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FOREWORD

The subject to be discussed at this Symposium is perhaps typical of many new spe-
cialties, most of them non-existent in their present torm only a decade or (wo ago.
Created by the recent iacredibly rapid expaasion of science and technology, these can be
likened to sparks {lying in all directions from an exzploding firecracker. The lifetime of
sparks is usually short, but while they last, it may be worthwhile looking in detail at
this or that one in hopes of leaming not only about it, but also others like it.

Radar reflectivity measurements typically have strong ties to the more general tech-
nology of electromagnetism and optics, and to such established specialties as aztenna
measurements and optical scattering. Like many other technologies with which it has
teamed to create new and spectacular devices and systems, it has received concentrated,
almost feverish attention s:multaneously by many groups of workers. Unfortunately, this
single minded concentration, which has been responsible for many individual successes,
has also, in many cases, prevented the persons involved from engaging in dialogue or
other forms of communication with colleagues engaged in parallel endeavors. Considera-
tions of official or commercial secrecy also seem to have played a negative role occasion-
ally in inhibiting beneficial discussion and exchanges of opinions and results.

In surveying recent history, one might argue that the experimental technology of
rader reflectivity measurements has, in the United States, experienced at least two peaks
of activity. Broadly speaking, the first peak coincided with our rearmament following
the beginning of the Korean War, when weapons systems centered on aircraft posed many
new technical problems. The second peak was triggered about ten years later by the
introduction of complex missile systems, especially of the ballistic variety. The sub-
sequent appearance of satellites, spacecraft, and a growing interest in the exploration of
celestial objects (only recently within the exclusive domain of the astronomer) may
serve to extend this second epoch of radar reflectivity technology; it may even introduce
a third era.

Whether to conclude a chapter, then, or perhaps even a book ia the history of a highly
specialized technology, or to aid in erecting a springboard for a new departure, this seems
to some of us & propitious time to “stop, look, and listen.” That is why a very capable
and distinguished group drawn from the numerous industrious workers in the field con-
sented some time ago to join in organiz/ng the attempt at technical mass-communications
tepresented by this Symposium. In this, all of us have also benefited by the generous
cooperation of a number of U. 3. Govemment a~d non-profit organizations; both the in-
dividuals and organizations referred co are listed below.

The attention of those about to peruse the subsequent collection of dozens of excel-
lent papers is directed to the following important distinction: this collecdon does not
constitute the Symposium; at best, it can be but an incomplete anthology. What is
hoped is that this collection will contribute a valyable comerstone to the Symposium as
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a whole. The structure, the very essence, of the Symposium remains to be fashioned by
those of you who will attend and participate in its discussions. The more actively and
intelligently you take pare, the more you will benefit yourself, your colleagues, your

special field of endeavor, and your profession, through this, your Symposijum on Radar

[T AR T I 2

Reflectivity Measurements.
STEERING COMMITTEE .
Symposium Chairmean - P.C. Fritsch
Panel Chairman

I - A.C. Diana
I - R. E. Hiau
II1 - R. E. Kell
IV - E. M. Kennaugh
V - S. L. Johnston
IV - C. G. Bachman

SPECIAL ACKNOWLEDGMENT
Special thanks are due the M.I.T. Lincoln Laboratory for hosting the symposium under
the guidance of Mr. P.C. Fritsch, and to Rome Air Development Center of the U. S. Air
Force for publishing this document, under the guidance of Mr. A. C. Diana.

COOPERATING ORGANIZATIONS

Advanced Research Projects Agency
Aerospace Corporatiun

Air Force Cambridge Rese .rch Laboratories
Air Foice Electronic Systems Division
Army Materiel Command

Cornell Aeronautical Laboratory

M.I.T. Lincoln Laboratory

Ohio State University

Rome ¢.ir Development Centet

University of Michigan




Key words: Radar reflectivity; measurements; radar cross section. :

i

i

i

i
7 1
[
i
1
L
5
3
|
-
X
i ;
:fi
-

;

H
!
:
F 3
{
i
!
A
]
\

ABSTRACT

PR TP R

This reporc is a collection of technical papers which will be reviewed and discussed
at the Symposium on Radar Reflectivity Measutement on June 24, 1964 at M.1.T.
Lincoln Laboratory.

The prime goal of the symposium is the exchange of ideas and information relative
to research efforts, past, present and future in the field of radar reflectivity measurements.
The techaical papers dwell on the following reflectivity range subjects: geometry and
techniques, special equipment, models, model supports, special materials, calibration,
range intercalibration, measurement proceedings, data standards, correlations and

applications.
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SOME NOTES ON THE HISTORY OF
RADAR REFLECTIVITY MEASUREMENTS USING MODELS

George Sinclair

University of Toronto
Toronto, Canada

When radar equipment came into common use during World War II, there immediately
arose a need for decailed information on the radar echo areas of various targets. While
some of the information was obtainable from measurements made with operating radar
systems, it was quite apparent that it was essential to develop methods for making measure-
ments in the laboratory under controlled conditions. Model techniques which had already
proven so successful in the study of airbome antennas, seemed to offer a logical answer
to the problem.

One of the earliest investigations was based on the use of optical models to simulate
radar targets. While useful information could be obtained, such models suffered from the
lack of coherent sources of monochromatic radiation, and from the extreme amount of
scaling involved which made it difficult to produce an accurate simulation of practical
targets.

The development of model techniques at radio frequencies originated as a result of a
study on methods of measuring antenna pattems by a technique involving reradiation of
the received antenna power. The field reradiated by the antenna was distinguished from
the radar echo field by modulating the antenna power before radiating it.

In the early days of radar, it was not practical to use pulse techniques for laboratory
measurements on models because of the difficulty in obtaining pulses which were suffi-
ciently short as to permit operating at reasonably small distances to the model target. It
was necessary to employ CW methods, using directional couplers of extremely high direc-
tivities to separate the echo signal from the transmitted signal. There were severe equip-
ment requirements arising from the use of these couplers.

The successful development of model techniques made it possible to consider measur-
ing the complete scat:ering matriy. Methods were develeped for treating radar systems of
arbitrary polarization characteristics, operating against targets with arbitrary scattering
matrices.
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METHODS OF MEASURING SCATTERED FIELDS

(A Historical Survey of the Development at Harvard University)
by
Keigo lizuka

(A) INTRODUCTION

Toward the end of world war II both theoretical and experimental
studies of scattering and diffraction were accelerated in various institu-
tions due to the invention of RADAR. Harvard University was not an exception,
The first paper on this subject at this institution is dated as early as
1948 (1). Theoretical studies at Harvard were focused on scattering and
diffraction from obstacles of very simple shapes and structures most of
whose mathematical solutions could be expressed in closed forms. This
approach was based on the philosophy that only through profound and thorough
understanding of the simpler cases could light be thrown on the complexity
of actual physical situations. The shapes and structures for which
theoretical studies have been attempted include the following:

(1) A general description of the diffracted field of circular cylinder
of infinite length with either magnetic orelectric field parallel to
the axis. This was also extended to the dielectric coated cylinder

(2) Theories of diffraction and scattering for both bare and dielectric
coated spheres.

(3) A general study of the diffracted field of the elliptic cylinder;
this has been extended to other general cases.

