the maser material

It should be recalled that the net maser gain, G(db), is equal
to the electronic gain of the maser material, Ge(db), minus the
losses, ' Ldbl, in the slow-wave structure. Introducing the
frequency-Uýarrable term into the gain expression, we find

Goo (2)

when f - f0 9 Go(db) Ge(db) - Lo(db)

We can solve for the 3-db bandwidth as a function of Bm and Ge
by letting Gdb Gocdb) -3.

SW =

This relation is the same as that obtained in reference 5.
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Saturation Level Transfer Characteristic and Desensitization
The character of maser saturation Is evidont in

the expression4

fh) ;8D L 'a -f-~) W616 7731r, t pt. J'7c Am- (4)

where

Tsig = signal temperature in degrees K

To = maser bath temperature in degrees K

?'Sg signal relaxation time

T idl = idler relaxation tirme

Wsig signal transition probability

f = frequency
Gain saturation in a TWI occurs when

Wsig ?rsig 'ridl

becomes significant compared to unity. We know that the signal
transition probability, Ws, is a linpar function of the squared
masnctic field at the signoa frequencyL4. Thus saturation is a
direct function of average power and duty-cycle.

Dr. Butcher2 has calculated the absolute input power
level in a TWI4 which produces a prescribed degree of saturation or
a specific reduction in gain. In terms appropriate to a TIJ and
its slow-wave structure Dr. Butcher finds

S--

where
Gt = small signal gain

Gt = large signal gain
1 = a - 1 = the net quality factor of the periodic
Qc Q0  Q- resonators in the presence of the active

maser material
Qo= quality factor of the periodic resonators in tho

absence of the active material
= the rimanotic quality factor of the active maser

riaterial
and in the 'K:S system of units,
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where

Vg = group velocity in slow-wave structure

vc = volume of active maser material
B = Bohr magneton
ht = Planckts constant, h, divided by 2
N = filling factor of maser
Tis = spin-lattice relaxation time for signal transition

T29= Tsig - spin-spin rela7,ation time for signal transition

rp = Overhauser paramefA- for the pump transition
r = Overhauser parameter for the signal transition
D - period of the slow-wave structure
Gt -small-signal gain
uo =permeability of free-space

Thus using Dr. Butchers expressions for gain saturation in a T14,
one can accurately predict the absolute input power level which
produces any prescribed degree of gain saturation.
Intermodulation and Cross-Modulation

An interesting property of maser amplifiers is the
absence of intermodulation. The absence of intermodulation does
not imply the absence of cross-modulation; in fact, maser ampli-
fiers do exhibit predictable cross-modulation. The apparent
contradiction is attributed to a basic principle of maser operation--
that saturation is based on average power, f(v 2 ), rather than peak
voltage.

Suppose we consider the cause of saturation in RF
amplifiers and mixers; in every case, active elements are involved--
that is, vacuum tubes, transistors, crystals, klystrons, and tunnel
diodes--and saturation occurs when the input signal voltage exceeds
the linear portion of the elementts E-I characteristic. This
nonlinearity in the transfer characteristic is the source of inter-
modulation and cross-modulation, as well as saturation.

The maser amplifier cannot be described by an E-I
characteristic; instead, a power transfer characteristic (power
output versus power input) is basic in describing its behavior.
The net effect of this characteristic is that, even at saturation
levels, the transfer impedance of a maser is constant; thus, the
equivalent E-I characteristic is linear. The gain of the maser
amplifier to input signals depends on the average power contained
in the signal.

For analysis purposes, one can assume that the maser
amplifier has a perfectly linear E-I characteristic and a gain that
is a function of the average input power. When two or more input
signals are present, we eoxpect the input impedance for each to be
constant (nonlinearity is required for intermodulation) and the
amplifier gain for each to be a function of the total average input
power.

In surnary, the maser amplifier gain is a function
of tho total average power contained in the input signals (whose
frequencies are within the m1asor passband). Internodulation as
convontionally defined is nonexistent.
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Gain Stability
In a practical T'W, gain instability is caused almost

exclusively by fluctuations in the externally applied d-o magnetic
field. We can calculate the instability from this source by con-
sidering the magnetic linewidth function of the maser material and
the current stability Zn the electromagnet. The magnetic and
frequency linewidths are related by the gyromagnetic ratio of the
electron which is = 2.8 Me per oersted. In a practical maser the
primary d-c magnetic field is usually derived from a permanent
magnet. In tunable masers, tickler coils wound on the permanent
magnet vary the net applied d-c magnet field sufficiently to tune
the maser amplification band as required. Fluctuations in this
applied field relate directly to the known regulation of the current
flowing through the tickler coils. For example, if an applied mag-
netic field is derived from a permanent magnet of 2000 gauss and an
electromagnet of 100 gauss with 0.1% stability, then the net applied
field of 2100 gauss has an instability of + 0.1 gauss. As in the
case of the frequency linewidth, the magne'tic linewidth of the maser
material is assumed Lorentzian. The gain of a TWM as a function of
the magnetic field fluctuation can then be determined from

where -< %" /

Gain Recovery Time
The gain of a TWM in decibels can be eipressed as

G db)11G(db) (db)
a n d a t f o p G K

Go(db) 6K(db) x0

where K is some constant. Becker et.al. have shown that, during
recovery from a saturating signal,

x =X" (1 - e
0

where T is the spin-lattice relaxation time of the maser material.
Using these relations we note that

G(db) T Go(db) (1 - 0et/T)

The time for gain recovery to within 3 db of full gain, GO, can
be found from

e-t/T I - o(db) -3
G o(db)

III. EXPERIM11TAL CORRELATION
Test T7,1-! Description

Airborne Instruments Laboratory recently completed
the development and testing of an S-band traveling-wave maser (T-,M).
Table I swurwarizes the characteristics of this maser. Figure 1
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shows the peak maser gain versus frequency as the instantaneous
amplification band is tuned through the bandwidth of the slow-
wave structure. Figure 2 shows a typical instantaneous ampli-
fication band.
Passband

The Airborne Instruments Laboratory '1MM uses pink
ruby dith about 0.05 percent chromium concentratiop. Assuming
that the bandwidth of this material is about 60 McP4, we can com-
pare the prior analytical prediction with the experimental band-
width of 21 Mc shown in Figure 2. From equation 3 and with
GQ = 40 db we find that BWadb = 17 MO; this compares favorably
with the 21 Mc, which included a stagger-tuned effect. Even more
significant is a comparison of the entire experimental passband of
the T1.I0I with the corresponding analytical result. This can be
accomplished using equation 2; the close correlation obtained is
shown in figure 3.
Saturation Level. Transfer Characteristic and Desensitization

Previously we noted that the gain saturation level in
a TN11I is a direct function of duty-cycle. This effect is clearly
indicated in the experimental gain saturation data presented in
Figure 4. Another interesting observation in this figure is the
input signal level which reduces the WM gain 3 db from the nominal
small signal gain. For c-w input signals this level is -48 dbm.
Using Dr. Butcherts results, equations 5 and 6, and the detailed
S-band T!4M design data we can obtain a comparison between this
experimental saturation level and the corresponding analytical
results. in the S-band TWM the unloaded quality factor, Q., of
the periodic resonators is about 1000 and the absolute value of
the magnetic quality factor, Q , is about 150. Thus Q / Q-
is approximately 0.85 and, from equation 5, the input power level

which produces a 3 db reduction in gain is approximately equal to
bTV . A calculation of bTWN is more involved and is performed
below. Applying equation Mtg the S-band TW"M with;

u0 = 1.257 x 10-g (henry-meter-1
Vg = 3 x 108/70, (meters - sec-_)

Ve = 6.47 x 100 (meter 3 ) 2
B = 10-21 (joule/weber-meter
h t = 6.623xl 0- 4~/2 (joule-see)
S= 0.5 dimension less
T1 s= 0.2 (sec)

T2 s= 0.55 x 10-8 (see)
rp = r, 0.ý dimension less
D = 2 x:10 0 (ipeter)
Gt = 1000 d monsion less

yields

3'X16 .5-6
7X3,?/ tx1 . Yfx( e,7•¢•)eof~ 6x~t -06' xt7•" 6~~,/

'iius the S-band T..TM gain is reduced by 3 db for signal inputs at
a level of -45 dbm. This closely correlates with the experimental
value of -48 dbrn.
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Intermodulation and Cross-Modulation
In addition to the simple qualitative previously

presented, the prediction that intermodulation is nonexistent
in maser amplifiers can be Justified by quantitative experi-
mental data. To this end A simple experiment was performed.
The basic premise was that the existence of intermoduation in a
device implies nonlinearity in its transfer impedance. For a
single input signal, a nonlinear transfer impedance would result
in the generation of harmonics. This permits simple measurements
of harmonic outputs to be substituted for the more elaborate
measurements of intermodulation products. The circuit used (figure
6) permitted observation f second- and third-harmonic output power
levels down to 60 db below the fundamental output power level. The
absence of harmonic output power above this level is considered
verification of the practical nonexistence of intermodulation in
maser amplifiers.

The experiment was performed by exciting the maser with
an input signal 40 db above the saturation level, and observing the
second- and third-harmonic output power. Within the 60 db measure-
ment range of the test circuits, no output power was detected at
either the second- or third-harmonic frequencies.

The performance of the test circuit can easily be
examined to determine possible misinterpretation of observation.
1. Sensitivity of second-stage receiver:

Bandwidth 2 Me
Noise Figure 15 db
Filter loss 10 db

Thus the sensitivity is -86 dbn for unity signal-to-noise
ratio; -95 dbm would be an observable change in output level
(greater than 0.5 db change).

2. Harmonic content of input signal:
The relative attenuation of the second harmonic power (4460 Me)
when the triple-tuned input filter is tuned to the signal
frequency (2230 Me) is calculated as follows:

BW4460 = 60-2230 = 29 = 2 n

BU 3 db 7.5

where n = 8.2. Rejection of filter is 18 db per octave titmes
the number of octaves, n, and equals 1 4 7 db. Thus the second-
harmonic input to the TWT4 is below the noise level of the TWM
(about -127 dbm for a 2 Mc post-receiver bandwidth).

3. Signal levels
Signal generation output +16 dbm
'TM input at fo +10 dbm
Signal level at 794I output 0 dbm (10 db structure

loss in 7i11)
Structure loss in 1.M at 2fo 35 db
Thus, the second-harmonic output power could be

observed, if present, to levels 60 db below the level of the
fundamental output power.
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Gain Stabi litx The measured gdn stability for the S-band TWM was
(1) long-term stability = ± 0.2 db and (2) short-tera stability
-+ O.Cý db. These figures include appreciable contributions
from the post-receiver and the measurement apparatus. Figure 7
presents equation 7 in graphical form for ULe parameters of the
S-band M-1; namely, Bmagnetic = 20 oersteds, Ge(db) = 40 db and

Lo db) = 10 db. This M'11 used a permanent magnet with a magnetic
field of 2280 oersteds combined with tickler coils that permitted
tuning the total field from 2380 to 2480 oersteds. The latter
range tunes the TA0 passband from 2120 to 2370 Mc. The current
required in the tickler coils was between 1 and 2 amperes; the
regulation was 0.1 percent. This yields a magnetic-field stability
of + 0.2 oersted; from figure 7, the observed gain stability should
be T 0.016 db. The discrepancy between tlU predicted and the
experimental stability is due to contributions from the post-re-
ceiver and the measurement apparatus.
Gain Recovery TiLme

Figure 8 shows the details oCf the neasuremont set-
up employed to measure the gain recovery time of the S-band, TWM.
The functional operation of this circuit is self-explanatory.
Figure 9 presents a gain recovery photograph obtained with this
circuit. Figure 10 is a graphical analysis of the 'ELI gain recovery
characteristic. This data was obtained from the photograph of
Figure 9 and some associated calibration data. NTote, that using
equation 8, the overall gain recov ry timne for the S-band 7RPH
with Go = 30 db corresponds to e-/'T = 0.1 which occurs, fro."
fl'uro 10, at t = 50 milliseconds. The detailed analysis of
figure 10 dramatizes the presence of three distinct recovery time
constants. One must conclude that cross-rcla:ation processas are
occuring in addition to the nornal spin-lattice relaxation process.
The accounts for the large discrepancy between this experimental
recovery time and the much lonrer recovery time that would be pro-
di;ctod using the spin-lottice rela'xation t.•mo of ruby (in the
hundreds of milliseconds) and the prediction method described in
a report by Becker et.alO.

IV. CO 0CU1SI ON S
in this paper we have atte.iptod to develop simple

?nothods for predicting the interference characteristics of
th, '7Z7. The judgement of our success is loft 'to the reader.
1cscnt effort n many labooatories towards improving the per-
for.naruc characteristics of the is primarily in the arcas of
ncw rauser materiais, impurity doping techniques and the utilization
o. crosz-ralaxation mechanisms. In anticination of these mascr
advances, fyt:cr effort of a nature si:;ilar to that reported in
this papcr is certainly desirable.

A C,2TOIJTL2DGE~ ITS
:7-c work: reported in this paper is part of a more

general study program. "Interfercnce Analysis of I"c- Components
zu.d Circult Technicqucs" being conducted by -irborno instruments
Laboratory under -'-one Air Developnent Center Contract AF30(602)-

2 1. Te luidance of S. Beckcr, Project Eng'neoer at AIL, and
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R. Miller, RADC Program Manager and the technical consultation of
S. Olkwit and Dr. F. Arams of AIL is gratefully acknowledged.
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TABLE I

SUOI4ARY OF S-BAND TWM CHARACTERISTICS

ELECTRICAL

Frequency range (tunable) 2120 to 2370 Mc
Amplification bandwidth (typical) 21 Mc
Net Forward gain 30 db
Net reverse isolation 100 db
Noise Temperature 10 + 2°K
Saturated output power -27.5 dbm
Recovery time 50 milliseconds
Gain stability:

Long-tern + 0.2 db
Short-term +7- 0.05 db

DESIGN

Active maser material Pink ruby (0.065 percent
chromium concentration)

Slow-wave structure Comb
Internal isolators YIG* disks
DC magnetic field 2.38 to 2.48 kilo-oersteds
Pump frequency 12,420 to 12,730 Mc
Pump power (approximate) 100 mw
Bath temperature 1.8 0K
Cooling Open cycle with helium

MECHANICAL

Length of slow-wave structure 6 1/2 inches
Weight of TWM assembly 180 pounds (includes

magnet weight of
110 pounds)

OTHER

Helium capacity in dewar 5.5 liters
Operating time between helium recharges 6 to 8 hours

"YIttrium-iron rarnot.
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FIELD EVALUATION OF THE NCEL INTERFERENCE-ATTENUATING
POWER CONDUCTOR

D. B. Clark and J. L. Brooks
U. S. Naval Civil Engineering Laboratory

Port Hueneme, California

Abstract. - The field evaluation of a 4.0-mile installation of 13.2 KV,
3-phase, power distribution wires replaced with special interference-
attenuating conductor developed at the U. S. Naval Civil Engineering
Laboratory was completed in January 1961. The power line, wrapped with
high-permeability tape was tested at the U. S. Army Electronic Proving
Ground, Fort Hua:huca, Arizona. NCEL engineers and technicians made
survey measurements of the broad-spectrum electromagnetic interference
(30 cycles per second to 1,000 megacycles) induced at the end of the line
with large-impulse noise generators. The special line, with large magni-
tudes of interference at its beginning, is shown to attenuate effectively
over the broad frequency spectrum to bring the noise level of the line
down to the level of the natural ambient in about half the length of the
line. A 30-kw, load placed on the power line did not -make any measurable
change in its attenuating properties.

Impedance measurements of the power line as a transmission line
showed it to be independent of line terminations, and that considerable
attenuation was present.

Field intensity measurements made to determine the electrical-
field profile with respect to distance from the line- showed that the
intensity decreased rapidly in greater than inverse square with distance,
indicating a field propagated along the line, with no measurable radiation
away from the line.

Saturation effects on attenuation from large a-c and d-c power
currents to the high-permeability metal tape wrapped on the test conductor,
as measured in the laboratory are shown. The effect on attenuation of
saturation currents with variation of the wrapped gap are described.

The effect of the high-permeability tape thickness on attenua-
tion is considered theoretically and experimentally, and it shows that
attenuation is proportional to tape thickness until the thickness is of
the order of one 'skin depth." The potential applications and limitations
of the new interference suppressing line are presented.

Background. - At all points in space there exists an electromagnetic
environment. Some of the parameters which can describe this environment
include electric and magnetic field intensities, frequency, polarization,
phase, and impedance. Our electronic communications and control systems
are required to function properly in the presence of this environment,
and the undesirable interaction of this with our systems is termed
electromagnetic interference. Some of the means which are employed co
protect vulnerable systems against potential interference include shield-
ing and isolation, filtering, polarization, and circuit design.
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Areas which are separated by considerable distance from any

population centers, or industrial activities, generally have low-intensity

electromagnetic environments. Such areas are usually chosen for the

location of very sensitive electronic systems such as radio telescopes,
and satellite and missile tracking systems because they are extremely

%ulnerable to electromagnetic interference. It is always necessary to

supply and distribute electrical power for these installations, and

this usually requires the use of power generated at some distance from

the area.

Power transmission lines and other current-carrying conductors

are utilized to deliberately conduct electromagnetic energy at power or

signal frequencies from the point of generation to the desired area of

their utilization. Unfortunately, when these conductors are in place,
they are available to absorb electromagnetic interference energies and

convey them with low attenuation into areas where they can become a

critical problem in interference.

Current-carrying conductors can violate the integrity of

electromagnetic-sensitive areas by complex combinations of three basic

modes of propagation; radiation from the conductors as antennas,
conduction of electrical currents by the conductors, and induction

by magnetic and electrical fields associated with the conductors.

The first, radiation is probably the least of the offenders

for extended lengths of transmission lines. 1 When a conductor antenna
is many wavelengths long in one direction, the pattern of the radiated
energy is that for a "long wave" or Beverage antenna and has its narrow,
maximum lobe in the direction of the conductor. Interference can be
avoided from this source by assuring that sensitive areas are not in
line with long stretches of transmission lines.

For short sections of power lines where the length of line
continuous in any particular direction is of the order of a wavelength
or less, the radiation is broad beam and its effect is much harder to
control.

Conducted interference from power lines is a serious offender.
The line connects interference sources to sensitive loads by means of a

direct low-attenuation connection. The fiaction of available noise
power delivered to a load at any particular frequency depends on the re-
lationship of the load impedance to the impedance of the line, and the

amount of noise power induced by the source depends on a similar relation-
ship of the noise source impedance to the line impedance.

Mutual induction can couple noise energy from a line to other
wiring and circuits much as a transformer couples from primary to secondary

for the magnetic fields. The electric field gradients which exist around
current-carrying lines can induce voltages in any conductors which inter-
sect a portion of this electrical gradient.
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Any noise currents on the power lines carry with them their associated
magnetic and electric induction fields, components of which diminish,
approximately, as the reciprocal. square of the distance from the line.
At low frequencies, penetration of these induction fields can be
significant into the earth, into metal buildings, or other supposed
shielding which has been effective at higher frequencies. Physical
separation of about 600 feet from long lines is usually sufficient to
obtain the natural ambient, at broadcast frequencies and higher.

Electromagnetic energies which use power line conductors as a
propagating mechanism have a choice of several modes. For a long line
where discontinuities are neglected, the propagation is considered as
Principal Wave (TEM wave). For this mode the conductors act in pairs,
with one as a go and the other as a return. With a multiwire line,
numerous combinations are possible, including all of the wires as a go
and the earth as a return. The preferred combination, or the one which
propagates the greatest energy at any particular frequency, is the one
with lowest impedance.

With one conductor as a current go and another as a return, the
external field at a remote point, a great distance away compared to the
distance between conductors, is essentially zero. This is because the
two currents, 180 degrees out of phase are nearly superimposed, and their
field components cancel at a distance. Where the conductors are far apart
compared to their distance from a point in question, the induced field
can be of much greater intensity. Relating this to the case of a power
line, induced fields of the modes which have the earth as a return
conductor can have greater intensities near the line than fields from
closely spaced pairs.

The natural attenuation which interference experiences on
power conductors is due to the loss resistance, a combination of the
d-c and a-c resistance of the conductor. For good conductors, such as
copper and aluminum, the d-c resistance is very small, determined by
the resistivity and size of the wire. The a-c resistance is propor-
tional to the square root of the frequency, permeability, and resistivity,
but for a good conductor does not become an appreciable factor until very
high frequencies are reached.

The increase of a-c resistance with frequency is due to a
crowding of the a-c current towards the skin of the conductor which is
known commonly as skin effect. By providing a high permeability coating
for the conductor, this skin effect can be greatly enhanced, to increase
the value of the a-c resistance significantly. ThU.i effect is derived
in detail in Appendix A.

A large loss resistance for the power line conductor effects
the reduction of interference due to the power line in several ways.
Conducted interference is burned up as a heat loss, and the amount of
noise energy delivered to the sensitive loads, thus greatly reduced.
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The radiated and absorbed energy is reduced, because of greater
antenna losses due to this increase in a-c resistance, and due to the in-
crease in impedance of the line compared to the load and radiation
impedances. This effect can be examined in detail in Appendix B.

I. INTRODUCTION

Field tests were conducted at the U. S. Army Electronic Proving
Ground, Fort Huachuca, Arizona, by personnel from the U. S. Naval Civil
Engineering Laboratory. To determine the radio frequency attenuation and
propagation characteristics of a special interference-attenuating conductor
developed at NCEL, the conductor was installed on an actual power line.
Laboratory test results and a theoritical :treatment of this special
conductor were previously reported. Fort Huachuca, Arizona was chosen
as the test site because personnel at the ?roving ground were currently
involved with interference problems presented by noisy power lines and
were very interested in NCEL's efforts to control it. They supported
the test by providing one of their existing power line installations for
test, by providing men and equipment to install the experimental power
line conductors, and by giving logistic support in the tests.

USAEPG personnel independently made extensive field intensity
measurements on and near the untreated power line 21 October to 7 November
1960 and later, 14 November to 22 November 1960 with the conductors taken
down and removed. A third set of measurements was made 19-28 December
1960 after the conductors wrapped with high permeability tape were in-
stalled. Peak noise measurements were made during these three test
periods. The results of these tests will be reported separately by
the U. S. Army Electronic Proving Ground, Fort Huachuca, Arizona.

The transmission line made available for use at Fort Huachuca
was an isolated 13.2 KV 3-conductor 3-phase power line approximately 5
miles long. The conductors were #6AWG annealed copper strung on wooden
poles and crossarms. The pin type insulators installed were of the
radio freed variety which have a conductive glaze fired on portions of
the inner and outer surface. The line delivered power to a bunker in the
USAEPG east range artillery impact area. The power line runs parallel
to the southern edge of the range for 4-4 miles, makes a 100-degree turn,
extends for 2100 feet then goes through step-down transformers into an
underground cable which runs beneath the impact area to the bunker. The
poles were spaced about 300 feet apart and were given consecutive identifi-
cation numbers from 0-76 beginning with the transformers at the end of the
overhead line.

Fort Huachuca is in a high-altitude desert area, dry except for
part of the summer months. The area is subject to severe lightning
storms during the year, particularly during the summer. As protection
against lightning, the power line has a fourth wire which runs along the
tops of the poles and is grounded at each pole. The ground conductor
extends approximately six feet into the ground at each pole and is wound
helically around the pole base. The presence of this fourth ground wire
complicated analysis and affected some of the test results.
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11. IMPEDANCE MEASUREMENTS

Tests at NCEL

The characteristic impedance and attenuation of a transmission
line may be determined by first measuring the impedance at the sending
end with the receiving end short-circuited, then measuring the impedance
with the far end open-circuited.

The following equations are then used to calculate the character-
istic impedance, attenuati ii, and phase shift of the line using the two
measured impedance values.

o (1)

B_ L ] (2)

where Z = characteristic impedance
oe= attenuation in nepers
B = phasA shift in radians
L = length of line in miles

Zs(s) = short-circuit sending end impedance
Zs(O) = open-circuit sending end impedance

With the transmission line measurement approach in mind, a
laboratory test setup was constructed in the 100-foot steel-shielded
building at NOEL. A diagram of the test apparatus is shown below. A
94-foot length of the wrapped conductor to be tested was strung between
the two end walls of the building near the center. The shell of the
building itself comprised a coaxial return for the signal path.

A

Diagram I
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A = radio frequency signal generator
B = radio frequency impedance bridge
C = sensitive null detector
S = shorting switch

The Laboratory computer was programmed using the equations
described previously to reduce the complex measurement data to values
of attenuation, phase shift, and characteristic impedance.

The approach taken to determine the power current effects on
radio frequency characteristics is similar to the previously mentioned
method, with the exception that large power currents (both a-c and d-c),
were passed through the wrapped conductor to determine their saturation
effects. This required a modification of the test setup as shown below.

iA

)UBA R

T

Diagram 2

A = radio frequency signal generator
B = radio frequency impedance bridge
C = sensitive null detector

Cland C2 = power-current-blocking capacitors
Q1 and Q2 = radio-frequency-blocking impedances

T = 60-cycle power transformer
Ba = d-c power supply
RL = power current load

With this arrangement, it was possible to run power current and
r.f. current simultaneously in the wrapped conductor without damaging the
sensitive r.f. bridge. Since these large power currents had to pass
through the tuned circuit coils, it was necessary that they be constructed
of large diameter wire.
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The tuned circuits presented a loading effect to the r.f. circuit which

had to be compensated for in the data analysis.

Results of measurements of attenuation and impedance made on a

94-foot test piece of the line to be used at Fort Huachuca, are shown in

Figure 1. Construction of this special conductor is shown in Figure 2.

It has a 7 mil thick, silicon-iron, high permeability tape wrapped with

a nominal 10 mil gap on #6AWG copper conductor. The results of the

power current effects on the r.f. characteristics are shown in the curves

in Figure 3 and 4. The conductor described in Figure 3 was that shown in

Figure 2. The conductors described in Figure 4 were made:of 1-inch copper

tubing wrapped with i-inch wide high permeability metal tape having a
thickness of .004 inch.

