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SUMMARY

IIT Research Institute, under contract to the Defense Nu-
clear Agency (DNA0O1-72-C-0084), has developed EMP FREFERRED TEST
FROCEDURES for surge arrestors and filters. This is part of a
continuing program to formulate and recormmend procedures by which
EMP test data on selected hardening components may be obtained
and reported.

In this connection, it is important to realize what these
preferred procedures are and what they are not. They are a for-
mal recognition of good practices and methods based on sound
physical principles which can lead to useful EMP data. They pro-
vide a means of communicating useful information among workers in
a large multidisciplined technology.

T N P N L P i . 300ttt

These preferred procedures are not necessarily ccok-book
simplifications and are not intended to be a '"MIL-SPEC" or a
panacea for designers of hardened systems. The EMP PREFERRED
TEST PROCEDURES require some experience and intelligence on the
part of the experimenter. These are somewhat different than
"MIL-SPEC'' testing which can usually be implemented by a respon-
sible technician. The procedures emphasize the electrical test
aspects. Some general guidance as to limits and other environ-
mental aspects is provided; however, these last aspects are more
properly considered in terms of the requirements for a specific
system, such as design specifications. The procedures are de-
signed to employ readily available or easily constructed labora-
tory equipment -- generally operating below 100,000 volts and
100 MHz -- and to be conducted in ordinary room-size laboratory
space.

The material contained in this document is considered the
best available and, where possible, it represents a concensus of
recognized practices. Based on discussions with prominent
members of the EMP community as well as other experts, a pre-
liminary outline of the procedures was devised and actual
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tests conaucted to vslidate the procedures. A draft of the
procedures was developed und then circulated among ccgnizant
professionals in a number of organizations, and revised as
needed to harmonize various viewpoints. While the results

in this document are based on the experience of a number of
active recognized professionals, it must be noted that all
possible situations could not be considered. Clearly, it is
not the intent of this document to impose "National EMP
Standards and Limits." Even if these were desirable, it
wouid not be appropriate to do so today because of the rapid

changes taking place in the state-of-the-art. In this regard,

it is important that others take an active part in supplying
additional information to effect improvements.
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PREFACE

Much of the work presented in the first three sections
in this edition of the EMP Preferred Test Procedures was sum-
marized directly from DNA Document 2028H, entitled "TREE
Preferred Procedures." TIIT Research Institute, therefore,
gratefully acknowledges the efforts of Mr. Richard H. Thatcher
and Mr. Michael L. Green at the Battelle-Columbus Laboratories
for their efforts on DNA 2028H.

Discussions were also held with staff members of a number
of organizations in EMP hardening. All organizations cannot be
acknowledged, but include U.S. Army Electronics Command,
Picatinny Arsenal, Naval Ordnance Laboratory, Harry Diamond Lab-
oratories, Defense Commuriications Agency, Air Force Weapons
Laboratory, Defense Civil Protection Agency, Boeing Aircraft
Corporation, Rockwell Industries, General Semiconductor Industries,
Siemens Corporatior,/Signalite, Joslyn Electronic Systems,
Sandia Laboratory, and Stanford Research Institute.

The principle contributors to this document are
Mr. W. C. Emberson and Mr. J. E. Bridges. Much of the laboratory
work was conducted by Mr. S. Smandra and the technical manage-
ment was provided by Mr. I. N. Mindel.
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1. GENERAL INFORMATION

1.1 Background

The electromagnetic pulse (EMP) technology covers a wide
range of scientific and engineering disciplines. In the past,
the EMP community comprised a relatively small group of researchers
and experimenters who could easily communicate and exchangé infor~
mation. However, now that many systems must meet EMP specifi-
cations, the community is expanding and reorienting itself toward
more systems applications. Hence, a primary goal of much of the
experimental work pertaining to EMP is gathering information
needed to fill the gap between state-of-the-art information
already available and the requirements of a specific system.
Obviocusly, it is neither desirable nor efficient to unnecessarily
duplicate experimental work. On the other hand, it is usually
not economically possible to acquire experimentally all the data
in a particular region of interest that might be desirable from
the viewpoint of a regular scientific resear~h study. The
Defense Nuclear Agency (DNA) has recognized the need to exert a
unifying influence on the EMP community to achieve a mor.: effi-
cient utilization of experimental and financial resources.

In pursuit of this task, DNA has undertaken a program to
bring to the attention of those involved in planning, design, man-
ufacturing, quality control and maintenance those procedures in
testing and experimentation which experience has shown to be most
likely to yield useful results that can be correlated with other
work in the same area. To this end, this document is meant to
provide persons conducting EMP tests with recommended procedures
for evaluating the performance of selected hardening components.

1.2 Philosophy

Wherever possible, the recommendations in this document are
a consensus of current good practice. Many people in the EMP
field, in electronics-system design and in protecticn-device
manufacturing were contacted. Their opinions and methods were
evaluated and judiciously mergad to form the basis for this work.

1-3
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The results presented are considered neither controversial nor

§ "far out'. Many of the procedures recommended here are already

5 followed by various competent groups involved with EMP. In other
1 cases, new procedures had to be developed. If one procedure is

% obviously best, it is recommended; if several procedures are

equally acceptable, all are presented for the user's choice.
The object has been to formulate and re-ommend proucedures by
which EMP test daca on selected hardening components may be

ovtained and reported.

In this connection it is important to realize what these
preferred procedures are, and what they are not. They are a
formal r~cognition of good practices and methods based on sound
physical principles which can lead to useful EMP data. They
provide a means of communicating useful information among workers
in a large multidisciplined technology, so that people in differ-
ent subspecialties will be able to use one term in place of
various specialty terms to better understand one another.

H

These preferred procedures are not necessarily simplifi-
cations. They are not the formulation of recipes by which a
rerson unfamiliar with EMP can become 2n expert chef by '"cooking"
up new data, They are not a panacea for hardened-system designers,
electronic engineers who do not want to understand physics, or
physicists who do not want to bother with applications. Sound
scientific judgement and a basic understanding of the problems
still are necessary attributes for the EMP experimenter,

This document is prepared as an integral part of a series
of documents sponsored by DNA to assist and guide the EMP commu-
nity. Other documents in this series are the EMP Awareness
Course Notes, and volumes 1 through 4 of the EMP Handbook.

I It is assumed that the users of this document will have

; access to the other documents in this series, The intelligent

g use of these preferred procedures relies on the user being
familiar with the information contained in the other documents.
Therefore, a thorough review of the pertinent subjects in the EMP
Handbook 1is strongly recommended as a first step in planning

any EMP experiment




1.3 Use of This Document

1.3.1 Who Should Use this Document

The procedures developed in this docume.:it should provide
valuable assistance to those involved in a number of EMP areas.
These include: (1) System and circuit designers in need of
quantitative data on hardening components; (2) System engineers
and project officers who perform trade-offs to formulate accep-
tance criteria and performance specifications; (3) Systems
aralysts in need of empirically characterized response models
ot hardening components; (4) Component manufacturers who can
provide response data of EMP significance; and (5) Experimenters
in EMP who perform or define tests. In addition, those respon-
sible for manufacturing quality control systems, subsystem
acceptance, and system maintenance will also find the preferred
procedures a useful guide.

The procedures have been evolved such that the tests can
bé conducted on a laboratory basis using equipment that is
generally available. Specifically, the procedures are designed
to be conducted in room sized laboratory space using equipment
whose output voltage does not exceed 100,000 volts or has a
frequency response above 100 MHz. In some cases, this has
resulted in departing somewhat from the ideal electrodynamic or
circuit theory aspects. An attempt has also been made to satisfy
a wide spectrum of user's interests ranging from the neea for
quick-look comparative performance data to development of
empirical models of hardening components for sophisticated
analyses.

1.3.2 User Responsibility

It should be realized that the material contained in this
document is considered tiie best available at the present time;
however, as the state-of-the-art advances, so will test and
experimental procedures. As a result, this document will evolve
as improvements are realized and a broader need for component-
part testing is recognized. It is important that the experimenter
realize this and (1) use only the most recent edition of the

1-5
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Preferred Test Procedures, and (2) take an active part in supplying

new information to effect improvements. Only im this way can
this docuwent grow in sophistication and utility.

The user should also realire ihat he bears the burden when
simplifying or deviating from the suggested procedures. That is,
he must justify any deviations from the suggested procedures and
report his work in sufficient details to explain the deviations
completely.

1.4 Limitations

This document covers only those effects of EMP induced
transients which pertain to electrical behavior and not the
chemical or physical changes that may occur. Further, the
electrical behavior may well be a strong function of some
features of the non-electromagnetic environment such as
vibration, dust, corrosion, wear, packaging, or misuse. These
non-electromagnetic environments are generally unique to a
specific system, and it is impractical to consider tliese aspects
on a general basis. The procedures can, however, be used to
investigate the sensitivity of hardening components to the
non-electromagnetic environments.

Further, large-scale or high-volume testing was not con-
sidered in the description of the test procedures. The prin-
cipies presented in this document are applicable to high-volume
testing. However, instrumentation for this type of testing
probably will have to be specially designed, unless the laboratory
facility to be used already has such equipment and it is appli-
cable to the test program.

It should be understood that these component part measure-
ment procedures were established to apply principally to design
data acquisition and reporting and, where appropriate, to the
development of empirically developed response models of
components. The uniform procedures are not designed for full
scale EMP simulation tests. For some theoretical studies the

experimenter may want to investigate new phenomena or methods

1-6
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which would require use of different procedures or would study
other parcmeters than those discussed here. In any case, the
detailed experimental procedures actually used must be reported

completely enough for anotlier person to understand and repeat
the experiment.

It must also be recognized that the preferred test procedures
are not mil-spec or a cookbook standard of acceptance procedures;
No limits are specified although ranges of likelv values are
noted. It is therefore up to the system, subsystem, or componant
designer to identify suitable test parameters. The procedure
can be used as the basis for the electrical aspects of "MIL-
SPECS" provided that limits are identified and all non-electrical
environment conditions are noted.

1-17



)

]

i

3

}

!

!

:
L
x 4‘(}.5
e

2,

EXPERIMENTAL DESIGN

2-1

ST



TABLE OF CCNTENTS

Section Page
7’ 2- EXPERIb’nENTALDESIGN © 8 6 28 00 50000000 CEOOOLOLGEOIEOLEOLEOLOOS 2-3

1 2.1 Introduction .......... ORI ORI
; f 2.2 Experimental Design Principles ........e000vuee 2-3
: 2.3 Experimental DeSigN «..ccc:cevvecsincssssoanasss &-9
; 2.4 Experimental Technique Considerations ......... 2-T

2-2

23 SROSRLENE T BN



N . 5 g o o o

l

2. EXPERIMENTAL DESIGN

2.1 Introduction

v It should be recognized that the preferred test procedures are
only a portion of larger scale efforts. These efforts may range
from simply designing new EMP hardening components to assessing

the response of some portion of an EMP hardened system. Prior to

! conducting specific tests on components by employing the preferred

test procedures, it is often desirable to identify the role and use
of the preferred test procedures leading to the desired objectives.

In a large organization it is often wise to identify this role
by docunentation.

This kind of Adocumentation specifies experimental work ¢ be
accomplished and the results to be expected. It also provides
a basis for integrating the experimerital work into a deveiopment
program in an efficient and effective wmanner.

In such a document it may be desirable to identify the
protecticn levels required for various hardening components.
in addition, the reliability of the test results should alsco
be specified to be consistent with the available funding and time
limitations.

2.2 Experimental Design Principles

Whether a small component or a very large system is involved,
the role of the preferred test procedures in the overall EMP hardening
must be considered. While these are self-evident, the following
categories of questions may be useful to review:

1. Experimental purpose: What is the problem?

2. Experimental ovjectives: What information is
needed to solve the problem?

3l Pretest analysis procedures: What analysis or

prediction methods can be used to produce this
information? How valid is the theory?

2-3
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4. Requirements for experimental data: What
experimental data are needed to solve the
problem or some aspect of it?

Sre Experimental procedures: What must be done
experimentally to obtain these data?

6. Post test analysis: How are the data best

anaiyzed in the required terms for this problem?

The role of analysis to support varipus experimental pro-
cedures has often been cmphasized. Although uniform procedures
have been identified, it does not mean that analyses can be
neglected. To be meaningful the preferred test procedures must be
utilized at some specified level of fields, currents, or
voltages. These are clearly a function of the type of system or
subsystem under consideration and cannot be uniquely identified
in a general purpose document. Section 4 of this dccument
presents some guidance in this particular area. The use of
more applicable analvtical results or use of analyses directly

for this purpose are strongly recommended.

Study and analyses are also required such that a thorough
understanding of the hardening component is realized. This is
necessary such that meaningful evaluations of the performance
of the hardening component can be madg during the test. Some
guidance is given in this particular area in each of the sub-
sequent preferred test procedures. However, all aspects of the
particular component or protective subsystem cannot be identified
and therefore careful review prioi to conducting the test in this
area is necessary.

As a result of such studies, experimental data requirements
can be identified. This specifically identifies the types
and quantities of the samples, azcuracies, operating conditions,
environments, and other parameters relating to the test. Also
the analyses will set forth the fornat, the list of required
parameters and their dependencies, the accuracies, the number of
test items, environmental ranges, and possibly any contractual
requirements such as traceability to calibration standards.

2-4




One of the major problems in evaluating subsystems or
components is the fact that the critical parameters vary within
; each component or subsystem. Therefore. statistical design
; ; considerations should be considered. These will identify the
; proper cbntrols, che number of test groups sample lot sizes

i
£75

to meet the system confidence requirements. In critical systems
the assignment of test sample sizes is not a trivial problem,

nor can statistical methods be blindly applied to the EMP
experimental design. One reason for this is that the distributions
of the device parameters are likely not to be normal but rather
truncated by manufacturers process controel and screening tests.

OL B e
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Another reason is that many of the tests envisioned will be
designed to elicit device parametecs as function of operacing
conditions and environments, rather than in terms of failure

e a4 PR b

level or go-no-go criteria.

ik S S

The general aspects of experimental procedures are
undoubtedly well recognized. Specific details of the test

procedure are fuanction of variables, but several factors should

should be considered and these are: (1) specific means for
eliminating or contrclling sources of systematic errors;

(2) descriptions of the experimental subtasks and how these tasks
integrate into the whole test to produce the desired result;

(3) precision or calibration requirements.

These and other factors are self-evident, however, some
thought should be given in detail in two major areas and these
are: (1) statistical design of the experiment to account for
individual parameter variations and (2) experimental technique
consideration.

2.3 Experimental Design

The selection and :pecification of analysis procedures for
an experimental design is primarily an engineering responsibility.
The engineer should consult appropriate references in the
speciality with which the experiment is concerned as well as

L more general references concerned with experimental design, data
analysis, and statistics as appropriate.

2-5
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For the preferred measurement procedures given in this
document, the data reduction and analysis techniques usually
are defined inherently by the experiment. In this process of
date reduction, it is important to track the sources of
uncertainty and error. Then the results and probable errors
are quoted. This data reduction process is clear for the
problem of determining response of one or a few devices.

The experimental design should also include sample size
considerations. This is a subject in itself and has been
thoroughly treated in the area of quality control. Several
references in this area should be consulted, such as MIL-STD
19500 or 38510 for sampling plans and acceptance criteria.

The quest might have been,however, not =imply to determine
the respan;e of one device, but rather to determine what is
the expectea\response distribution of a population of devices
of which a sample was selected for test? This question involves
the entire test design to ensure proper sampling of the popu-
lation, proper measures to control errors, etc., as well as
the analysis of the response data of the subjected group{s) of
devices. In this case, some statistical interpretations will
have to be made.

One desired engineering result for EMP test data is often
curves of failure level versus a factor such as pulse width. This
involves fitting a curve to the measured (and reduced) data. It
is convenient to express the data in terms that theoretically
could be plotted linearly. Then, least scuares and regression
analysis can be used to determinc how well the data fit, what
slopes and intercepts are given with confidence, etc. More
simply. such curves can be "eyeballed" if the statistical detail
is not needed.

When the curves are not linear and/cur the functional
relations are not analytical, the purpose of the experiment
will usually determine what effort is worthwhile in performing
more complex statistical analyses.

2-6
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For 'go-no-go" tests, such as acceptance screening of
parts by testing for certain parameter (or a few such parameters),
the statistical design of the tz=st is generally easier to
establish. Here, the distribution of data is binomial and
the techniques are well established. The part either passes
or fails a test, depending on the response. But the parts-
response di. tribution itself is not the entity in view; the
data are the '"passes" or "fails", a "go'" or a "no go" for a
given test item, or a fraction passing, p, and failing, q = i-p
in the population. Based on the number of failures in a
sample drawn from the parts lot being accepted and on the system
requirements, determination of the probability that the popu-
lation failure rate will be within specified limits, using bi-
nomial distribution statistics, is straightforward.

For system asscssment work, it is more likely that wua; a
few parts can be found for tests, and the analysis technique
must glean the most information from the test. This calls for
careful test design and, perhaps, the use of ''small sample"
statistics and tolerance factors - an area for a specialist.

As stated previously, the experimental design should include
a detailed specification of the methods to be used to evaluate
measurement errors and experimental accuracy. For fu:rther
guidance in the development of this section of the experiment.l
design, the engineer is referred to the discussions of the nature
of error and sources of experimeﬁtal errer by J. W. Richards in
Incerpretation of Technical Data.

2.4 Experimental Technique Considerations

In the normal process, the experimenter must first consider
how to characterize the electronic device to be tested. Then he
must measure the selected response of the device. In making this
imeasurement there are several important points to be considered.
These include choosing the proper operational mode for the device
while it is being tested althougzh this is generally not possible

between pre and post vs. in situ weasurements which are added
considerations.
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The measurements to be performed on the test device before
subjecting it to a transient are generally of two types. Manda-
tory are those measurements in which the important transient-in-
duced changes are expected to occur. For example, the change in
the d.c. breakdown voltage is almost always a part of the EMP
evaluation tests of A surge protective device. In addition to

D

these measurements, it is desirable to perform other measurements
by which the particular test device can be characterized. It
is known cthat even within a particular device type number there

o S

are large variations of individual device characteristics. These
are usually within the parameter specifications, but occasionally
one finds devices whose characteristics fall outside of the
specifications under which the devices were supposedly manufactured.
Since it is desirable to be able to associate the pulse response
with prepulse measurements, it is good p.ractice to include in

the parts characterizations those parameters which are likely

e b e i

to be correlated with the pulse response.