(4) Theory (19, 20, 21, 22) of scattering and diffractions by parallel

circular cylinders, thin wires and strips.

(5) Theory (23 - 38) of transmission scattering and diffraction by




miscellaneous obstacles such as loaded dipoles, slotted cylinders,
unidirectionally conducting screens, various apertures etc,

For the verification of the theories developed and the study
of more complicated problems which do not permit a simple mathematical
analysis, various experimental techniques for wmeasuring back-scattering
cross sections and the diffracted field were developed. These include:

(1) Standing-wave-ratio method.

(2) Cancellation method.

(3) Partial reflection method.

(4) Doppler-shift method.

(5) Pulse-technique method.

(6) Application of scattering technique to field measurements.

In the following, an outline of each technique developed or
to which substantial contributio;s were made at Harvard for measuring
back scattering cross sections and diffracted fields will be given. Most
of the methods employed an image-plane technique so that all auxiliary
apparatus could be arranged under a ground plane. Only the obstacle under
study, the source and a receiving antenna or probe were above the ground
plane. This technique, however, restricts the shapes of the obstacle to
those characterized by a plane of symmetry and the polarization of the E
field to the one perpendicular to the ground plane. In most cases, the
same method can be utilized with or without the image plane but extreme
care must be taken with regard to the disturbances in the field caused by
the auxiliary equipments; especially by lead wires to the probes which
usually cannot be made small enough to be of insignificant effect even

though the effect of the probe itself could be made negligible.
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(B) STANDING-WAVE RATIQ METHOD (D.D. King (39), A. L. Aden ( 12)

Just as a standing wave ratio inside a waveguide determines the
reflection coefficient of the load, the standing wave ratio consieting of
the incident traveling wave and reflected traveling wave in the space
between the svurce and the obstacle under test, determines a reflection
coefficient of the obstacle from which it is possible to calculate the
back scattering cross section The only difference is that the amplitudes
of the two waves decay in the simple spherical 1/r form in the Fraunhofer

region. The formula (12, 39) for the reflection coefficient P is

W, Sy -U/(1F A/ awy ) ]
l r"- (1)
- QW S¢ +1/(1F A4y w,) J
- 2 2
O-B - ‘/%/-,:1;0 4 1(1 J r I )
where

§ 18 the ratio of a maximum amplitude to the next adjacent minimum
amplitude.
wl is the distance from the location of the maximum to the obstacle.

HZ is the distance trom the location of the minimum to the obstecle,

A-le-wzl
when u1>.w2 the standing wave ratio is denoted by § = § +, When
"1‘: w2 S=S§ -,

Pig. 1 shows a block diagram of this method (40); the measured

back-scattering cross section of a metal sphere is shown in Fig. 2 (40).

The experimental results show quite a satisfactory agreement with theory.
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Since this method depends critically on & movable probe between
the source and the obstacle, the image-plane technique is indispensable.
Even though this method has the advantage of utilizing a low power source,
effcrta should be made to reduce the residual SWR on the ground plane either
by uwsing a very large ground plane or by properly arranging absorbers along
ité edges. The further improvement of this method is due to Sletten (40)

in Air Force Cambridge Research Center.

(C) CANCELLATION METHOD (J. Sevick) (41, 42)

The scattered field can be obtained by taking the difference
betweer the ffelds with and without the obstacle. In Fig. 3 (42) a
magic T 1is used to carry out this differencing operation. First, with
switch 8§, in position B, balance the input signals to the magic T to
ohtain the null output of the receiver. in the absence of the obstacle.
Then, install the obstacle, the signal output from the receiver is

proportional to the scattered signal. The incident field is measured

with 81 in position A. The back-scattering cross section in this case is
obtained from (42) s 2
- d, +4d.) 4 z)
0T mdxn [ 12 2 (51 3)
8 dl

where the assumption was made that the amplitude of the field decays as
1/r.

£ 18 the scattered field intensity -

gi is the incident field intemnsity,

dy is the distance from the source to the probe

d, 18 the distance from the obstacle to the probe
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Especially with a small obstacle the ratio of Bs/E1 becomes

T 13

quite small and this method encounters difficul:y. A modification was P
attempted by R. V. Row (43) who used a directional antenna as a probe §
in order to increase the gain of the probe in the direction of arrival é
of the scattered signal. ;
Another modification was tried by S. H. Dike and D. D, King (21) %

who measured the scéttering field of a very thin obstacle whose scattering 7§
R

field can be considered to be rotationally symmetric. On account of this

rotational symmetry, the receiving horn can be located at an arbitrary

[T PRI

angle with respect to the direction of the propagation of the incident
wave. The scattered field could be measured with a receiving horn which
was located at the angle where {t was insensitive to the incident wave.
The measured resultsa of the back-scattering cross section of
a single antenna of radius a/A = 3.5 X 10.3 as a function of its length
is shown in Fig. &4 (41).
On the one hand this method has the advantage of having a
fixed probe and no moving parts; on the other hand the accuracy 1is
restricted by the electronic stability of the r-f power supply, mechanical
stabiliiy or the structure, limited degree of isolation of the magic T,

and multiple reflection between the source horn and the obstacle.

o
(D) PARTIAL REFLECTION METHOD (H. J. Schmitt and B-0O As)(26,44)

In order to achieve a more complete isolation of the receiving
horn from the incident field, a semi-transparent microwave mirror was
placed between the transmitting and receiving horns. Consider the arrange-

ment shown Iin Fig. 5 (44). A part of the incident wave is transwmitted to
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the obstacle and the rest is reflected toward the absorbers by the

mirror placed in a 45 degree angle between the source and the obstacle.

The back scattered signal from the obstacle is reflected again by the

mirror toward the receiving horn. Thus, the incident wave reaching the
receiving horn directly is minimized. The back-snattering cross section G-B
per unit length of an infinitely long strip of width é; at normal incidence
measured by this method is shown in Fig. 6 (25). While this method applies
to any shape (the use of the ground plame is not essential), it has the

disadvantage of requiring standardization by means of an obstacle with a

R ey 2 S SRR R e L s R R

known barck-scattering cross section. This 18 necessary since the incident

AL

field intensity at the obstacle is not a known quantity.

(E) DOPPLER EFFECT (H. Scharfman and D. D. King (45), :
C. C. H. Tang (9)) H

The effect of a Doppler frequency shift of the reflected signal
from the moving obsracle was uged to measure the back-scattered signal.
Consider the block diagram in Fig. 7 (45). The obstacle under test and :

the standard metal sphere are installed on a turntable such that they

e ot o e

move into the field and toward the source in turn. The reflected signal
is received by the same horn as that used for transmission and is fed into i
a mixer circuit in which the back-scattered signal is allowed to beat with 3

the orig;nal signal to obtaZn rhe audio signal at the Doppler shift frequency.

VT

The separation of the back-scattered Doppler signals from the obstacle under

test on the one hand and from the standard on the other hand is accomplished

by means of a commutator. The ratio between the two amplitudes determines
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the back-scattering cross section, A good separation of the acattered
field from that reflected from the surroundings can be obtained by this
method. The measured results obtained by the Doppler shift method for
the back-scattering cross section of an infinitely long cylinder are
shown in Pig. 8 (9, 25).