These curves show very little difference between a-c and d-c
power current saturation effects. However, there is a definite saturation
effect due to the flow of power current, and the smaller the gap the
higher the attenuation and the more susceptible to saturation the line
becomes. Conversely, the wider the gap, the lower the attenuation be-
comes, and the less susceptible is the line to saturation effects. It

should be noted that even though the smaller gap is more affected by
saturation, its attenuation curve at 1 me remains higher than those of
the wider gaps, throughout the range of currents applied.

The next point of importance to be derived from these curves is

the range of currents at which the major loss in attenuation is suffered.
this seems to be between 5 and 20 amperes a-c or d-c.

Tests at Fort Huachuca, Arizona

The tests at Fort Huachuca were performed on an actual high-voltage
3-phase line. It was intended that measurements on the line be made in

the same manner as performed in the Laboratory at NCEL. The problem,
however, was considerably more complicated, because there were now three
couductors and a static ground wire and the earth as a return.

To make impedance measurements, the power to the line was cut
and air switches were inserted (one in each phase) at approximately
4-1 miles from the transformer bank on pole 76. Then, by attaching a

4-foot-wide phosphor bronze screen to the three overhead power conductors
a connection to the impedance bridges was made by means of a low-impedance
lead. A reference ground was established by laying about 60 feet of the,

4-foot-wide screen on the ground perpendicular to the line. The far end
was terminated by disconnecting from the transformers and connecting to
ground for short-circuit measurements, and by leaving the wires disconnected
for open-circuit measurements.

Procedure for Bare Line Impedance Measurements, June 1960

The impedance measurements were divided into three main groups,
each group having three parts.
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Test 1. This test was made in order to learn the effect of the
transformer bank on the line impedance; consequently, the transformers
were left connected for this test. The following three conditions (the
same for all 3 tests) were tested:

Phase (a) 3 wires as go, earth return, ground wire floating
Phase (b) 3 wires as go, ground wire and earth return
Phase (c) 4 wires as go, earth return

Tests 2 and 3. These tests comprise the open-circuit, short-
circuit tests. The transformer bank was disconnected, and the lines
were all shorted to ground for Test 2. The lines were tied together but
left hanging free for Test 3.

Results of Bare Line Impedance Measurements.

The results of Test 1 are plotted in Figure 5; these curves
show that with the transformer bank connected the difference between the
three phases is almost negligible. The results of Tests 2 and 3 gave the
characteristic impedance and attenuation. These were computed and are
plotted in Figures 6 and 7, for each of the three phases.

A comparison of the curves for the three different conditions
shows little difference between phase (a) and phase (b). However, there
was a noticeable change when the ground wire was connected to the other
three as a go, phase (c). This difference is caused in part by the fact
that the ground wire was grounded at each pole. The attenuation values
shown in Figure 10 were obtained by using the measured impedance data in
equation (2). Equation (2) was derived from the following relation:

Procedure for Wrapped Line Impedance Measurements, January 1961

The special wrapped line was installed on the east range power
line at Fort Huachuca prior to the arrival of NCEL personnel on January 9.
Tne three current-carrying conductors of the three-phase line were re-
placed by the special wrapped line from pole 0 to 69, approximately 4 miles.
The overhead ground wire was left in its original state.

An inspection of the installation showed that the outside, vinyl,
weather-protective wrapping had been severed in numerous places along the
line during installation. The wind had unraveled some of this covering,
leaving streamers hanging from the line. These were repaired before test-
ing began. Since no significant results other than attenuation data were
obtained in the June 1960 tests with impedance measurements, very little
time was allotted to them on the January 1961 test.
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Therefore, with the wrapped line, only the open-circuit and short-circuit
impedance measurements in phases (a) and (b) were repeated to obtain
attenuation data. The hookup and test procedure were exactly the same
as those for Tests 2 and 3 described earlier. Measurements were made
from the same location, pole 76, as previously, since the line could be
disconnected conveniently at this point. This meant that 2100 feet of
untreated line preceded the 4 miles of wrapped line.

Results of Wrapped Line Impedance Measurements.

The results of these tests are shown in Figures 8 and 9. It is
worthwhile noting that the wrapped line shows very little difference
between the open-circuited and short-circuited configurations. This is
an indication of large losses in signal strength in the wires, resulting
in weak reflections at the sending end, and a more effectively infinite
line.

III. FIELD INTENSITY MEASUREM-NTS

Measurements on Bare Power Line, June 1960

Procedure for Interference Survey of Bare Line. A survey was
made, in June 1960, of the electromagnetic noise field in the vicinity
of the original untreated 13.2 KV power line. Measurements of boise
intensities, in the frequency range 14 kc to 400 mc, were made, using
standard-specification EMI meters; 4 these meters are listed in Table 1.

The receivers were mounted and transported in an Army 3/4-ton
truck and trailer. An interference-suppressed AN/GSA-14 gasoline-powered
generator provided filtered power at 120 volts a-c 60 cycles. Measure-
ments were made at pre-selected locations under and near the power line.
Field intensity levels at selected frequencies in the spectrum of interest

Table 1. EMI Meters Used in Field Intensity Measurements

Serial No. Frequency Range
AN/URM-41 301-21 20 c - 15 kc
AN/URM-6 159-7 14 kc - 150 kc
AN/PRM-l 140-6 150 kc - 25 mc
AN/URM-A47 208-36 25 mc - 400 mc
AN/URM-17 155-26 400 me - 1,000 mc

were recorded for: receiver detector settings of Peak, Quasi-peak, and F.I.
(average). All other frequencies in the range were monitored, and the
intensity levels from unidentifiable noise sources were recorded in
addition to the pre-selected frequencies.

Three power-line insertion filters, developed for the Laboratory by
a manufacturer, to pass the power currents but to attenuate higher
frequencies, were inserted in the power line for evaluation.
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The field measurement survey included locations on either side of this
filter installation. The Quasi-peak intensitymeasurements, taken in this
survey (corrected by various factors of the particular receivers and
antennas) and levels of instrument internal noise are plotted in
Figures 10 and 11.

Results of Interference Survey of Bare Line.

The interference survey shown in Figures 10 and 11 indicates
that the noise level of the line increases slightly as the power source
end is approached (pole 76-77). The noise measured was determined as
random noise. At pole 76 and beyond, the test line approaches (within
100 feet) and runs parallel to a 13 KV feeder line from the Sulphur
Springs Valley Electric Company which furnishes power to Fort Huachuca.
Figures 10 and 11 show that noise measurements made near this feeder
line have the same general distribution in frequency as those on the
east range 13.2 KV line, and that noise appears to be from the same
sources. The power isolation filters located at pole 7 gave about 20
db of attenuation below 1 me. Above 1 me their attenuation decreased
with increase in frequency. These filters were left in the line, and
were subsequently struck by lightning. No provision had been made to
provide an arc-over gap for lightning protection. One filter was
destroyed by the lightning, another badly burned in the fire that
resulted, and the third was unharmed (see Figure 12).

Wrapped-Line Field Strength Measurements, January 1961.

Procedure for Interference Survey of Wrapped Line. Upon
arrival of the NCEL test personnel, a preliminary investigation for
possible noise sources along the newly installed experimental line was
made, using the battery-operated AN/PRM-l. The noise levels encountered
were very low. A survey was then made (in the frequency range 14 kc to
1,000 me) of the electrical component of the field intensity vector at
several locations using the EMI meters shown in Table 1, mounted in an
Army 3/4 truck end trailer. These locations were 2100 feet from the
beginning of the experimental line (pole 76) under the untreated portion
of the distribution link, at the point where the new line began (pole 69),
two miles down the new experimental line (pole 33), 3-1/3 miles down the
new line where it changes direction 100 degrees (pole 7), and at a point
2100 feet out perpendicular to the line at pole 7. (This latter location
was chosen to establish the natural ambient away from the line.) Read-
ings were taken along the line at mid-span, directly underneath the
conductors, at an approximate ground plane height of 3 feet.

Results of Survey of Wrapped Line. Proceased electrical field
intensity readings for the preliminary survey in units of microvolts per
meter per kilocycle bandwidth, Quasi-peak, are shown in Figure 13. They
are compared to the internal noise of the meter con-erted to similar
units with the exception of the antenna factor, and a power-Iine-ointerference
reference line which has been presented in a recently sugg;estcd revision
to raL-I-16910(A) BUSHIPS Interference Limits and Specifications.
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The levels shown were essentially those of the internal meter noise above

400 kc. They were considerably less than the levels of noise intensity
for this frequency range measured in June 1960, and showed the need for

a strong noise source if the effect of the wrapped line was to be assessed
adequately.

Wrapped-Line Field Intensity Measurements, January 1961 Using
Noise Generators. The accurate measurement of attenuation (on a line
where the attenuation rate with distance is significant) requires the
availability of sufficient initial signal field strength to make readings
at several locations along the line. Since it was desirable to determine
attenuation properties over a wide band of frequencies, from 60 cycles
through 1,000 megacycles, and the available noise levels found on the
line were very low, it was necessary to provide a strong signal source
which could generate this range of frequencies. Another requirement,
for accurate measurements of signal along the line, was a means of
coupling a signal source over this wide band of frequencies into the
line while it was hot, without generating erroneous signal components
from the coupling itself.

All of these requirements were satisfied by the use of three
impulse generators which were powered by the high electric gradient
existing around the energized power conductors (see Figure 14). The
generator consists of an adjustable gap in a short 1 e!gth of electrical
conductor which intersects the electrical voltage gradient around the
power conductor. The large copper sphere is added to provide more
capacity (and thus more energy) to the impulses generated. The increase
in capacity also provides a control on the arcing at the gaps, such that
a single discharge, a few miscroseconds in duration, is generated on
each half-cycle of the power voltage, rather than numerous arcs during
each half-cycle. The generators were installed with the power line
energized, and the gaps adjusted for continuous arcing.

The interference level from the generators was monitored
several times each day directly under the generators with the AN/PRM-l
receiver at 1.05 mc, in the Peak, Quasi-peak, and field intensity
positions, and recorded levels were essentially constant.

Electrical field intensity measurements were made using the
Drn meters shown in Table 1. An operator was provided for each meter,
and an attempt was made to take readings at each successive location
in exactly the same way and with the same physical arrangement. Two
vehicles carried the two AN/GSA-14 suppressed generators which were
located 200 feet away from the line at each location, on opposite sides
of the line. Mgters were set up directly under the center of the span
in two sets, approximately 20 feet apart, and powered by separate
generators.

After a set of intensity measurements was made under the line
(which was under no load except for the reactive charging currents), a
3O-kw resistive load was added at the line end. A repeat of measurements
ct several locations was made.
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At several locations, measurements were repeated with the EMI
receivers, located 25 feet outboard at center span of the outermost line
conductor. This was done to compare line noise to the limits suggested
in a new revision of MIL-I-16910(A) Interference Specifications. In
addition, measurements were made at larger distances from the line in
an investigation of the profile of electrical field intensity as a
function of distance from the line.

Results of Field Intensity Measurements Using Noise Generators.
Smoothed curves of the electrical field intensity measurements as a
function of frequency at the various locations are shown in Figures 15
and 16. The frequency distribution of the noise provided by the impulse
generators is shown and is similar in the lower portion of the spectrum
to the noise on the bare line measured in June 1960 (see Figure 10).

The measurements of electrical intensity as a function of
du.;;ance away from the line, shown in Figures 17, 18, and 19 demonstrates
, ive'ry rapid diminution of intensity, WiLh no further decrease beyond 300
feet from the line.

To determine vali.es of attenuation by the wrapped line from
field intensity readings of the broad noise generated on the line,
measurements over the frequency spectrum were made at 11 separate
locations under the line. The physical setup of instruments and measure-
ment procedures were duplicated at each location. Each point on the
attenuation curve, for the wrapped power line was obtained from intensity
measurements, and represents a slope, determined by a least squares
fitting from readings at these 11 locations (Figures 20 and 21). Two
sets of readings were taken, at some locations, to include data from
loading the line with a 30-kw resistive load, but no measurable difference
was detected in the intensity readings. These attention curves, Figures
20 and 21, show considerable attenuation in frequencies above the audio
range, with increase in attenuation proportional to the square root of
frequency, and some attenuation at audio frequencies, starting with the
second harmonic of 60 cycles. The dispersion of readings at the audio
frequencies was much greater as a result of the effects of standing waves
at frequencies where the attenuation was lower and the point sampling
which resulted from the limited number of measurement locations. The
attenuation curve for the wrapped line is compared to values obtained
for attenuation on the bare line from field intensity and impedance
measurements and the means of determining the particular values indicated
in Figure 21. The dispersion and inherent error in the bare-line
attenuation measurements, determined from intensity measurements, was
greater than for the wrapped line as a result of reflections and standing
waves.

IV. EARTH-RESISTIVITY MEASUREMENTS

Procedure

As described by Sunde 5, the earth resistivity may be measured
from four conducting rods driven into the earth, as shown in Figure 22.
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The equation for the earth resistivityf as derived from this configuration
is:

.f 2 1T a (4)(4)
where f = earth resistivity in meter-ohms

a = distance between ground rods in meters
V = potential between center rods in volts
I = current entering rod 1 and leaving rod 2

An instrument was constructed at NCEL which would accurately
make the measurements indicated above. It contained a potentiometer to
measure the voltage, which in practice was quite small, ranging trom .001
volt to .015 volt.

Dry-cell batteries were used for the power supply, and a switch-
ing network was included to provide reverse polarity readings to overcome
the effect of stray ground currents and polarization at the rods.

Results

During the first test at Fort Huachuca (June 1960), an attempt
was made to measure earth resistivity by using a milliammeter and a
vacuum tube Voltmeter. The readings obtained were unusable due to ground
currents, polarization of the ground rods, and inaccuracy in reading
vol tages.

For the next test (January 1961), preparations had been made
for better instrumentation, and the measurement activity proceeded smoothly.
Extensive resistivity tests were made on the ground beneath the line, and
along its entire length. These tests gave an average value of 86.56 t d7
meter-ohms for a depth of 30 meters and an average value of 68.87± C
meter-ohms for a depth of 10 meters, where i = 24.715 and di = 22.712.

V. CONSIDERATIONS CONCERNING HIGH-PERMEABILITY TAPE THICKNESS

Procedure

A theoretical treatment was made to determine the optimum tape
thickness for a given permeability. The following equation, derived by
Ramo and Vhinnery 6 to describe the surface impedance of a coated conduct-
ing material, can be applied to the condition of a coated conductor where
the thickness of the coating is small compared to the conductor diameter:

(5)
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where = complex impedance of coated conductor
R,= resistance per aquare of coating material
Rsz= resistance per square of conductor material
d thickness of coating material
1= 6- S - = skin depth
CT conductivity -- 0

/-4= permeability

It can be shown that the attenuation of a transmission line
is directly proportional to the a-c resistance of its conductors. 3 For
this reason, the real part of the complex line impedance - the a-c
resistance - is plotted in Figure 23, against tape thickness for various
frequencies at a fixed permeability.

Results

It is apparent from the curves in Figure 23 that the higher
the operating frequency the less the tape thickness required to obtain
the maximum attenuation for a given permeability. However, below the
knee of the curve, the thicker the tape the more the attenuation. And
the higher the permeability the more rapidly the maximum attenuation is
reached.

The inference from these curves is that the attenuation is
proportional to the thickness of the tape up to the point where the
skin depth is approximately equal to the tape thickness, after which
the attenuation is essentially independent of the tape thickness.

A 100-foot,¼-inch, copper conductor was wrapped with a single
and then double layer of the 4-mil tape used for attenuation measurements
in previous tests, and its attenuation was measured at 1 mc as a function
of saturation current. The results of this test are shown in Figure 24.
It shows that doubling the thickness of the tape essentially doubled
the attenuation.

VI. SIGNIFICANT FINDINGS AND DISCUSSION

Impedance Measurements

The transmission line type impedance measurements made on the
power line under test at Fort Huachuca were intended to provide additional
information on the attenuation of the line. Where line losses were low,
as were those on the original bare power line made in June 1960, the
resulting values of attenuation (derived for the frequency range 70 kc
to about 30 mc) followed a logical trend and were very close to values
of attenuation, for the bare line, derived from a measure of relative
field intensities of the noise on the line. These are plotted in Figure 21
and are derived from an average of values obtained for phases (a) and
(b) shown in Figure 7.
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The wrapped-line impedance measurements, made in January 1961,
resulted in values which varied so slightly with changes in the line
terminations, that the ideal transmission line equation did not yield
results, except at the extreme low end of the frequency range in which
impedance measurements were made (Figure 21).

Of the several combinations used in connecting the static
ground wire at the measuring end, the smoothest impedance phase and
attenuation curves were obtained, in phase (b), by leaving the static
wire untouched, and measuring from the connection of the three power
conductors to the earthed ground plane. This corresponded to the
mode which was driven by the noise generators.

Field Intensity Measurements

The noise measured on the power line chosen for test at Fort
Huachuca was greatest on the end of the line which was closest to other
power lines, and residential sources. The spectrum distribution and level
of intensity of noise on the commercial Sulphur Springs Valley Electric
Company line, which comes within 50 to 60 feet of one end of the tested
line, was similar to tat measured on the test line at the point of
closest approach (pole 76); this implies that they were energized by
common noise sources or by coupling noise from one to the other. This
line noise was considerably higher in June 1960 than it was in Januery
1961 (compare Figures 10 and 13). This is probably due to static from
thunder storms prevalent during summer months but lacking during the
winters. This was very beneficial to the wrapped-line tests, as it
allowed measurements of attenuated noise intensity to lower ambient
levels.

The significant intensity measurements, which show clearly
the effect of the wrapped line, can be seen in Figures 15 and 16 where
the intensity under the line near the impulse generators is compared
to 1800 feet down the bare line, 1800 feet down the wrapped line,
1/2 mile and 3 miles down the wrapped line. The level from the noise
generators, after 3 miles of the wrapped line, is down to the natural
ambient over the range of frequencies shown, 10 kc - 1,000 me. The
ambient level is shown in Figure 13 for 2,000 feet south of the line
at pole 0.

Also significant is the low level of noise intensity measured
400 feet perpendicular to the long line near the noise generators
(Figure 15). It shows that a few hundred feet of space from a very
noisy, long, power line is very effective in providing isolation for
equipment from the large intensity levels found under and very near the
line.

Attenurtion !Measurements

The full capabilities of the attenuating, effects of this new
lino were not realized in the Fort Huachuca installation, since the over-
head static ground waE left unwrapped.
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But, it demonstrates what the developed line will do in the presence
of an untreated conductor.

The attenuation curve, obtained from field intensity measure-
ments shown in Figure 21 for the wrapped line, represents a least-squares
fit to a set of points. Each of these points in turn represents a
least-squares fit which determined a slope for the relaive electrical
intensity readings taken at the 11 locations along the wrapped line,
at each of the designated frequencies. The slope of the attenuation
curve (.458) is very nearly the square root of frequency; this was
suggested by an earlier study2 of attenuation by a long, wrapped con-
ductor isolated in space, part of which is reproduced in Appendix A.
The attenuation of this line is significantly greater, with the new,
wrapped conductor in place, than with the original untreated line.

The dispersion of the readings in the audio frequency range
(Figure 20), where the attenuation is much less for the wrapped line,
is considered to result from standing waves and from taking measurements
at a limited number of locations. However, even in this low range of
frequencies, the attenuation by the lossy line is equivalent to that
of the bare line at frequencies 10,000 times higher. Although measure-
ments were made at 30 and 60 cycles per second, the dispersion was large,
and the resulting attenuation slopes were too low to be shown on this
graph.

VII. CONCLUSIONS

This newly developed line should be very useful, in reducing
power line noise to ambient level, where two or three miles or more of
line are available for installation of an isolating section of this
wrapped conductor.

Although the Fort Huachuca test was conducted with #6AWG
conductor wrapped with a 7-mils-thick tape, and installed on a 13.2 KV
line there is no indicAtion that other conductor sizes and tape thicknesses
could not be used, and installed on lines of different voltage. The cost
of this particular developmental line was approximately $1,000 per mile
of conductor, and was fabricated for the Laboratory by Genistron,
Incorporated, Los Angeles, California. Future purchases of this line
will specify an extruded (rather than wrapped) insulation coating at an
u*Mpted. reduction in price, with an anticipated improvement in
mechanical strength, and with improved wear and corrosion resistance.

VIII. RECOMmENDATIONS

It is recommended that, during the preliminary design stages
of new power installations for electromagnetically sensitive areas, an
ambient noise survey be conducted in the area. The survey should cover
the broad frequency spectrum and include any specific frequencies to be
used at the cite. To be most effective, it should monitor over 24-hour
periods, and should represent sample measurements throughout the year.
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This will establish the minimum noise level for later interference
control measures. Further, in designing these new installations, power
distribution lines should be considered as antennas and be arranged so
that sensitive equipment layouts will not lie in the path of the main
lobes of these antennas. Where noisy electrical equipment must be
included in the area, provisions should be made for containing it in
an isolated shielded enclosure with filtered power connections, or
with blocking filters in the line.

It is also recommended that any overhead, high-voltage,
distribution lines be constructed with radio-freed insulators and
non-metallic crossarm braces, and be strung with special lossy conductors
such as described in this report.
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Appendix A

DERIVATION OF INTERNAL IMPEDANCE FOR CYLINDRICAL
COPPER CONDUCTOR COATED WITH HIGH-MU MATERIAL

*Reprinted, with additions, from NCEL TR-062

The internal impedance per unit length for a cylindrical con-
ductor is defined as the ratio of the tangential component of the electric
field rt the outer surface to the total current in the conductor; thus,

t~l T(6)

a. bP = permeability of coating

4, = permeability of conductor

67 conductivity of coating

S= conductivity of conductor

where b is the outer radius of the high-/A.L coating as shown in the
schematic above. Field and current components are expressed in
cylindrical coordinates, r, ý,7.; the - axis is parallel to the axis
of the conductor.

Expressions for EK and I are found by solving the second-
order partial differential equation for the current in the conductor.
This differential equation is:

L &A Cr OL (7)

Where /4 and f-are the permeability and conductivity of the conductor
and ( current density (amperes per unit area). In solving
Equation 7 it is assumed that

Z -

(r Z 0
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Therefore, in cylindrical coordinates,

V Zi = a, += _oJ "

dr1 Z r Tr

A general solution of this differential equation is

(9)

i1 =AJ 1 (Tr) + BHo ()(Cr) (9)

where J. (,1r) and 11, (1Tr) are the zero-order Bessel and Hankel

functions of the first kind respectively.

In the copper (region 2), the constant, B, taust vanish since

u 0o
10)(Tr) is infinite at r = o, so that

iz A z Jo (C. r)
, A, Jo (, 1  + 5,(T, o r) 0 r)

B1

It ir necessary to compute only the ratio,- -- in order to find Zs.

This ratio is found frorn the conditions at the boundary between regions

1 and 2. Since the tangcntial components of E and 11 must be continuous

at this boundary, we can write

[EE7zr=a = [ r=

[H, 2 1= Er =
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Then, since E =

and F-z/ r ~ jH c~tjw Ht
we have

(12)

J, o' a) , 'At Jo (r, a) + B,,o-r a•

A°re Jo (v r) - LJo( )(

S (d (-rr)

Hence, dividing and rearranging, we get the following:

-- Jof•, ) Uor,•)(13)/., J, (-z,) H J (T, ,-a) ,H.,"

Now, ? 7r b'- [HI•'

Therefore, r -.

[E z .j, .J I# t .a / H ( I)

ZS VJJ L XH1)1 (14)

For large values of the nrgument,TCb, the expression in brackets reduces
to j. Hence,

[ ,].b-+. a- 7)-b , 2- 6 -
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Zs may also be expressed as

zs=R,, +j w Li (16)

where Rac the surface resistivity is skin-effect resistance and Li is the
internal reactance.
Thus, for larger values of frequency and permeability

% 8(17)
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Appendix B

DERIVATION OF ANTENNA POWER DELIVERED TO LOAD

Any electromagnetic wave collector or antenna, such as a power
line, can be considered a collecting device that delivers energy from
the incident wave to a terminating impedance. This is suggested in the
following diagram, with its accompanying equivalent circuit:

where Zt = complex load impedance
Za = complex antenna impedance

V = voltage induced by the field of the passing electromagnetic wave

This will Roduce a current i through the terminating impedance
Zt according to-j= r where I and V are effective or rms values. (18)

The antenna and terminating impedances considered in this fashion
are usually complex:

+~ X CXa (19)

t + X(20)

The antenna resistance Ra may be further divided into two parts

S= R.. +- RL (21)

Here Rr will be considered a radiation resistance which is useful in
determining the real power radiated or scattered by the antenna, and R
is the loss resistance from which the real power or heat loss in the
antenna can le calculated. This particu]ar~loss resistance is the
significant factor which increases considerably when the conductor is
wrapped with L high-permeabil ity tape to attenuate interference.
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If we consider W as the real power delivered by the antenna to

the terminating load impedance, then

and, from Equations 8 to 11, becomes

WA-V (R)' -(X. X (23)Me+RW-RO=-X, X-0)

Thus, an increase in loss resistance R. and antenna reactance Xa, both

of which are increased similarly by adaing the tape wrapping to the line

conductor, causes a decrease proportional as their square of the real

power delivered by the line which acts as an antenna to a load. It

causes a similar reduction in the re-radiated power, scattered by the

antenna, and a reduction in the total power collected and accepted by

the line as an antenna.
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SKIN CURRENT PROBES

J. F. Fischer, Jr.
Genistron, Incorporated
Los Angeles, California

Abstract. - In order to map dc and low frequency currents flowing on metallic
surfaces the development of probes from de to 15 kc was carried out. The
investigations were laid out to determine the distortions created by the probes
as well as tneir sensitivities. The relative directivity of the ac probe was
determined. The dc probe utilizes a Hall Effect sensor, and the flux collector
parameters were investigated to give an optimum design. A technique for deter-
mining the exact magnitude of current flowing in a skin is described, and a
series of measurements indicate that less than a 10% error is incurred.

I. INTRODUCTION

Due to the increasing need for a device capable of measuring skin
currents for interference control purposes, a program for developing such a
probe was initiated.