Depending upon data requirements, it may be necessary to
exercise some control over the samples obtained from the device
manufacturer. Samples with identical construction but with
tighter initial-parameter spreads may be required to satisfy
system specifications for the intended application and to
obtain greater internal consistency in the test results. If
contrulled samples are used, it is important to identify them
as accurately as possible when reporting test results.

There are several ways in which permanent-damage tests
can be conducted. Tests in which parameter measurements are
made only before and after the samples are pulse tested
are calied "pre/post tests'., They serve to establish the damage
incurred at a single pulse level. Since the sampies are normally
not energized during pulsing, these tests are the most convenient,
least complex, and least expensive tests to perform. Such pre/post
tests are useful as proof tests to establish adequate device per-
formance at a given pulse level, as long as time dependence and
bias dependence are not important.

2-8
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Data may be obtained at several pulse levels by simply re-
peating a pre/post test as many times as desired, or by exposing
different groups of samples to various pulse levels. The first
procedure is more time-consuming and, since it involves repeated
pulsing, may result in a different failure level. Due to dif-
ferences in the pulse response of different experimental samples,
certain parameter data obtained by exposing different samples
to increasing pulse levels may exhibit a lack of internal con-
sistency (i.e., there may not be a smooth pattern of parameter
change with increasing pulse exposure.) Also, it has been
observed that when extended periods without pulsing are present
during a test, the sample parameter values sometimes change
(due to defect annealing) so that data taken before and after
the cessation do not correlate well. Therefore, measurements
should be made at the beginning and end of such periods, if
possible.

Tests in which the experimental samples are instrumented
so that parameter measurements can be made without removing
the samples from pulse test set-up are called "in-place tests".
They serve to characterize the pulse response at various pulse
levels and/or at specific time intervals during and after pulse
exposure. The test equipment requirements make in-place testing
more complicated and more expensive than prespost tests.

While for permanent damage measurements, the choice of pre/
post vs. in situ experiments is optional, it is obvious that
with transient effect data the measurements have to be performed
during and immediately after the pulse. The test circuit can
affect the observed response by intentional cr inadvertent loading
of the terminals of the device. For this reason, it is necescary

to accurately report the electrical loading of the device
under test.

A very critical step 11 the process of EMP testing is de-
termining what constitutes s gnificant response and failure of
a device. The system requirements obviously must be used to

fre
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define component failure. Usually these failure criteria are
much lower thati would be normally 2xpected because of circuit

s

tolerances which are used tu establish a "worst-case' failure
criterion. The failure criteria for the components of a given
system must be carefully determined by considering all electrical
parameters of a device in its system applicaticn. The necessity
of each specification limit must be carefully considered, because
if the required specification is too strict, a heavy cost may
result when devices are selected which are hard to the required
level.

Conducting trarsient response experiments presents some severe
problems to the experimenter. Generally, these experiments require
transmitting small signals in the vicinity of a powerful pulse
source. Careless handling of the signals can result in the loss
of data, or in questionabl~ data. Thecvefore, it is mandatoiy

EPTITE

that the experimenter maintain as high a signal-to-noise ra;io
as pussible.

Techniques used to minimize noise in electronic systems
arc fairly well understood, although often disregarded. General
methods of realizing good experimental practices are described
in the EMP Awareness Course Notes, Section VII. Specific
; experimental practices critical to a particular procedure are

preserted with the procedure. A few general comments are given
in the following paragraph.

As few ground points as possihle should be used, preferably
only one. To be effective, this connection must have a very

low inductance; otherwise, there will be a significant voltage
buildup during the pulse which can then be coupled to the
measuring circuit. High-frequency signals should be handled in
a covaxial configuration with the shield being continuous. Trans-
mitting high frequency pulse signals over coaxial cable runs
requires that the cables be properly terminated in their charac-
teristic impedances to ‘nsure that they faithfully reproduce

the desired signal. In extreme electromagnetic fields, the

2-10
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experimental equipment should be enclosed in shielded boxes,

with the interconnecting cables between equipments enclosed

in a continuous shield, again grounded at only one point.

Where it is necessary to provide 60-Hz power to some portion

of the experiment, the low side of the 60-Hz power should not

be connected to or used as the signal return line. If noise

is being injected into the system through the 60-Hz line, a

well designed filter or an isolation transformer may be sufficient
to suppress the noise., In cases where these solutions fail,

a battery pack and inverter should be used.

The EMP test measurement results can be very sensitive
to lead length or terminal fattering (i.e., excess inductance
or capacitance). For example, an excess of one inch length
of number 20 lead wire can completely perturb the result of an
EMP bench test on a surge arrestor. Extension of the measurment
techniques normally employed at UHF or microwave down into
the EMP spectral region will yield better and more consistent
measurement results. A gcod rule-of-thumb is to design all
elements of the test fixture as transmission lines with very
nearly the same characteristic impedance. Also, ideal '"short
circuits' or "open circuits' do not exist. These aspects are
often difficult for personnel whose experience has been limited
to CW or the lower frequency regions to grasp.

Additional obvious precautions require such things as
allowing sufficient wanu up time to avoid drift, or proper
calibratio:. of instruments. If large amplitude pulses are
employed, safety precautions are necessary. As noted earliei, the
preferred test procedures require some expertise and intelligence
on the part of the experimenter. Later on, these procedures
may evolve into "MIL-SPLCS" which can be implemented by
technicians.

2-11
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3. DOCUMENTATION REQUIREMENTS

3.1 Introduction

The inherent, unstated objective of any report should be
to make clear to the reader the value and accuracy of the in-
formation contained in it. The entire effort of 2n expertly
conducted experiment can be nullified if time and space is not
taken to report the experiment in a manner that can be criti-
cally evaluated - by indicating the way in which the experiment
was planned and performed, “tow the data were analyzed, and es-
tablishing a basis for the conclusions reached.

This section covers the general information normally re-
quired in an EMP effects experimental report. No attempt is
made to detail all the specific information that may be required;
certainly a good deal of judgment in this regard is required of
the report writer as he assesses his particular test circumstances.
However, some of the following sections do point cut many minimum
specific details that normally should be reported.

It is assumed that the experimentalist preparing the report
is familiar with technical writing and the typical structure of
a technical report. Occasionally the sponsoring agency will have
a standard report format that must be followed. 1In all cases,
however, the report should cortain clear statements of the e>peri-
mental purpose(s) and experimental objectives, a description of
what was done and how it was done, and a concise but complete
prcsentation of the test results and conclusions. Adequate in-
formation is particularly important in areas discussed below.

3.2 Plans and Procedures

The objectives of the experiment and the planned method of
obtaining these objectives should be briefly but completely des-
cribed. Items to be included are:

(1) A brief statement - with references if neces-
sary - of any theory pertinent to the experi-
mental design, including any assumptions made
and their justification.




(2) A description of the experimental technique
and apparatus. This may be simplified
by referencing the preferred test procedure.

Sk

Other aspects may include special equipment
fabricated for the experiment, and the
accuracy and date of calibration of all test
i equipment.

(3) Any precautions taken to assure the accuracy
and precision of measurements, including
precautions taken to exclude or limit

onay o

extraneous variables.

(4) A description and justification of any
deviations from the experimental design,
the causes thereof and remedial measures
taken.

(5) A description, with an example if necessary,
of how the raw data were converted to the
form used for analysis.

3.3 Experimental Samples

All basic types of samples should be described. A good
technique to follow is to prepare a distinct report section that,
for the various types of samples, presents the manufacturer,

E type or specification number, lot number, origin (factory,

' distributor, etc.), the number of samples in each category, and

' method of selection and validation. The importance of this

3 information cannot be overemphasized. Include as an appendix

any specification by which parts were selected or have a reference
to where such data are available. In addition, any pertinent
information about the history of the sample before testing it,

such as previous exposure to transients, must be noted.

3-4




3.4 Sample Conditions During Measurements

The operational state of the samples and the environmental
conditiorns that the samples were exposed to from the time the
samples entered the program until the last measurement was made
should be defined in the report. Specifically, this includes
such items as electrical operating point; temperature during
measurement; mounting configuration, a description of any pottiag
used; etc. Photographs of special purpose equipment setugps,
mounting fixtures, etc., are recommended.

3.5 Test Results

General Requirements

The test results are the most important part of a reoort.
They are the reason the experiment was performed. It is essen-
tial that they be reported as clearly and explicitly as possible.
To make the report more comprehensible the results are usually
presented in a condensed tabular or graphical form in the main
part of the report. Even so, all of the basic (raw) data should
be documented either as an appendix to the main report or in a
separate report. Suggested formats for recording data are given
for each procedure. Use of these formats will assist the
experimenter in remembering to take all the necessary information
and .will put the data in a standardized form more readily usable
by others. Charts, curves, and graphs are normally very helpful
and desirable, but they should only supplement, not replace, basic
data tabulations.

In planning an cxperiment, a theoretical model is usually
selected to predict the effect to be expected. The reduced form
of the data should then be chosen on the basis of the theoretical
model, to reflect the expected dependence upon the relevant para-
meters.

A measurement set is defined as the data taken on a group
of samples of the same type in a given combination of test con-
ditions. It is essential that, when the data for a measurement




set are presented, all qualifying test conditions be given
specifically. If a reported quantity was not being measured

directly, the method of analysis or evaluation should be .
given.

| 3.6 Analysis

A statement should be given as to the constancy of any
control samples used. The estimated uncertainty in all
important results should be quoted. In specifying errors,
the value of one standard deviation is the quantity preferred,
although other methods may be used if they are more suitable
; and are unambiguous. When statistical characterizations are
| given, at least a reference should be cited which explains
4 the techniques involved.
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{ 4. REPRESENTATIVE EMP INDUCED TRANSIENTS

£ 4.1 1Introduction

In order to intelligentl; evaluate the effects of EMP
on various system components and the effectiveness of
E hardening techniques or protective devices, one must be
i familiar with representative EMP induced transient and
3 collector or source impedances. The actual EMP threats
é are classified; therefore, any calcylations performed
with these actual EMP threats would also be classified.
It should be noted that such calculations are presented ia
E the DNA EMP Handbook and should be used as additional
3 guidance in the evaluation of EMP effects.

Although the actual EMP threats are classified, some
of the basic characteristics of a representative EMP from a
high altitude burst have been published in unclassified
literature;

""A representative electromagnetic pulse from a high
altitude burst will typically have maximum field strengths
near the ground on the order of 50 KV/meter, time duration
on the order cf a microsecond and rise times on the order
of 10 nanoseconds, resulting in broad frequency effects to
systems and equipments and dampened exponential ringing
of circuits at their fundamental and harmonic frequencies."(l)

In order to keep this document unclassified, the re-
presentative EMP transients presented in this document were
calculated using this unclassified waveform. Further, the
calculations were performed for the idealized case of a
vertical monopole antenna with an infinite, perfectly con-
ducting ground plane. Therefore, the representative EMP
induced transients presented in this document should only
be used as general guidance in cases where more realistic
or appropriate information is not available.

(1) Department of Dcfense/Office of Civil Defense, TR-61-B,
EMP Protective Systems, November,1971.
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4.2 Specific Calculations

A limited analysis was performed using the fourier trans-
form method* to develop representative EMP induced transients
for the EMP waveform discussed above. The specific calculations
that have been performed are as follows:

(1) For the idealized case of vertical monopole antennas,
assuming broadside incidence and the EMP polarized parallel
to tire antenna with resonant frequencies of:

fo = 100, 250, 500 KHz
fo =1, 2.5, 5, 1G, 25, 50, 100 MHz
The following items were calculated and plotted for the

250 KHz, 2.5 MHz, and 25 MHz monopoles:

e Time history of the open circuit voltage
(Figures 4-1 through 4-3)

e Time history of the short circuit current
(Figures 4-4 through 4-6)

e Time history of the load roltage for a 50 Q load
(Figures 4-7 through 4-9)

e Energy dissipated in the 50 Q load
(Values given on Figures 4-7 through 4-9)

(2) From the calculations, the following parameters were
determined and plotted:

e Peak open circuit voltage versus resonant frequency
(Figure 4-10)

e Rise time of the open circuit voltage versus
resonant frequency (Figure 4-11)

e Rate of rise of the open circuit voltage versus
resonant frequency (Figure 4-12)

e Decay time of the open circuit voltage versus
resonant frequency (Figure 4-13)

® Peak short circuit current versus resonant
frequency (Figure 4-14)

*IITRI Final Report, Project E6114, "Effects of EMP Environment
on Military Systems', Contract No. DAAK02-68-C-0377, U.S. Army
Mobility Equipment Research and Development Ctr., Ft. Belvoir, Va.
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( ! ® Rise time of the short circuit current versus
F resonant frequency (Figure 4-15)

® Rate of rise of the short zircuit current versus
resonant frequency (Figure 4-16)

e Decay time of the short circuit current versus
resonant frequency (Figure 4-17)

e Peak 500 load voltage versus resonant frequency
(Figure 4-18)

e Rise time of the 500 load voltage versus resonant
frequency (Figure 4-19)

‘ @ Rate of rise of the 200 load voltage versus
; resonant frequency (Figure 4-20)

5 e Decay time of the 500 load voltage versus resonant
frequency (Figure 4-21)

1 e Energy dissipated in a 500 load versus resonant
] frequency (Figures 4-22 and 4-23)

: ® Collector or source impedance versus normalized
r frequency (Figure 4-24)

4.3 Discussion of Results

In cases where more realistic or appropriate data is
not available, the representative EMP induced transients

presented in this section should be used as general guidance
for establishing rise times, rate of rise, pulse amplitudes,
decay times and source impedance to be employed in the pre-
ferred test procedures. Obviously, a great deal of engineer-
ing judgement is required for the appropriate use of these
calculations. Further, these calculations by no means re-
present the entire range of transients that would result

in actual systems. For example, the induced transients for
power distribution system or broadband antenna could easily
be much more severe than those presented in this section.
Whereas, typical shielded cable configurations could result
in transient which are 10-60 dB below those presented in
this section with different waveforms.
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It is worthwhile to note the good agreement between
the calculated (using the fourier transform method previously
discussed) and measured transient response of simple mono-
poles for the output voltage into a 50 ohm load. The trans-
ient response of a 10.75 meter monopole was both measured
and calculated.” The results are compared in Figure 4-25.
This analysis did not include the effect of the base
capacitance of the antenna; and, when this is considered,
even better agreement between measured and calculated
responses has been demonstrated.

More complex antenna arrangements have comparable
responses. frigure 4-26 shows the measured short circuit
current at the base of a 16-foot whip antenna mounted on a
corner of a 6-foot conducting cubical hut in response to a
typical EMP field.**; Note that the resonant frequency
departs significantly from that calculated for an ideal
16-foot monopole over a conducting infinite-sheet ground.
Better agreement in resonant frequency values is obtained
by adding the height of the cubical hut to give an effective
monopole height of 22 feet. More sophisticated analyses have
been employed to predict the response of complex antennas
to obtain better agreement with experimental results. The
user of the preferred test procedures should consider possible
differences between the responses of idealized antennas
employed here and those actually encountered.

*
Preliminary Study cf the Time-Domain Measurement of
Antenna Parameters, Final Report, IIT Research Institute
Project No. E6148, Contract No. No. N00228-69-C-1494

**Effects of EMP Environment on Military Systems, Final
Report, Contract No. DAAKO2-68-C-0371 Mod III, U.S. Army
Mobility Equipment and Research Center. More extensive
data appears in the Antenna Users Manual, to be published
by DNA.
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Figure 4-26 SHORT-CIRCULIT CURRENT OF A 16-FOOT MONOPOLE
ANTENNA MOUNTED ON A CONDUCTING 6-FOOT CUBICAL
HUT. VERTICAL 100 MILLIAMPERES/DIVISION,
HORIZONTAL 200 NANOSECONDS/DIVISION. EXCITING
FIELD .- 15 NANOSECOND USE TIME, 150 NANOSECOND
FALL TIME, 20 VOLT/METER PEAK FIELD, VERTICAL
POLARIZATION
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1 | 5. TEST PROCEDURES FOR SURCE PROTECTIVE DEVICES

1 5.1 Introduction

Voltage transients are common phenomena in communica-
tions systems and power transmission lines and are fre-
quently generated internally in related equipment. Causes
of transients are EMP, lightning strikes, static discharges,

internal switching of inductive components, short circuits,
etc.

The frequency with which transients occur and their

size are subject to a statistical distribution. It is very
difficult to arrive at a usable figure to predict the fre-

quency of occurrence, but in the past this figure was
underestimated by many engineers and may still be to a great
extent. This is understandable since voltage transients

in general did not present a serious problem as long as
semiconductors or other similarly delicate components were

not used, However, solid state circuitry demands from the
design engineer his utmost attention with regard to protec-
tion against excessive voltages in order to provide the
circuits with a high reliability factor, a long life expectancy
and an assured level of EMP hardness.

To achieve these goals the selection of the best pro-
tection method is important. Therefore, this section deals
with experimental procedures for evaluating the performance
of surge protective devices. A surge protective device
must protect the equipment without adversely affecting its
performance and must be capahle € withstanding the effects
of both EMP induced transier.s and other transients in the
system.

Three general categories of measurements are discussed
in this section. The Quasi-Static Response Measurements
are basically concerned with the parameters that determine
how the device affects the performance of the equipment or

9-3




how the equipment aifects t.e performance of the protective
device. The Transient Response Measurements are basically con-
cerned with the parameters that determine the effectiveness of

the protective device. Finally, the Permanent Degradation
Measurements are concerned with the capability of the protective
device to withstand the effects of both EMP induced transients

and other transients in the system. These procedures are designed

to evaluate the EMP performance of surge protection devices,
especially devices designed to protect communication or low-
power equipments where combined requirements must be met, such
as operation in high-power circuit, or survival during lightning,

these may be used as a guide.

i dieciiter sk o
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5.2 Quasi-Static Response Measurements

5.2.1 Scope

This section deals with the measurement of the device para-
meters that determine how the device affects the system perform-
ance or how the system affects the device performance. Because
of the variety and complexity of the possible system applications
and the variety of surge protective devices, it is not possible
to cover every facet of this problem in detail. In general,
this document only covers the basic electrical parameters and
the primary erfects. It is the system designer or specifier's
responsibility te be aware of and determine the more subtle
effects for particular applications or system performance
criterion. For example, if a silicon carbide varistor was used
to protect the front end of a receiver, it could produce harmonic
frequency components due to its nonlinear characteristics. The
extend of this harmonic generation and its possible effects on
system performance are not discussed in this document.