A modified method uses a belt moving around adjacent wheels
in order to move the obstacle in a straight line. It is masde useful in
the measurement of the back-scattering cross section of nonrotationally

gymmetric obstacles.

(F) PULSE TECHNIQUE METHOD (C. C-=H. Tang (46))

In this method use is made of the reflection of a pulge from
an obstacle. The pulse duration is chosen in such a way that each pulse
is long enough to ensure a steady-state response and yet short enough and
spaced far enough apart in time to avoid overlapping with the outgoing
pulses.

Fig. 9 (46) shows the arrangement that C. C-H. Tang used to

obtain the proper pulse. When a d.c. pulse was applied tco the crystal

which was used for balancing the arms of magic T, the balance of the magic T
was destroyed and a pulse-shaped r-f signsl appears as the output of the
magic T. After amplification by a traveling wave tube the r-f pulse was

fed into another magic T which served to separate the outgoing pulse from

the reflected one when some overlapping in time between them was unavoidable.

The back-scattering cross section is determined by a comparison ~f the

detected pulse height of the reflected signal from the obstacle in question

with that of the standard. 1In Fig. 10 (46) the back-scattering cross section
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F1G. 7 Block diagram of the Doppler system (S¢harfman and King).
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of circular dinka measured by this method is showm.

Aside from the complexity of the setup, this method has the
advantages of good (or even complete) separation of the signal from
possible reflections from the background, and no restrictions on the chape

of the obstacle,

1=

(G} APPLICATION OF A SCATTERING TECHNI TO FIELD MEASUREMENTS
(Photoconductive probe - K. lizuka %%7, %8 )

Probes in which the usual connecting leads .: the detector have
been eliminated, have been constructed for measuring thte intensity of an
electromagnetic field. They are based on the principle of scattering and
consist of modulated reradiating or scattering antennas in the form of
either a small dipole (for measuring the electric field) or a small shielded
loop (for measuring the magnetic field) center-loaded with : photocell that
is 11lluminated by a chopped beam of light., Fig. 11 (47) shows a block
diagram of the equipment for measuring an electromagnetic field by means
of a photo-probe. First, the hybrid junction is balanced in the presence
of the photo-probe, but without illumination by the beam of light. When
the beam of light is turned on, the signal that is scattered from the probe
changes and the hybrid junction is unbalanced. The difference in the back-
scattered signals with the beam of light on and off is fed into an amplifier.
It is proportionsl to the square of the field intensity at the probe. The

switching of the beam of light at 30 c¢/s is accomplished mechanically by
a photo-chopper disk driven by a synchronous motor. The back-scattered
signal 1is detected and amplified by an amplifier which 1s locked with a

signal frcm a reference photocell illuminated by the same beam of light that
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illuninates the photo-probe. The same principle has been applied to the

measurement of the distribution of current along an antenna of arbitrary

shape. This was accomplished by sliding a small shielded-loop probe

center-loaded with a photocell along the antenna. A very small and constant '!

kTR )

gap was maintained between the probe and the antenna. 1In Pig. 12 (47) the ¢ 9

near-field pattern of a half-wave dipole measured by this method is shown.

DAt e

Since the scattered signal from the probe is amplitude modulated,

A e

there 18 no error in the measurement due to possible leakage through an
imperfectly balanced hybrid junction or from the reflected waves originating ?ﬁ
somewhere else than at the probe. These unwanted signals are not amplitude-

modulated.

(H) APPLICATION OF A SCATTERING TECHNIQUE TO FIELD MEASUREMENTS 1L
(Coil spring probe - K. Iizuka (49) _ a2

A thin coil spring whose length can be varied periodically by
mechanical means has been used as a probe to measure the electric field
intensity. The vibrating probe acts as a re-radiating antenna with
periodically varying length (It was alsv analytically demonstrated that
the effective length of a thin helical antenna equals the axial length of
the helix.) that modulates and scatters the component of the E field which
is parallel to the axis of the spring. The scattered signal is picked up
by a receiving antenna and amplified with an amplifier that is locked-in
with the frequency of the mechanical vibration of the ccil. The arrange-
ment of the electronic apparatus {s similar to the photo-probe mentioned
in the previous section. Only the parts which are different from the

previous one are shown in Fig. i3 (44). Measurements of the field of a

15
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half-wave dipole antenna are shown in Fig. 14 (49),
While this method has the advantage of good separation of

the signal from the background, it requires special precautions for

' limiting the mechanical vibration exclusively to the coil spring,
because the scattered wave from any vibrating object givesrise to an

error signal.
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FUTURE TRENDS IN RADAR CROSS SECTION MEASUREMENT

Keeve M. Siegel
Conductron Corporation

The background cancellation problem for cw ranges ac high frequencies for low radar
cross section shapes for usual type support systems for large models seems to be reason- :
ably close to reaching diminishing retcurns. The short-pulse systems caanot operate at 3
long wavelengths and even at medium wavelengths the dispersion of the energy within the 3
absorbing material can significantly affect the measured value for the radar recurn when
it is compared with or is to predict the cross section as observed at the longer pulses.

As objects get larger and larger and as cross sections become smaller and smaller, the

far field tequirement will have to be lifted for all ranges which are ground based. Thus

it is felt that before significant breakthroughs are obrained in radar cross section measure-
ments, theoretical analyses will have to predict methods of making near-field measurements
and predicting far-field results. Also theoretical methods will have to be obrained for 4 -', -
allowing the prediction, when knowing the material characteristics, of utilizing short i1
pulse answers to predict long pulse answers. For bodies which are not bodies of revo- 1
lution, difficulties will continue to exist on how to obtain correct polarization answers

when the background is a function of both the aspect of the model and the polarization

being measured. [t is felt thac the key radar cross sectica problems for the future lie in

measuring objects ac low values of signal-to-noise ratio. Here again new radar cross i 4
section measurement techniques will have to be utilized if the laboratory mechod is going F

to become both the quality control tool as well as the design tool, in addition to being a
research tool for tomorrow’s ideas, concepts and applicatious.
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COMMENTS ON STATIC'RADAR REFLECTIVITY
MEASUREMENTS TECHNIQUES

W. F. Bahret, Electronics Physicist
Air Force Avionics Laboratory
Research and Technology Division
Wright-Patterson Air Force Base, Ohio

ABSTRACT

This paper presents the accumulated findings of the Avionics Laboratory on static
radar reflectivity measurements systems and techriques which have been built up through
ten years of experience in the field. The paper concentrates on indoor measurements.

It discusses types of instrumentation and model supports, with specific emphasis on ane-
choic chamber requirements, which have been substantiated by short pulse radar measure-
ments, and the use of unique and helpful apparacus such as tunnel antennas. The paper
also discusses model fabrication techniques, tolerances and the use of non-metallic
coatings on models.

THE CONCEPT OF STATIC RADAR REFLECTIVITY MEASUREMENTS
Let us stare this discussion with several assumptions:

1. That the terms radar echo area and radar cross section of a vehicle are under-
stood.

2. That it is recognized that these characteristics are functions of the shape and
materials of the vehicle, viewing angle, illuminating radar frequency and polarizatioa.