For the purposes of this report, a skin current probe will be defined
as a device capable of producing an output signal when subjected to a current
flowing on a metallic surface. The output signal will be proportional to this
current flow.

Investigation of earlier skin current probes indicate that devices
of this type, (principally small loop probes), have been used mainly to deter-
mine relative values of skin currents at different positions on a surface, or
to compare the relative output of various methods of feeding energy to a sur-
face. Mapping of current distributions on the surface of aircraft and missiles
and comparison of these current maps for various types of antennas causing the
currents was the primary concern of these previous investigations.

The techniques utilized in these measurements indicate that uncertainty
of the influence of the presence of the probe and its method of insertion
create the primary problems associated with the techniques.

D.C. currents and alternating currents up to 15 kc will be considered
in this development.

II. KNOWN FIELD

In order to develop skin current measuring devices, it was considered
necessary to have a known distribution of current. Then the distorting effects,
created by the probe on the field could be analyzed.

The following is not considered to be proof, but merely a restatement
of facts that have been proven in many texts on electromagnetic fields, and are
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restated to indicate the theory utilized to establish a known field. In a
uniform dielectric or magnetic medium, the electrostatic and magnetic potentials
satisfy Laplace's equation. There is thus a close analogy between the field
and boundry equations in electrostatics, magnetostatics, and steady current flow.
Therefore, the solution of any problem in one of these three will give the
solution of the corresponding problem in either of the remaining two.

In setting up a known field, the case of two electrodes of excellent
conductivities immersed in a uniform conducting medium will be considered.
Taking advantage of the previous paragraph, the solution of this case may be
obtained from that of an analogous electrostatic problem, of two point charges,
of equal magnitude and opposite sign. The family of equipotential lines close
to the charges are almost spheres, then become pear shaped with the pointed
section outward. The plane perpendicular to and bisecting the center line is
also an equipotential surface. The field lines of the electrostatic problem
will be equivalent to the current lines in a conducting material.

The magnetic field associated with this current flow must be con-
sidered since the pickup devices used will be sensitive to the magnetic field
or field density. This presents no serious problem since the magnetic inten-
city at any point due to a current flowing in a linear conductor is proportional
to the intensity of the current.

Maxwell's equations for an alternating current show that the magnetic
field will decrease with increasing depth from the surface. If che magnetic
field is static, the magnetostatic field will be the same in the conductor as
it would be in a non-conductor of the same permeability. As the frequency
increases, external a.c. magnetic flux lines approaching a perfect conductor
will not penetrate its surface, but will bend away and pass tangentially.
Therefore, two electrodes (one a source and one a sink) passing a steady ctunent
through a uniform conductor, will produce a current distribution, having con-
stant magnitudes, of circular arcs between the electrodes. The electric
potential lines are orthogonal to those of the current lines. The flow of
currents in a conducting media when the electromagnetic fields are variable will
also be considered, but they will be such that the displacement current is
negligible. This condition will be satisfied as long as the electromagnetic
fields are varying relatively slowly. The error in neglecting displacement
current for the frequency range considered in this development is negligible,
since the highest frequency considered was 15 kc.

Two electrodes with equal and opposite charges separated by air is
equivalent to the two electrodes in a conducting medium. The field lines of
the electrostatic problem are equivalent to the current lines in the conducting
material.

The field lines are defined by:
a) Q1 cos4J1 + Q2 cos .2 = K
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Thus using this equation, the theoretical magnitudes at any point from the
electrodes can be determined. Figure #1 indicates the coordinate system and
an example demonstrates the method used.

The arc drawn that cuts Ql, P, Q2 will exhibit at any point on its
locus the same relative magnitude compared to the referenced straight line
between the Q, and Q Setting up a series of arcs terminating on the elec-
trodes will enable tie determination of the theoretical values at many places
on the conducting skin.

III. A.C. PROBE DEVELOPMENT

Initial measurements in the 30 cps to 15 kc region were started
with a small loop feeding an NM-40 receiver. The method of generating the
skin currents is shown in Figure #2. A copper skin 12" x 20" with electrodes
6 inches from each edge was utilized. However, measurements with this loop
were discontinued because of insensitivity below 200 cps. Measurements were
resumed utilizing an air core winding with as many turns as practicable on a
1/4" cube bobbin. Approximately 10,000 turns of number 50 wire was placed on
the bobbin and measurements were again resumed. These measurements were un-
satisfactory because the magnetic fields associated with the leads that made
up the electrodes were of such magnitude as to produce a considerable probe
output and obscure the contribution produced by the skin currents. These
effects manifested themselves in the form of asymmetrical pickup by the probe.
That is, 1800 orientation of the winding from its position of maximum pickup
did not result in the same readings. Maximum reduction of these effects was
achieved by increasing the size of the metallic surface to a 31 x 61 sheet of
aluminum on which the electrodes were placed on the short dimension 2 feet
apart. In addition, the electrode leads were encased in iron conduit which
had a wall thickness of 1/8". To further reduce any anomalies the 10,000
turn winding was encased in a mu-metal shield that was open in the direction
of the skin under test. This shield also provided isolation from fields set
up by currents in devices other than the skin under observation. To further
reduce anomalies in any measurements due to electrostatic effects, the open-
ing in the mu-metal shield was covered with copper 0.005 inches thick.

Alteration of the fields from their true value due to the proximity
of the loop and its shield were considered, and a disk of Teflon 1/2" thick
was made part of the probe to separate it from the skin. This also enabled
the measurements to be made with some uniformity oy providing a known sepa-
ration between the loop and skin. An outline of the entire probe and its
components are shown in Figure #3.

Mapping of one-half of the 3? x 61 skin with the 10.,000 turn probe
was done at 70 cps, i kc, and 15 kc. All these measurements indicated the
relative current distribution to be approximately the same. The measurements
are shown in Figures 4, 5, and 6. The area inside the dotted curves (on
Figures 4, 5, and 6) which roughly correspond to the maximum distance from
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the electrodes and the edges of the metal surfaces, exhibit magnitudes which
differ from the theoretically predicted by one db or less. In fact, at
approximately the geometric center of the half sheet, the current magnitudes
were as theorectically predicted. This further indicated that deviations
from the theoretical were due to the fields from the electrode leads, and the
concentration of currents on the edges.

The mapping indicated that current magnitudes were approximately as
expected. The heaviest concentration being along each edge of the skin.
This concentration most likely occurs because the lines of current are forced
to flow along the edge until they regain their natural path. Theoretically,
if this edge did not exist (infinite sheet) no bunching would occur.

In order to further substantiate the accuracy of the measurements,
a small winding was fixed in one place above the skin. Its output was moni-
tored before and after the test probe was placed in the near vicinity. The
output of the fixed winding varied less than 0.5 db even when the test probe
was moved to within 1/8" of the fixed probe. These measurements were made
at 70 cps, I kc, and 15 kc. Therefore, it is concluded that any field distor-
tions created by this probe are negligible over this frequency range, and that
the current distributions mapped are truly representative of the actual dis-
tribution.

Measurements were then conducted to determine the relative directi-
vity of the probe. This measurement was carried out in order to determine
the directional characteristics of the probe and the degree of shielding from
magnetic fields generated away from the skin.

The measurements were conducted utilizing as a source, the magnetic
field generated by a current in a winding of small dimensions. The skin
current probe was then set up as a receiver. The size of the source and the
distance separating the source from the receiver were of such magnitude that
the magnetic field could be considered emanating from a point source, which
provided a uniform field across the aperture of the skin current probe.

The probe was set up on a mount that could be rotated horizontally
about one point through 3600. The coordinates of this system are such that
the zero degree position occurs when the probe, oriented about a vertical
axis, has the aperture of the mu-metal shield pointing directly at the source.
The 1800 position occurs when the mu-metal aperture is pointing directly away
from the source. The 900 and 2708 positions are then perpendicular to each
side of the probe.

With the source emergized and the probe in the 0 degree position,
the probe was then rotated about a horizontal axis to obtain maximum pickup
or proper polarization. Then the relative output of the probe was recorded
for every 150 of rotation about the vertical axis. These measurements were
performed at 100 cps, 1 kc., and 15 kc and are shown in Figures 7, 8, and 9.
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The measurements indicate that over the low frequency portion of the spectrum,
diffraction around the mu-metal 1hield occurred, so that only about 10 db of
shielding was achieved from the 120 to the 240 degree positions. This would
correspond to 10 db of shielding for any fields coming from 30 to 90 degrees
above the skin under test. The pickup was definitely from diffraction because
placement of a magnetic shield over) but not touching, the copper aperture
dropped the signal intensity to the ambient of the NM-40 receiver. The
deepest nulls that occurred were near the 90 and 270 degree positions, and
were the result of attenuation provided by the shield. These positions would
normally correspond to a winding orientation such that the greatest number of
turns would be cut by the magnetic field. Thus, without this shield the

greatest output would result at the 90 and 270 degree positions.

At 15 kc, the pattern shows a decrease in the diffraction effect
due to an increase amount of shielding from 90 to 270 degrees. Also, the
increased output at 450 from the 00 position indicates that at these higher
frequencies the shield does not alter the primary directivity of the winding,
until a greater amount of the shield is physically interposed between the
source and winding.

Due to the directivity and close proximity of this probe to any
skin under test, any measurement made of skin currents should be fairly
accurate.

An effort was made to increase the degree of shielding from external
fields by placing the winding deeper within the mu-metal can. Unfortunately,
the degree of attenuation in the desired pickup directions was increased also.

A larger diameter shield may have reduced this effect; however, the

increased distortion of the field because of the greater surface area was
considered to be more detrimental than the possibility of anomalies created
by external fields.

IV. D.C. PROBE DEVELOPMENT

The characteristics of a Hall Effect generator appeared to have
promise as a d.c. skin current probe. The first measurements were hampered
by the lack of a sufficiently sensitive detector. However, a Hewlett-Packard
type 425AR d.c. wicrovoltmeter provided the ability to carry out the measure-
ments when the Hall sensor output was at least onemicrovolt.

Measurements were started with an Ohio Semi-Conductor HS-51 Indiun
Antimonide sensor. However, upon application of a d.c. control current, an

output of approximately 0.3 mv was obtained without any skin current flowing.
This output was determined to be due to the resistive zero component (units
of r = volts/amps) and not due to an external magnetic field. The output,
whic9 exists without an external magnetic field, is caused by the physical
configuration of the Hall generator (the bias current develops a voltage

- 713 -



gradient between the Hall output terminals). The magnitude of this unwanted
output may be reduced by careful manufacturing techniques. Other sensors
were investigated and a Siemens FA-24 sensor indicated the lowest resistive
zero component, which had a magnitude of 23 microvolts.

Siemens literature also indicated a method of compensating for
the resistive zero component by external circuitry. However, the Hewlett-
Packard 425AR has a meter which is set at zero in its center position. There-
fore) the resistive zero component was zeroed out with the meter's control
circuit rather than the external circuitry indicated by Siemens. In all
measurements with the FA-24) a d.c. control current of 230 milliamperes was
used. This was a compromise between sensitivity and the &Dount of resistive
zero output.

Sensitivity of the FA-24 was such that one microvolt of Hall output
corresponds to approximately 0.05 gauss. Mapping of the d.c. field created
by two electrodes mounted 2 feet apart on a 3' x 6' sheet of aluminum was
carried out first. This was done with an FA-24 sensor alone. No flux collect-
ors were used to increase the sensitivity. However, in order to provide field
magnitudes somewhat in excess of the minimum measurable, a total of 320 anperes
flowing in the skin was required. The results of these measurements are shown
in Figure #10. Here again, as in the a.c. measurements, the fields from the
electrode leads and bunching of currents along the edges of the sheet create
anomalies such that the measured magnitudes did not always correspond to those
theoretically predicted. However, inside the dotted areas of Figure #10, the
measured relative magnitudes are within one db of the theoretical.

Some effort was exerted to improve the sensitivity by utilizing
flux collectors. The materials used were Hy-Mu 800, and General Ceramic's
Q-1 Ferrite. Carpenter Steel Company manufactures Hy-Mu 800. It is a
vacuum melted material consisting of nickel and molybdenum balanced iron.
The FA-24 sensor has a length of 3/4" and a width of 3/8", and the Hy-Mu 800
in the form of 0.004" laminations were stacked to the sensor's dimensions.
The length of the collectors were then varied from 4.5" to 9". The gains
vary from 27 db to 35 db. These gain values were determined by utilizing the
field created by 2 large permanent magnets set 3 feet apart. The method of
determining the gain was to place the Hall sensor by itself exactly half-way
between the poles and measure the Hall output. Next, the flux collectors
were added, and with the Hall sensor at its original position the Hall output
was again measured. The ratio of these two readings yielding the gain.

The laminations making up the flux collector were held in place by
a rectangular fiberglass tube. The sensor was placed in the center and each
half of the flux collector was butted up against it as tightly as possible.
No attempt was made to make the collector of larger cross sectional area and
taper down to the dimensions of the sensor.

In order to determine some of the factors involving flux collector
gain an investigation of various collector parametcrs v'as carried out. The
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General Ceramic Q-1 Ferrite material used as a collector was in the form of
1/4" O.D. rods. The gain versus length was studied and was found to vary
from 22 db, for a length of one inch each side of the sensor, to 38 db for
a length of 12-1/2" each side of the sensor.

The outer diameter of the flux collector was varied while holding
the length constant. However, no change in gain was noted. Thus, it
appears that no significant improvement in gain will result once the active
portion of the Hall sensor is covered with the collector material.

Another conclusion reached is that the Hy-Mu 800 material, having
a higher permeability than Q-11 yields a higher flux collector gain for the
same length of material. A comparison of the Hy-Mu 800 flux collector gains
and the Q-1 gains are shown in Figure #11.

Mapping with a Hy-Mu 800 collector having a total length of 6" and
a gain of 30 db could then theoretically be accomplished with 10 amperes of
d.c. current flowing in the 31 x 61 sheet of aluminum. This uould correspond
to sensing magnetic fields as low as about 1.5 x 10-3 gauss.

Measurements using the Hy-Mu 800 6" collector were carried out with
47 amperes of total current flowing in the skin. These measurements are
shown in Figure #12, and exhibit about the same characteristics as those
taken with the sensor alone. Again, inside the dotted area, agreement between
relative measured magnitudes and those theoretically predicted were within one
db of each other.

Distortion of the magnetic field with the Hail sensor alone should
have been at the very minimum possible. All mapping was carried out with
the sensor 0.75" above the skin. Since the mapping carried out with the
flux collector had the same general characteristics, it is considered that
the distortion of the field was not significant at this height above the skin.

Further investigation of the distorting effects of the collector
were carried out. This consisted of placing a Hall sensor flat against the
skin and monitoring its output while the collector was moved to various
positions adjacent to the sensor. The maximum alteration of the sensor out-
put occurred with the middle of the sensor 0.75" directly above the sensor.
This deviation in output was about 8.511, which corresponds roughly to a 0.75
db change. Therefore, the current distributions do not appear to be severely
altered, and accurate mapping of d.c. fields can be carried out with this
probe.

It appears that any increase in sensitivity will have to come from
an increased output of the Hall device or increased sensitivity of the detec-
tor. Increase in flux collector size is not desirable because of the increased
distortion caused by the probe and because mapping of small increments of area
will not be possible. Also, increased sensitivity will also lead to inaccura-
cies caused by the earth's magnetic field.
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V. MAPPING OF HIGHER PERMEABILITY SKINS

An investigation was carried out to determine whether the skin
current probes (both d.c. and a.c.) developed would have a change in
sensitivity and/or capability of accurately mapping a metallic skLn having
a permeability greater than aluminum or copper. A soft iron skin having
dimensions 1/16" x 3' x 61 was energized with current flow between two
electrodes.

Mapping at both d.c. and a.c. was again carried out with the
probes that had previously been described.

A total of 50 amperes of direct current was passed through the
skin, and the mapping with the d.c. probe is shown in Figure #13.

The anomalies created by the edges of the skin and the electrode
fields were still present; however, the data inside the dotted curve agrees
to within I db. or less, with that theoretically predicted. No decrease in
sensitivity was noted. The capability of measuring d.c. magnetic fields as
low as 1.5 x 10-3 gauss appears to be possible no matter what permeability
the skin has.

Mapping with the a.c. probe was carried out at 100 cps, 1 kc, and
15 kc. These measurements are shown in Figures 14, 15, and 16. The mapped
areas inside the dotted curves yield approximately the same results as with
the aluminum skin. No degradation of sensitivity was noted.

VI. DETERMINATION OF ABSOLUTE CURRENT FLOW

In order to measure the absolute magnitude of a.c. current in a
skin, the transfer impedance of the 10,000 turn probe was determined by
placing a known current through a strip of copper which had the same width
as the probe aperture. The probe was oriented for maximum pickup and then
its Teflon spacer was placed directly against the copper strlp. The values
of transfer impedance in db above 1 ohm are shown in Figure #17.

The sensitivity of the 10.000 turn probe was determined from the
measured values of transfer impedance and voltage output. At 100 cps, 1 kc,
and 15 kc, the sensitivity of the probe is respectively i.25 x 10-3P 1.25
x i04, and 1.25 x 10- gauss.

Theoretically, it is possible to determine the total current flow
by summing the absolute readings taken of each skin segment. Stoddart Air=
craft Company, in their final report for the U. S. Navy (Contract NB8-3189)
carried out an investigation of this kind in the R.F. region.

The method here is to simply move the probe from one side of the
skin to the other in jumps equivalent to the probe's aperture and perpendi-
cular to the general direction of current flow. This particular investigatiui
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required 75 readings since the probe aperture covered slightly less than
one inch segment of the skin under test, which had a total of 6 feet. A
total current of one ampere was calculated to have been flowing in the skin.
The summation of these readings indicated a measured value of 0.91 amperes.
Some of this error occurred because of the difficulty in positioning the
probe without over-lapping or skipping part of a skin segment. However, a
9% error is not considered objectionable, and the probability of increased
accuracy when mapping a smaller skin is plausible.

The frequency of these measurements was 1 kc. The method of
carrying of these measurements is shown in Figure #18. The ability to deter-
mine the absolute value of current flowing in any segment of skin will be of
considerable benefit, especially where certain magnitudes are considered
detrimental.

VII. CONCLUSION

Within the sensitivities specified accurate mapping of skin currents
between d.c. and 15 kc may be carried out. Furthermore, these probes are
even more useful since they have the ability to determine absolute values of
curretiL, which might be harmful or detrimental.
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Field Equation Is: QI cos @1 4- Q2 cos @2 = K

Let Q 1 = - Q2  Q1 = +1 Q2 = -1

Then: cos 91 - cos 92 = K

Solving For K At Points Such As P (below) Yields:

I = 320 2 = 1030

cos 32* - cos 1030 = K

0.85 - (-0.23) = 1.08 = K

Relative Magnitudes Are Referenced To Straight Line Between Electrodes.

K For That Line Is:

91 = 00 02 = 1800

cos 00 - cos 1800 = I -(-I)=2=K

Signal At P Is Dow'n By 20 log 2 / 1.08 = -5.3 db.

Choosing A Point On An Arc Between The Electrodes Will Yield The Relative

Signal Level That Should Be Present.
QI

Figure 1. Sample Calculations For

Theoretical Current Distribution
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Figure 4. Relative Current Amplitude
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Figure 5. Relative Current Amplitudes
M easured At I kc
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Figure 6. Relative Current Amplitudes
Measured At 15 kc
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Figure 7. Directivity of Skin Current
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Note:

Theoretical Levels
-3.2

St. Line 0 db

+4. -. 5 et Arc -1.7 db

+7.5 2nd Arc -3.7 db

+2.5 -8.0 3rd Arc -6.0 db

0 . o1.5 \9.0 Measurements Made With

FA-24 Siemens Hall

-9.0 Sensor - No Flux

. Collectors

+2.8 -23-.0

10.0
0i.0

+10.0 0.0

+4.0

Figure I0. D-C Measurements of Relative
Current Amplitudes At 320 Amperes
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Figure 12. D-C Measurements of Relative
Current At 47 Amperes
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Figure 13. D-C Measurements of Relative
Current Amnplitudes At 50 Amperes

- -30 -



+9.5 +4.5 +4.5 +275
Note:

* +7.5 Theoretical Levels

+9.5 +4.5 St. Line 0 db

+601st Arc -1.0 db

+. " -2.5 2nd Arc -2.0 db

3rd Arc -3.5 db

/. .0 4th Arc -5.3 db

O~q -1.5 -.

-0.5, -4.0,
/N

0.5

~+i.0\-2.
1-.5 +2.0 \ -4.0

+.5 -1i.0 /10,000 Turn Loop

+Q 0.0 Total Current 2.5 Amps.

+. +I.0

+4.0 +3.o

+9.5 +6.5 +2.5

Figure 14. Relative Current Amplitudes
Measured At 100 cps
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Figure 15. Relative Current Amplitudes
Measured At 1000 cps
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THE INTERFERENCE PROBLEM ASSOCIATED WITH

POWER SYSTEMS AND COMMUNICATION LINES

By

R.F. Ficcki

RCA Service Company

Abstract: The history of the problem is first outlined in which it is shown for

a considerable time up to the recent present, the interference problem was readily

handled by inductive coordination committees. In the U. S. this included even the

joint use of poles in rural areas. But the communication systems that were in-

volved were normally unessential telephone services which as long as the noise

did not render voice transmission unintelligible and as long as acoustical shock

was avoided, presented no overall serious problem. With large extended military

systems using digital communication techniques, the problem emerges into an

entirely different light. The signal to noise ratio becomes more critical and

pulses generated by unwanted signals can completely alter the character of the

transmitted message so that erroneous information may be transmitted. This

problem comes into sharp focus because of the fact that large ground communication

systems are being installed in isolated areas in which oftentimes, the communication

line has to traverse an area, which, because of its site advantages, has already

been used by a power transmission line. An example of this is the use of a ravine

to eliminate the need of crossing over a high hill or mountain. A further con-

sideration is the fact that on many of the newer systems, the communication

line is buried in the earth.
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The theory necessary to determine the effect of the power system on a com-

munication line has been worked out many years ago. But like most theoretical

treatments, it is necessary to do considerable improvising to come up with

practical working tools to determine the effects of power systems. Empirical

formulas are developed and their use is explained. Specific examples of the effect

of a power system on a communication line is worked out. Finally, general rules

are developed which will give guide lines as to how this particular interference

problem can be minimized.

I. Introduction

The developing needs of the various missile programs in the U.S. have

imposed the need for extensive space requirements so these missile systems may

be properly installed. Obviously such extensive space requirements can only be

met by the emplacement of the Missile systems in areas of low population density.

In this way, hardened underground sites can be readily obtained and no great

limitation will be imposed on the normal conduct of business in the affected area.

in at least one of these systems, the Minuteman, these hardened underground sites

are interconnected by means of buried communication cables. These cables

generally connect from site to site using the most direct route, with adequate

attention being given to the fact that unusual phycical problems should be avoided

if possible. If, for example. to traverse from point A to point B it were necessary

to cross over an elevated section of ground, and an alternate route that was less

direct, but alongside a road that skirted this elevation, then the choice would be

made to follow the road and avoid the elevation. Generally all these topographical

situations should be used to advantage: roads, valley, ravines, railroad right-of-

way, etc. will be followed. It would appear that this approach would f-rilitate

the installation problem and, generally speaking, this is quite true. Installation

of a buried cable system is facilitated when every natural advantage of a site is
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utilized. But there is another side of the coin that must be considered; someone

has been there before. For years, the U. S. has prided itself on the fact that

electric power and telephone communications has been brought to the most in-

accessible regions. And it is a record to be justly proud of; we do have rural

electrification and rural telephone systems. But these services when brought to

remote areas have also used natural site advantages. It comes as no great shock

that, when a buried communication cable is installed connecting two hardened

sites, it must traverse an area whose natural advantages have already been utilized

by a power company. It is true that the cable link can be installed along a road

and thereby avoid an arduous cross-country path, but when such an installation

is made, the communication cable path parallels a high voltage transmission line.

When a high voltage transmission line and a communication cable are

operated in close proximity, certain undesirable effects may be produced in the

communication cable which may interfere with its intended operation. These

electrical interference effects can result in the malfunctioning or non-functioning

of the communication cable, physical damage to the communication cable that will

degrade its reliability or intermittent damage which will develop a requirement

for more frequent maintenance. Obviously, the most directly damaging effect

would be the rendering of the communication system inoperative or, at least, to

cause the communication system to operate at level below that which is considered

satisfactory performance. Such electrical interference effects which appear as a

result of extraneous voltages and currents in a communication system may be

minimized by measures that are applicable to either system above or to both

systems. In the situation under discussion, the measure that can be applied to

the communication systems will be elaborated.
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2. General Background

Historically, the interaction of the electrical effects between power and

communication systems has been known as the inductive coordination problem.

The Bell System and the Edison Electric Institute have published much of the im-

portant work in this field. These publications represent the most important

respository of such information and are of great use to the communication and

power industry. This inductive coordination may be defined as the location, design,

construction, operation and maintenance of power and communication systems in

conformity with harmoniously adjusted methods which will prevent interference.

This coordination problem becomes more severe as the power systems grow larger

and as the communications systems become more sensitive and their use more

critical. And this problem is very broad: it includes power transmission circuits,

d-c and a-c railway signal circuits, the effect of high voltage transmission circuits

on low voltage supply circuits, currents on underground pipe lines, etc. For the

purposes of this paper, the effect of a power transmission line on a communication

system will be the case under consideration.

3. Statement of the Problem

In the installation of one of the large extended missile systems it was found

in connecting two sites that the communication cable had to traverse, so that the

installation problems would be minimized, an area that would require this com-

munication cable to roughly parallel a 100 KV power line for approximately 2. 7 miles.

The exposure was not exactly parallel but varied as the contour of the ground varied.

The 100 KV power system was an aerial line supported on transmission towers as

shown in Figure I and was a 3 wire grounded system with additional characteristics

that it transmitted this raw power with the usual harmonics and variable loading.