Throughout this document surge protective devices are
divided into two gereral categories according to their basic
operational characteristics. The two classes of surge pro-
tective devices are generally termed "Soft Limiters' and
"Hard Limiters". In general, the '"Soft Limiters' include both
capacitors and varistors; varistors are voltage dependent non-
linear resistors. At the present time these procedures are
limited to varistors; however, preferred test procedures for
capacitors may be developed at a later date. The "Hard Limiters"
include the various breakdown type devices such as gas gap,
carbon blocks, zener diode, controlled avalanche rectifiers,
etc. With regard to gas gap devices, electrical parameters
are dependent upon physical parameters asscciated with the
electrodes and the gas medium between the electrodes. The elec-
trode parameters involve spacing and shape while the medium
parameters encompass gas comnosition (impurities, ionization,
etc.) and pressure. With a fixed gas composition and electrode

geometry, increases in breakdown voltages for specific design

5-5




requirements may be accomplished by adjustment of the gas medium

! pressure (typically in the range of a few atmospheres to

E hundreds of atmospheres). However, gas spark gaps commonly

‘ employed to protect communication, data processing, control and
power systems are normally designed at a medium operating pressure
in the order of one atmosphere. Therefore, subsequent discussions
; which involve gas gap arrestors primarily address performance

: characteristics associated with low pressure gas mediums.

These devices present a near infinite impedance to a circuit while
unfired and a near short when fired. The 'Hard Limiters' could

T Ry

be further divided into two categories according to whether

et A Lt

they are uni-polar or bi-polar devices. Although their intended
application differ, the required measurements are very similar;
hence, these two types of devices are considered in one class.

el b

The various system applications can be divided into three
general family groups according to the basic requirements they
place upon the surge protective device. The three general

R T O

family groups are as follows:
(1) AC Power
: (2) DC Power
( (3) Signal, Control, Communication and Data Links

Each of these presents a different set of requirements or

problems for the surge protective devices. As an illustration
of this point, consider the basic performance of a precision

low-pressure spark gap. Figure 5-1 illustrates the basic per-
formance curve that precision spark gaps follow at low arc cur-
rents, and in the quasi-glow region.

5-6
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% Static Breakdown Voltage
/— Glow Voltage

Extinguishing /

; Arc Voltage
Arc Region Region
- B e a

I

Quasi-Glow
Region

Figure 5-1. Typical Spark Gap Performance

lLow=-pressure gaps have two different conducting conditions:

the quasi-glow region and the arc region. 1If the cur.-~nt
through the vap after ignition does not reach sufficient values
the gas tube will conduct only in the glow stage. At high
currents the tube is forced into the arc region with a very

low voltage across the gap., It should be noted that the

initial point of arcing is not the same for increasing and
decreasing currents. Upon decreasing current after arc init-
faticon, the spark gap may flutter hetween the arc and quasi-
glow modes. This does not appear important for single transient
point at which the quasi-glow discharge becomes an arc discharge,
and vice-versa, will vary greatly between samples of a given type
of vap as well as on the same sample. This transitional point
depends on the desien of the gap and on the operating conditions.
Even when operatine conditions are kept constant, as is the case
in plotting the V-1 curve, a tolerance range of * 257 can still

be anticipated.

Obviously, the first consideration when applying a spark
oap to a DC power circuit is that the circuit voltage must be
less than the static (DC) breakdown voltage of the gap. The
curve in Figure 5-1 illustrates the second consideration in
applying a spark gap to a DC circuit, that of ability to

extinguish the follow current of the electrical range.

5-7




A spark gap whose current is limited below the transition
region by a limiting impedance in series with the gap, for
instance a high DC system source impedance, and across whose
terminals the DC system voltage is less than the glow volt-
age, will extinguish following initiation of an arc by an
eleccrical surge. I1If the DC system voltage is greater
than the glow voltage, even though the gap current is below
the transition region the spark gap will fail to extinguish
and continue to draw current fron the system source until
it overheats and evertually destroys itself.

If the gap current is not limited below the transition
region, the DC system voitage must be less than the arc
voltage for the gap to extinguish following initiation of
an arc. Again, if the gap does not extinguish, it will con-
tinue to draw current from the system source until it over-
heats and eventually destroys itself.

In an AC power circuit this extinguishing problem
does not occur since the system voltage returns to zero
with each half cycie. Therefore, the gap voltage is brought
to a point below both the glow voltage and arc voltage and
the gap extinguishes. However, an AC power circuit presents
the alternate problem of follow current. More specifically,
in AC applications the fired spark gap will conduct during
the remainder of the half cycle or until the voltage across
the gap in combination with the current through the gap
brings it into the region which permits extinction. Any
statement regarding the extinguishing behavior of a protector
should take into consideration that overheatec electrodes
(caused either by high surge currents or follow current) or
other factors may prevent extinguishing and can cause repeated
firing in following half cycles.

This follow current, because of its possible long
duration, even if limited can cause deterioration of tne
spark gap electrodes resulting in erratic breakdown

5-8
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performance. Further, through deposition of the sputtered
electrode material on the interior insulating walls of the
device, can cause a lowering of insulation resistance and a
rise in electrode to electrode capacitance.

In AC circuit applications where voltage transients
routinely fire a protective gap, the degradations due to
follow current could alter or destroy the protection after
some period of time. This is one of the more subtle aspects
involved in EMP hardness assurance and illustrates the need
for periodic checks and mainvenance of EMP protective measures.

In signal, control, communication and data link circuits
the extinguishing voltage and follow current are generally
not a problem. In such applications, the pulse response
characteristics and the insertion loss due to shunt resistance
and capacitance are generally the primary considerations.

5.2.2 Specific Test Procedures

5.2.2.1 Hard Limiters

Static Breakdown Voltage (VSB)

Breakdown voltage, firing voltage, trip voltage and striking
voltage are synonymous terms referring to the point at which
the protector begins to conduct and are used interchangeably
throughout the protector industry. Throughout this docume+t
the term breakdown voltage will be employed. 1In general, the
breakdown voltage depends on the rate of rise of the applied
voltage transient. The Static Breakdown Voltage (VSB) is the
voltage at which a protector begins to conduct if subjected to
a very slowly rising DC voltage. The generally accepted rate
of rise for the measurement of the Static Breakdown Voltage is
a frontal slope equal to or less than 100 V/sec.

Static Breakdown Voltage (VSB) can easily be measured uging
a typical circuit as shown in Figure 5-2. The voltage across

the protector is increased at a rate less than 100 V/sec;
immediately after breakdown the power supply is turned down to




20 MQ 15 Q
———wav—-l_ A~

0.01 u F ¢ — Protector Under Test
01 p

Variable
Power

Supply T

Figure 5-2. Typical Circuit for Measurement of VSB

zero volts. A suitable voltmeter is used to measure VSB across
the protector. For bi-polar devices the Static Breakdown Voltage
should be measured for both polarities; whereas, it should only
be measured for the appropriate polarity for uni-polar devices.

The Static Breakdown Voltage of a protector is of minor
importance under surge or pulse conditions. Consideration of
Static Breakdown Voltage alone can lead to serious errors in
predicting performance during its intended use as a surge
protector. A low Static Breakdown Voltage does not necessarily
guarantee a low Pulse Breakdown Voltage. The preferred test
procedure for measuring the Pulse Breakdown Voltage is pre-

serited in the next section.

The principal value of the Static Breakdown Voltage is
to indicate the relationship of the minimum protector break-
down voltage and the circuit steady-state voltage. The normal
circuit voltage must be safely below the protector's Static
Breakdown Voltage. Further, changes in the Static Breakdown
Voltage are generally used as a failure criterion for Permanent
Degradation Measurements or the effects of follow current.

Extinguishing Voltage (VE)

Extinguishing Voltage, holdover voltage and custaining
voltage are synonymous terms, referring to the point at which
the protector's self quench or self extinguish occur, are used
interchangeably throughout the protector industry. Throughout
this document, the term Extinguishing Voltage will be employed.
The Extinguishing Voltage is the DC circuit vcltage that would
allow the protector to self quench or extinguish after surge
firing. If the V-I (voltage versus current) curve of the

5-10
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device has a positive or zero voltage gradient over the entire
range ui lucerest, then the Extinguishing Voltage is equal to
the Static Breakdown Voltage. However, if the V-I curve of the
device has a negative voltage gradient (e.g., gas gaps) then
the Extinguishing Voltage depends upon the current and could

be significantly less than the Static Breakdown Voltage for
some applications.

Since the Extinguishing Voltage can be a function of the
current, it depends upon the current of the initiating transient
and also on the current capability of any associated power sup-
ply. Therefore, for a particular system application the
Extinguishing Voltage should be measured at the maximum short
circuit current of the particular circuit. When measuring the
Extinguishing Voltage with no particular circuit application in

mind, the range of short circuit currents employed should be
specified.

The Extinguishing Voltage, Vgs can be measured using the
typical circuit shown in Fig. 5-3. '

Diode to Protect

Regulated
Supply
PP } Momentary Contact Switch
.+ A,
Regulated ‘I' 25k + Variable
DguPolwer Vv 1 j,_11:' ~— Pprotector DC Power
PPy — Under Test - Supply

Figure 5-3. Typical Circuit for Measuring VE

The regulated DC power supply, which must have the
required current capability. is set at "V'" volts and the
resistance R is chosen to obtain the specified short circuit
current. Then the variable DC power supply is adjusted to
slightly above the protector Static Breakdown Voltage and
the momentary switch is depressed to fire the protector.

If the protector extinguishes in less than one second

5-11




following the opening of the momentary switch, the Extinguishing
Voltage is equal to or greater than '"V" for that particular
short circuit current. Obviously, one merely repeats the
procedure increasing V and R (always keeping the short circuit
current constant) until the protector does not extinguish
within one second. Again, this measurcement should be performed
for both polarities for bi-polar devices and the appropriate

polarity for uni-polar devices.

It should be noted that some manufacturers recommmend
using a resistor in series with the arrestor since this will
greatly assist its ability to extinguish without tripping the
normal overload circuit breaker associated with the circuit to
be protected, if provided. If such an approach is employed
for a particular application, it should be emphasized that the
resistor is essentially part of the overall protective device

and must be included during the other evaluation tests.

Maximum Follow Current (IMF)

Follow current is the current from the connected power
source which flows through the protector during and following
the passage of current from an initiating transient. If the
V-1 curve of the device has a positive or zero voltage gradient
over the entire range of interest, then the follow current 1is
very small and this test is not applicable. As discussed
previously, high follow current can overheat the electrodes and
cause repeated firing in following half cycles. The Maximum
Flow Current, IMF’ is the peak 60 Hz follow current that allows
the protector to extinguish at the next zero crossing after
ignition.

The Maximum Follow Current, IMF’ can be measured using
the typical circuit shown in Fig. 5-4. The variable DC power
supply is adjusted so that the initiating transient will have
sufficient current to force the protector into the arc region.
Unless the Static Breakdown Vo]tagé is too low, a 120V - 60 Hz

power source should be used and the value of R is chosen to

5-12
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Controlled
Switch
R | /_ 100 K9
ANA M
Variable
Protector 0.0l uF DC Power
Under Test-+" -I- Supply

Figure 5-4. Typical Circuit for Measuring IMF

obtain the desired follow current. If the Static Breakdown
Voltage is too low for 120V application, a lower voltage 60 Hz
power source should be used. The controlled switch is set such
that the initiating transient occurs at approximately the 507%
point on the rising portion of the first half cycle used for
the test. Obviously, if the protector extinguishes at the
first zero crossing after the initiating transient, the follow
current should be increased by decreasing the value of R until
the protector does not extinguish at the zero crossing. A
pause of 30 seconds should be allowed between each test cycle.

Where the impressed AC voltage is different that 60 Hz,
different extinguishing behavior may occur. Where this may
be important,these procedures can be used as a guide to conduct
tests at other frequencies.

Rated Follow Current (IRF)

The Rated Follow Current, IRF’ is the peak 60 Hz follow
current that the protector can withstand for 3000 ccnsecutive
surges separated by 30 seconds without the original value of the
Static Breakdown Voltage changing by more than + 10%. The

Rated Follow Current can be measured using the same typical cir-
cuit that is employed to measure the Maximum Follow Current
(Fig. 5-4). The only difference is that the controlled switch
is designed to provide the required surge every 30 seconds for
25 hours, rather than a single pulse. Again, if the V-I curve
of the device has a positive or zero voltage gradient over the
entire range of interest, then the follow current is very small
and this test is not applicable.

5-13




Rated AC Discharge Current (I

RA)

The Rated AC Discharge Current, IRA’ is the RMS value
of the 60 Hz current applied in five consecutive cycles,
each cycle consisting of two one second surges five seconds
apart, after which a pause of five minutes shall be provided.
The Rated AC Discharge Current can be measured using the
same typical circuit that is employed to measure the
Maximum Follow Current (Figure 5-4). The only difference
is that the controlled switch is designed to provide the
required one second surges rather than a single pulse,

Following this test, the Static Breakdown Voltage,
VSB’ of the protector shall not differ from its original
value by more than + 10%. If a more liberal or conservective
failure criterion is warranted for a particular application,
then it should be employed. Again, if the V-I curve of the
device has a positive or Zero voltage gradient over the
entire range of interest, then the follow current is very
small and this test is not applicable.

Shunt Resistance (RS)

The Shunt Resistance, Res of a prctector is the DC
insulation resistance at a particular test voltage. The
Shunt Resistance can easily be measured using a resistance
meter, such as the Hewlett Packard Model 4329A. However,
because of the extremely high resistance value usually
involved, it is very difficult to obtain an accurate
measurement. In general, it is sufficient to merely specify
the order of magnitude of the Shunt Resistance, such as
RS>' 10109. When specifying the Shunt Resistance, the test
voltage employed should be stated. Generally, the test
voltage employed is the highest convenient test voltage
that does not exceed the Static Breakdown Voltage.

It should be noted that changes in the Shunt Resistance
could be and are sometimes used as a failure criteria for
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Permanent Degradation Measurements. However, because of the
extremely high resistance values usually involved, it is
generally difficult to define what constitutes a significant
change with respect to system performance degradation.

Shunt Capacitance (Cs)

The Shunt Capacitance, Cs » of a protector is the
electrode to electrode capacitance and is usually measured
at a convenient test frequency (1-100 KHz). The Shunt
Capacitance can easily be measured using a L-C meter or
an impedance bridge, such as the Tektronix Type 130 1-C
meter, the General Radio 1650B Impedance Bridge or the
1615-A Capacitance Bridge. Because of the extremely small
Shunt Capacitance in many devices, it may be very difficult
to obtain an accurate measurement. In such cases it is
sufficient to merely specify the order of magnitude, such
as CS<'2 pf. Further, the Shunt Capacitance of some devices
depends upon the DC bias voltage and should thus be measured
for the appropriate bias voltage. Therefore, it should be
noted that the General Radio 1650B Impedance Bridge has the
capability of measuring capacitance with up to 600 volts bias.

Since the Shunt Capacitance can have a significant
effect on the transient response and may limit the possible
applications of the protective device, it should be measured
for all types of devices even though the shunt capacitance
may not be an important factor for the intended applicationm.
Further, the eftective Shunt Capacitance of uni-polar
devices should also be measured using either back-to-back
or front-to-front combinations to form a bi-polar configura-
tion.

Voltage - Current Characteristics (V-I Curve)

Even though the Shunt Resistance is usually very high
and the Shunt Capacitance is small, the resulting leakage
current may be significant for some system applications.

In such cases, the Voltage-Current Characteristics (V-1
Curve) of the device should be measured. Use of a Tektronix
Model 575 or 576 curve tracer is recommended for this

measurement.
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5.2.2.2 Soft Limiters )

Voltage - Current Characteristics (V-I Curve)

In general, the '"Soft Limiters' include both capacitors
and varistors; however, these procedures are presently

b gis o i aa i kit )

limited to varistors. A varistor is a nonlincar voltage
dependent resistor for which the current varies as a power
of the applied voltage. The most common present-day
expression which approximates the Voltage-Current Characteris-
tics is :

I = kv

where

instantaneous current
device constant
= jnstantaneous voltage

R < X ™~
"

device exponential

The constants K and 2 depend upon the resistivity of
the material, the geometry and various factors in the
manufacturing process (i.e., variation of both size and
composition of both the crystals and grain boundary).

The nonlinear voltage-current characteristics of a
varistor extends over an extremely wide current range and
the above equation approximates these characteristics.

The higher the exponential, the more nonlinear the

electrical characteristics; hence, alpha (a) is a measure
of how well & suppressor approaches the ideal. In general,
the exponential is somewhat dependent on the applied voltage.
A reduction in voltage gradient is usually accompanied by

a reduction in exponent. At voltages less than one volt

it is general!y impractical to supply material having an
exponent greafer than 2.

Because of the possible variation of the exponential
(a) with applied voltage, especially at low voltage, the
effective a of varistors should be measured by means of
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high current pulse testing. These techniques are discussed
in the Transient Response Measurement section. Further,

the low level characterization fbor determining how the

device affects the system performance or how the system
affects the device performance should include the measure-
ment of the voltage-current characteristics (V-1 curve)

over the range of interest. Use of a Tektronix 575 or 576
curve tracer or equivalent type test equipment is recommended

for this low current range measurement.

In many test programs it may only be necessary to
perform calibration checks of the devices. Incoming cali-
bration checks cannot be made by ohmmeter or by bridge
resistance circuits, since varistors are voltage sensitive.
The standard steady-state calibration circuit is shown in
Figure 5-5.