3. That there is no need to justify the desire for radar cross section data.,

4. That trve “free-space” cross-section information is required.

5. That scaling laws for model measurements are understood.

Strictly speaking, the only way to satisfy all the reatraints for obtaining absolute cross
section data is to perform flight testing. Yet this approach is extremely expensive and, by
its nacure, contributes errors and uncertainties particularly with regard to vehicle aspect.
Furchermore in the vehicle design stages, such testing is impossible. As a result, one
commonly resorts to static testing in which the vehicle is somehow suspended in a
“pseudo free-space” environment and echo pattems are recorded while the bedy undergoes
controlled changes in viewing angle.

It is importaat to recognize that static measurements necessitate compromises between
electrical and mechanical/physical requirements. The size, weight, shape and radar cross
section of the vehicle often impose incompatible demands, such as extremely low back-
ground echo level from a target support system capable of holding hundreds of pounds. It
is our intention to emphasize herein the necessity of adapting the measurements instrumen-
cation and techniques to the target being measured and to present solutions to particular
problems where possible,
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INSTRUMENTATION FOR STATIC MEASUREMENT

For indoor work, CW instrumentation has been used almost exclusively in the past
simply because conventional pulse systems require too much range to the target. For
example, a radar with a 0.25 microsecond pulse requires that a targec be in excess of
250 feet from the antenna for proper measurement. Typical CW systems are shown in
block form in Figures 1 and 2. The electronics equipment is all standaed and for the
most part commercially available. There is no need to dwell on specific units here
since different frequencies of operation would require different units. However, the

e . v‘mmmﬂ"m

[P

equipment should have the following characteristics:
1. the cransmitter must be a frequency-stable source of reasonable power output.
2. the receiver must be stable in frequency and gain and have at least a 40
decibels (DB) dynamic range.
: 3. thc woable load, attenvators and phase shifters must be capable of precise
¢ adjustment.

(LR ¥ S

IR

The one antenna system requires that a tunable load be adjusted in ths absence of a
target, so that the power into the receiver arm of the hybrid tee junction is very small
compared to that from the carget itself. ldeally the tunable load serves only to eliminate
signals arriving at the receiver arm from mismatches in waveguide and antenna components.
In practice in an indoor chamber, however, one actually tunes our all sources of reflec-
tion such as the walls of the chamber and the target support. If the echo from these
sources remains the same after the introduction of the target, or is chaaged by a wrivial
amount, there is no problem. However, if the target significantly alters the illumination
of the chamber walls, as is often the case, the background is no longer cancelled and is
measured along with the target. Such a situation is a serious source of error in the
measurement of low cross section targets.

The two hom system usually contains a phase shifter and attenuator to control a
portion of the transmitted signal which is used 0 "aull” the received signal in the ab-
seace of a target. Ideally this would only be necessary to eliminate leakage or cross-
talk between the antennas. In practice one again cancels all chamber echoes and the
above comments on the change in background with target still apply.

Generally, the less "aulling” that is necessary, the longer a null can be maintained.

In our use of the two horn system, we have developed a novel "modus operandi” which
provides for extended periods (measured in hours) of very low received signal level in

the absence of target. First we incorporaied a pair of "tunnel antennas” which have low .
leakage and low sidelobe levels. These are conventional horns (10° beamwidth in E&H
planes) which radiate through an extension of their sides. The extension is lined with
radar absorber material. The extension in our case is approximately 20 wavelengths
long and is lined with Emerson and Cuming type AN-75 absorber. The fronc face of the
absorber is flush with the inner surface of the sides of the basic horm. The beamwidth
is determined by the aperture of the hotn without extension as can be seen in Figure 3.

R weieiCRH
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This figure compares the patterns of the basic hom, the hom with an extension lined with
B. F. Goodrich Haitflex type absorber and the homn with the AN-75 lined extension The
reduction in the E plane sidelobe levels is quite apparent. The H plane sidelobes are not
significantly reduced by this treatment, but normally these are low and present no major
problem. The attainment of low sidelobes means that the illumination of the sidewalls and
floor of the chamber is greatly reduced, which in tum reduces the amount of background
signal which must be nulled. The cross-talk between the two antennas, when the ends of
the extension are within 1/2 inch of one another, is more than 100 DB below the transmitted
power. With a shore pulse (10 nanoseconds) radar operating at 9325 mc, a reading of 118
DB cross-talk level is repeatedly obtained.

With the virtual elimination of cross-talk, any nulling would only cancel echoes from the
target range itself. Rather than apply cancellation techniques to mitigate the effects of
chamber echo we prefer to reduce the primary echo itself to a tolerable level. We have
found chat by physically canting the chamber backwall (that directly behind the target) at
an angle we can direct a null in its echo pattem toward the receiver hom and thus minimize
the received background signal. That this wall is the major contributor to chamber echoes,
which ordinarily must be nulled out, has been confirmed by short pulse radar diagnosis. la
practice, the received signal in the absence of the target is thus reduced to levels below
the noise level of the receiver. This received signal is approximately 15 DB below that
from a 4 x 10 =5 square meter (M2) sphere at a range of 25 feet from the antennas. It is
important to note here, as before, that the introduction of the target can disturb the back-
ground illumination and thereby eliminate the fine null obtained in the absence of target.

The short pulse system which has been mentioned several times thus far was obtained
from Harry Diamond Fuze Laboratories, where it was designed and built. It operates at a
fixed frequency of 9325 mc with an output pulse width of !0 nanoseconds and a PRF of 25
kc. The block diagram shown in figure 4 is conventional, but the circuitry is of course
special for handling the short pulses. The IF amplifier has a center frequency of 450 mc
and a bandwidch of 100 mc. The twin tunnel antennas previously described are used for
transmission and reception, hence no T/R device is necessary. The output pulses are dis-
played on a sampling oscilloscope. As of this writing we have no automatic method of
recording echo amplitude with this system, but one is in the planning stage. The present
readout technique is a manual one, in which the receiving line attenuator is adjusted to
rednce all echoes to a fixed reference value. Readings taken at discrete intervals
(normally 1 degree) of target rotation produce an acceptable pattern. However, sharp nulls
or peaks which occur between reading points are missed. The only discrepancy between
pulse and CW data raken on the same target is in the depths of sharp nulls.

This pulse radar has been an invaluable tool for diagnosing the sources of echo in the
measurements chamber since it can resolve, in range, two cargets separated by as little
as 5 feet. It has also been our only accurate system for measurement of very low cross-
section (10 ~5to 1976M?) targets, because changes in backwalil echo do nct influence the
measured target echo.
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THE MEASURENMENTS CHAMBER

We have been using a home-made anechoic chamber for many years and have measured
a large variety of targets ranging from those which are physically small and have large,
echo area to the other extreme - physically large with low echo area. This has forced us
to investigate the influence of chamber design upon the measured echoes from this range
of targets perhaps to a greater exient than even the commercial organizations which supply
complete chambers. The investigation has of necessity been trial and error but the unique
capability to observe effects by both short pulse radar and CW systems has revealed many
interesting facts. Thus we can make several general but positive statements with regard
to the chambers:

1. The antenna(s) used for target illumination should have the least possible beam-
width consistent with uniform carget illumination and the length of the chamber. Low side-
lobe levels are also necessary. These antenna characteristics prevent direct illumination
of everything in the chamber except the volume in the immediate vicinity of the targer and
the sector of the chamber wall direcdy behind che rarget.