The communication cable is direct buried multiconductor, triple jacketed polyethylene

cable used for the transmission of digital messages with 10 rmil copper shield and
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2-10 mil steel tapes. A cross section of this communication cable is shown in

Figure 2. The exposure of this communication cable system to the power system

is shown in Figure 3.

4. Solution to the Problem

For any practical application of the results that can be calculated for such

an exposure, limiting values for induced voltage, current, etc. must be known.

One would expect the limiting values to be determined by technical considerations

only, but because of the relatively complex mathematics involved to describe

adequately the physical phenomena under consideration and because of the necessity

of making a great number of empirical approximations to eliminate the difficulties

imposed by the mathematics, limits that can be imposed are primarily a matter of

judgement by experts. The limits that are used are those recommended by the

Directives of the C. C. I. F. (Commite Consultatif International Telephonique). The

C. C. I. F. has specified that the maximum tolerable interference level to be

2 Miltivolts r. m. s. for telephone circuits. It was decided that this would be a

satisfactory criteria for the communication system.

Since this communication cable is buried in the earth, a matter of prime

consideration is the determination of how the current will travel in the surrounding

soil and how these currents will affect the communication cable. The distribution

of an a. c. current in soil, which determines the mutual, inductance between the

communication systems and a power system with a ground return may be deduced

from Maxwell's equations. However, to simplify these deductions. it is generally

assumed that the relative magnetic permiability of the soil is unity and the dis-

placement currents are negligible compared with conduction currents.

To calculate the inductive interference produced in the communication cable,

it is sufficient to find the average force along the axis of the communication cable

induced by the current flowing in the power system with a ground return.
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The first calculation will be made to find the voltage per unit length

induced in the communication cable.

The relationship between the various electrical parameters are given

in the following formulae:

M ij W (1)

W 0- IM = -ji (2)

where: W = Zwf

0- conductivity of the soil - . 01 rnho/meter

I = inducing current in amps from the power system

M= Mutual inductance in H/m

i = current density in the ground

The following symbols are used in the ensuing test and they are best

defined at this point. (cf. Figure 1)

a = horizontal distance between power line and communication

line in meters.

b = Height of the power line above the surface of the ground

in meters.

c = Height of the comrnmunication line above the surface of the

ground in Meters or for buried cable as in this case, depth

below the surface of the ground.

d = Actual distance between power line and communication line

in meters.

D = Distance between communication conductor and image of the

power conductor on the surface of the ground in Meters.
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d = conductivity cf the soil in mhos per meter

GJ = 2rf

= 4x 10-1

o( =V•~ o•'-- ocf

P -- h- Pd =W d P D '

J.R. Carson in his classical paper has presented formulas for cal-

culating inductive disturbances from power line in neighboring communication

lines. He points out that at the time of writing this paper that the problem of

wave propagation along a communication transmission line composed of an over-

head wire parallel to the surface of the ground does not appear to have been

satisfactorily solved. The solution that was presented emerged in the following

general equation:

The evaluation of the integral in equation (3) is an involved task and requires

certain assumptions to be made. Most authorities in the field agree that approximate

solutions can be used that will give results that can be verified by field measurements.

In all of these approximate formulas CO = 2. 8 x 10-3 and it is the combination of

this with other constants that determines which approximation may be used. As

long as the expression p 180 is always satisfied, this approximatiorn of Carson's

formula may be used:

"7/- iŽ -/2 J:/-+(•tA4•,/ -.,•__,

"Wave Propagation in Overhead Wires with Ground Return," BTL Monograph,
B219, November 1926.
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Authorities agree that all (b+c) terms can be neglected, therefore equation (4)

reduces to:

M = l• 12.981 - 2 pd-] H (5)

This equation (5) is also valid for b and/or c < o i.e. for communication cables

buried in the coil at the usual depths which is the case under discussion. M depends

now, apart for ( ' (which is a function of frequency and soil conductivity) only

upon the actual distance d between conductors. Since the phase is irrelevant,

the j term can be dropped and equation (5) reduces to:

M = ý-o 12. 981 - Z H ! (6)

By utilizing equation (6), numerical values for M may be calculated. The

next step is to develop the means to utilize this value of M to obtain a value of

voltage that will be induced around the communication line given a current flowing

in the power system. If a current I is flowing in a power circuit, it will induce

in a neighboring communication circuit, a voltage proportional to the rate of change

of I and to the quantity M , which is the coefficient of mutual inductance between

both of the circuits as defined by the equation:

=.Mdl

ecomm =- (7)

If I is a sinusoidal a.c. current with an angular frequency w, then e is

also sinusoidal and

e = - jWMI (8)

By solving equation (8) the value of the voltage induced around the buried com-

munication cable may be obtained. To solve this equation, it is necessary to know
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values for M and I . It has already been shown how values can be developed for M

[see Equation (6)] and it will now be shown as to what are the necessary factors

that are to be considered in determining a value for I

The power system that is under consideration is a three phase, four wire

system with a solidly ground neutral. In such a system there are three kinds of

currents that can flow in the system that are of interest:

(1) A line to ground fault current that occurs when a line is un-

intentionally grounded.

(2) A line current in normal operation.

(3) A residual current that flows in normal operation d&e to an

unbalance in loading of the system.

In the three cases described, current only flows in the grounded neutral

in case (1) and case (3). However, since the experience of the power industry

indicates that line to fault ground currents are twenty times as large as line currents

and line currents are usually ten times as large as residuals, it would appear that

that area of primary interest is concerned with fault currents because if they do not

cause excessive voltages to be induced certainly the line currents and residual

currents will not cause any problem.

A site survey was made on a particular missile system and it was found

that the power system had a calculated three phase fault current of 920 amperes

and a line to ground fault current of 1500 amperes. The line current averaged

around 50 amperes and the average residual current was about 5 amperes. These

are rather typical values for 100 KV systems. It was also found that these particular

fault currents occurred on the average of about 19 faults per year in the particular

locals. These large fault currents will induce rather large voltages around the

communication cable and are very important when occurring, but this must be
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traded off by a statistical analysis predicting the probability of large values of

induced voltages. The normal line current will be flowing all the time but unless

an unbalance exists no currents will be flowing in the neutral. Consequently, the

important values of I to be used are:

Fault Current = 1500 amps

Residual Current = 5 amps

5. Numerical Calculations

To facilitate calculation, the exposure will be treated as separate sections

with average figures employed where practical. These sections are tabulated

in Table No. 1.

Using equation (6) values for Mau obtained as follows:

(a) For section a,

47xO 7  1Z.981 - 3

M"J 5.7 x 107

(b) For section a 2

M = 41x10"7 12.981 - 2 52.8 - Hj .

M r 5.0 x 10-7

(c) For section a 3

4 _ x 4 10- 7 f r H

M = - r 12.981 - 26-& 78.0- 0 , -

M /'s 4. 3 x 10

(d) For section P

4vxl1-7 r H

M 12.981 - 2 'i 102 - j -

M'x• 3.7 x 10
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(e) For section a 5

M = 4%rx10-"7 12.981 - 2k 142-37 H

M -V 3. 1 x 10-7

(f) For section a 6

M_ "' 12. 981 - 2 e 176t H

M 1\ 2.6 x 10-

(g) For section (b)

M - 47x10-74• 12.981 - 30.8 - j H

M A6. 1 x 1o-7

(h) For section (c)

47x10- 7  " " 2" • H
M 12.981 - 2 34.7 - j'._

M (',. 5. 9 x 10O7

(i) For section (d)

42rxl10 7  /H
M = 12.981 - 2 t44. 0- j 7

M Sv 5. 4 x 10-7

(j) For section (e)

M = 7 12.981 - 2 L 54.5 - j H

M (V, 5. 0 x 10 .7

These values of M are summarized in Table No. 2.

If values of M as shown in Table 2 are substituted in equation (8) for currents

that are representative of fault currents at 1500 amps and residual currents at 5 amps,

the results for the induced voltage around the communication cable are aimmarized in

Table No. 3. This summary lists all the voltages which are presented to the com-

munication cable and, lacking other considerations. would be the interfering voltages
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that would be induced into the cable. But there are other important considerations

that have been designed into the cable and which effectively reduce the magnitude of

these inducing voltages.

6. Shielding Effectiveness of Cable

The cross section of the cable as shown in Figure 2 shows that the copper

shield and steel tapes are a protection against these induced voltages. All values

shown in Table No. 3 are subject to the shielding factor of the communication cable

sheath. The sheath of this cable can be a most efficient screening conductor because

of its sanall separation form, and its particular position with respect to the inducing

or induced line, even though it does not provide a perfect screen against magnetic

induction. The mutual inductance between sheath and inductor is practically equal

to the self-inductance of the sheath, with both circuits having a ground return.

Induced voltage between inducing conductor and sheath of the induced cable equals

the resistance drop of the sheath current. Experience has indicated that e Comm,

the induced voltage around the conductor, as calculated, is somewhat less than the

voltage ecomm because of a number of factors that have to be considered:

(1) The shielding effectiveness of the sheath, which empirical measurements

have shown to be in the order of - 6db.

(2) The attenuation caused by the fact that for practical purposes the com-

munication cable is made up of perfectly balanced pairs. This has been

estimated to be on the order of - 80db, although a more conservative

figure, and one which shall be used because it has wider acceptance

is - 60db.

The addition of, these two figures - 6db and - 60db or - 66db (eco-

e C x 5 x 10"4 or - 66db) is the effective attenuation of the induced voltage by

the cable shielding. These figures are tabulated in Table No. 4.
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7. Effect on Each Section of Exposure

Now that the values for e' have been obtained, it now is necessary to
comin

determine the total induced voltage for each section of exposure subjected to

different dimensional parameters. These are shown in Table No. 5.

8. Conclusions - Effect of Exposure

It can be readily seen that from Table No. 5, if e' is taken for theComm

whole line and the length of exposure is 2. 7 miles or 4, 370 meters, that the voltage

induced by fault currents will be 635 my. , the voltage induced by residual currents

will be 2. 218 my. Comparing these voltages to the original criteria established of

2 my., it is clear that exposure to the power line will be serious in the case of fault

currents. In the case of residual currents in the power system, the magnitude of

2. 218 mv. is so close to the acceptable value of 2 my. that it is considered to be

acceptable. Since the three phase power system is three wire grounded neutral,

current will not normally flow in the neutral and when the system is unbalance

residual current will flow; this has already been discussed.

Although it is not exactly a cable system parameter, it must be pointed out

that in the existing installed systems, the cable terminating equipment for this cable

will contain band pass filters to effectively reduce all 60 cycle components by

approximately - 50db. This, however, must be considered as insurance and will

not be considered as part of the shielding effectiveness of the cable.

All the induced voltages which has been considered up to now have been at

the fundamental frequency of the power line - 60 cycles per second. Obviously there

are some harmonic frequencies which will be detremental. In telephone com-

munication, frequencies around 1000 cycles a.e the most detrimental, because they

have the greatest impact on voice communication. From the experience on this

particular system, it was found that the most important frequency would be the

eleventh harmonic or 660 cycles.
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From Equation (6), it can be seen that M is a function of Pd and

Pd " ('a . Since d=- ? then

M 0 12.981 -2 of)xd -) x (9)

As f increases, the value of M becomes smaller as the value of 2 qVT fr) x d

approaches 12. 981 .

But this is not a linear relationship and the effect of the square root and the

logarithum must be covered. Also as the value of M becomes smaller with the

increased frequency, the value of I will become smaller because this will be

based on the energy contained in the harmonics. If it can be assumed that the I

of the eleventh harmonic is 10% of the fundamental frequency, then all the values

of e comm will be divided by a factor of 10. By making such an assumption, it

can be readily seen that analyzing this exposure for 60 cycles is the worst case

and if it is no problem at 60 cycles, it will be no problem at higher frequencies.

Actually the effect of harmonics will have to be considered in more detail but are

beyond the scope of this paper.

8. Conclusions

The preceding analysis shows that with a few simple facts that are generally

available, one can determine what effect a power line would have on a nearby

communication system. The technique that was demonstrated makes possible a

quick approximation so that design criteria may be developed while the com-

munication system is being installed. There is much additional work that can be

done along these lines; it would be very advantageous to develop a nomograph to

be used by installation engineers so that they can have a quick guide to the

permissible minimum separation.
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TABLE 2

Exposure M(H/m)

Section a1  
5.7 x 0- 7

Section a 2  
5. 0 x 10-7

Section a 3  
4. 3 x 10-7

Section a 4  
3. 7 x 10-7

Section a 5  
3. 1 x 10"7

Section a6 2.6 x 10-7

Section b 6. 1 x 10-7

Section c 5.9 x 10"7

Section d 5.4 x 10"7

Section e 5. 0 x 10-7
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TABLE 3

Values of e COMM in Volts/Meter

Fault Current Residual Current
Section I = 1500 a I = 5a

a 1  321 x 10-3 1. 07 x 10-3

a 2  282 x 10-3 .94 x 10"3

a 3  243 x 10- 3  .81 x 10- 3

a 4  209 x 10- 3  . 69 x 10-3

a 5  175 x 10- 3  .58 x l0o 3

a 6  147 x 10- 3  .49 x 10- 3

b 345 x 10- 3  1. 15 x 10' 3

c 333 x 10- 3  1. 11 x 10- 3

d 306 x 10- 3  1.0Z x 10- 3

e 282 x 10- 3  .94 x 10- 3
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A DIGITAL REPRESENTATION OF INTERFERENCE WITHIN A COMMUNICATION
RECEIVER INCLUDING THE DEMODULATION PROCESS

N. Wilde, A. J. Hoehn, and L. A. Follett
Bell Aerosystems Company

Division of Bell Aerospace Corporation
Tucson, Arizona

Abstract.--This paper discusses a representation of the response of both am.
and fT. communication receivers to a desired signal and one or more interfer-
ing signals. The representation is suitable for the analysis of interference
prediction problems by means of digital computation techniques. The final
form of this representation is a program for the IBM 709 digital computer.

An expression is written for the resultant of a number of steady-
state voltages in terms of an envelope function and phase function associated
with the if. carrier. The effect of linear and square-law am. detectors is
simulated, as well as the angular modulation detection process. The resultant
demodulated wave is then subjected to trigonometric analysis to determine its
spectral content.

I. INTRODUCTION

Comnunications receivers are usually evaluated on the amount of de-
sired information available at the output of the receiver. Many methods have
been devised to compare various receivers (or the same receiver under varying
circumstances), but most methods center around spectrum analysis. It is there-
fore desirable to obtain a discrete frequency analysis of the output of the
detector as a function of its input.

An IBM 709 computer program has been developed which presents a
printed statement of the various frequencies and associated amplitudes in the
detector output. As input, the program requires that steady-state unmodu-
lated sinusoidal voltages be presented to the input to the detector. There-
fore, input to the computer program can be limited to the amplitudes and as-
sociated frequencies of the output signals of the if. amplifier. As originally
written, the program assigned random phase angles to each of the signals. The
program has been modified, however, to permit addition of signals with coher-
ently-related spectral components to the resultant of the random-phased signals.
Thus, with the expenditure of but little more time, the effect of modulation,
on some of the signals at least, may be included in the computation.

The input signals are added linearly to obtain the total function
(of time) presented to the detector. The program operates on the amplitude
of this resulting function in the case of am. detection. The time rate of
change of the phase angle of the total function is processed in the angular
modulated case. As indicated in the mathematics which follow, generalized
representations for any number of signals can be written in compact mathemati-
cal form for either case.

* Mr. N. Wilde is now associated with Phillips Petroleum Company, Idaho Falls,

Idaho.
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Thus the program actually begins with the frequency or amplitude

function without a need to derive the total function as presented to the
detector.

At the user's option, either linear or square-law am. detection may
be evaluated. In the case of square-law am. detection, the mathematics lead
directly to the desired spectrum information. For the linear am. or the fm.
case, it is necessary to subject the appropriate time function to a numerical
trigonometric series evaluation to obtain the desired information. The mathe-
matical and general computer techniques follow.

II. LINEAR COMBINATION OF IF. SIGNALS

As indicated above, the output signal from the if. amplifier is con-
sidered to be the resultant of a number of steacd-state unmodulated sinusoidal
voltages. If a receiver has been properly tuned, the desired carrier signal
will be centered in the if.-bandwidth. Let the desired signal be given by the
expression

Ao cos (edot + 0o)

and let each one of n interfering signals be given by the expression

Ai cos + di)t + 0]1

The term 4 is the angular frequency difference between the desired
signal and the ith interfering signal. The term will be negative if the inter-
fering signal has a lower frequency than the desired signal and positive if it
has a higher frequency.

Associated with the desired signal and each of the interfering sig-
nals is a random-phase angle represented by the symbol 0 1. If the random-phase
angles of the interfering signals are referred to the phase angle of the de-
sired signal, then the desired signal-phase angle can have any arbitrary value.
This value has been chosen as zero (that is, 00 = 0).

The total steady-state signal presented to the detector is

f(t) - Ao cos U)ot + t Ai cos [(.o + Si)t + 0 (1)
i- 1

Expanding the summation terms into the product of two angles and recombining
the trigonometric functions yields

f(t) - R cos (dot + Q) (2)

where
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+[-= Ai sin t + 0i)] (3)

and

Ai sin (Sit + 0 1i)
i-i

tan '0 (4)
n

A Ai cos (6it+ 0i)
i-i

The function R is the voltage envelope of the desired carrier fre-
quency. It is a• undesired effect produced by the interfering signals. The
expression for RP, equation (3), can be written in a more useful form by
squaring and collecting terms. The resulting expression is

R- b + T, bij cos (Pijt + Ylj) (5)
1-0 J =i+l

where

2= Ao +
i= I

bij 2 Ai Aj

Pij - ji - J

9iJ= 0 - 0J

Note that o =0 and 0, - 0

The general form of equation (5) is

R2 ho + 0i cos XI + -22 cos X2 + m cos XM (6)

The series in equations (5) and (6) will give m cosine terms where

n(n + l)
______(7)

2

-3-
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The function 9 is a time varying phase angle associated with the
carrier frequency. It also is an undesired effect caused by the interfering
signals. The time rate of change (that is, the first derivative with respect
to time) of 9 is of interest in connection with receivers for angular-modu-
lated waves and therefore will be developed.

With reference to equation (4), let

S Ai sin (6it + 0i) (8)
i,=l

n
S' =dSS f Ai~ Cos (•t + 0i) (9)

dt

n
C Ao+ Aicos(6it+ i) (10)

i- 1

Cl.dC 
nMC Ai=i sin (Sit + 0 i) (11

i,-I

Equation (4) can now be written as

9= tan-! S
C

whence

dG CS' - SC' (12)
it R7

where R2 - C2 + S 2 according to equations (3), (8), and (10).

The expression for (d@/dt) can be written in a more useful form by
substituting equations (8), (9), (10), and (11) into equation (12), expanding
and collecting terms. The result is

a0 + E aij coU, (fijt + Fij)
i-0 J=i+l

(13)
dt R2

where

i76

- 761 -



aij - Ai Aj (Si + Sj)

and the variables ei and *ij have been defined in equation (5)'. The general
form of equation (133 is

dOA , + 0( os1 cosX1 +C 2 cosX 2  +• .+ coo XM
dt go + 01 Cos X + Cr COS Xm (14)

As an example consider the case of a desired carrier, A., and three
interfering carriers A1 , A2 , and A3 . In this case R2 is given, in the notation
of equation (6), as follows:

0 2~ 2 2 +A2 (15a)
go = bo - A; + A 2 + A 3

Cos X 1 = 2AoAI coB (6 1 t + 01) (15b)

cos X2 = 2AoA2 coo (S 2 t + 0 2) (15c)

c3 Cos X3 - 2AoA3 cos (63 t + 03) (15d)

4 Cos X4 - 2AIA2 cos (l - 62 )t + (0i - 02) (15e)

cos X5 - 2A1 A3 cos (S1 - 63 )t + ( 01 - 03) (15f)

c6 Cos X6 - 2A2 A3 cos (62 - d3 )t + (02 - 03) (15g)

The numerator of the expression for the differentiated phase angle, (dG/dt),
is expressed in the notation of equation (14) as:

0 So(l + A2 + A (16a)

o(I cos XI AoAI6I cos (Sit + 0i) (16b)

0(2 cos X2 - AoA 2 6 2 cOs (6 2 t + 02) (16c)

C(3 cos X3 = AoA3A 3 cos (6 3 t + 03) (16d)

0(4 cos X4 = AIA2 (cf1 + (2) cos [6Ol - C(2 ) t + (01 - 02)] (16e)

Cos X- AIA 3 (6 1 +; 63) Cos [((1 - 63) t + (01 - 03)] (16f)

O'6 Cos X6 B A2 A3 (6 2 + 63) cOs [(6J2 - S3 )t + (02 - 03)] (16g)
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The denominator of (14) is identical with (6) and (15). It is further noted
that the number of terms in (6) and in the numerator of (14) is in agreement
with equation (7).

III. DETECTION OF RESULTANT WAVE FORM

The expression desired above describes the result of a linear com-
bination of many signals in the if. amplifier. Neither amplitude nor phase of
any of these signals is restricted in the analysis. The next step is to ex-
amine the effect of demodulator on the resultant wave. Linear and square-law
envelope detectors are considered in this analysis as well as the so-called
fm. detector, which actually detects the rate of change of phase with time;
that is, (de/dt).

IV. DETECTORS FOR AMPLITUDE MODULATION

The work of Rice1 and others has shown that the output current I of
many important nonlinear devices is related to the input voltage V by the in-
tegral over a contour C; that is,

I F (ju) ejV du (17)
2TT )

where F(ju) is a given function such that I and V are related by the above ex-
pression. If the frequency spectrum of V is restricted to a relatively narrow
band such as the if. bandwidth in communication type receivers, the frequency
spectrum of I is restricted to narrow bands located around the harmonics of the
midband frequency of V. The narrow spectrum located about the nth harmonic is

Gn(R) - . F (ju) Jn (uR) du n '0 (18)

where R is the envelope of V and Jn(uR) is a Bessel function of the nth order.
In a communication type receiver, the low frequency spectrum about the zero
harmonic (dc) is the audio spectrum of interest. Since only the positive fre-
quencies have physical significance, only this half of the spectrum is con-
sidered. The low-frequency spectrum, including the dc term, is

Go(R) - 2"- f F (ju) Jo (uR) du (19)

C

The linear detector with cutoff at V - 0 is of major consideration.
The output is
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0• V <0

. [ (20)

Using the function

F(ju) = -= -
(u)2 u2 (21)

and integrating equation (19) gives the result

Go(R) = R (22)

The square-law detector is also of interest. It is a special case of

the nth law detector where n. an integer, equals two. The output is

I =- Vn (23)

and

F(.ju) - (24)(ju)n + 1

For n - 2, the integral yields

Go(R) - i R2 (25)

In both cases, at is a constant associated with a given detector. If,
as is the case in interference analysis, interest is confined to the relative
magnitude of certain values in the low-frequency spectrum (for example, the
interference) in comparison with some other standardizing value obtained from
the same detector (for example, the desired signal) the detector constant
divides out. Thus the relative spectrum, Gr, is

Gr(R) = R (26)

and for the square-law detector

Gr(R) - R2  (27)

V. DETECTOR FOR ANGLE-MODULATED WAVES

Consider a communication-type fm. receiver utilizing a balanced de-
tector having a linear response over the frequency range of interest and pre-
ceded by an ideal limiter. If the rate of change of phase (dO/dt) about the
carrier phase is relatively slow, then the output of the detector is a low-
frequency spectrum concentrated about and including a dc term. This low-
frequency spectrum, which is analogous to the low-frequency spectrum from an
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am. detector, is the audio spectrum of interest. It is represented by

dGGo(@) - q-- (28)
dt

The rate of change of the phase angle is a function of the if. bandpass. The
parameter o is a constant associated with a given detector. If only relative
values are of interest, then

dO
Gr(Q) - - (29)

dt

VI. AUDIO SPECTRUM ANALYSIS

Equations (17) through (29), based on the work of Rice, are included
to establish the fact that equations (6) and (14), for R2 and (dG/dt), are in-
deed the mathematical expressions for the detected wave.

Now that an expression for detected output has been established in
the time domain, the next step is to express this in the frequency domain as
a relative energy spectrum.

In the case of an am. square-law detector, as given by equations (6)
and (27), the desired information is obtained simply by squaring the coeffi-
cient of each to produce the energy spectrum.

Unfortunately, for the purposes of this analysis, the linear detector
is most frequently found in actual receivers, and its output is given by the
square root of a finite trigonometric series.

The fm. detector output is given by equations (14) and (29). A spec-
tral analysis of the ratio of two finite trigonometric series must be performed
in this case.

VII. COMPUTATION

The following is a discussion of a spectral analysis method for the
preceding two cases, which is particularly suited for machine computation.

The desire to obtain a frequency spectrum immediately suggests a
Fourier series analysis. However, a Fourier series is an infinite series,
whereas a finite series is required. The usual method of obtaining a finite
series is simply to terminate the Fourier series at a point where the coeffi-
cients tend to become negligible. This approach is somewhat indefinite since
the cutoff point cannot be known prior to the start of computation.

A different approach to a trigonometric series, based on the highest
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harmonic of interest is available.2 Let Gr(R) and Gr(<) be represented by
Go(Y), which will be called the generalized audio signal. In both cases
Go(Y) is an even function containing cosines only. Hence, the odd coeffi-
cients are all equal to zero and only the even coefficients need be deter-
mined.

The procedure is as follows: Set the function Go(Y) equal to a
finite trigonometric series.

Go(Y) = (1/2)a, + a, cos Y + a 2 cos 2Y .- + a(p_l) cos (p-l)Y (30)

A set of p equations can now be written by evaluating equation (30) at a num-
ber of points equal to p. See figure 1 and equation (31).