Current Limiting Resistor
/- g

e VAVAVS
. A High Resistance
Signal Ammeter — é %D/

Source /— Test Voltmeter
AWIA Varistor

Figure 5-5. Standard Steau, State Calibration Circuit for Varistors

The primary purpose for these calibration checks is that
changes in the Voltage-Current Characterist® .s are generally
used as a failure criterion for Permanent Degradation
Measurements. Therefore, for a particular system application
the calibration check should be performed for the appropriate
operating conditions (i.e., frequency and signal level).

When performing tests with no particular circuit application
in mind, the calibration checks should be performed at
either the DC or 60 Hz voltage rating of the device.
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If these calibration checks are performed at 60 }z or
any other frequency, it should be noted that because of
the variable resistance of the device, the wave shape of
the current is quite different from the wave shape of the
voltage producing it. For example, if a sinewave of volt-

age is applied, a typical waveform of current is shown in
Figure 5-6,

BERGR VALY

Figure 5-6. Representative 60 Hz Voltage and Current of a Varistor

oo bbb

Because of this change in waveform the ratio of the rms
voltage to the rms current will not be the same as the
ratio of the instantaneous voltage to the instantaneous
current. This fact must be kept in mind if calibration
checks performed with a rms voltmeter and a rms ammeter

are to be correlated with V-I measurements performed with
a curve tracer.

Further, it should be noted that the average power
loss in a varistor for an applied AC voltage is given by:

P=Vigs X Iopg ¥ (PD)

where the power factor depends on the exponential, a, and

is somewhat less than unity. Since device failure is usually
a result of overheating due to excessive power dissipation,
calibration checks in terms of rms voltages and currents

are definitely appropriate.
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Steady State Voltage Rating

The Steady State Voltage Rating is determined by the average
power dissipation capability of the varistor. The rating depends
upon the permissible temperature rise of the varistor and provi-
sion made for heat dissipation. In general, the Steady State
Voltage Rating should be specified as the maximum permissible
60-Hz rms voltage for still air cooling at a specified ambient
temperature. Further, for many applications, it is desirable to
know the rating as a function of ambient temperature.

When performing these measurements, the surface temperature
of the varistor should be measured, using a thermocouplé*epoxied
to the body of the varistor. Further, some care is required so
that the thermocouple leads and junction do not cause localized
cooling and result in an erroneous reading. A 10 or 12 mil
copper-constantan thermocouple junction is suggested.

Shunt Capacitance (CS)

Again, as in the case of the '"hard limiters', the shunt
capacitance can have a significant effect on the transient re-
sponse and may limit the possible applications of the device.
Thesefore, it should be measured for all types of devices, even
though the shunt capacitance may not be an important factor for
the intended application.

The Shunt Capacitance, CS’ of a varistor is the electrode-
to-electrode capacicance and is usually measured at a convenient
test frequency (1-100 kHz). However, because of the voltage de-
pendent nonlinear resistance, it is not possible to accurat=sly
measure the shunt capacitance with some types of capacitance
bridges. More specifically, the type of capacitance bridge em-
ployed should balance the real and imaginary parts of the unknown
independently. In order to do this, both the real and reactive
components in the complex balancing arm must be adjustable. The
General Radic Type 1615-A Capacitance Bridge is of this type and
would be acceptable for measuring the shunt capacitance of varis-
tors. Further, for some types of varistors, the dielectric

%
Aeropak Miniature Mineral Insulated
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constant and resulting shunt capacitance is a function of the
applied voltage. 1In such cases, the shunt capacitance should be
measured at the particular signal level of interest or over an
appropriate range of signal levels.

If only one component in the complex balancing arm is adjus-
table, the balancing depeuds upon the resistance of the varistor
and, hence, on the amplitude of the test signal. 1In general,
capacitance bridges, such as the General Radio 1650-B, which have
a switch for high and low dissipation factor, D, are of this lat-
ter type and are generally not acceptable for accurate measurement.
It should be noted, however, that this later type can give ac-
curate measurements in cases where the varistor and test conditions
result in a low dissipation factor,

5.2.2.3 Data Reporting

If the test was conducted as a complete quasi-static
characterization, all of the pertinent parameters discussed in
the preceding paragraphs should have been measured. Tables
and figures on the following pages show the suggested formats
for presenting these data for both hard limiters and soft
limiters. Actual test circuits, test equipments, and detailed
procedures should be specified in sufficient detail so that

another experimenter could repeat the tosts.

If the test was conducted as a partial characterization or
as a simple proof test, not all of the parameters were necessarily
measured. Nevertheless, the test data and detailed procedures
should be reported. It is recognized that proof-test data are
generally of little value to anycne other than the user, but

by reporting the data, their usefulness and validity can be

better assessed.
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5.3 Transient Response Measurements

5.3.1 Scope

This section deals with the measurement of the para-
meters that determine the performance of the protective
devices for various surge conditions. The main purpose of
a protector is to detect the surge conditions and dissipate
or shunt it before damage can occur to the equipment being
protected. Therefore, in order to intelligently evaluate
various protective devices, one must be familiar with
representative EMP induced transients and typical damage
mechanisms and levels for circuit components.

The discussion here will consider the failure mechanisms
associated with a single pn junction since (1) such a junction
is found in all semiconductor devices, and (2) extension of
the results presented to multi-junction devices is relatively
straight forward.

The power required for junction fajlure is a function
of the applied pulse width (for single pulse excitation) as
shown in Figure 5-7.

Log (Power for Failure)

I A 1 1 L 4 ::. 1

] L =4
1 10 10° 108 10? 10” 10°
Applied Pulse Width (ns)

Figure 5-7. Typical Failure Level Versus Puise Width
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The same general relationship between the power level

for failure and pulse width is found for both reverse and

forward polarity excitation or: the junction. However, in

general, an increased power level of from 5 to 15 dB is

required to achieve junction failure for voltage pulse

across the pn junction diode in the forward direction.

The general shape of the curve may be explained as

follows:

(a)

(b)

(c)

for pulse widths on the order of 1 msec or longer,
the continuous power ratings of the device applies
with regard to failure,

in the time domain of from 100 nsec to
1000 psec, the pulse power level required for

junction failure follows a ¢-1/2

relationship.
This result is obtained both experimentally and
theoretically where a boundary value heat equation
problem is solved under the assumption that all
the energy expended in the device is converted to

a plane heat source at the junction face.

In the less than about 10 to 100 nsec time regime,
the required power level to lailure follows a t-1
relationship with respect to incident pulse width.
This relationship holds due to the fact that at
such short pulse widths, relatively large power
levels and conversely large currents are required
to generate enough heat in the device to cause
failure. These large currents generate significant
amounts of 12R losses in the bulk semiconductor
material, thus overshadowing the heat generated

at the junction. Hence, for this case an extended
heat source must be assumed as contributing to the
junction failure. In theory and also experimentally,
such a condition results in a t~1 time dependence.




(d) In the regime below about 10 nsec, one of two
possible conditions may predominantly exist. A
¢! dependence signifying a uniform heat source
throughout the body of the device, or a time
independence implying a dielectric breakdown
failure due to zicing or other surface effects.
For a given device, whether one or the other
trend is observed, is dependent upon its surface
characteristics such as impurities, surface im-
perfections, geometry, etc.

Except for possible su:face effects at extrzamely short
pulse durations, the device damage mechanism is essentially
the same for both the t"1 and t'l/2 slope regimes and also
for forward and reverse biased polarities. The basic effect
is a local thermal runaway condition at the junction induced
b severe current concentrations within the device which
are a function of the biasing conditions, excessive junction
fields and material defects. That is device degradation
is a direct result of melting and re-alloying reactions at
various current construction sites along the junction face.

These sites effectively form low resistive paths commonly
called filaments which pridge across the junction at one or
more sites. From an equivalent circuit point of view, the
effect is to bridge the junction with a low value resistance
which tends to nullify the junction actiou.

The same amount of energy is required at the junction
to initiate damage independent of pulse polarity. For
forward biased pulses, the voltage drop across the junction
is very small, thus resulting in a high junction current.
This high current causes high I"R losses in the bulk semi-
conductor and hence, it requires more power at the device

terminals to fail the junction in the forward direction.
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As discussed in Section 4., typical EMP induced transients
are generally of the form of an exponentially decaying sinusoi-
dal (Figure 5-8) with various peak amplitudes, resonant fre-
quencies and decay times. Further, the collector or source
impedances are generally complicated complex functions.

/_\/\/\/\n

-
C
C

C

Figure 5-8. General Form of Typical EMP Induced Transient

Ideally, one would measure the response of the various
surge protective devices fo. a broad range of exponential
decaying sinsusoidal waveforms (such as shown in Section 4.)

: using a pulse injection source with the appropriate output
] impedance for each waveform. However, such injection sources

are not presently available and would require significant

development cost. Further, even if the required sources were

available, such a procedure would be time consuming and
expensive because of the wide variety of possible transients.
Therefore, these preferred test procedures are based on the
measurement of the parameters that are required to characterize
the device in such a manner that one can calculate the res-
ponse of the device for various surge conditions. Such an
approach is possible because of the fact that surge protective
devices generally have very little frequency selectivity

and present very low impedances (almost a short circuit)

under surge conditions.




o e o i

e RO P SR

o

Based on the above facts and the general nature of the
transient response for surge protective devices, it is only
necessary to measure two basic parameters to characterize
the device. First, one must measure the early time over-
shoot characteristics for a rapidly rising transient. 1In
general, the amount of overshoot is a function of the rate
of rise and is controlled by the inherent inductance, shunt
capacitance and response time of the device. For the soft
limiters this parameter is termed the Peak Pulse Voltage
and for the hard limiters it is termed the Pulse Breakdown
Voltage. In both cases it is measured for both polarities
and various rates of rise up to at least 5 KV/ns. Second,
one must measure the intermediate time nonlinear voltage-
current characteristics for various surge conditions. For
both the soft limiters and hard limiters this parameter is
termed the Clamping Voltage and is in general a function of
the current. Again this parameter is measured for both

polarities and for an appropriate current range.

Once these two sets of parameters are known, one can
obtain a nonlinear circuit model for the protective device
and calculate the overall response for various collectors
and loading conditions. Further, if the load voltage
without the protective device and the short circuit current
are known, it is sometimes possible to easily estimate the
response with the protective device in the system. More
specifically, the rate of rise and peak amplitude of the
load voltage is used in conjunction with the Pulse Break-

down Voltage or Pcak Pulse Voltage to estimate the overshoot.

Further, the short circuit current and the Clamping Voltage
are used to estimate the voltage across the protected load
for intermediate times. For example, if we consider the
general form shown in Figure 5-8, the general form of the
load voltage with the protective device in the circuit is
illustrated in Figure 5-9.
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Figure 5-9. Representative Response for an EMP Induced Transient

From this response it is possible to determine the
basic parameters generally used to specify failure levels
of semiconductor devices (peak voltage, energy and power
in various time domains).

It should be noted that these preferred test procedures
are based on measuring or determining the overshoot characteris-
tics with essentially zero initial conditions. Therefore,
response calculations for oscillatory type transients may
overestimate the spiking for all but the first half
cycle. More specifically, because of the finite recombina-
tion rate a gas gap will be partially ionized at the start
of the second and each subsequent half cycle; therefore, the
actual Pulse Breakdown Voltage and resulting overshoot could
be less than the calculated values, which is based on zero
initial conditions.
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5.3.2 Specific Test Procedures

5.3.2.1 Hard Limiters

Pulse Breakdown Voltage (VPB)

Impulse breakdown voltage, dynamic breakdown voltage,
surge sparkover voltage and surge striking voltage are
synonymous terms referring to the point at which the protector
begins to conduct for various rates of rise of the initiat-
ing transient and are wused interchangeably throughout the
protector inductory. Throughout this document, the term
Pulse Breakdown Voltage will be employed. The Pulse Break-
down Voltage is one of the most important characteristics
of the protector and is determined by the minimum response
time of the device and the effective inductance of the inser-

tion technique.

The Pulse Breakdown Voltage, VPB’ is the peak voltage
attained before the protector begins to conduct fora specific
rate of rise of the applied transient. Therefore, the Pulse
Breakdown Voltage, VPR’
on the front of the wave, using a suitable oscilloscope
and a variable rate of rise pulse source, as indicated in Fig., 5-11,
Measurements are taken using voltage pulses of a sufficiently
bigh peak value (VP < 10 Kv, Fig. 5-10), so that the protector
will breakdown on the rising or frontal portion of the pulse.

is measured by observing breakdown

! Rate of Rise = "5 kV/ns

/
S 10—k — Y%
]
- 8._ I
§ orfi
s il

1 1 1 1 L [

0 2 4 6 8 10 12
Time (ns)

Figure 5-10. Typical Test Waveform
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In general, the Pulse Breakdown Voltage increases with
increasing rates of rise of the applied pulse. Based on this
fact and the represented EMP transients discussed in Section 4,
the Pulse Breakdown Voltage should be measured at various
rates of rise up to at least 5 KV/ns. It should be noted
that this rate of rise is a factor of 1000 greater than the
maximum rate of rise generally employed (5 KV/us) for other
type transient evaluations of protective devices.

This required high rate of rise (5 KV/ns) results in some
severe problems to the experimenter. These experiments require
fast rise time (about 10 ns), high voltage pulse sources (about
30 KV), and broadband oscilloscopes (150 MHz bandwidth). Care-
less handling of the signals or test fixtures can easily result
in loss of data, or in questionable data. In fact, in some
cases the Pulse Breakdown Voltage for this high rate of rise
will be controlled by the insertion technique rather than by
the device itself. Therefore, it is mandatory that the experi-
menter maintain as high a signal-to-noise* ratio as possible and
measure the inherent inductive voltage (noise level) of the
test fixture for each of the test waveforms employed. The test
pulses must be handled iIn coaxial configurations with the shield
being continuous and the cables must be terminated in their
characteristic impedances to insure that they faithfully re-
produce the desired signal. In some cases it mav bte necessary
to employ a fil :er on the 60 Hz power of the oscilloscope and
enclose the scope in a shielded box.

The Pulse Breakdown Voltage, VPB’ should be measured
using the typical circuit configuration shown in Figure 5-11.

Variable -
Bulee | Oscilloscope
Generator Attenuator = P

™~ Test Device

Figure 5-11. Typical Circuit Configuration for Measuring VPB

All extranecus voltages.
9-32




YR AT

TP A NS

The first step in the preferred test procedure is to measure
and record the test waveform. With the test device removed
from the circuit, the pulse generator is adjusted to provide
the required rate of rise and peak amplitude across the 50Q
termination. This waveform is then measured and recorded
using a suitable oscilloscope and camera. Next, the test
device is inserted in the circuit and again the voltage
across the 500 termination is measured and photographed.

The basic response characteristics and the Pulse Breakdown
Voltage for this particular rate of rise is determined from
this measurement and photo. Finally, the test device is
replaced by a short circuit and the voltage across the 500
termination is again mcasured and photographed. This last
measurement is basically a measurement of the noise level

or inherent inductance of the test fixture. Since the Pulse
Breakdown Voltage can sometimes be controlled by this in-
herent inductance, it is mandatory that this measurement be
performed for each of the test waveforms employed.

Obviously, to obtain the Pulse Breakdown Voltage for
other rates of rise the pulse generator is adjusted to pro-
vide the required rate of rise and the above procedure is
repeated. Although the basic procedure is straightforward,
setting up and performing the actual experiments is not
always an easy task because of the high voltages and high
rates of rise or bandwidth required. Therefore, the primary
test considerations and some suggested experimental techni-
ques and equipments are discussed below.

The first consideration is that the test pulse (i.e.,
peak voltage, peak current, pulse width and repetition rate)
must be such that it does not damage or destroy the device.
The general rule of thumb is that the pulse width and pulse
amplitude employed are just large enough to insure frontal
breakdown. Further, for the slower rates of rise it may be
necessary in some cases to use a resistor in series with
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the source to limit the peak current. Finally, these
measurements are generally performed on a single shot basis.

Because of the required broad btandwidth and single
shot measurements, the monitoring oscilloscope must be a broad-
band real time oscilloscope. The actual bandwidth require-
ments depend upon the response characteristics of the device
and the rate of rise being employed. When performing measure-
ments at 5KV/ns, a 150 MHz bandwidth will suffice for some
types of protective devices. Insuch cases, a Tektronix 454
or a HP1710A oscilloscope would be acceptable, In general,
however, an even wider bandwidth is required and use of a
HP183, a Tektronix 485 or a Tektronix 519 oscilloscope
is recommended. Further, the combination of broad bandwidth
(fast sweep speeds) and single shot measurements results in
very high writing speed photography requirements. Therefore,
the experimenter should be familiar with the present state-
of-the-art in oscilloscope photography and writing rates
for oscilloscopes. Either the Hewlett Packard or the
Tektronix instrumentation catalogs present sufficient
information in the area and are excellent starting points,

The "Testing Section" in the EMP Course Notes might also
be consulted.

The next primary consideration is the required variable
rate of rise pulse source. At the present time there is no
commerically av.ilable source that satisfies all the require-
ments. However, charged line sources are available or can
be constructed to obtain peak voltages greater than 10 KV
with rise times on the order of 1 nanosecond or less.
Therefore, one suggested approach to obtain a 5 KV/ns test
waveform is to employ such a charged line source in con-
junction with a low pass filter, a series inductor or a
section of lossy transmission line (i.e., RG-222) to slow the
resulting rate of rise to 5 KV/ns. It would also be possible
to construct a capacitor discharge source with the required
5 KV/ns rate of rise; however, it would probably be more
expensive because of the low inductance, high voltage
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capacitor required. Further, the capacitor discharge source
would result in significantly higher short circuit current than
the charged line source and could result in device damage. At
the slovor rates of rise a capacitor discharge source may be
more appropriate and because of the reduced bandwidth it would
be nuch simpler to incorporate a series resistor in the source
to limit the short circuit current.