2. The target support must be as lightweight and low in volume as allowed by target
size and weight. Obviously the target support echo, which occurs at the same range as
the target echo, cannot be removed from the twtal signal recorded even with a pulse system.

%
3
?
3
i
;

(Fritsch of Lincoln Laboratory has recendy demonstrated an interesting technique for re-
moval of the support echo “post facto” by recording phase and amplitude of echo signals

for targets-in-place and target-absent conditions.) In any case the signal recorded with
target in place is the vector sum of targec and support echoes. Styrofoam columns which
have been exteasively used as target supports, may be tapered to reduce their inherent
echo but there is a limit to how far one can go. Thin aylon or dacron string (8 1b rest)
arranged in a manner suitable for support and rotation of a target provides an echo one to
two orders of magnitude below the best styrofoam column. For instance four strands,

joined at a point far above the target position and coanected to the rarget tum table rim at
four points in quadrature, have an echo area which is immeasurable with a horizontally
polarized pulse radar whose minimum discemible target cross seciion is 8 x 1077 M? for
the range involved. Vertical polarization naturally provides a larger echo, but this is just
barely measurable as 1078 M2. Tolerable support echo is of course relative, but should
always be more than 20 DB below the target echo. One problem with supports which we
have observed, but have not explored, is their tendency to alter the fields incident or ex-
cited on the target. Such alterations could drastically change a recorded echo pattem

par ticularly for low cross section shapes. One last note on the target support - the turn
table should be far enough below the target so as not to be directly illuminated by the trans-
micted signal. If this is not possible, then it must be sheouded by radar absorber material
(RAM) for minimum echo. We have also found that the top of the turn table must be covered ,
with RAM to reduce multiple bounce type of echoes which travel from transmitter to target
to tusn table to target to receiver.
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3. The radar absorber mat~rial used in the chamber must be the very highest quality
available particularly for the backwall. Some commercial materials provide as much as 50
DB or more reduction in specular echo from flat surfaces. It is particularly important that
the materials maintain this low level of echo for viewing angles within say 30 degrees of
normal incidence. Assuming that the proper antennas are used and direct illumination of
the chamber sidewalls is avoided, it is of lesser importance that the absorbers have low
reflectance ac angles far off normal (> 50°). We have not seen direct sidewall reflection
in our chamber but have observed multiple bounce echoes from target to wall to target.
These latter are most pronounced when near nomal incidence on the wall is obtained. For
this reason, all of our sidewalls are tilted slightly off vertical and our backwall is tilted
off vertical and is movable in azimuth. One must remember that a wall covered with ab-
sorber still has an echo pattern with peaks and nulls. Obviously orienting the wall so
that a null is coincident with the direction of incidence would provide an echo significantly
(10 - 20 DB) below that of the specular echo. Bear in mind though that a null in the pat-
tem is obtained for a given illumination condition. Change the distribution of energy
across the wall and the null may disappear and become a peak.

4. The target must be located as close to the measuring antennas and as far irom
the backwall as possible. The free space loss (1/R%) dominates the thinking here. Mov-
ing the measuring apparatus far from the backwall reduces that echo power at the receiver
while keeping the target close to the apparatus insures maximum target signal-to-background
ratio. At the same time maximum distance between target and backwall reduces coupling
and mutual interfetence problems.

5. A movable backwall for the chamber is highly influential in reducing inherent
chamber echoes and also, in some cases, in reducing the effect of target introduction upon
chamber echo. A standard technique for evaluating the chamber echo when CW systems
are used is to record the echo from a small sphere which is rotated off center. From the
variatioas in the pattern, one calculates the magaitude of the interfering echo. We have
demonstrated to our own satisfaction that this magnitude is a function of the angular
position of the backwall. B. F. Goodrich Co. has repeatedly substantiated these results
in evaluation of their chambers. Thus one could optimize the chamber for minimum back-
ground for the sphere. Unfortunately this does not mean that the background is then
optimum for all targets. Yet regardless of who built a chamber or who evaluates it, we all
too often see the background figure derived f.om sphere tests quoted as the performance
capability of the chamber with no qualification for target.

6. The influence of the target npon background signal in an indoor measurements
chamber cannot be ignored. Whea a target is introduced into the chamber it always dis-
turbs the background illumination, thereby altering the magnitude of the chamber echo
previously nulled out by one means or another. For tar gets with large echoes, a moderate
increase in background level is insignificant since a ratio of 20 DB is tolerable. But for

cross section targets, the increased background leve! may be greater than that from the
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target itself. A CW system would measure rhe combined echo as if it were only the echo’
from the target. Figure 5 is an example of CW data (X-band) on a low cross section
shape. Figure 6 (solid line) is a plot of short pulse data on the same body. For the CW
daca, the background echo in the absence of target was less than 1076 square meters.
The pulse duta was taken with a pulse length (10 nsec or 5 feet) which provided the
total echo from the target (20 inches long) but easily separated it from the background -4
signal which was more than 40 feet behind the target. The only difference between the
two sets of dara is that the CW system could not ignore the increased background leve!l.
Despite numerous attempts, we have not been able to devise any chamber arrangement 1
which prevents, or even reduces to an acceptable level, the effect of these types of :
targets upon the background signal. The only way accurate CW data can be obtained in- §‘
doors for such bodies appears to be either to rock the target in range and calculate the 1
correct echo at each angle or use the technique of Fritsch. Figure 7 shows the background .
effect measurcd by pulse radar. Since photographs were to be avoided in this paper, we I
had to resort to drawing the sampling scope presentation. Here the solid line shows the
amplitude of echo signal versus range in the absence of target. The backwa!l was ad-
justed in angle so that its echo, shown at 60 feet, comresponds to approximately 1.5 x
107 M2 at the target range. Note the complete lack of measurable cross talk between
the antennas and of target support echo at 15 feet. The dotced lines represent signal
level versus range with a low cross section target in place at an arbitrarv aspect angle.
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We think the situation is clear and need not be discussed further.

MODEL REQUIREMENTS

Scale models for radar cross section measurements are a necessity if static techniques

.

are used because full sized bodies would generally require prohibitive ranges or be oo
heavy for low echo supports. Model fabrication is as sensitive to the magnitude of radar
cross section of the body as the measurement procedure.

For bodies with large (> 107! M? full scale) echo area, the main problem is to insure
that all important contributors to cross section are included in the model. For aircrafe,
the cockpit cover and larger items in the cockpit, the radome and equipment including :
antcnnas behind the radome, and jet engine inlet and exhaust ducts must all be con- : _
structed in reasonable detail. However, surface irregularities do not noticeably influence o
the total vehicle and may therefore be ignored.

e e

On the other hand, for low cicss section shapes where presumably there is litle
specular reflection, surface irreguiarities make a large difference. This can be seen in
Figure 6 by comparing the solid curve with the points marked (x). These latter represent
maximum values for the respective ten degree azimuth intervals and were taken from a
reflection pattern of the same body as was used to obtain the solid curve. The difference
in the two sets of data was in the surface of the model. In the case of the larger values,
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;
the wood from which tht body was made had warped slighily causing a step discontinuity *

of perhaps C.010 inches average at the shadow poundary. When the step was removed,
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the solid cutve was cbeained. Note that these are unscaled data taken at 9325 mc by
pulse radar.