Go(Yo) Go(Y Go(Yr))...Go(YpI)

YO YI Y2 ... Yr ... Yp-I

Figure I

Go(Yo) = (l/2)ao + a1 cos YO + a 2 cos 2Y0 + ... + a&. 1 cos (p-l)Yo

Go(Yj) - (l/2)ao + a1 cos Y, + a 2 cos 2Y1 + .- + ap. 1 cos (p-1)YI

Go(Y 2 ) - (1/2)ao + a1 cos Y2 + a 2 cos 2Y2 + ... + ap 1- cos (p-l)Y2

etc. (31)

The number of terms and the number of equations equal the number of harmonics
of interest. The simultaneous solution of these equations will yield values
for the various coefficients. Fortunately, the orthogonal properties of these
equations permit a simple general expression for the coefficients, which is

ar - (2/p) ) Go(Yk) cos B(2k - 1)rT7/2p_ (32)
k-l

where the generalized subscript I has the values 0 1 r . (p - 1).

The coefficients thus determined do not have the same exact numerical
values as the corresponding coefficients in an infinite Fourier series because
of the discrete method of evaluating them. But, these coefficients, when sub-
stituLed into equation (31) do give an exact solution for Go(Yr) at r. Between
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these points (r = 1, r - 2, etc.), the solution for Go(Y) is approximated by a
straight line between the two adjacent points. If a sufficiently high maximum
harmonic is chosen (p is large), then Go(Y) is very closely approximated by the
resulting small straight line segments.

It is of interest to note that the same result could have been ob-
tained by expressing as a finite summation over discrete increments the Fourier
coefficient integral

+Tr
arT . Go0(Y) cos pY dY (33)

Such a procedure gives a result identical with equation (32).

Selecting Y sufficiently small and p sufficiently large will produce
a fine-frequency analysis of Go(Y). Only the audio portion of this spectrum
is of interest. If all interfering signals were removed, the entire audio
spectrum would disappear leaving only a dc term due to the desired carrier.
Consequently, this spectrum can be considered an interference or noise spectrum
due to interfering carriers. The gain of the receiver, and hence this spectrum,
can be normalized to a standard audio output, a.. In general, the standard
output, a., would be taken as the detected signal from a tone-modulated am.
wave modulated 100 per cent, or the full voltage output over the linear portion
of the discriminator in an fm. receiver. The resulting expression is

Go(Y) ao a1  a 2
-- ft- +--cos Y +- cos 2Y ... + - cos (p - 1)Y (34)

a. 2a, a. a, as

The desired relative energy spectrum information is obtained by squaring the
normalized coefficient of each term.

VIII. COMPUTER PROGRAM

Flow diagrams illustrating the steps involved in programing the above
process are presented in figures 2 and 3.
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ENGINEERING ASPECTS OF THE EKETF INTERFERENCE-PREDICTION MODEL

A. J. Hoehn
Bell Aerosystems Company

Division of Bell Aerospace Corporation
Tucson, Arizona

Abstract.--This paper contains the basic equations and simulation methods used in
the interference-prediction model developed as a part of the Electromagnetic En-
vironmental Test Facility. The model is designed for use on the IBM-709 computer
at Fort Huachuca. Its purpose is to extend and amplify the usefulness of the
field facility installation in southern Arizona. The model, therefore, is cap-
able of interference-prediction calculations for much larger and more complex
electronic configurations than actually installed in the field facility. Availa-
bility of the actual emitters, however, will make it possible to validate the
model against actual field measurements. Lack of such validation has severely
hampered design of prediction models in the past.

Methods are discussed for the establishment of mathematical functions
representing the transmitter, antennas, propagation path, receiver, and scoring
method. Each function is considered in the light of past efforts as well as from
information currently available and expected in the future (from the Spectrum
Signature program, for example). Reasons for the choice of simulation methods
for each of the functions are given in detail on the basis of engineering needs
of the expected users.

I. INTRODUCTION

The Field Facility of the Electromagnetic Environmental Test Facility
(EMETF) is designed as a proving ground for equipments operated in a typical mili-
tary deployment situation. Results obtained from it will be of an over-all opera-
tional nature. For example, it will be possible to determine that a given re-
ceiver experiences interference in a specific, measured amount, and that this
interference occurs when certain transmitters operate. It also will be possible
to isolate the offending transmitters as units. But measurements from the fa-
cility will not necessarily identify specific characteristics of a given equip-
ment as contributing to the interference, although the measurements may provide
clues to these deficiencies. The environmental facility is, in other words, a
system test facility capable of pointing up troubles which would not be obvious
from laboratory measurements of individual equipments.

The system involved is complex. It involves technical characteristics
of the equipments, tactical deployments, and factors such as terrain and climate
which pertain to the location. Included also are human factors resulting from
varied capabilities of those operating and maintaining the equipment. Installa-
tion of sufficient equipment in the environmental test facility to isolate and
evaluate all these factors would be a costly and inefficient prtcess.

Fortunately this is not necessary. A computer-mechanized prediction
model of the system can be constructed which will include data from laboratory
measurements of equipment, experimental determinations of terrain and meteoro-
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logical factors, and laboratory studies of human factors. Because of the complex-
ity of the system, a basic tenet of the approach has been the necessity of vali-
dation of the model. Validation can be accomplished only by comparison of results
predicted by the model with those measured in the field.

Ideally the model should be constructed so that the influence of each
major factor could be isolated and varied independently of all others. Thus
the influence of each factor on the entire system could be determined by com-
putation. Once the model has been shown to agree with measured results from the
facility, computations may be made with confidence on larger situations, differ-
ent terrain conditions, and new locations.

It may readily be seen that the interference prediction model and the
controlled-test facility of the electromagnetic environment at the U. S. Army
Electronic Proving Ground (USAEPG) complement one another. Indeed, the one is
necessary to the other.

II. GENERAL DESCRIPTION OF MODEL

The basic concept of the model is shown in figure 1. It is seen to be
a completely straightforward, engineering approach. The underlying philosophy
in development of this model has been to put together one which could be tested
and validated by physical measurement on a piece-by-piece, as well as on an over-
all basis.

The general form of the model will be a set of mathematical expressions
or equations separated into a number of mutually independent, multiplicative fac-
tors. Each factor will represent a physical entity affecting the problem. Each
factor in the model will be in the form of an expression which, when evaluated,
will reflect the effect of that particular factor on the entire interference prob-
lem. Each factor in the equation(s) will have an independent input and will pro-
duce a separate output, so that a factor-by-factor analysis of the model may be
made. Consideration of all factors in the model will simulate an actual situa-
tion, and will permit a prediction of radio-frequency interference to be expected
in a given tactical situation.

The requirement for a close link with the field facility also influ-
enced the form of the model. Each calculation is presented in the form most
suitable for field verification.

Some advantages in computing time are claimed for the so-called "sto-
chastic model," which would involve assignment of values to each block of figure 1
by random sampling from a probability distribution function (pdf) representing
the physical quantity in the block. (This process is often mistermed the Monte
Carlo approach.) It was decided, however, to defer consideration of a stochastic
model until the engineering model had been validated. The reasons for this were:

a. There is insufficient knowledge at present of the true probability
distribution functions of many of the factors in the model.

b. It has not been completely demonstrated at this time that for com-
parable accuracies the stochastic model would have a significant advantage over
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the engineering model in terms of computing time.

c. It is believed that the first step is to develop a model which
faithfully depicts the physical facility. Once such a model has been devel-
oped and validated, it then becomes the standard of excellence, and many other
time-saving schemes can be compared against it. The scale of effort of these
comparisons will then have been reduced in effort to a computer exercise, and
the painful process of validation from field measurements will no longer be
necessary.

III. PHYSICAL BASIS FOR THE PREDICTION EQUATIONS

As indicated above, it was decided early in the program that empha-
sis must be placed on development of a strong theoretical backbone for the
model. This could then be modified or improved by field experiment to attain
the desired accuracy.

The over-all problem has been broken down into four general classi-

fications for the purpose of investigation. These are:

a. Transmitter radiated power.

b. Propagation path loss.

c. Receiver response to environment.

d. Scoring methods.

IV. TRANSMITTER RADIATED POWER

One of the basic requirements of any prediction modeling program is the
availability of a complete set of reliable spectrum signature data. These data
will be required both in the development of the prediction model and in the vali-
dation of the final product. Accurate comparisons between field measurement and
calculated results cannot be expected if the data upon which the calculations are
based are not reliable.

The need for standard measuring and reporting methods has been recog-
nized by the Department of Defense, and measurements are now being made to a pre-
liminary set of specifications. As a result of these measurements, and of pre-
vious programs sponsored by the Signal Corps, data are available which give output
power as a function of frequency for a number of transmitters used in the EMETF.
These power spectra measurements, exemplified in the transmitter boxes of figure 1,
essentially comprise the transmitter functions.

It is assumed that knowledge of the transmitter signatures iv available
from previously performed laboratory experiments. From the Tri-Service specifi-
cations, however, it will be noted that many of the transmitter measurements are
made on resistive loads, and that receiver measurements are made from signal
generators through standard dummy antennas. This is desirable, in that it makes
for uniformity of measurement, regardless of where performed. It also requires
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I
that additional measurements be performed to relate these laboratory measurements
to the actual effective radiated power. In particular, there are installed in
the E4TF Field Facility many vehicular transmitters and receivers. On vehicles,
one antenna is generally used for both the transmission and reception modes.
Vehicular antennas are generally whips which are inductively "loaded" to improve
radiation characteristics at the fundamental frequency. No attempt was, or could
be made, by the designer to control impedance or antenna pattern at the various
frequencies at which spurious transmissions or responses have been observed. Even
in the fundamental frequency range, the vehicle dimensions usually are appre-
ciable in terms of a wavelength and contribute to the over-all antenna radiation
pattern. Measurements on the unmounted vehicular antenna are meaningless.

It thus became necessary to measure the following quantities and to
include them as part of the antenna function in the model:

a. Antenna Pattern. This is a measure of the radiated field strength
as a function of azimuthal angle, elevation angle, and frequency.

b. Effective Radiated Power (ERP). This gives a measure relating the
transmitter signature to the gain and impedance characteristics of the vehicular
antenna.

Antenna field tests were performed with these objectives in mind to
obtain data for an antenna function.

In the model, therefore, the transmitter power output at each harmonic
frequency is modified both by a function proportional to the antenna pattern and
by a second function which relates transmitter power output to effective radiated
power from an omnidirectional antenna. This second function is different from the
ordinary gain specification in that the impedance mismatch between transmitter and
antenna is included in the relation between transmitter power into a resistive
load and effective radiated power.

Measurements also were made with the vehicular radio in the receiving
mode. For this measurement, standard signal generators were mounted in the field
intensity (FI) vehicle and driven around the circle while transmitting to the
vehicular-mounted receiver under test. Receiver output was measured and re-
corded in a manner similar to that used for the laboratory spectrum signature
measurement. Measurements were made at the fundamental and all significant spu-
rious frequencies.

It is of interest to note that many of the spurious responses noted in
the resistive measurements were undetectable under actual radiation conditions.

V. COMPUTATION OF PROPAGATION PATH LOSS

Computation of propagation path loss for the EKETF prediction model will
be based essentially on the free-space equation modified to account for the ef-
fect of the earth and its atmosphere. Provision will be made in the computer pro-
gram to account for the effects of terrain, vegetation, meteorology, and other
factors. This permits the easy introduction of factors found at a later date to
be important, and the equally facile elimination of factors found from experience
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not to contribute to the path loss. Symbolically, the path loss, L. might be

expressed as

ree-spacel +Spherical earth+ [Terrain egetation
L = equationj +I correction factor + factor |

L(decibels)J L (decibels) JL gdecibels) (decibels) (1)

F Additional factors 1
+ " + found from experiencei

L (decibels)

All propagation path loss computations begin with the well-known ex-
pression for free space, then modify it in various ways. Normally one of the
first decisions required of the individual making the computation is a choice
between the so-called plane-earth and spherical-earth formulas. If such a de-
cision has been made here, it has been made in favor of a spherical earth. Ac-
tually, the equations and machine judgments are set up so that such choices are
made without the necessity of artificial determinations as to the relative flat-
ness or roundness of the earth.

Basic path loss is computed as between omnidirectional antennas, since
the transmitter and receiver antenna functions will account for all antenna ef-
fects in the model. The effect of long-term meteorological variations has not
been introduced at this time, but may be included easily as a factor in equation
(1) if found desirable in the future.

Scatter-propagation effects have not yet been included, pending a more
thorough study of the effects of these phenomena on a field army. These long-
time and long-distance effects are not considered to be of as much immediate im-
portance to a field army situation as those for which equations are written in
this paper. They are important, of course, and will be added to the program
later.

Three regions are normally defined for computation of path loss over
a smooth spherical earth. As illustrated in figure 2, these three regions are:

a. The optical-interference region.

b. The diffraction region.

c. The transition region, located between the interference and dif-
fracLtoio : egions.

Decision as to the region in which a receiving antenm- is located is
made according to whether it is:

a. Well within line-of-sight of the transmitter (optical-interference
region).

b. Well beyond line-of-sight of the transmitter and into the shadows
(diffraction region).
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c. In the vicinity of the optical horizon, extending slightly into
both of the other two (transition region).

The optical formulas become inaccurate, and actually approach infinite
path loss as the horizon is approached. On the other hand, the diffraction for-
mulas, in the form normally used, give path-loss values which are too small in
the transition region. This situation is illustrated in figure 3. The usual pro-
cedure in the past has been to compute a few values at points well inside both
the optical and diffraction regions, and to sketch a free-hand curve connecting
the two sets of points. This procedure is not suitable for machine computation
and other alternatives were sought.

In general, the optical-interference equations are satisfactory up to
the first quadrature point. Location of this point is indicated on figure 3 arid
derived in the appendix. Study of the van der Pol-Bremmer equations, which form
the basis for the diffraction computations, indicated that most of the error in
the neighborhood of the optical horizon was contained in the height factor.
Therefore a new equation for the height factor was fitted to available data so
that the procedure now followed is:

a. At the first quadrature point and all points nearer the transmitter,
the optical-interference equations are used.

b. At the points beyond the quadrature point, the modified diffraction
formulas are used.

VI. BASIC EQUATIONS

The basic equations used in the computation are delived in an appendix
to this paper. They are also presented in a companion paper in connection with
the computer-programing aspects of the model and will not be presented here.

An important factor to note, however, is that the maximum field strength
which may ever occur is equal to twice that predicted from the free-space equation.
This situation occurs when the reflected ray encounters a perfect reflector and,
in addition, arrives at the receiver exactly in phase with the direct ray. Stated
in another way, the minimum path loss which may ever be encountered is equal to
the path loss predicted by the free-space equation decreased by six decibels.

This figure of free-space path loss less six db is used in a rapid
culling process designed to eliminate all radiations which are too weak to af-
fect the computation at the receiver being tested. If, after application of an
attenuation factor given by the above criterion, the signal at the receiver is
below threshold, that signal may be safely disregarded in all further calculations.

Considerable effort and study has been expended on the terrain factor,
which, in general, adds to the path loss between transmitter and receiver. In
order to attack this problem, however, it was necessary to establish a firm defi-
nition of the so-called "effective antenna height." Just a cursory glance of
the literature proves that this quantity hAs not been well defined in the past,
and often has been made a matter of judgment on the part of the individual per-
forming the computation. In order that a firm basis for machine computation may
be established, the following convention has been adopted.
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"The datum plane (or great circle) shall be the ground elevation of
either transmitting or receiving antenna, whichever is lover. Effective height
of the lover antenna shall be its structural height above ground; effective
height of the higher antenna shall be its structural height above ground plus
the difference between its ground elevation and that of the datum."

Within the last three decades scores of theoretical papers have been
published which treat the calculation of path losses over mountain obstacles and
irregular terrain. Many of the published papers are highly theoretical and im-
pose boundary conditions which are not generally realizable in nature. Others
have been based on empirical or statistical determinations, but to the present
time have not appeared in a form suitable for machine computation.

Some of the most significant and most useful work has been done by
the National Bureau of Standards (NBS). A recently published NBS memorandum
report 2 gives an extensive review, which covers all the aspects of teleco-uuni-
cation performance, including propagation with all known factors involved.
Computational methods presented, however, require considerable calculation and
frequent reference to graphical data before answers in terms of path loss be-
tween given points can be obtained.

An earlier paper by Egli3 summarizes the work of many investigators
in the field, and leads to a statistical description of the correction factor.
The median path loss at a given frequency is found by adding the statistically-
derived median deviation to the path loss as calculated from smooth-earth theory.
This median deviation from the theoretical smooth-earth value is called the
"terrain factor." According to Egli it varies inversely with frequency and is
independent of distance. It also appeared that the distribution of received
path loss over irregular terrain expressed in decibels above the median value
is normally distributed.

The most obvious limitation of Egli's analysis is the aggregation of
all types of terrain into a single statistical picture. According to theory an
ideal smooth earth with .aiform electrical characteristics would have a standard
deviation of zero in the signal-strength distribution. Mountainous terrain, on
the other hand, would be expected to have a very large deviation. These obser-
vations have also been borne out by experiment. Although it may be difficult to
specify criteria defining different types of terrain, at least gross differences
in terrain must be recognized on a quantitative basis.

In a recent study for the Television Allocations Study Organization
(TASO), A. H. LaGrone 4 has proposed an empirical method for terrain correction
which seems to provide a more accurate assessment of the influence of rough
terrain on the received signal.

The method requires a knowledge of the terrain profile between the
transmitter and receiver. The resulting correction is of the form

c 1 h h2- h3  h-_
db - c [1 + jh- (2)exp(dlr) exp(d~r exp(d3r) ]

Signs of the factors in the correction term are the same as the slope
between the two points involved. The factor, c, is a function of frequency.
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Meaning of the various height and distance elements of the equation is illustrated
in figure 4. It is readily apparent that terrain obstacles nearest the receiver
have the greatest effect on the correction. One factor still under study is the
number of obstacles which must be taken into account in order to obtain a satis-
factory correction.

Consistently throughout LaCrone'e work it is pointed out that addi-
tional validation is necessary. Also, since the interest of the TASO committee
was primarily in television frequency allocation, most of their studies were
limited to the vhf and uhf bands. The range of frequencies in the EMETF Field
Facility is considerably greater.

For this reason an experiment was designed to extend and validate the
proposed method of computing terrain correction factors. A location was chosen
in the Gila Bend, Arizona, area so that a smooth path and a rough path could be
illuminated easily from the same transmitter. The locations of the two profile
lines selected for the experiment are shown in figure 5. The paths begin at the
point "A" and extend approximately 24 miles to the point "J" and include 9 test
points. A manual profile of the rough terrain path is shown on figure 6 and of
the smooth profile on figure 7. The test points on the rough and smooth paths are
equally spaced from the source location; that is, test point Cs on the smooth path
is exactly the same distance from the transmitter as test point CR on the rough
path. The rough-path test points were selected to give a sample of high eleva-
tions, G and H; low elevations, B, E, F, and I; and medium elevations, D and J.

The measurement technique is as shown in figure 8. Source transmitters
are located at the common point A. Two monitors, one on the rough path and one
on the smooth path, are used to make simultaneous measurements with the test ve-
hicles along the contour. A corner reflector is used to increase the effective
radiated power of the higher frequency transmitters. The corner reflector has
been designed so that a center pivot makes rapid rotation from smooth path to
rough path possible.

The technique minimizes the effect of local meteorological conditions
normally expected from day to day, week to week, and month to month. It also
makes possible a rapid calculation of the path loiss between the monitor posi-
tion and any test point. Initially an antenna height of 7 feet has been used
at both transmitter and receiver sites. Later the transmitter height may be
raised to 30 feet to study the effect of antenna height on the path loss.

The frequencies covered in the tests are approximately 2.5, 4.0, 16.1,
53.9, 220.8, and 512.3 megacycles per second.

The same data also will be used to isolate meteorological variations.
Therefore, a measurement program of approximately 12 months' duration is in
progress in order to get a complete picture for all seasons of the year. The
meteorological measurements are being made by members of the U. S. Weather Bureau
working in cooperation with the Meteorology Department, USAEPG.

Since the tests are not yet complete, a report on their results is not
possible at this time. Preliminary results have been sufficiently encouraging
that the decision has been made to include a LaGrone-type calculation in the pro-
gram.
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Figure 4. Examples of the Application of db Equation
to Terrain Types 3 and 4
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In addition to the above profile measurements, studies leading to de-
termination of an average terrain correction factor have been in progress. The
goal here is to obtain a correction factor for terrain which may be somewhat
less accurate than the profile factor, but which can be computed much more easily.
Studies of data previously reported in the literature indicate average path loss
to increase with frequency, and also to increase as the terrain becomes more rugged.
The computer programs are being written to take into account both the variation
with frequency and the variation with ruggedness. Ruggedness is measured in units
of 6h, where ah is the difference in height between the peaks and valleys of a
region. This is believed to give considerably more quantitative information to
the computation than the expedient occasionally suggested of assigning mean values
to something rather loosely defined as "mountainous terrain," "rolling hills," or
"flat" earth.

A correction for vegetation will be made in a manner similar to the
average terrain correction. Path loss is known to increase with frequency and
with increasing thickness of vegetation. These will be stored in the computer as
a matrix of values. The rows of this matrix will account for increasing thickness
of vegetation and its columns will account for increasing frequency.

An additional advantage of this type of programing is its flexibility.
As better data become available on average terrain or vegetation conditions, it
will be a simple matter to improve the calculation without changing the program.

VII. RECEIVER RESPONSE TO ENVIRONMENT

The process involved in determining the strength of signals received
at the receiver under test is quite simple in concept. It consists essentially
of transferring each transmitter signature across the intervening distance to
the receiver, taking into account the appropriate propagation loss.

The net result of such a computation is a large amount of knowledge
describing power spectra, but no information on phase relationships among the
received signals. It may safely be assumed, however, that these rf voltages
have random phase. There are two reasons for this:

a. The on-off cycling of transmissions by the various radiators at
the rf level can occur only in a random fashion.

b. Changes in phase due to the propagation path may be considered
to be random because of the geographical dispersion of the transmitters.

It is practical to compute the resulting power spectrum at the re-
ceiver input terminals, particularly after insignificant emissions have been
culled out early in the computational process. Receiver selectivity ib the main
factor in reducing the number of signals to be considered. Many of the signals
will be rejected by the selective circuits of the receiver. Of those which di
pass, a certain discrete number may be expected to have a significantly greater
strength than any of the others. The remainder which pass will have a random
amplitude as well as phase. Reasons for this are:

a. There exists a wide variation in output power among the various
transmitters in any deployment.
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b. The transmitters are located at different distances from the re-
ceiver; hence, the signals experience different transmission losses.

Calculations necessary to consider these signals individually would be
prohibitively long and time consuming. Furthermore, no information is presently
available on their collective contribution to interference in the receiver.
Existing information as recorded in technical literature is restricted to the
mathematical analysis of the response of receivers to a desired signal plus one
or possibly two interfering signals. Random noise may or may not be present.
Such simple situations are susceptible to mathematical description, but are not
descriptive of a tactical situation in which many interfering signals may be
present. Preliminary studies indicate that any straightforward, brute-force
attempt to extend previous mathematical works to include many interfering signals
will lead to prohibitive mathematical complexities.

At the other extreme, the performance of receivers responding to ran-
dom noise has been analyzed in countless different ways. Between these two ex-
tremes exists a great void which includes the practical case of many interfering
signals.

In the past acceptance ratios have been used as a method of evaluating
the interference situation. An acceptance ratio for a communication receiver is
defined as the ratio, in decibels, of a desired signal to an interfering signal
which will define the tolerable limit of satisfactory information reception. Thus,
a step function is postulated, wherein a receiver experiences zero interference
if the ratio of desired-to-interfering signal is greater than the acceptance ratio,
but is considered completely jammed if the signal-to-interference ratio declines
below this value.

Acceptance ratios, in general, are highly subjective and must be
closely related to a particular receiver. They are restricted to one-at-a-time
consideration of interfering transmitters, and are not considered completely satis-
factory, even by those who developed them. To date, however, very little else
has been developed to describe interference to communication receivers. Other
methods for handling this problem were therefore sought.

The information required to perform a receiver calculation is avail-
able from several sources. The first source of information is the measurements
being made according to the Military Collection Plan for Equipment Spectrum Sig-
natures. This plan will provide information on the following receiver character-
istics:

a. Sensitivity

b. Spurious response

c. Intermodulation

d. Dynamic range

e. Adjacent-channel interference

f. Selectivity
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Information on inherent noise of the receiver will also be available.

Based on the above types of information, the receiver function for the
EMETF interference prediction model has been developed as follows:

a. The frequency and amplitude of all signals which may be present in
the if. amplifier of the receiver are determined from application of the above
characteristics to signals presented at the receiver input terminals. As dis-
cussed above, the selection and elimination process takes place at several points
in the computation as various attenuation and selectivity factors are applied to
the signals radiated in the area. As a result of this process the thousands of
frequencies actually radiated are reduced to something on the order of a hundred
or less in the if. amplifier.

b. Of these hundred signals, a relatively small number, say 5 to 10,
may be expected to have amplitudes significantly greater than their neighbors.
These few are called "discrete interfering signals."

c. The power content of the remainder, be it 100 or 1,000 is summed.
This procedure is valid since there is, in general, no coherence between the sig-
nals. Also studies, both experimental and theoretical, by Bell Aerosystems Com-
pany in Tucson, have indicated that signals of random phase and amplitude, in num-
bers greater than about 10, approach a normal distribution for all practical pur-
poses. Figure 9 illustrates the resulting probability distribution function of
10 such signals.

d. To the power content of the random interferers is added other ran-
dom noise present in the if. amplifier. This includes thermal agitation noise
in the input circuits, shuL aoise, cosmic disturbances in the atmosphere, and so
forth. The sum total of the result is an expression for total noise power, nor-
mally distributed. To this remains to be added the desired signal and the dis-
crete interfering signals.

It will be recalled that the frequency spectrum of a normal distribution
consists of lines of uniform height at all frequencies in the band. Accordingly
the normally distributed function is translated into such a spectrum, with the
height of the lines adjusted to represent the total power contained in the func-
tion. To this is added the power at each of the frequencies of the discrete in-
terfering signals plus the desired signal. (See figure 10.) This composite
signal is then operated on by the computer detection program which:

a. Converts the power spectrum into voltages, assigning random phases
to the voltages in the process.

b. Sums the voltages in a linear fashion, then simulates the detection
process on the resultant wave. As required, the simulated detection process may
be that of an fm. detector or that performed by either a linear or square-law amn.
detector.

c. Performs a Fourier analysis on the resultant audio (or video) power

spectrum, which is then ready for scoring.