Another of the primary considerations is the test fixture
or device insertion technique. As mentioned previously, the Pulse
Breakdown Voltage may be primarily contrclled by the inductance
of the insertion techniques. Numerous techniques are acceptable
provided the experimenter measures the open-circuit and short-
circuit response of the insertion fixture and describes it in
sufficient detail that someone else can repeat the experiment.
Some suggested approaches are to use a General Radio type 874-X
insert.ion unit or use a coaxial tee (GR type 874-T tee) and a
GR type 874-ML component mount. Another approach would be to
use a coaxial tee and construct a shielded enclosure component
mount similar to the GR un:t. Shown in Figuire 5-12 in some
detail is an easily fabricated tee type mount arranged in a
500 test jig. The limiter is housed in the body of a coaxial
cable plug whose cable retaining nut is modified tc provide a
shielded enclosure. Coaxial positioning of the limiter is achieved
by soldering its term:inals to the modified retainiag nut and
to the plug's center pin. Where limiters are not readily
adaptable to coaxial components, a 50Q strip transmission line
m.unt, shown in Figure 5-12, can be employed with minimum
inductive reactance affects. Since the Pulse Breakdown Voltage
may be primarily determined by the insertion technique, a
general rule of thumb is that the insertion unit should not
be so sophisticated or expensive that it is not practical for
system applications. Further, when testing protective devices
with leads, the lead length employed during the test should bhe
specifieaq.,
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The remaining element of the test circuit is the 500
\ attenuator. This could either be a specially constructed broad-
5 band attenuator or an acceptable commercially available
' attenuator. One type of commercially available attenuator
3 that can be used up to peak amplitudes of 11-12kV is the Bird
Model 8325 30 dB ceaxial attenuator with a type "HN" input
; connector. It should be noted that type "N" connectors will
generally only withstand 8-9kV on a pulse basis.

Lot

Clamping Voltage (V)

The Clampinyg Voltage, (VC), is the voltage across the
protective device during surge conditions after any overshoot or
spiking has decayed down. In general, the clamping voltage
depends upon the current; therefore, it could also be termed
the intermediate time voltage-current chevacteristics. Since
the Clamping Voltage, Vc, depends upon the current, it should
be measured over an appropriate current range. Further, it
should be measured for both polarities for both unipolar and
bipolar devices.

In order to aveid device damage, the Clamping Voltage
should be measured on a pulse basis using a typical circuit
as shown in Fig. 5-13.

Variable
Pulse Oscilloscope
Generator
Device Under Test =
“*—_ Low Impedance Current Monitor

rrrrrrn

Figure 5-13. Typical Circuit for Measuring V,,

g
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These measurements are usually performed using a rectangular
pulse with a pulse width between 500 ns and 1 ms. The actual
peak amplitude, pulse width and repetition rates employed are
controlled either by the available source or the device peak
current or energy capability. Various pulse generators are
acceptable provided they have the required current capability.
For example, a YVelonex Pulse Generator Model No. 350 could be
used for the low current range and a charged lin: source could
be used for the higher current ranges. If even higher currents
are required, a capacitor discharge source could be employed.
In this case the waveform would not be rectangular; however,
such an approach is acceptable provided the rate of change of
the test waveform is sufficiently slow that the inductive effects
of the circuit are negligible.

The impedance of the required current monitor must be small
compared to the effective impedance of the protective device.
A general rule is that it must be at least a factor of 10 less
than the effective impedance of the device. The current monitor
could be a commercially available current probe; (i.e., Tektronix
CT-1 or CT-2, Genisco GCP-5110 or 5130, etc.), or merely consist
of measuring the voltage across a low resistance current shunt.
Care should be taken to use a non-inductivec current shunt for

narrow pulse work.

The voltage across the test device is monitored using a
high impedance oscilloscone. Since the bandwidth or peak voltages
are not generally very high, the voltage monitoring is not
especially difficult and is, therefore, not discussed in detail.
However, it should be noted that significant voltages could be
applied to the oscilloscope if the device did not fire or
failed to open.
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5.3.2.2 Soft Limiters

Peak Pulse Voltage (Vpp)

The Peak Pulse Voltage is defined as the peak voltage
across the varistor for a specific rate of rise and peak
amplitude of the test pulse. The Peak Pulse Voltage is very
similar to the Pulse Breakdown Voltage of hard limiters in
that it is a measure of the inductive overshoot or spiking.
However, it is different than the Pulse Breakdown Voltage in
that it also depends upon the pz2ak amplitude of the test pulse.
More specifically, if the applied voltage increased indefinitely
at a constant rate of rise, then the voltage across the varistor
would continue to rise until the device failed.

The test circuit and procedure for measuring the Peak Pulse
Voltage, Vpp, for a soft limiter is exactly the same as that
for measuring the Pulse Breakdown Voltage of a hard liniter.
Again, the open circuit and short circuit (i.e., the device
removed and the device replaced by a short circuit, respectively)
response of the test circuit should be measured. It is particularly
important that one measure the peak test voltage with the device
out of the circuit (open circuit). Again, these measurements
should be performed up to at least 5 kV/ns for both polarities
and the basic test considerations discussed previously apply to
this case also.

Clamping Voltage (VC)

The Clamping Voltage, Vc, for soft limiters is defined and
measured in exactly the same manner as indicated for hard limiters,
Paragraph 5.3.2. Therefore, the preferred test procedure will
not be repeated here.

As discussed previously, the exponential (a) is a measure
of the effectiveness of the varistor. It should be noted that
a plot of Clamping Voltage versus current could be used to

determine the effective a of the device.




Rated Pulse Current (IRP)

The Rated Pulse Current, IRP’ for a particular fall time
is defined as the peak current that the protector can withstand
for 100 successive pulses separated by at least 30 seconds each
without exceeding the failure criterion. The failure criterion,
test circuit, test procedure or sequence and the range of decay

] times discussed for the Maximum Pulse Current apnly to this
é measurement also.

5.3.2.3 Data Reporting

If the test was conducted as a complete transient characcer-
ization, all of the pertinent parameters discussed in the preceding
paragraphs should have been measured. The tables and figures
on the following pages show the suggested formats for presenting
these data for both hard limiters and soft limiters. Actual
oscilloscope photographs of the open circuit, short circuit,
and device response for the fastest rate of rise employed is
very desirable and sho:id compliment the tabulated and graphical
data. Sample time domain oscilloscope photographs of hard and
soft limiter responses are also included as a suggested reference.
The format of the photographs are such that for ease of comparison,
the responses of the subject limiter (in a 500 jig) tc two
voltage waveforms cf different rates of rise are exposed on the
same print. Further, the actuul test circuits, test equipments,
and detailed procedures should be specified in sufficient detail
so that another experimenter could repeat the tests.

If the test was conducted as a partial characterization or
as a simple prccf test, not all of the parameters were racessarily
measured. Nevertheless, the test data and detailed procedures
should be reported. It is recognized that proof-test data are
generally of little value to anyone other than the user, but
by reporting the data, their usefulness and validity can be
better assessed.
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1est Pulse 1 (5.0 kV/ns)
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% Device Response
Vertical 1000 V/Div
Horizontal 5 ns/Div

Test Pulse 2 (0.5 kV/ns)
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Device Response

Vertical 500 V/Div

Horizontal 5 ns/Div
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Test Pulse 2 (G.5 kV/ns)
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Test Pulse 1 (5.0 kV/ns)

Device Response
Voctical 500 V/Div

Horizontal 5 ns/Div

Test Pulse 2 (0.5 kV/ns)

Device Response

Vertical 200 V/Div

Horizontal 5 ns/Div
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5.4 Permanent Degradation Measurements

5.4.1 Scope

This section deals with the measurement of the device para-
meters that determine the capability of the protective device to
withstand the effects of both EMP-induced transients and other
transients in the system. Obviously, the primary emphasis in
this document is on the effects of EMP-induced tramsients; how-
ever, other transients can not be ignored because they could de-
grade or destroy the EMP protection. Again, in order to intelli-
gently evaluate various protective devices, one must be familiar
with representative EMP-induced transients and collector impedances.

As discussed previously, typical EMP-induced transients are
generally of the form of an exponentially decaying sinusoidal
(Fig. 5-8), with various peak amplitudes, resonant frequencies,
and decay times. Further, the collector or vource impedances are
generally complicated complex functions. Again, the ideal approach
would be to subject the various surge protective devices to a broad
range of exponential decaying sinusoidal waveforms (such as shown

in Section 4) using a pulse injection source with the appropriate
output impedance for each waveform. However, such injection

sources are not presently available and would require signiiicant
development cost. Therzfore, the preferred test procedures for
Permanent Degradation Measurements are based on subjecting the
protective device to two exponential current pulses with various
rise times, peak amplitudes, and fall times.

Such an approach is realistic and provides meaningful test
data because of the fact that surge protective devices generally
have very little frequency selectivity and present very low im-
pedance (almost i short circuit) under surge conditions. More
specifically, tecause of this very low impedance under surge con-
ditions, the protective device would typically be subjected to
the EMP-induced short circuit current. As illustrated in Section4,
representative EMP-induced short circuit currents are generally of
the form of exponentially decaying sinusoidals with various peak

Preceding page blank
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amplitudes, resonant frequencies, and decay times. Since surge
protective devices generally have very little frequency selecti-
vity, they generally will be capable of withstanding the various
exponentially decaying sinusoidals provided they can withstand a
two-exponential pulse of either polarity equal to or greater than
the envelope of the decaying waveform (Fig. 5-14).

/ Positive Polarity Test Waveform

Representative EMP Induced Waveform

Lo ()

Figure 5-14. Comparison of Test Waveform and Representative
EMP Induced Waveform

It should be noted that such an approach is generally not
realistic and may not provide meaniugful failure data for com-
ponents or devices which have significant frequency selectivity.
Further, although a rectangular test wave:;orm could provide use-
ful failure data, a two-exponential waveform is more appropriate
since typical EMP transients are generally not rectangular pulses
nor do they have rectangular envelopes.

One of the most difficult aspects of Permanent Degradation
Measurements is determining realistic failure criteria. In gen-
eral, the actual failure criteria or what constitutes a signifi-
cant change in a particular parameter depends upon the system
application and the required system performance criteria. There-
fore, for particular system applications, it may be appropriate
to select different criteria or more conservative or liberal limits
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than those suggested in this document. In all cases, the failure
criteria employed in the Permanent Degradation Measurements should
be explicitly stated. With no particular system application in
miand, the suggested failure criterion for hard limiters is a
change of more than + 107 in the original Static Breakdown Voltage.
In the case of soft limiters, the suggested failure criterion is

a change of more than + 10% in the effective resistance (V-1
characteristics) at the Steady State Voltage Rating of the device.

5.4.2 Specific Test Procedures

5.4.2.1 Hard and Soft Limiters

The preferred Permanent Degradation Measurements for both soft
limiters and hard limiters are exactly the same; except as discus-
sed above, a different suggested failure criterion is employed.
Therefore, the two basic types of surge protective devices can be
considered as one class for these measurements.

Maximum Pulse Current (IMP)

The Maximum Pulse Current, INP’ capability of a surge protec-
tive device is geunerally a function of the decay time of the cur-
rent pulse and the history of the device (i.e., previous discharges).

The Maximum Fulse Current, Iyps should be determined using a typi-
cal circuit such as shown in Fig. 5-15.

High Impedance Charging Resistor -\

R High Voltage Switch
A
Variable —
: vice
Vgllti};e -<— Discharge EU/ Under Test
DC Supply T Capacitor

Figure 5-15. Typical Circuit for Determining IMP

The value of the discharge capacitor and series resistor,
R, are chosen to provide a two-exponential pulse with the
desired decay time and a rise time at least of a factor of 10
less than the decay time. In general, the value of the series
resistor should be large compared to the effective surge resis-
tance of the test device and the total inductance of the discharge
5-53



E ! capacitor and the test circuif must be smal! enough to obtain

] ! the desired rise time. The variable DC supply is adjusted to
provide the desired peak current for the particular RC combina-
tion being employed.

é When performing these tests, the Maximum Pulse Current, IMP’
1 for a particular fall time is defined as the peak current that the
] protector can withstand for five successive pulses separated by

at least 30 seconds each without exceeding the failure criterion.
i As stated previously, the suggested failure criterion for hard

i limiters is a change of more than + 10% in the original Static
Breakdown Voltage. In the case of soft limiters, the suggested
failure criterion is a change of more than + 10% in the effective
resistance (V-1 characteristics) at the Steady State Voltage Rat-
ing of the device. Since device failure can be a cumulative ef-

f fect (depends on previous pulse exposure), each test sample should
only bz subjected to a sequence of five pulses., Nevertheless, the
test procedure of subjecting the same sample to sequences of five

pulses at increasing peak currents until failure occurs, can and
should be used to obtain estimates of IMP'
grams where device cost or other constraints limit the number of

Further, in test pro-

devices, this latter procedure is acceptable. However, if such
an approach is employed, the actual test sequence should be
explicitly stated.

Since the Maximum Pulse Current, IMP’ capability is a func-
tion of the decay time, it should be measured for an appropriate
range of decay times. Based on the peak to 107% decay times of
representative EMP-induced short circuit currents (Fig. 4-17),
the range of decay times of particular interest is from 50 ns to
15 its. Further, if the test program includes the effects of other
transients (such as EMP-induced or lightning-induced transients on a
power distribution system), much longer duration transients should
also be considered.
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Rated Pulse Current (IRP)

The Rated Pulse Current, IRP’ for a particular fall time
is defined as the peak current that the protector can withstand
for 100 successive pulses separated by at least 30 seconds each
without exceeding the failure criterion. The failure criterion,
test circuit, test procedure or sequence and the range of decay
times discussed for the Maximum Pulse Current, + 10% in the
effective resistance (V-I characteristics) at the Steady State
Voltage, apply to this measuremeat also.

5.4.2.2 Data Reporting

Tables on the following pages show the suggested formats
for presenting degradation data for both hard limiters and
soft limiters. Actual test circuits, test equipments, and
detailed procedures should be specified in sufficient detail
so that another experimenter could repeat the tests.
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) 6. TEST PROCEDURES FOR FILTERS
: . 6.1 Introduction

6.1.1 General

It should be remembered that voltage transients are not
the only common interference phenomena in communications
systems and power transmission or distribution circuits. More
specifically, radio frequency interference (RFI) is also a
common phenomenon in such systems. One of the standard tech-
niques for reducing or eliminating RFI is to employ filtering
or spectral limiting so as to pass only the desired frequency
components. These filters can have a significant effect on
the characteristics of any transients in the system and may dis-
" sipate or shunt them without damage to the equipment. Therefore,
; existing filters or additional filtering could also possibly
ﬁv | provide EMP protection for the system.

e

s AR AT T M

3 To achieve this goal, it is important to select the best

: filter or filtering techniques consistent with other system
performance criteria. Therefore, this section deals with
experimental procedures for evaluating the performance of filters
with respect to EMP-induced transients. In this regard, the
filter must protect the equipment without adversely affecting

its performance, and must be capable of withstanding the effects
of both EMP-induced transients and other transients in the system.

Examples of EMP induced transients appear in Section 4. Filters
attached to very long or large collectors such as power lines
may experience transients even larger than those presented in
Section 4,

6.1.2 Classes of Filters

Filters can be categorized in a variety of ways depending
on how they are designed, the type of elements used, or in
terms of specified uses. From an EMP viewpoint, it probably
is appropriate to classify the filters in terms of their
filtering function at the interface between shielded zones.

Power lines can pick up very large amounts of EMP energies.
As a consequence, power-line filters are o) great significance

6-3

- = 3 2 o A PR p— g N 2 e S | e g
e e T e S * S e e i SN SR

2

o s L R s

T T g e s il et S Al S




£3 et o L

VL R R

from an EMP hardening viewpoint. Power line filters are
generally formed by low pass networks which are capable of
passing the 60 Hz with relatively small attenuation but yet
provide significant attenuation for frequencies above a few
kilohertz. In the case of filters leading into shielded room
areas, the power-carrying capabilities of these filters is
usually in the order of a few tens of kilowatts. Power-line
filters attached to small equipments might be expected to
carry approximately a few hundred watts.

Another category of filters might be classified as
signal-line filters. These signal line filters carry either

audio or video signals. The required filtering function is

to eliminate the higher frequency non-signal components by
low-pass designs. Typical signal line filters are not expected
to carry significant amounts of power and as such these can

be made with rather small components. Typical filtering charac-
teristics associated with these filters are those related to

a "pi" (such as shown in Fig. 6-3) or 'T" networks. A simple
filter for signal lines often uses only a shunt capacitor (as
shown in Fig. 6-1), and less frequently, a series inductance.
The shunt capacitor is often in the form of a feed through
capacitor, and its performance is a strong function of the source
and load impedance associated with related circuits.

A third general category of filters might be classified
as radio-frequency filters. These are most frequently bandpass
filters such as might be employed for preselectors for HF
band receivers or special multicouplers associated with trans-
mitting equipment. The basic filter configuration .for RF
filters generally is in the simple form of "pi" or '"T'" net-
works or simple parallel or series resonant configurations.

In some cases, however, sophisticated networks are
employed.

6.1.3 Filter Failure Modes

An important mode of failure insofar as filters are

concerned for EMP purposes might be called a partial fortuitous
match. Fortuitous match in the case of EMP is always likely
since the EMP waveform has spectral components in nearly all

frequency ranges of interest. The partial fortuitous match
6-4
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phenomena occurs because the data sheet filtering characteristics
are never realized in the actual filter installation. The data
sheet information is based on a 50 ohm insertion loss test,
generally as specified by MIL-STD 220, In this procedure

the filter performance is evaluated on the basis of the ratio

of the output voltage with a filter in a 50 ohm reference jig
versus with the filter removed from the test jig. Such an
insertion loss test is defined in Fig. 6-1, where the filter is

a simple type feed through capacitor.

Again referring to Fig. 6-1 it may be possible, that in
an actual installation, the source impedance for the filter
would not be a resistive 50 ohms but could be a series inductar:e.
This series inductance can resonate with a shunt capacitor to
form a "L" matching impedance transformation where the voltage
of the source, such as shown on Fig. 6-2, is in effect stepped
up at resonant frequencies where the capacitor reactance is
considerably less than the load impedance.