Ve ususlly require dimensional acouracy in any model to be within 0.030 inches.
Surface icregularity is ordinarily less than 0.001 inches. The dimensional tolerance is
based upan a consideration of normal incidence echo from a circular flat mecal plate.
Here the echo area is proportional to the radius raised to the fourth power. For any other
geometey, the echo area is a slower function of linear dimension. For the worst case
then, it can be shown that a 2% error in radius only causes 0.3 DB error in echo area. Of
coirse this is a percentage problem and for very small models, or standard spheres for
instance, the tolerance is tightened accordingly. But usually for models in the order of a
foot or more in dimension, 0.030 inches is satisfactory.

Other than dimensional accuracy and necessary detail, our main concern in modelling
is weight. For this reason, wood or plastic painted with metallic silver paint is preferred.
Very satisfactory models have been made by laying up glass cloth laminates in a female
mold, thus obtaining a very smooth outer surface for the body, and assembling the cured
sections over lightweight ribs much the same as an aircraft is built. 1n chis manner
bomber models over 14 feet in wing span have been made with total weights of slightly
over 100 Ibs. For much smaller models of say re-entey vehicles, solid wood turned ou a
lathe provides necessary surface smoothness and is acceptable from the weight stand-
point. Several coats of good conductive paint (such as Dupont 4817) provides an ex-
cellent metallic surface so long as the resistance of the coating is less than 1 ohm per
square. Only slightly higher values produce measurable changes in echo.

Perhaps the most controversial issue in model measurements is the matter of imper-
fectly conductive macerials such as radar absorbers. Rigorous scaling laws clearly re-
quire that thickness be scaled, that magnetic and dielectric properties be the same at
the measurement frequency as at the full scale frequency, and that conductivity be
scaled. Yet for the optics region, where body dimensions are large in terms of wave-
lengths and specular reflections dominate the echo from most targets, itis really the
reflection coefficient of the material which is influencial.

Consider the simple case of a flat metal plate at normal incidence. If we measure
the reruen as a metallic surface then cover it with an absorber whose power reflection
coefficient is say .01 we will reduce the metal body return by 20 DB. Now if we assume
the body had been scaled, we would compute the full scale echo by multiplying the
scaled echo by the scale factor squared. If we measured the full size plate at the full
scale frequency, then covered it with an absorber of power reflection coefficient .01, we
would again reduce the merai return by 20 DB. But this last echo area is precisely what
we would have obtained by calculation from the scaled data. Yer in the two cases, we
could have used absorbers whose identical reflection coefficients were obtained by
totally different combinations of magnetic and dielectric properties and whose thicknesses
were not in the ratio of the scale factor.
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Since a very significant portion of the reflection measuremeants made today involve the
use of absorbers on models, it is only reasonable that we take advantage of anything whicn
will make the job easier and cheaper. Even though the statements in the preceding pars-
graph may apply only to absorptive materials, they have wide application at that. Ia our
efforts to reduace the cross section of a vehicle we use any absorber whose reflection co-
efficient at the scaled frequency is the same as that of the actwal absocber at the full
scale frequency. That this obtains valid data has been substantiated in several inscances
where both full scale and model data have been available. Unfortunately, these data are
classified and cannot be presented herein.

We must of course recognize that in the Rayleigh region, these simplifications may not
apply. It has been shown by Siegel and others that the formulacion of absorbers for bodies
small in terms of wavelengths must be adjusted for body shape and dimensions to obtain
a given reduction in echo. Since to date we have done very litde work which bears on this
special problem, we will leave its discussion to others.

COMPARISON BETWEEN CW AND PULSE DATA

As a last point of interest, we would like to present results of measutement of a
satellite model which were obtained by both CW and pulse systems at the same frequency.
The tesules, shown in Figure 8, are plotted as actual echo area of the model, uacorrected
for scale factor, versus azimuth angle measured from nose. The echo from this model was
lacge enough that the background did not influence the CW result. At nosec-on there is a
7 DB difference between the two sets of data which is much two large to be acceptable.
However, we found aiter these particulur pattems were taken, that the nose-on echo could
be varied by adjustment of the junction between mating sections of the model. Therefore,
we cennot blame the nose-on discrepancy on instrumentation error. Other than that differ-
ence and the fact that there seems to be an alignment error of perhaps 1 degree, the
agreement between the CW and pulse data is excellent. The loss of sharp peaks and nulls
by the technique we used to obtain the pulse data, i.¢. one degree readings, is evident
and teaches that finer readings are necessary when the target aperture, perpendicular to
the path of propagation, becomes large. The planned automatic recordiug system should
solve this proLblem completely.
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SUMMARY

“.omnt e

It is the purpose of this paper to summarize the experience gained
by the authors during the past ten years in the operation of four model
measurement radars in an indoor anechoic chamber, three CW Balanced-
Bridges operating at frequencies of 10 Gec, 35 G¢, and 70 Gc, and a short-
pulse radar operating at 35 Gc. The latest versions of these radars have
the following capabilities:

TABLE I
Frequency 10 Ge 35 Ge 70 Ge 35 Gc Pulse
Minimum 2 > > 2
Measgurable -40 dbA® -35 dbA\“ -25 dbA“ -20 dbA
(Non-rotating)
Maximum
Target Size 12" 3.5" 3.5" 12"
Minimum Tower 5 ) )
Croas Section -40 dba% -35 dba® -25 abAa% -20 ab )

The above performance figures were measured at 2 DL/)« with a plane-
wave lens. With smaller targets and focused lenses, significant increases
in sensitivity can be achieved. For_example, at 10 Gec, a target of 2"
diameter and cross section -60 db A\ can be meaa\éred; and at 35 Gc, a
target cf 0, 8" diameter and cross section -54 dbA”™ can be measured.

The significant features of the CW balanced-bridge radars are as
follows. Both transmitter and local oscillator klystrons have been phase-
locked through a phase-locked rmultiplier chain to a 1 Mc frequency
standard., The phase stability of the system is such that an isolation of
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better than 100 db at 70 Gc and 120 db at 35 Gc between the transmitted i
and received signals has been maintained across the hybrid for continu- Yy
ous periods of more than ten minutes. Also, phase can be measured
directly by comparison of the received signal against a reference signal,
A simiple cancellation circuit has been included which has enabled the
bridge to be balanced in a smooth, controllable manner. The amplitude
and phase of the backscattered wave from the model can be measured
with accuracy of better than + | db and + 2° respectively. Models are
supported on styrofoam towers which have been tuned to a maximum
cross section of =35 dbA® at 35 Ge.
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The 35 Gc pulse radar has a pulse width of 15 a5 , a2 dynamic range
of 50 db, a transmitter-receiver isolation of 130 db, and may be used to
make bistatic as well as backscattering measurements with both plane
and circularly polarized radiation.

In the development of these radars, the authors have made extensive
investigations of several sources of error in model measurements, In
particular, these include the effects of non-plane illumination, various
model support methods, cancellation techniques, model dimensions and
finishes, transmitter frequency stability, and data recording techniques,.