The above is discussed in greater detail in a companion paper. 5
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VIII. SCORING METHODS

Scoring in the EMETF model is accomplished by a computation which ac-
tually simulates the interference detection equipment (IDE) installed in the
field. Since an audio noise plus signal-power spectrum is available from the
previous computation, it is relatively simple to divide the audio spectrum into
the prescribed 14 bands. These bands are of unequal width in frequency, but
each contributes equally to the intelligibility according to the French and
Steinberg theory. Signal-to-noise ratios in each of the bands can be computed
and the articulation index determined, just as in the field equipment. In ad-
dition, it will also be possible to obtain a signal-to-noise ratio of the com-
plete audio spectrum. This number will be useful for comparisons with other
field tests where IDE equipment may not be used.
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APPENDIX

PROPAGATION OF RADIO WAVES OVER A FINITELY
CONDUCTING SMOOTH SPHERICAL EARTH

1. Distance Formulas--General. Different methods of computation
are expedient for the three regions considered in the present report. The
three regions are:

a. The optical-interference region.

b. The diffraction region.

c. The transition region, located between the interference and
diffraction regions.

2. Cross Reference. In order to facilitate cross reference between
this paper and the repoits of the National Bureau of Standards, Central Radio
Propagation Laboratory, the following relation must be observed:

0 - 7T- c (1)

where 0 is the angle used in these reports (and by Burrows and Attwood2) and c
is the angle used and tabulated in the NBS publications.

3. Assumptions:

Uniform Gradient. The usual assumption is made that the index of
refraction of the atmosphere has a uniform negative gradient with increasing
altitude. The effect of this on radio propagation may be taken into account by
considering the atmosphere to be homogeneous over an earth whose radius has
been increased from a to ka. The factor k is a function of the earth's radius
and the refractive gradient (dn/dh) and is given by

k -1(2)
1 + a(dn/dh)

For standard atmosphere, the gradient is given approximately by

(d/!dh) - -(1/4a) (3)

so that, for standard atmosphere

k - 4/3 (4)

To this approximation, the radius of the equivalent earth equals 8.49 X 106 meters
(5,280 miles). Exact values of refractive gradient may be substituted in equation
(2) if local conditions are to be taken more carefully into account. Methods of
making these computations may be found in the references. The National Bureau
of Standards, in particular, has done much work in this area.

Smooth Earth. In all calculations it is assumed that the earth
is smooth. Terrain effects will be handled by means of a separate factor.
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F
4. Distance Formulas--Computations. Quantitative measures of the dis-

tances from transmitter and receiver to the optical horizon may be made from
consideration of figure A-i. From the figure it may be seen that

ka/(ka + hl) = cos (dT/ka) (5)

For distances, dT, of 3,500 miles or less the first two terms of the series ex-
pansion for the cosine may be used within an accuracy of one per cent; thus

coJ (dT/ka) = 1 - (l/2)(dT/ka) 2  (6)

Expanding to the left side of equation (5) by the binomial theorem and equating
to the right side of equation (6)

1 - (hi/ka) - 1 - (1/2)(d/ka) (7)

from which

dT a (2 ka hl) 1 / 2  (8)

By a similar procedure

dR - (2 ka h 2 ) 1 / 2  (9)

so that

dL a dT + dR 2ka('Fh1 + h 2 (10)

Thus the criteria which determine whether a receiver at a distance d from a
transmitter is in its interference or diffraction region are:

(a) Optical-Interference Region:

d 2_k a ( Vi7 + h'2) (11)

(b) Diffraction Region:

Actually, the optical formulas become inaccurate as the horizon is
approached. The diffraction formulas, in the simplified form presented in this
report, have the same failing. After study of the van der Pol-Bremmer equations
upon which the diffraction formulas are based, it was found that most of the
error in the diffraction equations occurred in the antenna height term. A height
correction term has been fitted to experimental and calculated results and is
presented in equation (88). Optical formulas are used up to the quadrature point
(72) and the modified diffraction formulas beyond.

5. Geometric Distance Formulas. The key to all geometric distance
formulas is determination of tan Y, shown in figure A-2. It should be noted
that antenna heights and angles are greatly exaggerated in the figure.

It is readily seen that

@I - d 1 /ka (13)
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02 a d 2 /ka (14)

9 - d/ka = (d 1 + d 2)/ka (15)

hj - (hI - Il1 ) cos 0I (16)

tanyU .- hl

(ka + Lhl) sin 91 + (h1  h hl) sin 81

. (h 1 - Ah1 ) cos 90 (17)
(ka + hI sin 81

If dl 1,250 miles, an error of less than one per cent is introduced

by letting

sin 91 = 9l (18)

Cos 91 = 1 (19)

Under these conditions

tan U (hil -&Whl/d1
I + hl/ka (20)

Now h is of the order, at most, of a few miles while ka is approxi-
mately 5,280 miles. Little is lost, therefore, in writing

tanY - (hI -Ahl)/dI (21)

From equations (15), (16), and (21) a more useful form for tan Ymay be ob-
tained:

tan Y - (hj + h;)/d (22)

It is necessary to evaluate Ah 1 and Ah in order to make use of the equations.
By referring to figure A-2 it may be seeg that an antenna of height 6lh 1 would
be located a distance d 1 from its optical horizon. Thus, from equation (8)

2
Ahl1 - d/2ka (23)

so that
1 2

hI - h - (dI/2ka (24)

h 2 - (d2 /2ka) (25)

Making use of equatious (24) and (25), equation (22) may now be written in the
form

Y _hl h 2 +d2
tan l 2 + 2  (26)

d 2kad
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2 2Consider the quantity (di + d )/2kad. Following Burrows and Attwood1

(p. 387) let 2

dl - (d/2)(l + b) (27)

and

d - (d/2)(1 - b) (28)

so that the sum of dI and d2 is still d. Squaring equations (27) and (28) and
adding

2 2 22

d + d2 = (d 2/2)(1 + b ) (29)

The general expression for tan in terms of b is then

tanli' h h+h 2  d(l + b) (30)
d 4ka

The fact that the sum of d1 and d2 is always d establishes a condi-

tion on b; namely

o0.lIbzl1 (31)

The greatest correction would result as

I b I- (32)

so that the expression for tan with maximum correction subtracted is

tan - hl + h2 d (33)

d 2ka

If it is desired that the d/2ka term have an effect on the result
which is less than p per cent, a criterion which will always assure this is
given by

hl + h2 -- .] Flio (34)

d L>[1ak LLPJ

If the criterjon is met, Ah may be neglected in all equations to fol-
low. This means that hl may be interpreted as hl, and h 2 as h 2.

If the criterion is not met, dl must be computed. It was previously
written that

dl - (d/2)(1 + b) (27)

and

d2 - (d/2)(1 - b) (28)

Let

hl - (hI + h 2 )(1 + c)/2 (35)
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and

h2 = (hI + h 2)(i - c)/2 (36)

where b is to be computed. Its physical significance is indicated by
b = (d 1 - d2 )/(d 1 + d 2) (37)

and

C hi - h 2
h, + h (38)

L 2

It is assumed that h ý..h and dI • d2 so that b and c will always be positive.
This is always possible because of the principle of reciprocity. It previously
has been shown in equation (21) that

! I

h =/d1 = h 2 /d 2  (39)

or

(hl/dl) - (d!/2ka) - (h 2 /d 2 ) - (d 2 /2ka) 
(40)

Substituting for and d2 from equations (27) and (28)

h + h [i + cl d(l + b) h, + h2 1 - c d(l - b)
1 2 ~j .___ 1 2 (41)_

d Ll-+bJ 4ka d LT-bJ 4ka

which simplifies to

[hl + h,] 2(c b) bdI d 1- a2 Ta (42)

Solving for c

c b -f bm(l b 2) (43)

whiere

S- d 2 /4 ka(h1 + h 2 ) (44)

Solution of equation (43) for b then permits d1 and d2 to be obtained from
equations (27) and (28).

I I

With dI and d2 known it is then possible to compute h1 and h2 from
equations (24) and (25).

6. Path Differenje. All quantities will be written in terms of the
equivalent heights h, and h2 with the understanding that hI and h2 may be
written instead if the tan •Vcriterion is met.

ro Ld2 + (hI h 2)
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SdF1 + (l/2)(hb - h2)2/d 2  /(l8)(h, h2 ) 4 /d4 + . ] (45)
L_

rI + r2 [d2 + (hI + h 2)2

- d1 + (l/2)(hI + h )/d (/8)(h, + h2) /d +

r '2 '' 2 '2)/4
rI + r2  o - d L2h;h 2 /d - hlh2 (hI +h 2 )/d + .

- (2h 1 h2/d) [" - (h, 2 + h2)/2d (47)

7. Path Ratio. The path ratio is easily shown fr-m the above to be

2 ' ' '2 1h2)/4
r 0 /(r 1 + r 2 ) - 1 - 2hlh2 /d + hlh2 (h + /d . . . (48)

8. Calculations Involving Electrical Quantities. In the following
paragraphs, equations are presented which will be used in calculation of path
loss over a smooth spherical earth. Many of the equations are presented with-
out derivation, since these are readily available in the references. Refer-
ences 2 and 3 are particularly recommended for these derivations. Equations
developed independently of the references have been presented in full. In
addition, the development of some equations contained in the references is
presented here so that evaluation may be made of the effect of terms neglected
in the original derivation.

a. Basic free space equation (between omnidirectional radiators)

Pr f (49)

It is required only that A and d be in the same units.

b. Spherical earth effect in the optical interference region

Multiply free-space equation by the factor A2

A2 - (1 - K) 2 + 4K sin2 (-A /2) (50)

where

K - (F2/1l) pD (51)

and

jr. -S+ -TT (52)
2

Fl is the fraction of the maximum antenna power gain in the direction of the
direct ray.

2
F2 is the fraction of the maximum antenna power gain in the direction of the re-

flected ray.

eand 0 are the modulus and angle of the reflection coefficient; that is
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R - eexp (JO) (53)

D is the divergence factor introduced to account for the decreased gain pro-
duced by the spreading of a wave reflected from a spherical surface.

is the phase retardation caused by the fact that the path length rl + r 2 • r0 .

c. Calculation of reflection coefficient (see Equation 92, ff.)

For vertical polarization:

£c sin •- •c - c°.2•'
R v- e exp ( j) - sin iF'_________ (54)

ic sin V + fcc - cos'(5

For horizontal polarization:

Rh - Ph exp (joi) in (55)
sin V + /Ec - cosY

In both cases

cc= .r + j6o\d (56)

(r is the dielectric constant of the earth (dimensionless).

Sis the wave length (meters).

(T is the ground conductivity (mho/meter).

is shown in figure A-2.

d. Calculation of phase retardation angle,

S-T (rI + r 2 - ro) (57)

e. Calculation of divergence factor, D

From Kerr 3 (equation 365, p. 99) the exact expression for the divergence factor,
D, is

D 1 4 dld2  
1 1"/2D- +• 2 -• -i-gný (58)

but

sin 2 2 sin P cos• (59)

2 hld1

h,2 + d12
1
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whence 4 dld- hl2,+ d"1/2

D 1 + . .2  h (60)
ka d 2h1/l2

2d hl' 2d di -1
2 1+2+ d• + ka dh•

Now d2 is always less than d and h1 will always be much less than ka; hence, the
second term in the above expression may be neglected. Thus the expression be-
comes

12 -/2 r 21-1/2

D = 1+ 221 or D.Il +2dd (61)
L a hJL ka dhjL

Recalling that

(hl/dl) (h 2 /d 2) - tanq'

equation (61) ma.y be put in a form such that the relative heights of h1 and h2
are immaterial. Thus the formula for computation is

D + 2dld2 9a1-1/2 (62)
ka d tan

Care must be taken in the evaluation of formulas for D, since in general neither
term in equation (62) may be neglected with respect to the other.

f. Calculation of distance to first quadrature, d . In order to
determine the regions of validity for path losses computed from •he optical-
interference equations and those computed from the diffraction equations, it is
necessary to know the distance from the transmitter to the most remote quadra-
ture point in the interference region. Such determinations are usually made by
assuming that K in equation (50) is equal to unity so that the first quadrature
occurs when

A - TT/2 (63)

It may readily be seen from equations (52) and (57) that A is smallest when d
is largest, so that the first quadrature is the one most remote from the
transmitter.

tn e A (21rT/A)(r
1 + r 2 - ro) =f-/2 

(64)

The path difference (r 1 + r 2 - ro) is approximated as

r1 + r 2 - ro = 2hlh 2 /d (65)

The problem is to determine the distance, d, from the equa-
tions without knowledge of d1 and d 2. Burrows and Attwood give an approxima-
tion for the path difference (their equation 82) which requires that h•>h1.
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This is

rI + r2 - ro - 1h 2  dhi (66)
d ka

An approximation which gives very satisfactory results re-
gardless of the relative heights of hi and h2 is achieved by replacing the sub-
tractive term in equation (66) by

hlh2 Rd 
(67)

(hI + h2 )2 ka

Making use of this approximation, equation (64) may be written in the form

2hih _ hlh2  . _ _ . - (68)

d (hl + h 2 ) (hl + h 2) ka 4

Sd2 + A d -2hh 0 (69)

ka (h1 + h2 )2 q 4 q 1 h2

Let

0 (h 1 + h 2 )2 ka (70)
2 h

1 I V h2
2hlh2 •h1 + h•(0

Then

2d + (A/4)dq - 2hlh2 = 0 (71)

and

dq . C7 2 + hj (72)

g. Spherical earth effect in the diffraction region. The correc-
tion for the presence of the earth in the diffraction region involves the cal-
culation of a single mode of the van der Pol-Bremmer expression for propagation
over a finite, spherical earth. Ihe correction requires multiplication of the
free space equation by a factor A where

A = 2AI Fs HT HR (73)

The fundamental equations are established so that, if the earth were plane and
perfectly conducting, the value of A would be 2. Imperfect conductivity of the
earth requires introduction of the factor AP. The spherical shape of the earth
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causes introduction of the screening, or shadow factor Fs which also is less
than one. HT and HR are the height factors, respectively, of the transmitter
and receiver. The gasic equations are written in terms of antennas located
at ground level. The factors HT and HR, in general greater than unity, are
introduced to account for a rise in field strength in the diffraction region
as antenna height is raised.

(1) Plane earth factor, A1

To an approximation sufficient for present purposes, the
plane earth factor is given by

A1 = l/p' d (74)

where, for vertical polarization

2T E r - 1)2 + (60cA)j 1/2

-- 2 A 2  (75)
P A. + (606-A)

and for horizontal polarization

ph - (2/IA) [(Er - 1)2 + (606A)1/ (76)

It will be noted that

Pv . N + (60oA) (77)

The above expressions are satisfactory except for the
case of vertical polarization over sea water at distances less than 5 0/p' and
wave lengths greater than one meter (f - 300 Mc). This special case will not
be considered at present, but will be added to the program at a later date.

(2) Shadow factor, F.

Well within the diffraction region the shadow effect pro-
duces an exponential drop in field strength. Except for the case noted above
in connection with the factor AI, the shadow factor is

F= [2.507(sd) 3 / 2 exp (-1.607 sd)] + 0.8 exp [-(sd)3/2

(78)
where

5 - (21T/A) /3/(ka) 2 / 3  (79)

Equation (78) is quite accurate provided

ad • 1.5 (80)

It introduces very little error, even up to values given by

ad - 0.2 (81)
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(3) Height-gain factors, HT and HR

In computing the height-gain factors it is convenient
to distinguish between low and high antennas. Low antennas are those lower
than a critical height, h , and high antennas are those higher than hc. The
critical height is determined from

hc - 30X213  (82)

For low antennas the gain is a function of Q and 1h, where

Q - (r/60w"A (83)

and

J- [2rfp 'A /2 (84)

The magnitude of H for a low antenna is given by

HL.r 21h 11/2
S + L 2 + +Q12 2 h2] (85)

For a height larger than 4/2, the above simplifies to

HL - h (86)

Thus the radio gain when both antennas are low would be expressed as

A = 2A1Fs (HL)T (HL)R (87)

If the antennas are higher than hc, the height-gain function increases exponen-
tially. The increase in gain over )h is represented by g, where

0.377 exp (2.275 r-rmh) (88)

(='h) 1/4(2.77m'h + 0.86)

The above expression for g was obtained by fitting curves to obLain values
which agree with calculation and experiment. In the expression

m' - (4fl 2 /A2ka) 1/ 3  (89)

Thus the height-gain factor for a very high receiving antenna would be

(%)R - gih (90)

h. Reflection coefficient (vertical polarization). The reflection
ccetficient for vertical polarization is given exactly by

Cc ,in•- JE c.
(exp ( cc si 10) - F"+ ýc - c (54)

Ec sin P +6c - cosH'
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where

(c . (r + J600-A (56)

Consider

cc Cos r" cos 2 •1 + j6CosA (91)

and let

c Er C os 2 */ (92)

Q' (r " cos 2 k )/606A = E'/606A (93)

Q /• 06oo'A (83)
r

and

Ssin PV (94)

Then

Sint -* r Il + J(1/Ql) (95)

and

c - C s 2 1 /2 -+ J C dQi)1 /

exp (JO) = 4/~1(r + J(1/Q)] - 1 J +(1/QJ.
1) (9)

VErE' + J(1/Q)l l+ /

The above may be put into the form

ýej . (a- b) - j(c- d) (98)
(a + b) + J(c + d)

where

a = luEr (99)

b - • ' ' E, + oQ -L / 2 - i-÷+ I, , + QI //

(100)

c= r(Q,/2Q VI+ (1/Q,)- 1/2 (101)

d - 4/(r/Q (102)
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Therefore

a2 4 b2 +c'2 +d 2 
- 2(ab +cd)1/2 (103)

a [ b2 + b c 2 + d2 +2(ab + cd)j

thus

e1/221~ ~e 4Ij(Q, /Q)([i +i*I + 1]11/2 + (1/Q) +;--7 - ]112
2 [ u l+ +Q/Q P (lfQI)

- ~'jf('/) rj 2 1/2 + ~ 1 ~ 112
+I [ 1 + ( 1/Q)1  + G + + +1/d)

since

b2 + c2 . Er(Q'/Q) m 1 + (Q'/Q) 2  (105)

a 2 + d2 . jv'E [1 + (/Q) 2J (106)

and

(Cr/Q) - (/Q') (107)

To obtain the phase angle, write

etj,".(a2 - b 2) - 2 d) 2(ac- bd2 - c2 - ~d - (108)

( a + b)2 + (c + d)2 (a + b)2 + (c!+ d)

tan ( 2(ac - bd) (109)
(a2 + d2) - (b2 + c2)

ta ()- " fri;(Q -,Q) ([F-+- (1/Q') 2
-Y _ 1]1/2 - ( I/Q) + 1] +1/2Q))

tan (0) JV,2C F 2]1 Q/)C,+ -,Q)) '2 rL 1 + (1/Q)2 - (/Q)Q) 1 + (1/Q') 2  (110)

Both the expression for P and that for tan (0) are exact.

i. Brewster angle (vertical polarization). The pseudo-Brewster
angle occurs when

e" 0 (111)

and

tan 0 -o (112)
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Applying these conditions to the expressions for eand tan 0

2(ab + cd) - a2 + b2 + C2 + d 2  (113)

and
a2 +d 2 inb2 +c 2  (114)

whence

2(ab + cd) = 2(a2 + d ) (115)

Now a 
/ab ~ r = " ' !2Q ([ll + (1/Q') + 1]/) (116)

cd- c g'EQ /2Q( [1l + (1/Q) 2 
- 1112 (117)

a 2 + d2. &ZE2 [1 + (l/Q) 2] (118)

lCr' /~ 7(/ +21/ + 1]l/ 2 + [,+ ( -,/QI2  ]l/2)

-•"r [1 + (1/Q>] (119)

sin P'b 1/(il+ +1Q) 1] 17/2 + Li + -(,,/i,)7 - 1/2)

51 [1 + (l/092  (120)

where Pb is the ps ,tdo-Brewster angle.

Horizontal polarization

Pe io - cos24f' _ sinj, 55

v cos2%' + sinp~(5
eeJJ i0[1 + j(/Q /2 - (122)

SC1 + j(1/Q')] 1/2 + f, 122

S Q, Q,,2 + + Q1/2 + j [IQ' 2 + 1 .-1 l/ + 1

+ ]1/2 2 ' IQ)r - /r2' + (1/j7)2 + 1 1 / 2 + + j V1 + ('/Q) 2
- 111/2
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which is of the form

rejo , (x- y) + Jw (123)

(Z +- y) + JV

which may be written

eeJO ,, (z y2 + W2) + j2wy#

j0(1_..y+v2 )J2 ~(124)(x + Y)z + w (24

2wy
tas (+ 0) .y + (125)

2V ,[ -1--(- 1/2

,, + (1/Q-)2  +(1] -[

tan (V , + (/Q,- fez (126)

x2 + y2 + - 2xy
x2 + Y2 + V2 + 2xy (127)

e12 11 + + /Q,)2 + +2 - 0, e [F [I+ (i/QI)z + 11 1/2

71 Pr1 + 1 Q + f 1Z + J-2 f'[ + (I ')+ 1,I

(128)
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A FACILITY FOR THE INVESTIGATION OF RADIO-INTERFERENCE PROBLEMS

L. F. Babcock
Bell Aerosystems Company

Division of Bell Aerospace Corporation
Tucson, Arizona

Abstract.--The ever-increasing problem of electromagnetic interference and the
consequent deterioration of communication channels has led to the design and
development of a field facility in southern Arizona to determine methods of al-
leviating the problem. Bell Aerosystems Company has been given the responsi-
bility by the United States Army Electronic Proving Ground to create a facility
for the investigation of the electromagnetic interference problems which an
army corps would encounter during combat.

At the present time, approximately 12,000 electromagnetic radiating
devices, all located within a geographical area of 40 by 60 miles, are used by
an army corps. To represent the electromagnetic environment created by these
devices, military equipment is being used to provide a realistic representation
of actual conditions.

Representative quantities of equipment, placed in such a manner as
to produce an accurate representation of full-scale deployments, are positioned
around a test site to permit a few equipments to represent many. Various items
of electronic equipment will be placed into this environment and the amount of
degradation in performance created by or affecting these equipments will be
measured.

Automatic environment control, interference measurement, and data re-
cording will permit the accomplishment of up to 1,000 tests per day. An IBM
709 computer will be used to program the environment and to analyze the inter-
ference data.

The facility in concept is sufficiently versatile to generate almost
any conceivable configuration of electromagnetic environment and can be ex-
panded or modernized as may be required for future utilization.

I. INTRODUCTION

As long ago as World War II, the United States Army recognized the
existence of an interference problem caused by the use of a large amount of
communication and electronic equipment in a relatively confined area. Exercise
Feeler was conducted prior Lo the invasion of Normandy in June, 1944, to obtain
a measure of the severity of the problem and to determine corrective action
which would minimize its effects. In spite of the improvements thus accom-
plished, considerable difficulties were experienced during the actual invasion.
Since that date, the amount of electronic equipment in use by the Army has in-
creased by a factor of about 4 or 5. There are now about 12,000 transmitters
assigned within an army corps which normally occupies an area about 40 miles
wide and 60 miles long. Furthermore, there is every reason to expect that the
number of transmitters in use will continue to increase in the future.

Consequently, in 1955 the Army initiated a special study known as
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Project Monmouth to ascertain the extent of the interference problem which would
exist in the future. This study concluded that considerable interference could

be anticipated and recommended that theoretical and experimental investigations
be initiated to determine more precisely the parameters causing interference in

radio equipment. It was further recommended that an electronic test sector

simulating the combat environment be created. As a result of this effort, the

Army established a technical requirement for the Electromagnetic Environmental
Test Facility (EMETF). Subsequently a contract was awarded to Pan American
World Airways with the Bell Aerosystems Company being a major subcontractor
with the responsibility of establishing the interference test facility.

II. ELECTROMAGNETIC ENVIRONMENTAL TEST FACILITY

The present contract covers a period of two years, ending in March of
1962. During this period the contractor will complete a facility capable of
testing all communication equipment currently assigned to a division in the elec-
tromagnetic environment created by the communication equipment assigned to a
corps.

It was determined that only by use of a field facility in conjunction
with a RFI Prediction Model could the Army obtain the data that are required to
establish the causes of interference. Such a facility would be designed to re-
create the electromagnetic environment which would actually be expected to occur
under combat conditions. It would then be possible to place various items of
electronic equipment into this environment and to observe whether any degrada-
tion in performance occurred. A realistic field facility is required since it
assures valid results. Meteorological and terrain effects, for example, cannot
be duplicated in the laboratory. This is to be a proving-ground type of facility
for final evaluation of equipment suitability. The required size of the facility
is determined by the range of the equipment involved, and by the size of the
area over which a realistic electromagnetic environment is required. Figure I
shows the size of the facility which is being built during the present two-year
contract. It is the size of an army corps area, extends approximately 6' miles
east from Gila Bend, and is approximately 40 miles wide. This site was chosen
for the facility because it is sparsely populated and is subjected to compara-
tively little electromagnetic radiation. It is also near Fort huachuca from
which the Army directs the program. The inner rectangle marked by a double X
indicates the land occupied by the center division. All tests for interference
are being conducted within this area. The remainder of the facility is used

only to generate the necessary electromagnetic environment.

Obviously the most realistic method for establishing such an environ-
ment would be actually to disperse troops into the field and to have all elec-
tronic equipment operated in the normal manner. Such a scheme, however, is im-
practicable since an army corps contains approximately 12,000 radiating devices;
even if only radio operators were deployed in the field, the cost of the program
on a long-term basis would be prohibitive. Furthermore, many human errors would
be encountered in such an approach and automatic operation is thus much more
desirable.

A realistic environment requires the use of actual military equipment
to create the environment. Simulators used for this purpose would not generate
all transmitter harmonics, spurious radiations, and other out-of-band signals
in addition to the normal signals. Out-of-band signals which a transmitter radi-
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ates are expected to be one of the major sources of interference. There are

a number of advantages obtained by the use of actual Army hardware. First is

the assurance that the electromagnetic environment thus created is realistic.