This can have important EMP significance. Consider the
effect of the near fields associated with a short circuit current
for a three-meter 25 MHz resonant monopole as illustrated in
Fig. 4-6. Assume that there is equipment in the vicinity of
this monopole which has an exposed conductor forming a loop type
pick-up. Assume this loop picks up a maximum peak voltage at
the start of the transient of approximately 400 volts. Data
sheet test results using this 50 ohm insertion loss test (MIL-STD
220) for a 0.0015 ufd. feed through capacitor shows an insertion
loss of approximately 20 dB at 25 MHz. This would, if realized,
reduce the pick-up voltage from approximately 400 volts to 40
volts which, in the case of many equipments, is an acceptable
level. In actual practice, however, this filtering will not be
realized because the inductive reactance of the loop is resonating
with the filter feed through capacitance. Assume the fortuitous
condition where this resonance is near 25 MHz. 1In this case
the voltage step up will occur which roughly enhances the pick-
up voltage by a factor of about 10. Thus instead of realizing
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the 40 volts as might be expected by the data sheet, a voltage
in the order of a few thousand volts can be observed on the
load input resistor.

The effect of the fortuitous match is also important in
the case of cable driving tests. Consider the "pi' network
type filter depicted in Fig. 6-3. 1If the cable driver for this
network is a 50 ohm pulse type source, Fig. 6-3(A), the '"pi"
network type filter can provide very efficient filtering.
The filter, being comprised of a large essentially reactive
elements, in essence reflects the power back into the generator.
This energy is dissipated in the 50 ohm source impedance in the
generator. On the other hand if a capacitor discharge source is
employed (which gives a similar waveform into a 50 ohm load) an
entirely different result can occur. In this cace there is no way

that the energy reflected from the filter can be dissipated in the

source. As a result, oscillating currents are set up within

the three-loop network upon closure of the switch with essentially

the bulk of the energy being dissipated in the load resistor.
This and related phenomena could have extremely serious con-
sequences in the case of hardening systems. Either extreme
over-hardening or under-hardening can occur depending on the
choices of filter types and cable driving sources.

Not all of the filters employed in current practice are com-

prised of largely reactive elements which are presented in the
foregoing examples. However, many of the filters do rely to a
great extent upon the mismatching or the reflection of power.
Therefore a knowledge of the behavior of various filter types

is required. This is not evident from the data sheets, since
commonly available data sheet information is based on the 50 ohm
insertion loss tests. Therefore, additional tests are required
which will permit the design engineer, on a quick look basis or
detailed quantitative basis, to evaiuate the performance of a

filter over a large selection of possible source and load
impedances.
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This mismatch problem is not only serious in the case of

{; EMP, but in other areas as well. For example, power-line
filters have exhibited significant resonant step up as illustrated
by Fig. 6-2 (except that a multi-pi section filter was used).
The conditions were such that these filters only provided design
performance values for full load. A resonant step-up nccurred
for lighter loads which seriously overvolted the load side
equipments.

A second mode of filter degradation can be catastrophic
br :akdown. Partial breakdown leading to eventual failure can
also be serious, especially in the case of power-line filters
which have sealed or capsulated components. By way of an
actual case;history, a non EMP induced transient caused a

b
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i partial failure of the one or more of the various shunt capacitors
? appearingﬁon the line side of the filter. A capacitor failure

in the form of excessive heating occurred which caused a build

up of gases and a subsequent explusion. Also, gases can be

3 emitted and ignited by similar processes. The ignition of the

: L volatile vapors associated with this kind of filter degradation

: has been found to completely destroy buildings. A less dramatic

; filter impairment but still associated with the catastrophic
breakdown of a filter component is simply a shorting of a

series coil or a series capacitor. If this occurs the filtering
performance is impaired and may or may not be of significance
depending on the filtering requirements and needs at the
particular time.

The mechanisms which lead to insulation breakdown are often
complex and not well understood. In many cases it has been
observed that a number of high level transients must be applied
to a transformer or insulator before the insulation degrades
sufficiently to exhibit a catastropnic failure. Thus the failure
level for filters is often a strong function of the number of
pulses applied to the filter. Related aspects deal with other
environmental considerations. The catastrophic threshold for
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insulation is also a function of the past history, manufacturing
techniques and operating temperature of the insulation. These

factors must also be considered in the test procedures associated
with the filters.

A third failure mode associated with the filters is
associated with the nonlinear behavior. Two kinds of nonlinear
behavior have been observed in the case of filters. Ome is
simply arc over. If the arc jumps over between the input and
output terminals of the filter, obviously the complete filtering
characteristics will be negated. Another characteristic of an
arc is "point rectification'. Referring to the previous example
of a small lorp located near the base of a 25 MHz monopole, the
average value of this induced voltage will be zero -=- no DC
component. Thus if a low pass filter is employed to eliminate
a high-frequency tone burst, appropriate filtering can be
realized particularly if a lossy type 'pi" section network is
employed. However, the ideal filtering performance can be
negated if arc-type rectification occurs*. For example, a
point (such as a termindl in the filter) over a conducting
ground plane can exhibit a conduction polarity preference. Under
the proper circumstances, the phenomena can rectify a portion
of the tone-burst. Thus by means of the nonlinear behavior, a
portion of the energy appearing around 20 Miz is converted into
the avdio and DC portion of the spectrum. This rectified energy
is passed by the filter. This phenomena is considered important
in pretecting detonators against premature ignition by radar
r-f pulses. It may also have EMP significance.

Another important source of problems is associated with a
nonlinear collapse of the filtering characteristics. This occurs
because some of the filtering elements are comprised of ferro-
magnetic materials. As the load current of the filter increases,
the ferrous cores will tend to saturate. This is an important
consideration under normal operations of the filter and is
presently being considered in modifications of MIL-STD 220.

It may also be of importance in the case of EMP.

*“Pseudo-Rectification'and Detection by Simple Bi-Lateral
Monlinear Resistors,' Proc. IRE, Vol. 49, Feb. 1961.
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The breakdown characteristics of filters as a function
of different source and load impedances must also be mentioned.
The filtering characteristics of the filter are very sensitive
to the source and load impedances. The breakdown charac-
teristics of the filter, particularly in the case of CW or
tone burst evaluation, is similarly sensitive. This is par-
ticularly true in the case of complex networks having at
least two or more internal loops. These internal loops will
exhibit different voltage or current buildups as a function of
frequency. Should the generator be fortuitously matched into
these loops but not necessarily into the load, breakdown or
heating degradation can be induced within the filter beyond
what might be indicated by input-output port analyses. Thus
the breakdown characteristics of the filter can be quite complex
and may not always be adequately studied on the basis of simple
studies involving the two-port network characterization. The
two-port analyses can determine the spectral ranges where the
filter is strongly absorbing energy. Where this occurs the
energy and power capability of the internal componeats of the
filter should be considered.

5.1.4 Categories of Measurement and Uses

Three general categories of measurements are discussed in
this section. The Low-Level Characterization Measurements are
basically concerned with the parameters required to determine
the effectiveness of the filter as a protective device and how
the device affects the performance of the equipment. The Rated
Load Current Measurements are basically concerned with whether
the magnitude of the load current significantly affects the
parameters of interest. Finally, the Permanent vegradation
Measurements are concerned with the capability of the filter
to withstand the effects of both EMP-induced transients and
other transients in the system.

6-11
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Filters by themselves are not always chosen for EMP
hardening purposes. This has arisen partly because off-the-
shelf filters designed to withstand a known surge have not
been generally available. Also, means of establishing filter
performance based upon simple tests have not been available.
The peculiar nonlinear behavior of the filters is seldom
well identified. As a result, unless one is somewhat of a
filter design specialist there is often a tendency to avoid
the use of filters, except possibly in conjunction with surge
arrestors or shielding.

The filter problem is further complicated because filters
are sold as "proprietary" products (a small 'black box'" with
magic properties ill defined by a 500 insertion loss test).

The only way a designer can intelligently employ such filters
is by means of pragmatic tests, such as by inserting the filter
into a circuit under design and, if it happens to work,
accept:ing it. Generally no assessment is made of the sensi-
tivity of the filter to likely changes, such as different cable
lengths, or evaluating the response to a range of broadband
waveforms.

One solution is for the circuit designer to build his own
filters having the desired performance <haracteristics with
reasonably good insensitivity to both expected and unpredicted
changes in external operating conditions. The other solution is
to employ uniform test procedures such that the performance of
the filter is adequately defined for a group of engineers.

It is this latter solution which is set forth in the succeeding
sections.

Several words of caution are necessary. First, the perform-
ance of the filter is frequently determined by external circuit
conditions, that is, the source and load impedances. The test
procedures, if used for rigorous in depth performance calculations
require knoﬁledge of source and load impedances, either
measured or assumed over plausible ranges. The state-of-the-art
is such that, in some cases, the actual source and load

AR




TR TR, ST A TR AR

P

.

T A A P AT 50 et I AP i PN E ¥ |

impedance data is not easily developed, as may be the case for
certain multiconductor cables, such as those employing balanced
twisted pairs. Thus additional procedures may be needed to
characterize these balanced mode external impedances.

Second, it should be recognized that a wide variety of
filters exist, and it is not possible to devise relevant pro-
cedures for all conceivable filter types. Most filters have three
terminals =-- an input terminal, an output terminal, and a
common ground terminal. Another class of filter may have the

input and output terminal pairs isolated, such as by an internal !

transformer or may require balanced input and output circuits.
The following procedures are applicable to both classes of
filters, wherein the measurements can be made on a three terminal
basis. Where the performance of the four-terminal filter is
dependent on the common mode isolation afforded by internal
transformers or by related externmal circuits, these procedures
can serve as an useful guide.

Third, high power sources are not generally available
having the necessary ranges of source impedances to test ideally
the breakdown or nonlinear performance of filters. Thus, test
procedures which ideally and completely define the performance
of several classes of filters, such as an absorbtion filter
employing ferrites prone to saturation, are held ia abeyance
pending availability of suitable high-power pulse sources with
a wide range of source impedances. Procedures are set forth,
however, which provide for assessing the breakdown (Section 6.6)
or nonlinear behavior (Secticn 6.6) and for ideally measuring
the linear time invariant characteristics (Section 6.2), either
to analyze rigorously the performance of the filter or to evaluate
quickly the gross performance characteristics.

The three procedures presented in the succeeding sections
are best used as a unit for EMP hardening purposes. The
procedures described in Section 6.2 completely measures the
parameters necessary to characterize the linear behavior of the
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filter. The procedures described in Sections 6.3 and 6.4 provide
the engineer with several techniques to evaluate the nonlirear (:
and catastrophic behavior.

As a unit, the procedures provide the system or circuit

{ designer with a number of options for EMP hardening or assessmert
purposes. Specifically these are:

e Identifying on a relative basis the potentially
better performing filters

® Specifying filter performance requirements
independent of a specific and often proprietary
filter design

e Calculating the filter performance for known
] external circuits

e Estimating the sensitivity of the filter
performance to variations in external circuits

e Calculating the worst-case performance

® Detecting changes in filter characteristics for
quality control or accepiance purposes

® Assessing the nonlinear behavior of the filter
in terms of either load current or EMP exposure

%.,
®

Evaluating some of the catastrophic failure
properties of the filter.

Using the 50 ohm insertion loss test (MIL-STD 220) as a
point of departure may be of interest to those not familiar

with this test procedure. This procedure defines the performance
of filters by means of a 50 ohm insertion loss test previcusly
described. The original interest of this test procedure was for
manufacturing quality control purposes. Owing to the lack

of other suitable test methods, filter manufacturers selling
packaged filter designs gradually used this test method to
describe filter performance, which can be misleading, in sales
literature. However, relating the EMP filter test procedures

to the widely used but often inadequate MIL-STD 220 is necessary
because the bulk of filter manufacturers are familiar with this
test method. With this background in mind, the EMP specialists
who use these preferred test procedures will be able to com-
municate his requirements to the filter manufacturer.

6-14
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- 6.1.5 Other Tests

Other test procedures may also be of interest but at the
moment do not yet appear to be of general interest or are not
practical to conduct on a laboratory basis with readily
available equipments. Such other tests may include the non-

F : linear behavior of band pass or high pass filters as a function
E
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of load current, the nonlinear ''rectification-phenomena' of
filcers, and the saturation characteristics as a function of

i EMP currents. If such tests are necessary, these procedures
can serve as a useful guide.
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6.2 low-Level Characterization Considerations

6.2.1 Scope

This section deals with the measurement of the parameters
that determine the performance of the filter as an EMP protective
device and how the filter affects the performance of the equip-
ment. In order to intelligently evaluate the effectiveness of
various filters as EMP protective devices, one must be familiar
with representative EMP induced transients, source or collector
impedances, load impedances, and typical damage mechanisms and
levels for circuit components. In cases where more realistic
or appropriate data are not available, the information presented
in Sections 4 and 5.3.1 should be used as general guidance.

As discussed in Section 4, typical EMP induced transients
are generally of the form of exponentially decaying sinusoids
(see Fig. 4-8) with various peak amplitudes, resonant frequencies
and decay times. Power-line and buried cables may exhibit non-
sinusoidal waveforms of greater magnitudes than presented in
Section 4. Further, ccllector and load impedances &re generally
complicated complex functions.

Ideally, one would measure the response of the various
filters under the actual loading conditions for a broad range
of exponential decaying sinusoidal waveforms (such as shown
in Section 4), using a pulse injection source with the appro-
priate cutput impedance for each waveform. However, such
injection sources are not presently available and would
require significant development cost. Further, even if the
required source were available, such a procedure would be time
consuming and expensive because of the wide variety of
possible transients. Therefore, this portion of the preferred
test procedures is based on the measurement of the parameters

that are required for the low-level characterization of
filters.

Preceding page blank
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Linear time-invariant networks, or nonlinear time-invariant
networks operating with sufficiently small signals sc that they
respond in a linear manner, can be completely characterized by
parameters measured at the ports (network terminals). If
sufficient measurements are performed for one set of source and
loading conditions, the results can be extended to any other source
and loading conditions. Further, since the time-domain and the
frequency-domain responses are related by the Fourier transform
pair for a linear system, the required measurements can be per-
formed either in the time domain or the frequency domain. The
pulse or time-domain measurements provide a better qualitative
view of the transient behavior c¢f the filter; however, the
frequency-domain measurements provide greater dynmamic range.

6.2.2 Rationale

Existing test procedures based on 50 ohm insertion loss while
yielding useful data, do not provide sufficient information to com-
pletely characterize performance of a filter over a wide variety
of source and load impedance conditions. This can result,
especially in the case of EMP, in unanticipated responses which
can lead to underhardening or overhardening a system. To
remedy this, a complex network characterization can be employed.
If properly executed, such measurements can be used to predict
the performance of conventional filters for all possible source
and load impedance conditions. Moreover, these measurement
results can be used to identify on a quick look basis the better
filters or the problem areas. '
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These complex network techniques have been available for
gome time. The most common ones are entitled, 'Z parameter",
'Y parameter', "ABCD chain parameters', and "S parameter'. These
will be described in detail in ensuing paragraphs. The choice
the selected network characterization was influenced by:

(1) whether or not exist’ng test jigs would be available,

(2) whether or not the characterization method essentially
extended the present technology, (3) whether or not it was con-
sistent with other network measurement methods, and (4) whether
it was capable of remote measurement and pulse or swept-
frequency techniques.

The S parameter method of network characterization best

met these requirements. A summary of the other types of network
rharacterizations are summarized in Chart I. Details regarding

the S parameters are summarized in Chart II and also appear in
subsequent sections. The S parameter technique is based on
measurements in a standard impedance test jig. The high fre-
quency characteristics of transistors are often characterized
by S parameter methods, and the impedance level employed for
this is 50 ohus. If the reference impedance is chosen to be
50 ohms, the MIL-STD 220 test jigs as well as the equipment
employed for transistor measurements can therefore be emploved.
Thus techniques and fixtures which many engineers understand
can be euployed to develop complex scattering parameters. The
measurcment of the S scattering parameters can be used to cal-
culate the performance for any arbitrary source or load termi-
nations or to identify on a quick-look basis the better filters
or significant problem areas.

The insertion loss as developed by MIL-STD 220 is related
to the scattering parameter S,, as indicated in the following
equation where Sy, is the filter forward transmission gain with
a 50 ohm load and source impedance.

MIL-STD 220 Insertion Loss = -2010g10|521| (1)
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The other two S parameters are S11 and S22 S11 is simply the
reflection coefficient of the input port of the filter with the
§ filter terminated in a 50 ohm load. This is given in Equation (2)
g where Ps is the reflection coefficient on the source side of the

: ] filter.
% S
1 0
i S 28 2 S (2)
i
zZ, -2
2 0
Sgp ® T = 5=—rp™ (3)
22 e Z2 + Z0

? The input reflection coefficient, Sy1> may also be developed by

1 measuring the input impedance of the filter in the MIL-STD 220A
- test jig when the output port of the filter is terminated in

50 ohms. This measured value is the value Z, appearing in
Equation (2) where Z, takes on the value of 50 ohms. 1In a
similar manner the output reflection coefficient can be
measured either by reflection techniques or by impedance tech-~
niques as previously discussed. The relationship for this is
presented in Chart III.

e >

T T

Only three additional measurements cver that previcusly
conducted for MIL-STD 220 tests are required. These are:
(1) measurement of the phase of the output voltage during the
usual MIL-STD 220 tests, (2) the measurement of the input
port complex reflection coefficient or complex input impedance
with the output of the filter terminated in 50 ohms, and
(3) the measurement of the complex output reflection coefficient
or complex impedance with the input of the filter terminated in
50 ohms. It should be noted that other reference impedance
levels can be employed. However, the 50 ohm is chosen because
this is the standard impedance level for the MIL-STD 220A
and is the reference level for commercial test equipment which
can be employed to make scattering parameter measurements.
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Cnce the measurements have been made, these measurement

T .

results can be used in several areas: (1) a quick look assess-
ment of the filter performance, (2) back-of-the envelope analysis
of the performance of the filter in detail using several rep-

3 resentative spot frequencies to resolve problem areas, and

(3) detailcd calculation of the filter responses employing
digital computer techniques.