Further, in another development, the authors have used CW doppler
radars to measure the nose-on cross section of models in a hypersonic
ballistics range. These radars, operating at frequencies of 35 and 70 G¢
are essentially CW balanced-bridge radars in which the doppler shift of
the moving target has been used to separate the model gignal {rom the
stationary background signal. Significant changes in the model cross
section due to the plasma sheath have been noted. A high resolution
focused 35 Gc oblique doppler radar has also been used to measure
parameters of the wake behind the hypersonic velocity projectile.

Gavlkihaini s wud 2,

MM WAVE - RADAR CROSS SECTION MODEL MEASUREMENTS IN
ANECHOIC CHAMEERS

P

Introduction

About ten years ago the authors began to develop a facility
which was to be used to make basic studies of the radar cross section
of model targets. In the interests of convenience and year-round oper-
ation, measurements were to be made in an indoor anechoic chamber,
and because of the convenient sized models and ranges which resulted,
the operating wavelengths were to be in the millimeter region. Two
major problems were immediately apparent, First, it was necessary
to eimulate free-space conditions around the model. This simulation

fontisited:
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entajled three major elements: the elimination of the effects of the
anechoic chamber on the measured model cross section, the provision
of a model support system which did not significantly affect the model
cross gection, and the evaluation of the effects of non-plane illumination
on the cross section measurements. Second, provided free-gpace con-
ditions had been successfully sirmulated, it was necessary to make accur-
ate measurements of large numbers of low cross section models over a
wide range of model sizes, wavelengths, aspects, polarizations,and
_bistatic angles. In the sections which follow, we will deal successively
with the problems of non-plane illuminations, rnodel support, background
cancellation techniques, and the development of sensitive, accurate, multi-
capability radars.

Plane-Wave Nlumination

Radar cross section is invariably derived under conditions of
plane wave target illumination, and, indeed, in the full-scale cage, the
target is so far from the radar that the spherical wave is locally plane.

In a model range, the target is close to the radar so the illumination is
spherical rather than plane, and it is usually assumed that the illumination
is a satisfactory approximation to plan: wave conditions if the amplitude
does nov vary by more than 1 db or the phase by »/7, over tho extent of

the model., Many experiments have shown that this is indeed a reasonable
criterion, since the effect of slightly non-plane illumination is to decrease
the gain and fill in the sharp nulls without significantly changing the major
features of the measured cross section pattern. For many of tl.e targets
investigated with the radars developed by th.e authors, the target was
smaller than the radar antenna. In this case it is possible t» measure
target croses section inside the Fresnel zone ¢ the antenns, provided the
plane wave illumination conditions are fulfilled. Thoouretical predictions
of the Fresnel fields of square and circular apertures have been com-
puted Z and the authors have experimentally confirmed the predictions3.
We have found that the amplitude variation 4s the limiting restriction

on model rize at distances closer to the antenna than 0/ while phase
variation is the limiting restriction frorn 0¥y ® 20*/N . Ina logical
extension to this work, the fields in the focal region of a lens have been
analyzed, 18and it has been shown that sufficiently uniform fields exist in
this region to measure models up to 2 A in diameter, for typical lenaes
of 10\ aperture and focal lengths ranging from 2 to 5 lens diameters.

Model Support

The model support must be sufficiently strong and rigid to fix
the model securely, yet it must not contribute significantly to the radar
cross section of the model., The present authors have used polyfoam
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towers as model supports since these towers are easy to construct, are
readily tailored to individual models, are rigid enough for small models,
are suitable for rapid measurements of a series of models, and most
important, they may be easily tuned to have very low radar cross sections.
Reference (4) gives the details of adjusting the tower diameter to obtain
minimum echo area, and indicates that towers of about 1'' diameter have
been constructed which have a cross section of -50 db_\ % (-80 dbmz_) at
X-band, -35 db Az {(-76 dbmz) at 35 Ge¢, and -25 db )\2 (-62 dbmz) at 70 Ge.
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philogophies -egarding the tuning of anechoic chambers to achieve a mini- X
mum background cross section, no special effort was made to tune this
chamber. Instead, we have attempted to eliminate the interfering range
background with two separate rechniques. First, the use of the CW
balanced-bridge radar, in which the total background signal in the absence
of the model is cancelled by a pgxase-amplitude nulling circuit, Second,
the use ol a short-pulse radar, ” whereby all background except that in ¥
the immediate vicinity of the model is eliminated by means of a range
gate. Consider first the short-pulse radar.

These figures are about 15 db better than results reported with nylon h
strings anc are about 10 db better than previously reported results 3
for polyfoam towers 16, i
BACKGROUND ELIMINATION §
L
The Anechoic Chamber 3
A rectangular anechoic chamber of dimensions 40 x 12 x 60 {
faet covered on all surfaces with microwave absorber was used to house i
the scattering range. Although we are aware of the many methods and r B
i ¥
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The Short-Pulse Radar %

Since the details of the short-pulse radar are fully presented ¢
in reference(5), we mention here only sorne highlights of the performance
and problems of the radar. The radar frequency was 35 Gec, and the
minimum pulse length was 12 ns. The tranemitted power was 30 kw, the
receiver tangential sensitivity was -52 dbm and the IF frequency was
3000 mnc.

The received back scattered pulse amplitude was maintained
constant with a RF servo-crystalled attenuator driven by a masked-CRT
photo-multiplier detection system, so that cross section measurements
accurate to one db were possible over a dynamic range of 50 db, Separate
antennas were used for the transmitter and receiver so that bistatic and
polarization diversity scattering studies with both rectangular and cir-
cularly polarized radiation were possible, Tunnel antennas were used
to suppress the antenna sidelobes and to provide an isolation of better
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than 130 db between the transmitter and receiver so that transmitter re-
ceiver leakage was completely eliminated. For a typical target approxi-
mately 12 inches in diameter at 5 range of 23 feet, the minimum measur-
able cross section was -20 db A€ (-61 dbm ) The major limitation to
the radar sensitivity has been the support system. Due both to the rela-
tively large towers required because of the large models, and the wide
frequency content of the short pulse, it was not posixble to obta.m styro-
foam towers with cross sections leas than -20 db A (-61 dbm ) However
this sensitivity was adequate for the models to be measured at the time
(1958), and the pulse length proved short enough so that adequate time
separation was obtained between the pulse scattered from the model and
that scattered from the back wall of the anechoic chamber. Even at the
present time, five years after the original design, this radar has a unique
combination of high frequency high power. and narrow pulee width.