Second is the ability to modify the equipment in accordance with modification
work orders which the Army releases from time to time to improve the perform-
ance of existing equipment. Thus it is possible to keep the environment up to
date. Third is the fact that the Army equipment is in production and available.
Consequently, the facility can be built in a shorter period of time and at less
expense than if it were first necessary to design and then fabricate some sort
of electronic device to be used instead of Army equipment.

III. EQUIPMENT REDUCTION PRINCIPLES

There are several factors which were used to justify the reduction
in the number of transmitters required to create a complete and realistic en-
vironment.

The first factor is that most of the Army communication equipment is
operated in groups or nets with 5 or 10 units assigned a single frequency. Only
one transmitter in a net is ever operated at a time. Consequently, it is
generally possible to replace all sets in a net by a single transmitter and to
increase the duty cycle of this transmitter so that it represents the signal
from any radio set in the net. There are certain exceptions to this rule, such
as when a net contains more than one type of transmitter or when various trans-
mitters of the net are close to several test sites. Since there are about
1,800 nets within an army corps, this factor allows an equipment reduction of
aboat 6:1.

The second factor is to eliminate all transmitters which do not con-
tribute to the electromagnetic environment at the test sites because of their
low-power or directional type antennas. In considering the elimination of such
sets, it is first necessary to establish the points at which interference test-
ing will be accomplished. Since it is desired to test all types of communica-
tion equipment in an army division under any likely condition of environment,
it would first be thought that the facility must be capable of testing for inter-
ference at any point within the division area and that it would therefore be
necessary to create an accurate environment over the entire division area.
Further study indicates that this is not so, as shown in figure 2.

Each symbol or mark on the figure represents an active Army trans-
mitter. Only the area occupied by the zenter division is shown. The flank
divisions contain similar deployments of equipment. It can be noted from this
figure that there is little change in the type of equipment deployed along any
vertical line; for example, AN/PRC-6 and AN/PRC-IO "walkie talkies" are almost
always deployed near the front, and the equipment used by the artillery is
further to the rear.

Consequently, equipment deployed along any line parallel to the for-
ward edge of the battle area will contain few changes in types deployed, whereas
along a line extending from the front of the battle area towards the rear, the
types and the configuration of equipmenL deployed are continuously variable.
As a result of this situation, it has been established that similar types of
interference will be encountered along any line parallel to the forward edge of
the battle a-ea: therefore, it is necessary to test for interference only along
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a single line perpendicular to the forward edge of the battle area. Minor
changes of electromagnetic environment which would exist at other points can
be duplicated on this line by sl ýght changes in the location of certain trans-
mitters. Two sites have been established along this line at which to test
for interference. Each test site is located at a point of high equipment
density since maximulm interference is expected at such locations. Additional
test sites will be installed as required when the facility is expanded.

When the test site positions, which are permanent, have been es-
tablished, it is possible to determine which of the 12,000 radio sets opera-
ting in the corps area would never be able to radiate a significant signal
into either test site. Many low-powered radio sets can thus be eliminated
from the facility because their range from the test site is so great that
they do not contribute Lo the environment at that point. Certain higher-
powered equipments with directional antennas, such as the AN/TRC-24 radio
relay, can be eliminated from the facility for the same reason.

The third factor is that certain of the 12,000 radio sets within
the corps area are assigned to troops being held in reserve. Such equipment
is only rarely operated and, in fact, is usually ordered to maintain radio
silence. Therefore, most of this equipment was eliminated from the field
facility.

After all three of these factors have been applied to reduce the
number of transmitters which must be retained, it turns out that about 412
sets are actually required to generate a realistic electromagnetic environ-
ment within the two sites at which tests will be made for interference. This
is a much more workable number than 12,000 and begins to indicate that it is
practicable to use actual military equipment to generate the necessary signals.

The next item to be considered is the manner in which the 412 re-
quired radio sets will be positioned in the field. First the battleficld
situation which is to be duplicated within the test facility must be estab-
lished. This is accomplished by the preparation of a tactical scenario which
describes in detail for a given instant during a battle the positions of all
troops and equipmetit in the field. Next the three factors which were dis-
cussed earlier are applied to establish which items of equipment can be elimi-
nated. There are about 412 sets retained with each located at a different
position in the facility. They would then be assigned the frequency and rf
power level with which they would be expec::ed to operate in a tactical situa-
tion. They would also be provided with the proper type of antenna and modula-
tion signal.

Since a costly and cowiplex facility would be required to control,
modulate, and power this number of sets, it was established that they should
be grouped in some manner to sih.plify the problem. The only objection to
such a scheine is that when the location of a piece of equipment is changed, the
amplitude of the signal which it would radiate into the test sites might also
change.

Tc minimize- trhis effect, no item of equipment is moved by an amount
which would change thc level of the signal radiated into the test site by more
than a few db. This means that no set will be moved in range with respect to
the test sites by an amount greater than about 25 per cent. Application of
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this rule allows the equipment deployed over a large area to be grouped about
a single point in cases where the range to the test sites is great. At shorter
ranges, smaller groupings are required. In the immediate vicinity of the test
sites, equipment will be individually deployed in the location specified by the
tactical scenario. The entire field facility will contain a total of 26 groups
of equipment deployed as shown in figure 3.

IV. ENVIRONMENT GENERATOR SITES

An air-conditioned van (figure 4) will be installed at each of the
24 environment generator van sites. These vans will house the necessary con-
trol devices to allow all equipment within the group to be operated automati-
cally. Up to 40 transmitters can be controlled at each site. These sites
will: (1) provide modulation for all types of radio communication equipment;
(2) supply station identification for all transmitters within the group; (3) re-
cord any malfunctions which occur; (4) provide both primary and emergency com-
munication as required for the conduct of tests and for safety; (5) control
any transmitter in the group to either on or standby; and (6) provide personnel
comfort for the two persons assigned to operate and maintain the complex of
equipment in and around each van.

A separate, portable, gasoline-driven motor generator will supply the
electrical power required by each van. These vans are called environment
generator or EC vans since their primary purpose is to house the electrical
distribution systems and control equipment for the environment generators at
the EG sites.

A Spiral-4 cable will be run from the Forward Test Site to each EG
van. It will carry control signals from the master control station to each
site. It will also allow telephone communication with all other sites in the
facility. Wire was chosen for the control medium since it allows the facility
to be operated without the addition of any nontactical radio signals.

A typical van interior is shown in figure 5. Each van contains an
IBM Model 523 Gang Summary Punch which is used as a card reader to control all
transmitters, which are called environment generators or EG's, to on or standby.
Each column on the IBM card controls a single environment generator. Each card
controls all environment generators associated with a single van to a preplanned
condition of on or standby. Thus, a specific condition of environment is set
up. Each time that the card reader is advanced to the next card, a new condition
of environment is achieved. During actual field tests, a common tone signal
from the master control station is used to advance all card readers in all EG
vans to the subsequent card, simultaneously. In this manner, all transmitters
in all sites can be controlled to any predetermined configuration of on or stand-
by.

To assure that the proper card is being read by each card reader, a
special card check circuit was devised to read the serial number of the active
card in each van. The numbers from all vans are coded into a group of tones
and are sent over the wire lines to the Forward Test Site. Here the tones are
decoded and checked to assure that cards with the same serial number are being
read in each van. If a card in one van should jam or be out of sequence, it
would be detected immediately and the test stopped automatically before data
were collected.
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It is possible to set up a single condition of environment and to
test for interference in this environment at a maximum rate of about one
measurement each 30 seconds. The entire process is automatic.

When a large number of transmitters are grouped into a small area
about a van, it is necessary to assure that no interactions occur between the
various equipments and that the antenna patterns are not distorted by other an-
tennas in proximity. Consequently, a study has been performed to determine to
what extent transmitting antennas can be mounted on the EG van and what minimum
spacing is allowable between the various antennas. As a result, it has been de-
termined that all equipment can be located within a few-hundred-foot radius of
the van. The van contains three or four transmitters with their associated
antennas mounted on the roof. All other transmitters will be mounted on posts
external to the van. These sets will be controlled, modulated, and powered by
a cable which connects them to the van.

A unit called a control box has been designed and built by the Bell
Aerosystems Company to incorporate the necessary features of control and of
automatic performance monitoring in each military transmitter. By using a
separate unit, it is necessary to make only a slight modification to the trans-
mitter itself and this modification can readily be removed. One control box
is required for each transmitter deployed in the field. The control box ac-
cepts signals decoded from the IBM card reader and uses them to key its associated
transmitter on or off. Cables from the van connect to the control box as shown
in figure 6.

The control box also monitors the rf power output and modulation
levels of the transmitter and compares them with the allowable limits which
are preset into the box. If either the modulation or the power level is found
to be outside of the acceptable limit, the transmitter is automatically turned
off and an alarm sounded to notify the operator of the malfunction.

The malfunction information is also automatically recorded on the IBM
card by the gang sumary punch at each van. In this way a record is maintained
of the transmitters which were actually on during each test, as well as of
those which were programed to come on. It is not intended to stop the test be-
cause of the malfunction of one or more environment generators. Rather, it is
planned to analyze the results based on the environment which was actually
created for each test.

Each control box is installed in a secure wooden shelter adjacent to
the transmitter with which it operates. This shelter will: (1) provide pro-
tection from the weather, (2) prevent unauthorized persons from tampering with
the device, and (3) act as a shipping carton whenever it is necessary to move
the equipment to a new location. Each shelter is fastened to a pole which is
firmly embedded in the ground as shown in figure 6.

At the beginning of each day of test, each shelter door will be on-
locked and opened to allow free circulation of air for cooling. Next, each
transmitter will be set to the frequency desired for the first series of tests
and will be checked for proper performance. Many of these sets are designed
for use at either of two power levels or with any of several types of antennas.
The EG van operator will set up each transmitter to the desired configuration.
He will also provide the necessary ground plane to simulate either vehicular
or personnel mounting of the equipment. The entire facility will then be set
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[
up to represent a single instant of a battle. A series of preplanned automacic
tests will then be conducted to establish the severity of interference for this
configuration of equipment with various combinations of transmitters on and off.
The IBM 709 computer at the United States Army Electronic Proving Ground, Fort
Huachuca, Arizona, will be used to analyze data collected during these tests.
Results will indicate which transmitter or combination of transmitters contribu-
ted to the interference at each receiver under test. After these tests have
been completed, additional tests would probably be performed with all trans-
mitters deployed in the sawe locations but with different frequency assignments
or other variables inserted. Finally, the desirable tests for this instant of
the battle would have been completed.

Next, it would be necessary to redeploy the equipment to represent a
new battlefield situation and then to run additional tests. Generally, it will
be possible to do this by moving the individual environment generators to new
positions in the field or by adding and deleting certain types of equipment.
Occasionally it also will be necessary to move entire environment generator vans
to new locations. The facility has been designed with this in mind so that both
the vans and the environment generators can be moved, as required, with a mini-
mum amount of lost time.

It is not intended to test for interference in real time but rather
to do so in a series of static steps or snapshots. Such a scheme is much more
workable because it is thereby much more simple and less costly to record the
exact conditions under which the data were collected.

As an example, assume that tests are to be conducted to determine the
interference effects caused by a battalion of tanks advancing through an or-
ganization of infantry troops. These tests could be accomplished by taking all
of the electronic equipment assigned to the tanks and placing it at one of the
vans toward the rear of the corps area. After the desired interference tests
were completed, the equipment would be moved into other vans progressively
nearer to the front and additional tests made for each deployment. Ultimately,
complete information would thus be obtained to determine the interference effects
caused by the battalion of tanks at any point during its advance.

To maintain complete realism of the environment, it is necessary that
each piece of equipment radiate the same signals that it would in combat. This
requires that all communication sets be modulated in the usual manner. It was
also established that for maximum realism it would be preferable not to modulate
several radio sets from a common signal source. A multichannel tape-loop re-
corder (figure 7) was chosen as being the best solution to the problem. It al-
lows excellent versatility since the radio sets can be modulated by voice, noise,
tones, babble of voices, or any other signal which may be desired in the future.
For the present, all transmitters will be modulated in the normal manner. The
tape unit is capable of supplying a maximum of 50 modulation signals simul-
taneously. Some of these signals are obtained by staggering heads at different
points along the tape loop. Consequently, one track on the tape can be used to
generate several messages. Obviously all such messages generated from a single
track on the tape are identical but each is delayed several seconds with respect
to the other and can thus be considered as independent. The tape message con-
tains station identification information and each transmitter is thereby operated
in accordance with military and Federal Communications Conlission regulations.

Each EG van contains both a primary and an emergency communication
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system. The primary device is a field telephone connected by a wire to the
Forward Test Site. The secondary system, intended for emergency use only,
consists of a monitor receiver tuned to the emergency channel frequency and
of a separate military transceiver which can be operated in the conventional
manner. This transceiver is also used as an environment generator and cannot
therefore be used as a monitor receiver. It is for this reason that a sepa-
rate monitor receiver is installed in each EG van.

After the initial setup, the operation of each environment genera-
tor van is completely automatic. Two men are assigned to each of the 24 EG
vans. Stated differently, less than 100 men are required to operate a facility
which simulates the simultaneous operation of up to 12,000 transmitting de-
vices. Furthermore, this is done by automatic methods so that there is much
less chance of human errors affecting the test results.

V. TEST SITES

Two test sites are provided in the division area. (See figures 8
and 9.) All tests for interference will be made in one of these areas. It
is, therefore, at these two sites that it is intended to maintain an accurate
electromagnetic environment. In the future it is planned to add two additional
test sites in the corps area to test for interference in equipment normally
assigned at the corps level.

The entire environment will be controlled over wire lines from the
Forward Test Site. Special control circuitry has been devised so that it is
possible to turn off all transmitters in all vans by use of two switches lo-
cated at the Forward Test Site. This feature allows the entire facility to
be silenced if required for special tests or if there is ever any reason to
believe that it may be causing interference in any civil equipment located
near the test facility. Such a feature permits the guilt or innocence of the
facility to be determined rapidly.

Each test site also contains a group of environment generators or
transmitters located at distances of up to about 6,000 feet from the test
building. These units are operated in a manner identical to those at an EG
van except that it is necessary at the test site to deploy the sets at greater
range. This is true since at the test site these sets must be deployed in about
the same position as in combat to assure that the proper signal levels are
maintained at the test point.

Each test site contains at least one of every common type of communi-
cation receiver currently in use by the Army. To test for 4"terference a test
link is set up. This test link consists of a test transmitter which can be
positioned at any EG van or at either test site and is used to radiate the test
signal to the receiver under test. Thus, a test link is set up for evaluation.
Any environment generator can be used as a test transmitter by applying a spe-
cial test signal to it for modulation.

VI. INTERFERENCE ANALYSIS

Next, let us consider how to determine and record the amount of inter-
ference encountered by these test links. Since the prime consideration in the
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transmission of any message is intelligibility, it is this parameter which will
be measured.

The desirability of making such an intelligibility measurement was rec-
ognized several years ago by the United States Army Signal Research and Develop-
ment Laboratory and, as a result, several study and development programs were
initiated. One of these programs was the development by the General Electronic
Laboratories (GEL), under Signal Corps contract, of an instrument known as the
Speech Systems Test Set, or Licklider Machine. Its purpose is to measure the
loss of information through a speech communication system caused by interference,
noise, insufficient bandwidth, or any other characteristic which may serve to
degrade the intelligibility of the desired message. In essence, the Speech Sys-
tems Test Set is a standard listener, providing an objective and repeatable
analysis of the voice message, so difficult to obtain with a subjective human
listener.

The Speech Systems Test Set is a relatively sophisticated system and
provides somewhat more capability then is required for a field device. After
a discussion with engineers at General Electronic Laboratories, it was con-
cluded that a simplified version of this equipment would be suitable for our
purpose and would provide rapid and accurate assessment of speech communication
systems in the field. This assessment is made at the output of each receiver
under test by utilizing a standard test message of such duration that the inter-
ference effects of any given environment can be completely determined within a
30-second interval. In this way the interference effects of roughly 1,000 dif-
ferent conditions of environment can be determined in an 8-hour day.

Ten of these devices are being built for the facility.

For proper operation of this device, a special test message consisting
of a single tone is transmitted to the test receiver. At the output of the
test receiver, this tone is used by the interference analysis equipment to ad-
just the gain of the signal to a standard level.

Psychoacoustic theory states that the ability of a system to transmit
speech intelligence can be estimated by measuring the signal-to-noise power in
each of several equally contributing audiofrequency bands. In the system being
discussed, the normalized signal is divided into 14 audio bands in accordance
with French and Steinberg's theory. The db value of the signal-to-noise ratio
in each band is then summed to provide an analog voltage proportional to articu-
lation index. This index can be converted to word score by means of a standard
curve. To complete the process, the output signal is converted into digital
form suitable to be recorded by being punched on an IBM card.

For cw and radio-teletypewriter applications, where the information
is basically digital, the interference detection process is greatly simplified
and consists of the direct comparison of the received message with the standard
message. The output from the device in this case is the per cent of characters
correctly received. These data are also punched on an IBM card for permanent
storage. A single IBM card at each test site is used to record the interference
results for all test receivers at that site. One card is required for each 30-
second test.

It is possible to test up to 13 test links for interference at one
time since there are 13 independent interference detection systems being pro-

828 -



vided. This allows a large increase in the rate at which data can be collected.
Ten of these devices will be for the testing of voice-modulated systems, and
three for radio teletypewriter or cw equipment. The 13 units can be divided
between the Forward and Rear Test Sites in any desired combination. It is thus
possible to determine the effects of the environment on as many as 13 types of
military receivers during a single set of tests.

Both of the interference detection schemes described are versatile
in that they can operate with any communication system which uses the same
type of transmission. Consequently, their use is not limited to a few presently
existing types of receivers but rather they can be readily adjusted to function
with any new communication set which the Army may want to test. As a result,
it is a simple matter to test any new developmental communication device and
to determine its ability to operate under the electromagnetic conditions of
combat.

VII. PROGRAMING AND DATA ANALYSIS

Next let us consider the programing and data analysis aspects of the
facility. To review, you will recall that it was stated earlier that IBM
punched cards are used to control the environment, and that any configuration
of transmitters can be turned on for any test. The only requirement is that
the programing scheme must be preplanned and all cards punched in advance of
the test.

Therefore, it is possible to establish the traffic density under which'
each set would be operated during combat conditions, and from such information
to generate a series of typical configurations of activated transmitters. It
may be found desirable to use such a plan for certain tests, but presently it
is believed that interference data can be obtained much more rapidly by the use
of a systematic, rather than a realistic, program plan.

With the systematic approach, all environment generators could first
be turned 3ff and the intelligibility of each test link measured. For the next
test, all environment generators could be turned on and the reduction in intel-
ligibility noted for each test link. If no loss occurred, it would have been
established that no interference was encountered and that no transmitter or com-
bination of transmitters for that particular frequency assignment and deployment
would cause interference. The test would therefo.re be (ampleted.

If, on the other hand, interference were discovered during the initial
test, the next step would be to schedule the environment producing transmitters
in such a manner as to allow the transmitter or group of transmitters causing
trouble to be isolated.

To accomplish this the environment generators are turned on successively
in accordance with one or more of the following:

(1) Tables of balanced lattice squares. These have the characteris-
tics that all pairs are produced, but each pair appears in only
one test.

(2) Tables with redundancies to create all pairs and/or triples. These
have the characteristic that the unique pairs in the lattice
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square will appear in at least two tests.

(3) Schedules to test the effect of each transmitter separately.
Although this is not efficient in terms of test time, it will
nevertheless be used in some cases due to the straight-forward
nature of the data obtained by this means.

It is quite possible that a combination of transmitters may be re-
quired to create an interference condition; for example, where certain of
their harmonics beat together and form intermodulation products which are
within the passband of the test receiver. It is doubtful if multiples greater
than triples will be of any consequence. The lattice square and redundant
tables together with the data reduction logic should allow isolation of the
EG's causing the condition.

It is planned to use the IBM 709 computer available at the United
States Army Electronic Proving Ground, at Fort Huachuca, Arizona, both to
generate the Environmental Generators "On-Off" schedule used to program the
environment and also to analyze the data obtained during field tests. After
the combinations of equipment which cause interference have thus been isolated,
they can be brought into the laboratory, if desired, to be analyzed for the
purpose of determining why they caused interference, and, perhaps to recolmend
a solution to the problem.

The facility will be useful in studying and evaluating: (1) suggested
changes to the present method for assigning frequencies; (2) recommended modifi-
cations to present day hardware; (3) proposed change to the conditions under
which specific equipment can be best utilized; and (4) new equipments now under
development from the interference standpoint.

VIII. ELECTROMAGNETIC MONITORIN

There are two primary requirements in this facility for electromag-
netic monitoring. The first is to assure that no unauthorized signals are
radiated from the facility. The second is the need to collect information on
signals which are generated outside the facility and which cause interference
in our test links.

For these purposes, five frequency monitoring vans are being built.
Four of these vans will be stationed about the perimeter of the test facility
(figure 10). The fifth van will be available for use at any point within the
facility for detailed analysis of the rf spectrum or for special tests.

IX. INTERFERENCE PREDICTION MODEL

In parallel with the field test facility, Bell Aerosystems Company
is also developing an interference prediction model which consists of a series
of equations to describe the complex electromagnetic environment and its ef-
fect upon the device under test. In other words, if all of the factors caus-
ing interference such as transmitter characteristics, meteorological and terrain
conditions, and receiver characteristics can be expressed mathematically with
sufficient accuracy, it should then be possible to calculate the amount and
type of interference which would be expected.
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Figure 10. Periphery Frequency Monitoring Van
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Interference results taken frow the fieid facility are being used

to validate the prediction model. Later tut model will be used to modify the
field test results so Liat they ext esn what the situation would have been if
the tests had been made, . example, i:1 the tropics or Alaska, or under other
different conditions juch as chax',es in weather. Thus it is seen that the
mathematical and the field test apprco.ches are intended to complement each
other and that neither can accomplish the *ntire task without the other.

PLAN, FOR EYMANSION

It !s not intepd ti impl -that otl of the Army's interference prob-
lems ca- he solved wicitin the orescnt xacility. Mkny types of expansion are
-ossible and s, dies and tets being mad, at present will e-sist in determining
whic• ars aeeded inop -or exampIe, nonconnunication equipment such ad radars
might be added to t.:te enviro).ment.. Equipl nt from other branches of the mili-
tary usee in support of the Army .... ght ajso be added. This would include Air
Force and Navy devices. To go fveLher one might add units used by our allies
or even the enemy t- get a more .omplett re-creation of the tactical situ&tion.
&notber possi.ility ..s that of expanding to an army-size environment consisting
of three co"Pete corps plus the reaw- trmy area.

It may also be desirable to add the effects u-- the human operator
dur.ug :1'•ture tests. Te~bs with the present facility are aimed toward the in-
vestigation of equipment prOblems only. It is rec.Ezed that human effects also
con~tribute to the problem. It ma, be determined also that it would be desirable
to establish an airborne tes.. site for the investigation of drone and aircraft
interference problems in more detail.

It will further, of course, be necessary to modernize the range to
incorporate new items of equipment as they are made available. This will be a
continual process.

It Ls not inteided to infer that the present facility without the
previously mentioned features of expansion is of little value. On the contrary,
it will be capable of investigating and solving a vast number of interference
probleme.

The present program is eoseuti .ly on schedule. The facility has been
designed with the need for expansion in mind. It is therefore possible to modify
or expand it, as is later found t- be denirablc, with little duplication of time
or money.
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THE COMPb1ER APPROACH TO THE INTERFERENCE-PREDICTION MODEL
OF THE ELECTROMAGNETIC ENVIRONMENTAL TEST FACILITY

J. B. Scott
Bell Aerosystems Company

Division of Bell Aerospace Corporation
Tucson, Arizona

Abstract.--This paper describes the computer program as related to the inter-
ference-prediction model of the Electromagnetic Environmental Test Facility.
The required data, the flow of data through the computer, and the underlying
electrical and mathematical concepts of the mathematical model are discussed.

I. INTRODUCTION

An Army corps contains approximately 15,000 devices that radiate elec-
tromagnetic energy. These radiators are deployed in an area approximately 40
miles wide and 60 miles long. Investigation of the electromagnetic environment
produced by these radiators requires that each radiator be individually examined
for its effect upon the environment. Examination of 15,000 or more items by man-
ual techniques for even a simple yes-no answer would be a tremendous chore. An
interference-prediction model capable of considering the effects of many emitters
must therefore be computer mechanized.

II. THE COMPUTER PROGRAM

The IBM 709 data processing system at Fort Huachuca is ideally suited
to simulate a complex electromagnetic environment. The speed of the system, with
its flexible input-output devices and magnetic tape storage, imposes no practical
limitation on the simulation program. The modular concept of the factors influ-
encing an electromagnetic environment readily lends itself to computer simulation
techniques. Various physical factors are isolated, described mathematically, and
simulated. The program, following the modular concept, is written as a series of
suoroutines controlled by a master program which calls for each subroutine in the
proper sequence. There is necessarily some interaction between subroutines.
Each subroutine, however, is designed to simulate a particular portion of the en-
vironment that, insofar as possible, can be isolated from other portions. As
equations are developed which more accurately represent various physical phe-
nomena, it is necessary to modify or rewrite only ghose subroutines that are
affected and thus leave the major portion of the piiogram undisturbed.

The computer program is designed to use the "snapshot" concept. A
particular environmental situation defined by a given set of parameters is called
a snapshot. One pass through the program will provide a numerical environment
evaluation based on one given set of parameters. The program can be run on a
snapshot-by-snapshot basis or can be run continuously to provide a sequence of
environment snapshots. When run continuously, a dynamic situation can be repre-
sented if the snapshots are considered to be separated by an increment of time,
and if one or more of the parameters are varied from one snapshot to the next.
Figure 1 is a block diagram showing the sequence of events that occur during the
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running of the program. A description of the function of each block in the diagram
follows-

Interference Control (Block 1)

The interference control block represents the housekeeping necessary
to operate the system and the comparisons necessary to eliminate most of the
transmitters that do not contribute to the interfering environment. The opera-
tions and decisions in the order in which they occur are as follows:

1. A receiver is chosen from the environment and data concerning its
location, assigned frequency, antenna type, and antenna orientation are stored
in the computer memory.