L M

In the area of qualitative quick look evaluations, the
additional information provided by the scattering measurement
technique is worthwhile and can be used to categorize filters

el

bk Mt

this attenuation in the stop band. If the filtering is a

as either reflective or absorptive. In actual practice most
] commercial filters employ a combination of reflective and
% absorbtive filtering mechanisms. It is important that the
1 design engineer understand how the particular filter provides

reactive filter such as presented in Figs. 6-1, 6-2, and 6-3
then the possibility of fortuitous matches must be considered.
On the other hand if the filter largely relies on power dis-
sipation within the filter stop band, the behavior of this
filter is largely independent of the source and terminating
impedances. However, the joule energy or power absorption
characteristics of the filters may severely restrict the appli-
cation of this class of filter. Therefore it is necessary

to understand the nature of the filtering mechanism, either
absorption or reflection, and to test the impact of this mech-
anism in a specific situation as required.

In general, absorptive type filters can be identified
where the input impedance of the filter in the 50 ohm test
jig has a significant real component, phase angle less than
80°, while at the same time exhibiting a large 50 ohm insertion
loss (MIL-STD 220) or a very small forward transmission gain, 821,
in the order of 10™* or less. Values of Sy and S,, equal to
or less than 0.9 when also coupied with 821 being on the order
of 10-4 or less is also indicative of a dominant absorption

mechanism in the stop band.
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Filters which depend largely on reflection can be identified
by noting the values of the reflection coefficients or input
impedances in the stop band. This class of filter can be
identified by noting that the input or output impedances, Z,
and Z, as measured in 50 ohm jig, are either very small or
large compared with the reference impedance, and have a phase
angle which is close to 90°, while at the same time exhibiting

a very small value of 521.

Thus the S parameters provide useful additional guidance
not currently available if only MIL-STD 220 data is employed.
Additional rules-of-thumb can be evolved in terms of specific
filter types and filtering situations and can be used to
identify potential problem areas. Figures 6-8 and 6-10 illustrate
the results of S and S related Z parameter measurements for
several classes of filters.

Some potential problem areas cdn be resolved by simple
calculation by calculating the worst-case performance of the
filter or the performance of a filter over a wide variety of
loads using the relationships presented in Charts II and III.
This can be done using either vector slide rules or preferably
some of the more modern desk top calculators which are designed
to handle complex numbers and store intermediate results of
a computation. The quick look assessment rules-of-thumb
plus the spot type analyses employing slide rules-or-desk top
calculators should provide the design engineer with sufficient
information to select intelligently filters for initial design
purposes.

Complete exploration of the response of a given filter
to a wide spectrum of source and loading conditions for both
CW and transient conditions is best accomplished by means of
a high speed digital computer. In this case the S parameter
measurements are entered as tabulated functions over the
frequency band of interest. A number of computer service
organizations are currently offering on a proprietary basis
network analysis programs which can accept and utilize such
tabulated data. No one program is recommended except that
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the services offered by the various computer service organizations
should be reviewed prior to selection. Two of the programs of
current interest are MATCH by AL/COM or MAJIC by UCC.

6.2.3 S Parameter Network Characterization |

Before describing in detail the S parameters, it is useful
to review some of the other characterizations. Although a
network may have any number of ports, filters usually only
have two ports and the network parameters can be explained most
easily by considering a two-port network such as shown in
Chart I. Such a network can be characterized by two linear
equations relating a set of four variables associated with the |
two-port model. The two independent variables represent the
excitation of the network and the two dependent variables i
represent the response of the network to the excitation.
Depending upon which variables are selected as the iadependent i
and dependent variables, the resulting equations and the network
parameters describing the variable relationships are different.
Any of several paramneter sets can be used, each of which has
certain advantages - 1d disadvantages, depending upon the
intended application. However, each parameter set completely
characterizes the network, and it is always possible to cal-
culate any set in terms of any other set.

Some of the more commonly used parameter sets are the
open-circuit impedance parameters (z-parameters), the short-
circuit admittance parameters (y-parameters), and the transmission
or chain parameters (ABCD-parameters). These three sets of
parameters are defined by the relationships shown in Chart I.

The open-circuit impedance and the short-circuit admittance
parameters are probably the most familiar and would be the most
desirable from an analytical standpoint, if the objective was
the synthesis of a lumped parameter equivalent circuit for the
filter. Although the transmission parameters are probably the
least familiar, they are the most desirable from an analytical
for a frequency domain analysis of the system response since
the transmission parameters simplify the analysis of cascaded
networks. However, each of these sets of parameters presents
some measurement prcblems in terms of obtaining well defined
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open and/or short circuits over an extended frequency range.
Therefore, a preferred test procedure based on any of these sets
of parameters would not facilitate swept frequency or pulse
measurement techniques. Herce, this portion of the preferred
test procedures is based on the measurement of the scattering
parameters (S-parameters).

The S-parameters are reflection and transmission coefficients,
familiar concepts to rf designers. Conceptually they are like
the z, y, or ABCD paraneters bec: ise they describe a network
by its terminal relaticas; however, the S-parameters are defined
in terms of the square root of power rather than in terms of
voltages and currents. Chart II will help to explain the S-
parameters.

In Chart II, "a'" and '"b" are tne square roots of power
and the standard convention that "a'" is a signal into a port
and "b" is a signal out of a port is employed. In the S-
parameter representation of a network, the signals iito the
ports are used as the independent variables and the 4ignals
out of the ports are used as the dependent variables. More
specifically, the independent variables are defined as a; and
a, and the dependent variables are defined as b1 and b2 where
Z, is the characteristic impedance of the measurement system.
Since 50 ohm coaxial transmission line components and equipments
are readily available, Zo is generally taken to be 50 ohms.
Therefore, Z, will be assumed to be 50 ohms through this
document.

Using the above definitions of the independent and dependent
variables, the resulting linear equations describing the network
in terms of the S-parameters are shown in the center column
of Chart II. From these equations it follows that S, is the
input reflection coefficient, S19 is the reverse transmission
coefficient, S21 is the forward transmission coefficient, and
Sgg9 is the output reflection coefficient.

6-26
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_ If a voltage source 2E1 with a source impedance of Z, is
iﬁ) connected to port-l and port-2 is terminated with Zo, it
follows that

- 4)
a = ————
1 1[2;
{
E and
a, = 0 (5)
Therefore,
S11 7 —'—'—zl . ;oil (6)
1 o'l
é and remembering that the driving point impedance is
\/ '}
- 1 2
1 Z, = == Z, = = (7)
f 1 I, 2 I
k it follows that the input reflection coefficient is
zZ, -2
= 1 o
STz, ¥z, (8)
Finally, using Equations in Chart II the forward transmission
is given by
\/
- 2
Bl s ®)

Similarly, if a voltage source ZE2 with a source impedance of
Z, is connected to port-2 and port-1 is terminated with Z,s it
follows that

Z, -2
b o
Z, ¥ 7 (10)




T v,

<

- L
and S12 . (11)

Therefore, although the scattering parameters are defined in
terms of the square root of power, the use of characteristic
impedance terminations and source impedances reduces the scat-
tering parameters to voltage reflection and transmission
coefficients. Both the magnitude and phase of these voltage
reflection coefficients can be measured directly with available
test equipment.

Chart I1I summarizes some of the additional "s' parameter

relationships. These equations relate the performance of the
filter for any arbitrary source and load to scattering para-
meters measured in the 50 ohm test jig. Additional relation-
ships are presented in the reference material. For example,
the conversion of ''s" parameter into impedances can be readily
accomplished by means of a "Smith Chart" when lslll and iszzi
are less than 0.98.

Chart IV presents the interrelationships between the various
other network parameters and the s parameters. These may be of
interest where detailed network responses are required, since
the scattering rtarameters are more oriented toward convenience
of measurement rather than network analvses.

6.2.4 Measurement Precautions

The S parameter measurement technique recommended is based
on tests in a 50 ohm test jig. This test jig may be similar
to that employed for making MIL-STD 220 measurements. One of
the more critical parameters is the measurement of 821 (this is
the insertion loss as indicated by MIL-STD 220). For very large
attenuations or very small values of 821, significant isolation
between signal source and the voltage measurement equipment at the
output of the filter is required. Thus it is desirable to pro-
vide adequate shielding for both the source, interconnecting

cabling, and the output voltage measurement equipment. In

!
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s-parameters in terms of h-, y-, and z-parameters ir
h-, y-, and z-parameters terms of s-parameters \
Sy = n =D @y + 1) - 22y, = Lt Sul @ - Sy 488
{ (Zyy + 1) (Zgg + 1) - ZppZy, (1 -8y) (1 -8y - SppSy
2Z 2S
Sjp = — Zyp= 12
| (Zyy + 1) (Zgg + 1) - ZyyZy, (1 -8y @ -8y) - 858y,
1
*,“ 8y = 22 Zy = 2%
:. (Zyy + 1) (Zgy + 1) - ZyyZy, 1 -8, (1 -8y) - 8;p8y,
;l Sy = Bt 1) (g - 1) - ZipZy Py = L+ Bol W - 53) % Siig
% Zy+ 1) @y + 1) - 22y (1 -8y) (1 - Sy) - 828y,
F Sy = (1 -yy) 1+ yap) + Yia¥ny 3 = (14 Sy) (1 -8,y + 8,55,
- @+ y) o+ ya - Yoy (1 + 8y) (1 + Syp) -8y,
Sy = -2yyp VY = =28,
@+ yyy) 0+ yo) - yi2yy (L4 8y) (1 + Sp) - 8y,8y,
Sy = “Zyu yu = 25
1+ yy) A+ yg9) - ¥ro¥ 1+ 8)) (1 + Spp) - 538,
B =t Yi) (1 - ¥ + Y12V G = Lt Sidll Sp) + 5128y
(1 + yu) 1+ yaa) - Y2V (1 + Sgy) (14 8yy) - 5138y
S, = (hyy = 1) (hy + 1) - hyshy, hy, = (1 +8;)) (1 + Sp) -Spp3y
(hyy + 1) (hyy + 1) - hyhy, (1 - 8yy) (1 + Bp) + 858y
82 = 2hiz hyy = 25
(h“ + 1) (hzz + 1) - hl2h21 (1 = S“) (1 + 822) + S,zsm
Sy = “2hay hy = 25
thy. = {7) thy + 1) - hyhy, (1 -8y) 1+ Spp) + 5,58,
Ghge L hyi) (1 - hyy) + hpphy, hy - 8- Spa) (1 - Syy) - 8;p8,,
(h” + 1) (hzz -+ 1) - hthzl (1 = S“) (1 + 822) + S!ZS'JI

The h-, y-, and z-parameters licted above are all
normalized to Z;. If h", y°, and z° are the actual
parameters, then
2 5 .y o
2y = 22y ' o= hy" = hyZ,
]
- . y .
29" = ZppZy Yi2 Z_12 hy hyy
0
zy"  zyZy Ya© o Yu hyy" = hy,
Z
3 7 . : . h
" = Znl, yn' o 32 hy 2
z s
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some cases locating part of the test equipment outside of the
shielded room and the remainder inside often provides additional
beneficial isolation.

While the S parameters measurement technique can be conducted
at some distance away from the filter under consideration, it
is desirable to minimize data reduction by locating the signal
generator and load termination as closely as possible to the
filter. The time delay and/or phase shifts intrcduced by added
cable length must be accounted for in the data reduction process.
Even if this is done, the physical length of the filter may be
such that it will introduce significant phase shifts or time
delays at the higher frequencies. The phrase reference voltage
is E,. E1 is defined as the voltage appearing across the 50 ohm
termination in the absence of the filter. This voltage E, can
be measured experimentally by removing the filter and attaching
the port 1 connector directly to the termination.

If current or voltage probes are employed these may intro-
duce fixed time delays, and exhibit a frequency dependent
amplitude and phase shift near the upper and lower portion
of the design frequency response. In some cases where the time
delay is relatively constant, this can be compensated by the
introduction of line stretchers. Where the response of the
current and voltage sensors are frequency dependent, a correction
factor should be applied or frequency independent sensor sub-
stituted.

To furtler minimize interactions between the various input
and output readings it may also be desirable and even preferable
to locate the test equipment and filter under measurement on a
bench with a conductive copper sheet. The use of high performance
cabling is recommended such as solid wall coaxial cable for the
more permanent interconnections. Where flexible connections are
required, the use of RG9 is preferable over single braided
cable types.
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1 i I1f automatic equipment is employed, the sweep rates should
L be adjusted so the data recording equipment adequately tracks
the responses. In some cases the automatic equipment will

tend to limit the dynamic range of the measurement to something
in the order of 80 to 100 dB.

R e et ek

The measurement procedure calls for the use of 50 ohm
terminationz; it should be remembered that an ordinary half-
watt or quarter-watt resistor will not exhibit a 50 ohm termi-

e

nation at the higher frequencies. Therefore special termiration
devices will be required, such as 50 ohm dummy loads. In
addition to selecting the coaxial cables and connectors to
exhibit a high shielding characteristic, they also should be

selected such that a minimum of mismatch to the 50 ohm reference
is realized.

The procedure is essentially developed for two port
filters which can, under test, be reduced to a three terminal
network. This arises because the test equipment is essentially
unbalanced, that is, ore side requires a ground. The procedures
can be extended to test filters requiring balanced inputs or
outputs. However, commercial equipment which provides balanced
input and balanced output over a broad band is generally not
available. The test procedures can be used as a useful guide in

designing special purpose test equipment for this class of
filters.
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6.3 Low-level Frequency Domain Measurements

by Reflectivity Techniques

The preferred test procedures for the low-level frequency
domain characterization of filters is the measurement of the
S parameters. Based on the tynical EMP-induced transients,
these measurements should be performed at least over a very
wide frequency range. This procedure considers development
of scattering parameters by reflectivity measurements. An
alternate procedure, described in Secticn 6.2.6, considers
developwent of scattering parameters by impedance measurement
techniques. Both procedures are applicable over the frequency
range of interest, generally from 1 KHz to 100 MHz. However,
the reflectivity measurements are appreopriate for frequencies
above 100 KHz, partly because of equipment availability. Above
10 MHz, the reflectivity measurements can be more accurate

and simpler than impedance measurements.

As discussed in the previous section, the S parameters
reduce to voltage reflection and transmission coefficients when
characteristic impedance terminations and source impedances are
employed. Therefore, the 5-parameters can be easily measured
with commercially available test equipment. Some of the possible
test set ups and equipments are presented below.

One of the standard circuits for measuring S-parameters
is shown in Fig. 6-4. The RF source sends a signal down the 502

ANENOIR-“HIONE PAN

o Test i
502 50Q
REF L Dual Directional Coupler e
Source

_B < _9 -
Si=x *B" A SV WA Jonl '\

Figure 6-4 Standard Circuit for Measuring S-Parameters
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! system toward the test device. The signal out of A is proportion-

al to the signal incident on port 1 of the test device. The sig- i
E nal out of B is proportional to the signal reflected from port 1,
3 and the signal at C is proportional to the signal transmitted
through the test device and out of port 2. The 50 Q system on
the port-2 side is terminated in the 50 Q load. As a result, the
signal at D is zero because none of the signal out of port 2 is,

The ratio B/A is the magnitude of Sy1» and the ph=se
difference between B and A is the phase shift of S11 provided
the phase shift between the directional coupler and device
terminals is negligible. If this phase shift is not negligible,
: then a zero phase reference must be established by sending A
through a 50- delay line. Likewise, C and A determine 51"
Either the HP 8405A Vector Voltmeter, the HP 8407 Network
Analyzer, or equivalent equipments could be used to detect and
display thes< coupler outputs. A system for making swept-
frequency measurements from 100 kHz to 110 MHz using an HP 8407
Network Analyzer is presented later in this section.

Similarly, the set-up shown in Fig. 6-5 measures §,, and
] S,o- The only difference between these two set-ups is that
4 the 50-0 load and the RF source have been interchanged.

x A B CD
} \ (@ Device @ ) \
o Under o
Test
Zi 509
L Dual Directional Coupler——/ b
~n
Source

Figure 6-5. Standard Circuit for Measuring S-Parameters
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One possible system for swept-frequency measurement of
the S-parameters from 100 kHz to 100 MHz is presented below.
This system employs the HP 8601A Generator/Sweeper, the
HP 8407A Network Analyzer, the HP 8412A Phase-Magnitude Display
and the HP 11652A Reflection/Transmission Kit. Further, if
a HP 85404B S-Parameter Test Set were included in the system,

e
A

the tedious job of connecting coaxial circuitry disappears and
the S-parameter measurements can be made by pushing a button.

Sha ko s s

Although this example employs Hewlett-Packard test equipment,
other types of equivalent test equipment could be employed.

The following figures and discussion were taken directly
from the Operating Manual for the HP 8407A Network Analyzer.
A more detailed description of the measurement procedure and
error analysis is also contained in the Operating Manual.

)
~
BLANKING
BLANKING VIO (swssp viow| sweep ] | W
OUIT lout | out REF CHAN DIRECT —
== | | we 8601a oy o[Jo u[ﬂ ._ﬁln
: GENERATOR SWEEPER -
> O |5k VETcaLe|  TEST CHAN DIRECT = I
|1 4P 86908 86988 MEP I l
T o o o 9| SHEEP OSCILLATOR ) ol © 000 g
RF OUT | i ] Fj '
. HP 84074 KP 84124
2FT JR 3 FT CABLE “F“ﬂh V FTEABER MAINFRAME  PHASE MAGNITUDE
- DISPLAY

POWER  *

SPLITTER

*ON FRONT PANEL IF 86908 (S USED

Figure 6-6. Basic Setup for Transmission Measurements

Measurement Process

The power from a sweeper (either the HP8601A Generator-Sweeper or
the 8690E/8698B Sweep Oscillator) is divided by a power splitter
into two different channels. A unity gain (0 dB) and zero degree
phase condition is established in the 8407A. A test device is then
inserted at Point A and the resulting display is a measure of the
gain or loss and phase shift of the device under test.
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i OMIT IF B414A IS USED

’ N

{ —\

| ™

i — BLANKING

BLANKING vTo [ sweeP VIOIN| SWEEP m] IN
: S T | out REF CHAN DIRECT Tl
}— = s ® ( 3
3 =271 e se01a oooﬂnn H ( \}
s > © @\_ Qe HERINOR STERTER TEST CHAN DIRECT = il
; 11 WP 85908 36988 ( o o 2l = =[]
c 0000 @ SWEEP OSCILLATOR of © 00 0 o 56
P | S —_——
RF OUT
3 1ET HP B407A HP B412A
'-, CABLE MAINFRAME FHASE-MAGNITUDE
H ,:I;Q'E Dlé’;LAY
2FT CABLE -~ HP 8414A
) FEGEEGIED POLAR DISPLAY
3 C SHORT
N —C] 1 CALIBRATE

3 POWER
- SPLITTER 2. MEASUREMENT
4 Mmoo TERMINATION
1 *ON FRONT PANEL IF B&90B 1S USED Ii i
1 TEST NETWORK

Figure 6-7. Basic Setup for Reflection Measurements

St

Measurement Process

Notice that the power from the signal generator is once again split
] into two channels; a reference channel and a test channel. This
' “ime, however, the signa' entering the test channel of the 8407A

; is the reflected signal from the input ol a network rather than
. the transmitted signal through a network. The directional bridge
E separates the incident signal from the reflected signal.