2. A search is conducted on a file of permanent receiver spectrum
signature data pertaining to that particular type of receiver. When found,
this information is stored in the memory of the computer. It consists of
measured receiver characteristics such as frequencies acceptable to the receiver,
selectivity, and sensitivity. Frequencies acceptable to the receiver and sensi-
tivity levels of these frequencies are represented in the computer in the form
of a table of acceptable frequencies and corresponding relative sensitivity
values. This table will be called the F table. Frequencies in the F table are
those representing spurious responses and intermodulation characteristics of the
receiver. They have been obtained from actual measurements made on the various
receivers of interest. Predictions of spurious response frequencies and inter-
modulation frequencies are calculated from the following expressions. Relative
sensitivity values are those that have been measured.

Spurious response

PfAo ± fiffa = qq

Intermodulation

ft = fl f2

ft = 2f f2

ft = 3fl - 2f 2

where

fa is a spurious response acceptable to the receiver,

fjo is the local oscillator frequency,

fif is the if. frequency,

p is a positive integer or zero denoting the harmonic order

of the local oscillator,
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q is a non-zero integer denoting the harmonic order of the in-
put signal,

ft is the tuned frequency,

and

fl and f 2 are interfering signal frequencies.

The existence of cochannel and adjacent channel interference ia deter-
mined from information contained in the file of permanent receiver data. Assuming
a rectangular if. pass band, the band width, X, is given and the corresponding
adjacent channel attenuation is given. Signals whose frequencies, f, are such that:

-L - 2 - 2

present the possibility of cochannel interference and signals whose frequencies
are such that:

3
k+ft + -- > f > ft + S + k

t 2 2

or

3
- k + ft - -- <f < ft - - - k

2 2

where k > 0 takes into account guard bands between channels, present the possi-
bility of adjacent channel interference. These frequency ranges and corresponding
sensitivity values are stored in the F table to be used later in the program to
determine signal power level required to interfere with the receiver at that fre-
quency.

3. A transmitter is chosen from the environment and data concerning
its location, assigned frequency, antenna type, and antenna orientation are
stored in the computer memory.

4. A search is conducted on a permanent transmitter spectrum signature
file to locate the data corresponding to that particular type of transmitter.
Each frequency with associated power level can now be considered as a monofrequency
transmitter. And, for simulation purposes, an actual transmitter is represented
by its spectrum signature data as a composite of many monofrequency transmitters.

5. When the desired transmitter spectrum signature has been located
in the file, the frequency of each monofrequency transmitter is compared against
each f. (that is, spurious response) element in the F table. If no F table
elements match the transmitted frequencies, the transmitter is discarded and
another transmitter is chosen from the environment and steps 3, 4, and 5 of this
section are repeated until all transmitters have been examined. If an F table
element matches the transmitted frequency, there exists the possibility of an

- 836 -



f
interfering signal and a further investigation must be made. This investigation
is described by blocks 2 through 11 of figure 1. When all transmitters in the

environment have been investigated, another receiver is chosen from the environ-

ment and steps 1 through 5 are repeated until all receivers have been investigated.

Antenna Mismatch and Terminal Loss (Block 2)

At this point in the program a match has been found between an element
in the F table and a transmitter frequency. It is now necessary to examine the
power output of the transmitter at this frequency and to modify it by appropriate
loss factors before assessing its contribution to the electromagnetic environment
at the receiver site.

The first modification to the transmitter power output is called
"antenna mismatch and terminal loss," since it results from antenna cable
loss and impedance mismatch. This modification to the output power is neces-
sary since many spectrum signature measurements are made into a resistive load.
If the antenna and transmitter are matched at the fundamental frequency, then
measurement of the fundamental into a resistive load is quite realistic. How-
ever, a mismatch occurs at other frequencies, namely harmonics of the fundamental,
so that if measurements of power at those frequencies are made into a resistive
load, an unrealistic power output is reported.

A search is conducted on a file of antenna information to determine the
terminal power loss. This information is stored in the form of a four-dimensional
matrix of which the dimensions represent type of equipment, type of antenna, har-
monic, and measured power loss. When the power loss has been located for both
transmitter and receiver antennas, these numbers are subtracted from the trans-
mitter power output to provide a more realistic power input to the antenna termi-
nals.

Antenna Pattern Loss (Block 3)

This portion of the program accounts for the loss of power due to the
transmitter and receiver antennas. The term "loss" will be used in most cases
throughout this paper to represent a change in the transmitter power output, it
being understood that the quantity may be negative, thus representing a gain in
power.

A search is conducted on an antenna pattern file to find the antenna
pattern information associated with both the transmitter and receiver antenna.
This information has been compiled as the result of field measurements and ap-
pears in the form of a three-dimensional array of elements whose dimensions are
azimuth angle, elevation angle, and loss. When the correct antenna pattern loss
information has been extracted from the file, the angles that determine the
orientation of the transmitter and receiver antennas are calculated and the an-

tenna pattern loss factor is extracted from the array of elements and subtracted
from the transmitter power output.

Free Space Propagation Loss and Comparison with Receiver Sensitivity (Blocks 4
and 5)

Computation of propagation path loss for the EMETF prediction model is
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based on the free-space equation modified to account for the effect of the earth
and its atmosphere. Provision is also made to account for the effects of terrain,
vegetation, meteorology, and other factors. Symbolically, the ratio of power re-
ceived, Pr, to power transmitted, Pt, can be expressed as:

Pr Free-spaces Spherical earthx [Terrai$ .. xAdditional

P F L factor Jx correction facto• X facto .XLfactors j

The free-space factor is given by:

A

where A is the wave length of the transmitted signal and d is the distance be-
tween transmitter and receiver. Neglecting, for the moment, such phenomena as
tropospheric scatter, the maximum theoretical power, Pm, that could be expected
to be received at a receiver site from any given transmitter would be

2

which occurs under line-of-sight conditions when the wave reflected from the
earth's surface reinforces the direct wave. Pm thus serves as a criterion for
eliminating many potentially interfering signals from further analysis. A
description of this process follows:

At this point in the computer program a signal has been found that is
a possible source of interference to the receiver under consideration. The
power level of the signal has been modified by the antenna terminal loss and the
antenna pattern loss. In the process of finding the signal, many transmitted
signals have been discarded by the F table comparison process. Elimination of
the signals from further analysis greatly reduces the time required to process
a problem. A further reduction of the number of transmitted signals of no in-
terest is accomplished by calculating Pm and comparing this value with the sen-
sitivity of the receiver to the power level of the signal under consideration.
This comparison is accomplished by searching the F table for the frequency
corresponding to the frequency of the signal under consideration and comparing
the associated measured sensitivity level with Pm- If Pm is greater than this
sensitivity level, the transmitted signal must be further analyzed. If Pm is
less than the measured sensitivity of this receiver to the frequency under con-
sideration, the signal is discarded as being of no interest and another signal
is chosen tor analysis.

Loss Due to Spherical Earth (Block 6)

The calculations involved in the spherical-earth correction factor to
the free-space path loss factor are quite lengthy and a detailed development wijl
not be presented in this paper. The reader is referred to Burrows and Attwood,1
the National Bureau of Standards, 2 Kerr, 3 or Hoehn 4 for the development of this
theory.
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Two interference regions are presumed: an optical interference region

and a diffraction region. The optical interference region is characterized by
line-of-sight calculations. The spherical-earth correction factor to the free-
space path loss factor is given by:

A2 = (1 - K) 2 + 4K sin2 ()

where

A2 is the spherical earth correction factor,

K = PD,

pand 0 are the modulus and angle of the reflection coefficient,
R = eexp(J0),

D is the divergence factor introduced to account for the decreased
gain produced by the spreading of a wave reflected from a
spherical surface,

and

6is the phase retardation caused by the fact that the path length
of the reflected wave is longer than the path length of the
direct wave.

It will be noted from the theory that these parameters are functions
of basic electrical quantities such as the dielectric constant of the earth, the
wave length of the propagated wave, the ground conductivity, and the refractive
gradient of the earth's atmosphere.

The diffraction region is characterized by beyond line-of-sight calcu-
lations. The correction for the presence of the earth in the diffraction region
involves the calculation of a modified single mode of the van der Pol-Bremmer
expression for propagation over a finite, spherical earth.

This spherical-earth correction factor can be expressed as:

A2 = [2AI Fs HT HR]
2

where Al accounts for imperfect conductivity of the earth, Fs accounts for the
screening effect caused by the spherical shape of the earth, and HT and HR account
for height effects associated with the transmitter and receiver antenna, respec-
tively. A2 in this case, as with the previous A2 , is a function of the same basic
electrical quantities.

At this point in the program, the strength of the signals that have
not been eliminated by the F table comparison tests or the Pm receiver sensi-
tivity test are further modified by the spherical-earth correction factor. This
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requires that a test be conducted to determine if the receiver lies in the optical
interference region or in the diffraction region. If the receiver lies in the
optical interference region, the optical spherical earth correction factor is
evaluated and applied to the transmitted signal strength. If the receiver lies
in the diffraction region, the diffraction spherical-earth correction factor is
evaluated and applied to the transmitted signal strength.

Tv•a existence of a test implies that a criterion has been established
to determine the outcome. Comparisons of field test results with calculated
data indicate that a high correlation results when optical interference region
calculations are used up to the first quadrature point and when diffraction re-
gion calculations are used beyond the first quadrature point. Consequently, the
first quadrature point, Dq, has been chosen as the dividing line between the op-
tical and diffraction regions. Mathematically, the expression for the distance
to the first quadrature point is given by: 4

Dq=0 A2 + 4hlh2 A]Dq = 4) + 0

where

(hi + h2 )2 ka0= and

2hlh2 h1 +

hl is the transmitter antenna height, h2 is the receiver antenna height, A is
the wave length of the transmitted signal, and a is the radius of the earth. The
factor k, when multiplied by a, provides an effective earth's radius to account
for the effect of the earth's atmosphere on the radio wave. It is a futLction of
the gradient of the index of refraction of the atmodphere and is given by:

1k= 1 + a(dn/dh)

where dn/dh is the gradient of the index of refraction. For standard atmosphere,
the gradient is given by:

dn/dh - (1/4a)

so that k = 4/3.

The physical significance of Dq can be seen from figure 2. The curve
represents path loss as a function of the distance, d, from the transmitter as
calculated by the optical interference equations. The points of relative maxi-
mum signal strength, PI, P2 , and P 3 , occur when the reflected wave is in phase
with the direct wave. The points of least relative signal strength, Ml, M2 , and
M3 , occur when the reflected wave is 180 degrees out of phase with the direct
wave. In a manner of speaking, it may be said that a period of the function
plotted in figure 2 occurs between PI and P2 , between P, and P3, and between

P 3 and line of sight. Dq, then, is the point 90 degrees beyond the beginning
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of the last period before the line-of-sight distance.

Loss Due to Terrain and Vegetation (Blocks 7, 8, and 9)

Data are being compiled and field tests are being conducted to determine
methods of predicting the effects of terrain and vegetation on path loss. Evi-
dence at this time seems to indicate that the best method for handling this prob-
lem with the computer will be to store data on magnetic tape in matrix form. The
stored data will represent path loss factors, in the one case as a function of
frequency and terrain type, and in the other case as function of frequency and
vegetation. Transmitted signals will then be modified by information contained
on the magnetic tape.

In some cases, it will be desirable to perform a more thorough analysis
on path loss as a function of terrain. Special signals, such as the fundamental
of the desired transmitter, will be subjected to this analysis. Preliminary
test results indicate that calculations based on the equations for path loss as
a function of profile, as developed by A. H. LaGrone5 in 1960, provide good cor-
relation with experimental field tests. This equation is of the form:

d c hn -hn 1 '+ .. + F 7 h72 +hhl + hl -h,
dbeP(dn,o) exp(d 3,o) exp(d 2 ,o) exp(dl,o)]

where

c is an experimentally-determined constant,

hn are the altitudes at all relative maximums along the terrain pro-
file between the transmitters and the re(:eiver with the exception
of h which is the altitude of the relative minimum nearest the
receiver,

and

the dno's are the distances from the receiver to points on the pro-
file where the altitude is given by:

hn + hn_ 1

2

These parameters are illustrated in figure 3.

A computer subroutine was written to evaluate this equation using, as
input, a matrix of stored terrain information. The matrix, called an altitude
matrix, consists of an array of numbers representing altitudes of the terrain at
predetermined uniform intervals in the environment being studied. Using the co-
ordinates of the transmitter and receiver, and the altitude matrix, the sub-
routine determines the terrain profile, provides ail maximums and minimums necesý
sary to evaluate LaGrone's equation, and calculates the db deviation in power due
to terrain characteristics.
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Figure 3. Terrain Profile Determination

Corrections of the LaGrone type may be expected to give a fairly high
degree of accuracy, but require considerable computation. To make thousands of
computations in this manner would require excessive computer time and even worse,
excessive preparation of data for the computer. Use of these formulas in the
EMET• prediction model will therefore be limited to important transmissions such
as those within the test link and those from high-powered interfering trensmitters.

Receiver Function, Scoring Function, and Output (Blocks 10 and 11)

Transmitted signals which reach this portion of the program have been
modified by many factors such as antenna factors, ftree space factor, spherical-
erith correction factors, terrain, and vegetation factors. At this point a
trst is conducted to determine if the signal strength is sufficiently strong to
interfere with the receiver. The power level of the signal is again compared
with the corresponding receiver threshold-sensitivity value from the F table.
If the signal strength is less than the receiver sensitivity, the signal is dis-
carded, a new transmitter frequency is chosen, and the complete process is re-
peated. If the signal strength is greater than the receiver sensitivity, two
things occur: signal strength and transmitter-receiver identifying information
is printed out for human analysis and the frequency and power level of the sig-
nal are stored in the computer memory to be used in an interference scoring
process4 when all signals interfering with a particular receiver have been de-
termined.
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When all signals affecting a particular receiver have been determined,

one more test is required before presenting these signals to the portion of the

computer program which simulates the demodulator and performs the scoring func-

tion. 'This test is necessary to determine if the receiver has been saturated due

to the presence of the desired and undesired signals. The saturation level is

determined from measured data called "dynamic range" which is recorded to give an

indication of receiver behavior between the standard response level and the
limiting response level. The upper limit of the dynamic range is considered to
be the saturation point. If the sum of the power input to the receiver exceeds
the saturation point, a condition of complete interference is assumed, the de-
modulator and scoring portion of the program is omitted, and a new receiver is

chosen from the environment for analysis.

If the saturation point has not been exceeded, the signals now present
in the if. stage of the receiver are presented to the demodulator. The signals
are represented as a sequence of functions of the form:

Ao cos (a)ot + 0o)

A1 cos (eAt + 01)

An cos ()nt + On)

and can be added to give the signal as received by the demodulator. The signal is
represented by a function of the form:

Ai cos &it + 0i)
!=0

This expression can be put in the following form:
6

R cos (Wot + 0)

where R2 is a transcendental function composed of trigonometric terms which are
functions of time and 0 is the arc tangent of the ratio of two trigonometric
functions of time.

In the case of an am. receiver, we are interested in R for linear de-
tectors and R2 for square-law detectors. In the fm. case, we are interested in
dG/dt, which is the ratio of two trigonometric functions of titne. in all three
cases, we want the output of the detector to be of the form:

f(t) = ao + al cos pit + a 2 cos p 2 t +...+ a p cos ppt

(where p is the audio angular frequency) so that spectral information can be
obtained for scoring purposes. R' is of this form. R and d@/dt can be put in
this fcrm by numerical evaluation of the Fourier coefficients, ao, al, ... a p.

The scoring process is accomplisned by dividing the audio spectrum
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into increments of unequal width in frequency, but each of which contributes

equally to the intelligibility according to the French and Steinberg theory.
Signal-to-noise ratio in each band is computed and an articulation index de-

termined.
6

III. COMMENTS ON THE COMPUTER PROGRAM

If 15,000 transmitters were operating in the vicinity of a receiver
and if each transmitter were emirting a minimum of 10 signals, in emsence the
effects of at least 150,000 monofrequency transmitters would have to be inves-
tigated. If each investigation required but one minute of computer time, the
needed 2,500 hours of computer time would, I'm afraid, tax even the resources
of IBM's facilities, to say nothing of the taxpayers' pocketbook. For this
reason, decision-making procedures have been incorporated into the design of
the computer program such that noninterfering signals are detected as soon as
possible and immediately discarded. Only signals of importance are subjected
to the complete analysis. It would be premature at this time to publish run-
ning times of the program since enough cases have not been tested to provide
the required figures.

It is readily admitted that this program will not provide the solution to all
radio frequency interference problems. As more knowledge about the subject becomes
available, and as methods are found to describe the knowledge mathematically,
changes in the program will have to be made. More and more people are beginning
to realizc that making changes in a computer program of this complexity can be a
tremendous task. For this reason, extreme care has been taken to write the
program anticipating the need for change. Every step in the prediction process
which can be distinguished from others has been written as a closed subroutine such
that deletion of that step or insertion of another step requires changing only a
few instructions in a control program which calls for each subroutine as it is
needed. Another advantage to this system is that the subroutines can be separated
from the main program and used as separate programs when it is desired to independ-
ently test various portions of the prediction model.

Worthy of mention, perhaps, is the fact that construction of the pre-
diction model has been based, whenever possible, on measured test results.
Transmitter and receiver spectrum signatures are used to simulate transmitters
and to determine frequencies acceptable to receivers, antenna pattern measure-
ments and terminal loss measurements provide the basis for simulation of the
antenna function, and field tests to determine loss due to terrain and vegeta-
tion provide data for predicting loss due to these factors. Construction of a
model based on physical reality should provide the much desired accuracy required
of such a program. On the other hand, results of the program, being dependent
on measured results of physical parameters, can be no more accurate than those
physical measurements.
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RECENTLY ISSUED REPORTS

As a contribution towards the exchange of information in the field
of radio interference, the following pages contain information regarding
recently issued RI technical reports. The referenced reports have been
issued since January 1, 1960.

- 847 -



o 0 0 0 C'
Cd- -4 v V. - 4

;44 N kW 4) 4) 4)4 ) 84 W k.iN

18 o4~4 ba ;4 bo l.

0 00 g 0 00 00 go

z 0 00 ;'0

00 r 1- o 0 o 0 1

P40

>4 4) 0 4)

~4) H3 0~ z

S 0 >.q w -
R UVE n : D 0 0t

i E4-4r

0

u) 0

0~~ 0 0 0 0
u~UZ z z z ;i

z
0

z
> z

02 U0

0

-848



40 
4

to00

0

Uk4. 0>

0 k4

1010 -0 10 10 10

a, '0, '0 0 N0 '

414

14 k
41 0 k

V 04

E-40 E-4 4<ý 1

13 o z< 0- Z Q-

w 14~U U 4Z

0048 0 0 0 to<i

~~ E-4 H 0u O-rz
A 0 4

U) E) 1) U) U)

rd In 04 En 0

o o 0ý z 00 nm ,

04 0 0 0 n

0: t-4 P.4

0 04

-4 c4 z 4-ý

k 0z X
0-0 0 4U3 0 3

r4 849 ON



u

1.04 1.H1.

0 - 04 0k

4) 0 N) 0'4

P4.

H - U 0 0

CI 1- 0H~H~

o14 . z z0

04 4) Q Z40

04 ý -Wý O~19oH 0 ~ M0 1-4En 100

. F4 g F-

14 zL) L)wI

w N) U Pr) IC r
0 0 4

00

W

0 0

05



od

En En En U)

%0010% 0 0 0 0 0 10 0 %0

'.0 Lfn 00 U)t -

.-4-U4

E-4~ :$~- en pw,0

)PI~0 .40 >H U)r-0 ý

p0oUz;Du.. U 0 ,

w4 ws u' 1- ) -
o E- 4 . o -

U)U
U.4 ý4 o.z

-.4 -44

o) U-4 N )

C4~~~~ I% .- 4-L)W0



0 -4

E-44

'o 0 D 0 0 0 D 0 0 0 0 0 -
4: '0 '0 '.0 '.0 N'0 '0'0'0 O

7i M 0H 2 1. 04

FHod >H
0 . ~4 4I4 P4

'4 $ -N-

u)UU U Z0U8zo5uU

a'~ 0' Z'a.a a'

F-~U w 0.w'~ .

64. L)ZE 1 u 4E

0 0

H~ 
W~

0

- 852



'.0 0'10 '0 '0 0 10

v, cy a a, co

4E.4

-4 a. N

P- ý4 - 4
o U z 4

0 0'
L) 1- 0 El -.-

4J 40 -) 4) - 4J'~ - t e

4-.4

z t3

E-4 R
0 n N

4) 4
44o4

-ý 843



0 z 0

00 lD

co 0- r'C -

II I MI
Z o Z

0 H o~ c A ~ U ~ H-
o4 N M enNz

N- .0 au)
HEO.4 H o

$4 U

H H

E- 4
4t -. U UU

44U k

-4 cd 2 I~4 
0 

L -
44~0 1f 4i CIA 4J(ds 4Ja V a ''V W a iO~ ~ z4~ -a4 I 4V 41~ V - a

..- P4 4) u

P4 Z5



0 0 0 10 00

'0 '0'0 00 '0 O

04~ 0 oZ
N 0~o (D N- E-

U k

ý-4- ..M -4

FlF4J E H -A,. H 4 '

oN 19 0 c 04'4)Cu

CJ2U0- :: c4d*' cnU~ ,

u)U u) en ) U) U) U

0o 0 04 E- 000 -

:4 0 N

co (d

L, a4L

6) UU

u) 0 U )6 -

o 5



[A

o Z r

10. NJ

z1 Z z o z

10 N

'Q U"o o" ' " 4 O

U) U) u ) -d 1 U:)

Uu 
IL) U )C)

A 41
0ý 4J _0 0ý - 0L

00

'A Cu

Ua U

- U5 -



o0 '0 '0 '0 0

N 0

'-4 
0

oq~

P4P P E, P~4

H~ W~

U) U) U) LOU)U

U ) t - C D L I ) C ) U )

Lu u I u u

w _ w 0 0 w 0

uu

-H 0 )U 41 3

X: 0 5~

z 5



H4

o
0

'0 0 0 '0 0 10

0 . -

I.I 0 04,E- 00
E-4 0 4 -1NH~4 H HH Ho Hz

0 (d Na'00 N~0q ;41-
E-4 ;4- I-i

Hd 4) H~- E Hg

H. H-04 -.4 E-4 ~ O

H w~

U)U

E 4 -4 C

U U U)(120 Cd C (

0 0-

H ~ 'n L 04in o 04 oo Putn L" t, P., LnC00

0

z >10 u
0 E

H::s

'4 14*'0 ' > 'd
0 0)

o~ 858



a' - z
1'- 00

EAI -

4-
N , .1-

""A~Hn0

z zN

o :m

(d (4 (11 (d (d ( d

0 a'0 00 N 0 01

ON O ON ONON ON NN O

0L

In CO. 4,ýi

u. tko k- ~

0 4~ l O

-859-



0

'0 ' '0 0 10
00 00r - r-

1N
0

U'a
00

<U) -~ &-)

I~400

o~~- zz < ~

z ~0 'o Z 0 -

z Zo z <:.4 dZ Z Co 4 z :

U3 A)I n )U

4-'4
Ief 'A C' LA G-' 64 IA 0, P4 In

z~

0

06



Ur,

'0 0 %D 10'00
0 n 00 Vl (n

41) 4t-4Q.

4) Ln on

Ln k
14' ~ ~~

z 0 %0

U) L? LU)U

(o 0 ol Q

00
o

4861



0

H1 - 1 40 10

0 En 0 C4

o P44
H4 P4

E- 4ý -

0 0 -0 N G- 0  V
p 0w

~- o'o

E-4 z'-4

oo0 n 0 f in0

uz ~ YiL w ~ U4 Vii

0
-~U

z
0

N U) ,.

0 u
m~ " C mGa

0(I-



'0 0 10 10 10 '0 %o

NLfl tf) ( me

'0 0

41 0

(A ' 1:4~A

4- -40

P44

0 0i20 0& 0 0

-4 t4 LA -ý 4 k-4
a4 cj) o u2 n0 f A 0 a Ar n

00

,u z
4ý

vn onl r. W
- 0 (n _ 0 _ 0 -

0 't
o q,

>' ~ 863



0 0

00

H 0- r- -

m'0 10 10 10 1.~u-

r7- m - d

P4 I z
P 4  U N >~

1~ 0 41 Z

0 Z0

P4  
'41 4-

o~ H z4
H < < H ) (d <P4 H

E>4 N

ow 00

wz

H n u

- 6Z



'0'0'0100 '0

v Lo LfA

z Z ' Z a)
r4 -z

H- _ 1-4 N.4.

Ni~~- NH- H~~
N4)  N4) N4) ~~1)

H ý H~ z- H- 4

LOU)- U)U 4)< GO~ UO

U) U) N)

4U(nU

LO 4) 4

U t)O~o~865



uA

H ' 0 10 10 '0

IA~a LA '. 0 .

H 0  H 41)~
(D 6 '0 E'4

'-'
0. N ,

, 'a) 4- 04

H0 0HD 
11'c ~ oH

0 01

I U 4

1-4

U) 0 .U ) ~( (d 4

u E-
4~~ 8(< 0-



Z U

'.0 '> 00 0'

"" C N U 'Zoz 0

0 a,

5) 0)0

0 n

E-4 U 0 z 4 --

o u 2 ,
P4H 0 0 z 0>

E- 04 x

N NP N

9 rý 0

000~0

- 867 4



0 0 d

o o 0

o~ z. .

-1 '-4 - 0

H o w0'0 L

UN Z

zL 'D~ PJ~ 4 0

4-44

oA U >

0~U W W0

U) U U )

u

H -

0 ~ )

-868-



tTNCL"ASSJZ HED

UNCL ASSýff E uiD