The 8407A again measures the ratio between the test channel and
the reference channel signals. 1If you use the 8412A plug-in, the
CRT trace displavs return loss, the ratio of reflected signal to
incident signal expressed in dB. It also displays the phase shift
of the reflected signal.
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No data format is suggested as was the case for surge
arrestors. The characteristics of the different categories
of filters and specific environmental requirements will be
the determining factor. However, several general factors
should be considered.

The relevant past history of the filter, such as manu-
facturing let number or sample number, and whether or not the
filter had been or is being subjected to environmental tests
(such as temperature and humidity) should be noted. The data
format should be consistent with the measurement accuracy.

In the case where scattering parameters are developed
from reflectivity measurements, the data format should require
the alternate procedure where S11 and 322 begin to approach
either -1.00 or + 1.00. In this case, the direct measurement
of Z4 and 22 in the 50 ) scattering parameter jig will lead

to more accurate results.

The data format and reporting should consider the needs
of the users. If the automatic test equipment is available,
such as previously described, then a set of photographs of
the oscilloscope displays of +he scattering parameters as a
function of frequency should be sufficient for either quick-
look or detailed analysis purposes. An example of this is
illustrated in Fig. 6-8. The data reporting format should
require expanded frequency displays where a series of abrupt
changes in the scattering parameters occur, such as near cut-
off or roll-off points of either low pass or band pass filters.

The detail employed in the reporting format can be reduced
if only quick-look comparative data is required. Possibly,
the parameter values at selected frequencies need be reported.
In some cases, presenting only the magnitude of parameters
will suffice. As secen from the data in Fig. 6-8, the scattering
parameters in the stop band are generally '\vell-behaved" and there-
fore detailed reporting of stop band parameters may not be needed.
In and near the pass band, detailed information is often required.
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6.4 Low level Frequency Domain Measurements
by Impedance Measurement Techniques

This procedure considers the development of the scattering
parameter, S11 and 822 by impedance measurement methods. An
alternate procedure described in Section 6.2.5 considered
development of these parameters by reflectivfty measurement
techniques. Both procedures are applicable over the frequency
range of interest generally from 1 kHz to 100 MHz. The
impedance measurement technique is more appropriate below 10 MHz,
partly because of equipment availability and also because of
difficulty in making impedance measurements above 10 MHz.

With care, however, the impedance method may be used across the
entire frequency range of interest although automatic equip-
ment for tnis purpose may not be available.

The basic measurement procedure is illustrated in Fig. 6-9,
The scattering parameters S11 and 822 are developed from
impedance measurements. These impedance measurements are made
when the filter terminated in 50 Q) as appropriate. The 821
measurement is made by noting the ratio of the output voltage to
the voltage which would be present if the filter were removed
and the terminal connected to port 1 connected to the 50 Q
termination. The phase angle of this ratio,VZ/El,nmst also
be measured. This may prove difficult in the event that dynamic
ranges of much more than 70 dB are required. The principle
difficulty is that for the higher dynamic ranges, some of the
signals from the signal generator may leak through the phase
meter and produce higher readings at the output of the filter
than would be under ideal measurement conditions. This can be
avoided by the use of a series of buffered amplifiers and
attenuators and locating the more sensitive measurement equip-
ment within a shielded enclosure. The buffered amplifier
not only provides added gain to insure proper operation of the
vector voltmeter, but also can be used to provide additional
gain to overcome series attenuators or pads. The purpose of
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the series attenuators cr pads is to provide addicional

i}

3 attenuation to signals which might originate from the source

f (%} generator and progress through the phase meter and through

g' the buffers and thence into the shielded room and on to the

: output terminals of the filter. In general, typical buffer
amplifiers can provide anywhkere from 3C to 80 dB of isolation.
However, typical amplifiers such as may be purchased cannot

be relied upon to provide much more than 30 or 40 dB of
isolation. Hence it is desirable to supplement this isolation

by the use of increased gain and attenuation. Depending on

the characteristics of the phase meter it may also be desirable
§= to use two buffer amplifiers and sets of pads -- one set

y | within the shielded room, and the other set external to the

| shielded room.

A wide variety of equipment exists to accomplish these
E measurements on a single frequency basis. The test equipment
' and test jig used for MIL-STD 220 tests can be modified also
for this purpose. The principle addition in equipment to the
i MIL-STD 220 measurement is the phase meter and the impedance
measurement equipment. Standard impedance measurement equip-
ment is available for these measurements. The capability of
this equipment should range from preferably milli-ohms to
thousands of ohms. The range may be even more or less than

this devending on the class of filter under consideration.
Vector voltmeters or phasemeters are available on the market
capable of making measurements in this particular range.
Several vector voltmeters or phasemeters are suggested; such
as Ad-Yu Model 408 Phasemeter, frequency range 1 Hz to 100 kHz;
Dranetz Model Series 305 with plug in units ranging from

2 Hz to 10 MHz; Hewlett Packard 8405A Vector Voltmeter

ranging from 1 to 1000 MHz in frequency.

Semi-automatic equipment may also be purchased for the
measurement of the S related input impedance measurements and
the transfer function. One such equipment is the HP 3575A
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determining factor. These general aspects were considered

in Section 6.2.5, however, some of the factors unique to the
impedance method are worth noting. The most desirable presen-
tation would be the presentation of the S parameters and/or
related input impedances (for the 50 Q terminations) as a
function of frequency. The use of the S parameter related
input impedances is preferable where the valges of S11 and 822
are close to one. This occurs when the input impedance to

the filter is either less than one ohm or greater than a few
thousand ohms.

If continuous displays of the pertinent parameters are
employed, care should be taken such that sufficient detail is
embodied in these displays around critical frequencies, such
as near cut-off or roll-off points of either low pass or band
pass filters.

The details employed in the reporting format can be reduced
where only quick look comparative information is required.
If the filter is well behaved, parameters need be measured
at every octave, except at critical points such as the roll-
off or passband areas. Again, depending on the situation,
presenting only the magnitude of the parameters may suffice
for many quick look comparison applications. These are specific
to each user's need, and therefore recommeundations are not
given. As a guide, Fig. 6-10 illustrates how the scattering
parameter impedance transfer function data can be presented
for a typical power-line filter.
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Phase Amplitude and Gain Meter, ranging in frequency from 1 Hz
to 13 MHz. This equipment coupled with the appropriate signal
* generators supplementary current probe and amplifiers (such
as Tektronix Current Probe and Amplifier Systems Model No. 134)
can measure the S parameter input impedances and the transfer
functions on a spot or swept frequency basis. Essentially
the same arrangement of equipment illustrated in Figure 6-9
may be employed. To measure the S parameter input impedances
(Z, and ZZ) the vector voltmeter will require the input current
and input voltage to the filter when it is terminated by 50 Q.
The input impedance under these conditions can be developed on
a continuous basis although the scanning time for the lower

frequencies can be quite long. The measurement of Soq is
accomplished,as indicated in the lower portion of Fig. 6-9,

by the elimination of the voltmeter within the shielded room
and replacing the phasemeter by the gain-phase equipment. A
number of options also exist with this particular equipment,
either in terms of the types of sources to supply the different
frequencies or automatic recording and reduction data.

Totally automatic systems are becoming available which

R o S ELORRN G g e s

are currently being used to measure the characteristics of

precision filter by major equipment manufacturers. This equip-
ment can be readily programmed and perhaps modified by suitable
test fixtures to accomplish the impedance measurements illustrated
in Fig. 6-9. Such fully automatic equipment is being offered
by at least one manufacture such as the Hewlett-Packard 3040
series and is capable of making precision filter measurements
ranging from 50 Hz to 14 MHz. In addition to developing the Z
related impedance, related S parameter measurements, and the

S parameter transfer function, such equipment can also develop
other parameters of significance necessary for proper filter
performance.

No data reporting format is suggested as was the case for
surge arrestors. The characteristics of the different categories
of filters and specific environmental requirements will be the
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6.5 Time Domain Measurements

As stated previously, the frequency domain and th? time
domain are related by the Fourier transform pair for linear
systems; therefore, the required measurements can be performed
either in the time domain or the frequency domain. Although
the frequency domain measurements provide greater dynamic
range, the time domain or pulse measurements are very useful,
since they provide a better qualitative view of the transient
behavior of the filter.

One possible pulse test procedure is exactly the same as
illustrated in Figs. 6-4 and 6-5, except the 50-Q RF source
is replaced by a 50-0Q pulse generator and the coupler outputs
are detected and displayed with a wide band oscilloscope
rather than a vector voltmeter or network amalyzer. In this
case, the measured quantities are transient responses or time
domain quantities. Therefore, in order to obtain the frequency
domain S-parameters, it is necessary to digitize the measured
trancient responses, perform the required numerical Fourier
transZorms witn a digital computer, and then perform the required
complex divisions to obtain the various S-parameters. Obviously,
this overall procedure is more time-consuming than the swept
frequency measurements discussed in the preceding section,
unless an automated measurement and analysis system is employed.
Such systems are very expensive; therefore, although this pro-
cedure is acceptable, it i5 not recommended as the preferred
procedure. Further, this particular procedure is limited in
dynamic range, unless a series of different pulses are employed.
The selection of the pulse wavefoim is dependent on the
filtering characteristic unique to a particular filter.

The preferred time domain or pulse tes* procedure for a
filter is illustrated in Figs. 6-11 and 6-12. As shown, the
input or output port is driven by a 50-Q pulse generator, the
other port is terminated by a 50-Q termination, and the indicated
voltages and currents are monitored using a suitable voltage
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Figure 6-12. Preferred Pulse Test Procedure for Filters

probe, current probe, and oscilloscope. As in the case of the
frequency domain measurements, the measurement system should have
an overall bandwidth of at least 1 kHz to 100 MHz. Further,

the voltages and currents should be measured at the device
terminals.

It is recommended that these measurements should be per-
formed for both a narrow rectangular pulse and a wide rectangular
pulse. The narrow pulse should have a pulse width less than 50 ns
so that it approximates an impulse or the spike that passes
through some surge protectors. The wide pulse should be suf-
ficiently wide so that it represents a step function for the
filter. For example, in the case of a low pass filter, the pulse
width should be considerably longer than (cut-off frequency)-1

These transient measurements should provide a good qualitative
view of the transient behavior of the filter.

Again, it is theoretically possible to determine the fre-
quency domain S-parameters from these measurements. However,
the overall procedure is more time-consuming than the swept
frequency measurements and is not recommended unless an automated
measurement and analysis system is available.
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E | 6.6 Rated Load Current Measurements, Low Pass Filters
L ( 6.6.1 Scope

This section deals with the measurement of the parameters

SRNE

¥
b i that determine whether the magnitude of the load current sig-
i nificantly affects the performance of the low pass filter.

ERRE LAY

More specifically, it is primarily concerned with whether the

Crmctur ~

inductor: saiturate at or below the rated DC load current of the
filter. Tre DC equivaleat of the peak rated AC current or EMP

induced current may also be used to assess other saturation effects.
These procedures may be used as a guide for tests to evaluate the
possible saturating effects of EMP transients.

The nonlinear behavior of a filter is a function of the
source and load impedances as well as the level and waveform of
the applied transients. Complete procedures which consider
these factors must await availability of pulse and tone burst
sources having a wide range of source impedances. On an interim
basis, the DC load current tests can be used to assess the non-
linear behavior of the filter.

The required parameters and measurements are exactly the
same as those for the Low Level Characterization Measurements,
except that the measurements are performed with the rated DC
load current or DC equivalent flowing through the filter.
Therefore, this section merely presents the preferred procedure
for injecting the required DC current. As such, it is a modi-
fication of the procedures set forth in MIL-STD 220.

6.6.2 Measurement Procedure

The preferred procedure for injecting the required DC
load current is illustrated in Fig. 6-13. It should be noted
that the DC source should be a floating source and should not
be connected to ground. The nominal DC rated load current
should be applied during these tests and the measurement
procedure is the same as discussed in Section 6.2, based on
either reflectivity as shown in Fig. 6-13, or based on
S-parameter related 21, Z, measurements.
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? Figure 6-13. Basic Test Circuit for Rated Load Current Measurements

The buffer network should have sufficient inductance so that
it does not significantly affect the measurements over the desired
frequency range. As a check on the effect of the buffer networks,
the DC source should be replaced by a short circuit and the desired
filter parameters should be measured with and without the buffer
networks connected. If these two measurements are significantly
different, the buffer nctwork is loading the measurement system
and should be modified. The buffer network specified in MIL-STD-
220A should be acceptable for most filters,
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6.7 Permanent Degradation Measurements

6.7.1 chEe

This section deals with the measurement of the filter para-
meters that determine the capability of the filter to withstand
the effects of both EMP-induced transients and other transients
in the system. Obviously, the primary emphasis in this document
is on the effects of EMP-induced transients; however, other tran-
sients can not be ignored because they could degrade or destroy
the filter. Again, in order to intelligently evaluate various
protective devices, one must be familiar with representative EMP-
induced transients, collector impedances, ana load impedances.

Except for very long buried or above ground cables,
typical EMP-induced transients are generally of the form of
an exponentially decaying sinusoidal with various peak amplitudes,
resonant frequencies, and decay times. Further, the collector
or source impedance are generally complicated complex functions.
The ideal approach for obtaining meaningful failure data would
be to subject the various filters, terminated with the actual
load impedance, to a broad range of exponential decaying sinu-
soidal waveforms (such as shown in Section 4), using a pulse
injection source with the appropriate output impedarice for each
waveform. However, as discussed previously, such injection
sources are not presently available and would require significant
development cost. Therefore, the preferred procedures for
Permanent Degradation Measurements are based on subjecting the
filters to various capacitor discharges.

It should be noted that such an approach may not provide
meaningful failure data in all cases. More specifically, capaci-
tors and inductors fail due to excessive voltages or currents and
these test voltages and currents depend on the source impedance
and applied waveform; therefore, the failure level will depend
upon the source impedance and applied waveform. Further, because
of the nonlinear effects, such as connector breakdown, it may be
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very difficult or impossible to extend the results from one set

of source and load conditions to other source and loading condi-
tions. Based on these considerations, the preferred procedure

for Permanent Degradation Measurements has been entitled Interim
Measurement Procedure. However, this procedure should be employed
until the required pulse injection source with the appropriate
output impedance and waveform are available or until a more ap-
propriate procedure is developed.

One of the most difficult aspects ¢f Permanent Degradation
Measurements is determining realistic failure criteria. In gen-
eral, the actual failure criteria, or what constitutes a signifi-
cant change in a particular parameter, depends upon the system
application and the required system performance criteria. There-
fore, for particular system applications, it may be appropriate
to select different criteria or more conservative or liberal lim-
its than those suggested in this document. 1In all cases, the
failure criteria employed in the Permanent: Degradation Measurements
should be explicitly stated. With no particular system applica-
tion in mind, the suggested failure criteria for filters is either
a change of 10 percent in the original in-band transmission co-
efficient or a change of 20 dB in the out-of-band transmission
coefficient.

6.7.2 Interim Measurement Procedure

The pulse capability of filters should be determined using a
typical capacitor discharge circuit such as shown in Fig. 6-14.
The value of the discharge capacitor and series resistor, R, are
chosen so that the short circuit source current (i.e., replacing
the filter and 50-ohm load by a short circuit) is a two-exponential
pulse with the desired decay time and a rise time at least a fac-
tor of 10 less than the decay time. The variable DC supply is
adjusted to provide the desired peak short circuit current for
the particular RC combination being employed.
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Figure 6-14. Typical Circuit for Determining Pulse Capability of Filters

s decay time; therefore, it should be measured for an appropriate

: range of decay times. Based on the peak to 10 percent decay times
of representative EMP-short circuit currents, a representative
range of decay times of particular interest for the short circuit
5 source current is 50 ns to 15 us. Further, if the test program
includes the effects of other transients (such as EMP-induced or
lightning-induced transients on power distribution systams), much
longer duration transients should also be crmsidered.

The actual applied voltage and current waveforms will depend
upon the source impedance and the input impedance of the filter;
hence, it will depend upon the type of filter being tested. There-
fore, when reporting failure data for filters, the charge voltage,
capacitance and the value of the series resistance should be ex-
plicitly stated. For a complete characterization, the failure
level should be plotted as the peak short circuit current versus
decay time.

i e e R e S i e 2

Maximum Pulse Capability

When performing these tests, the maximum pulse capability
for a particular fall time is defined as the peak short circuit
source current that the filter can withstand for five successive
pulses separated by at least 30 seconds each without exceeding
the failure criterion. Since device failure can be a cumulative
effect (depends on previous pulse exposure), each test sample
should only be subjected to a sequence of five pulses. Never-
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theless, the test procedure of subjecting the same sample to
sequences of five pulses at increasing amplitudes until failure
occurs, can and should be used to obtain estimates of the maximum
pulse capability. Further, in test programs where device cost or
other constraints limit the number of test samples, this latter
procedure is acceptable. However, if such an approach is employed,
the actual test sequence should be explicitly stated.

Since the failure level is often a function of the decay
time, the maximum pulse capability should be measured for an
appropriate range of decay times. As stated previously, the
decay times of particular interest are from 50 ns to 15 pus, but
other values can occur.

Rated Pulse Capability

The rated pulse capability for a particular decay time is
defined as the peak short circuit source current that the filter
can withstand for 100 successive pulses separated by at least
30 seconds each without exceeding the failure criterion. The
failure criterion, test circuit, test procedure or sequence,
and the range of decay times discussed for the maximum pulse
capability apply to this measurement also.
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