The CW Ba.la.nced-Bridje Radar

With a CW balanced-bridge radar, the output cof the receiver
in the absence of a model is the vector sum of the backscattered radiation
from the anechoic chamber (including the model support system) and the
leakage signal due to the imperfect isolation properties of the waveguide
magic tee. This output signal may be eliminated if it is combined with
a signal of equal amplitude and opposite phase, and, provided the presence
of the model does not significantly change the room illumination, or the
background does not change position, and both the cancellation signal and
the the background signal do not change amplitude or phase, then the
background effects are completely eliminated, and the model appears to
be in free space. The major limitation to bridge sensitivity is the difficulty
in obtaining a complete cancellation of the background signal and of main-
taining this cancellation for significant periods of time, The maximura
performance is obtained only if the following conditione are met. All
waveguide components must be rigidly mounted, the radar must be rigidly
fixed in place, the anechoic chamber must be closely temperature con-
trolled, the transmitter frequency must be extremely stable--preferably
phase locked to a low frequency standard oscillator, and the cancellation
circuits must be capable of fine, repeatable control of both the amplitude
and phase of the cancellation signal. Three radars, operating at fre-
quencies of 9 Gec, 35 Gc, and 70 Gec, have been constructed following
these prmgmles Details of the 35 and 70 Gc radars have bz2en published
elsewhere” so we only summarize here the performance figures attained.

TABLE II
9, 35 and 70 G¢c Radar Performance

Frequency 9 Ge 35 Ge 70 Ge
Target Size 12" 3,5 3.5
Minimum

Detectable -76 dbm?> -76 dbm?® -6% dbm?
Cross Section >
at 2 b4 -45 db A2 -35db A% 25dbA
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The above performance figures were measured at 2.0/ with
a plane-wave lens. With smaller targets and focused lenses, significant
increases in sensitivity can be achieved. For example, at 10 Gc a target
of 2" diameter and cross section ~90 dbm® (-60 db A ©) can be measured
and at 35 Gc a target of 0. 8" diameter and cross section -95 dbm
(-54 db A®) can be measured. The essential features of these radars are
as follows. Both transmitter and local oscillator klystrons have been
phase-locked through a phase-locked multiplier chain to a 1 Mc frequency
standard. The phase stability of the system is such that an isolation of
better than 100 db at 70 Gc and 120 db at 35 Gc between the transmitted
and received signals has been maintained across the hybrid for continuous
periods of more than ten minutes. Also, phase can be measured directly
by comparison of the received signal against a reference signal. A simple
cancellation circuit has been included which has enabled the bridge to be
balanced in a smooth, controllable manne-r. The amplitude and phase of
the backscattered wave from the model can be measured with an accuracy
of better than + 1 db and + 2° respectively. Models are supported on
styrofoam towers which have been tuned to 2 maximum cross section of
-76 dbm® (-35 db A%) at 35 Gc and -62 dbm” (-35 db A %) at 70 Ge.

Recent measurements which have been made with these radars
may be found in References 7, 8, 9.

The Phase Comparison Radar

The CW balanced-bridge radar places stringent requirements
on the frequency stability of the microwave transmitter klystron. The
best systems have therefore stabilized the klystron frequency with some
fairly elaborate techniques--for example, Pound stabilizers, crystal
multiplier chains, and phase-locked loops. A technique, called the
phase-comparison radar, has been developed in which the microwave
frequency stability requirements can be relaxed, and in which, effectively,
a CW balanced bridge operates at an audio modulating frequency. Details
of this system are presented in Reference (10), 80 only the essential
features of the system are presented here.

The radar consigted of a double-sideband suppressed carrier
Klystron transmitter (modulation frequency Wy} driving the usual CW
bridge. The uninodulated Klystron output after being phase modulated
at a rate Wy serves as the local oscillator. The output signal is fed
through the ~f mixer, a bandpass amplifier, a phase detecior operating
at the modalating frequency wm , a tuned amplifier operaling at wiy ,
and an amplitude detector. It can be shown that the final output of this
system is of the form £o¢ > K c¢os ¢m . Thus it is possible to balance
the bridge by adjusting the backgrcund signal from the far wall of the
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range and the leakage through the magic tee to be in phase, and then
adjusting both signals to be 90° out of phase with the reference signal in
the phase detector, so that the bridge output in the absence of a target
is zero. An operating version of thie ra.dar has been constructed at 10 Ge,
and operated as expected. Background cancellation was effective at both
vf and modulating frequencies, and the requirement for extreme fre-
quency stability on the v{ source was rslaxed. One disadvantage of the
bridge was that no tower cancellation was possible.

GENERAL COMMENTS ON MODEL MEASUREMENTS WITH ANECHOIC
CHAMBERS

In this section we present some general, possibly controversial con-
clugions about mm-wave model measurements in anechoic chambers. We
have found + 0.5 db to be about the best possible accuracy with which
cross section measurements can be quoted, considering the errors in
illumination, background illimmination, RF attenuators, servo driven pen
recorders, and other error sources, and we feel that + 1 db is probably
closer to the actual error in most cases.

All our models are constructed to tolerances of 0,001" in dimension,
0.10° in angle, and 5u in surface finish, but, for most models, these
tolerances could be relaxed by a factor of ten without changing the re-
sults significantly.

For small models, we find that commercial rotating gear is inadequate
because the excessive vibration of these units changes the model aspect
during rotation.

The basic test of the quality of our measurements has always been
the ability to reproduce accurately the Mie sphere curves, and the ability
to produce symmetrical patterns with deep nulls. The ability to measure
the same nose-on cross section In orthogonal polarizations is also impor-
tant, These criteria are necessary, butna sufficient guarantees of good
cross section measurementa. We have generally evaluated the quality of
the anechoic chamber by rotating a sphere off-center on a tower.

It should be noted that one of the virtues of the CW balanced-bridge
technique is that provided only the nose-on cross section of the model is
required, and the model does not have to be rotated, the cross section
of the support system and the range background are unimportant, and very
low cross sections can be measured. The limitations, other than that of
changing bridge balance, are only those second order effects caused by
the change of background illumination due to the model, and any model-
support interactions,
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In Figure 1, we present a general curve, which summarizes the
experience we have had with the CW balanced bridge. In this figure, we
plot minimum measurable model cross section in square wavelengths
against the model diameter in wavelengths, and the two shaded areas
delineate first the absolute limits of model geometry which can be
measured with the balanced-bridge, and second, the combination of
model size and cross section which are most easily measured with a
balanced bridge. Points typical of our three radars are also included in
the figure.

In Figure 2, we present a universal design chart for the CW balanced
bridge radar, This figure plots minimum measurable cross section
against range to target and target size with both antenna size and hybrid
isolation as parameters., The figure has been generated from the radar
equation: ;i T & aud from the roughly linear relation between
model size and distance from the antenna. The three radars we have built
all perform essentially in accordance with this nomograph

OTHER APPLICATIONS OF MODELING TECHNIQUES

In the preceding sections, we have discussed the application of milli-
meter wave radars to the measurement of the radar cross section of model
targets in an anechoic chamber. The study of reentry phenomena is
another area in which millimeter wave radars and modeling techniques
have been successfully applied. Many of the relevant phenomena of reentry
can be duplicated under laboratory conditions with a hypersonic ballistics
range--a device in which small models are accelerated to high velocities
and fired through long tunnels containing controlled atmospheres. In
particular it is easy to make detailed studies of the flow field and plasma
effects over a wide range of pre-gelected velocities and pressures, and,
as part of these studies, we have instrumented a CW doppler radar with
the beam located along the flight direction to make direct measurements
of the nose-on echo area of a projectile in flight. As was the case for
model measurements in anechoic chambers, ballistic range measurements
require the simulation of free space conditions. The doppler shift pro-
duced by the moving projectile has been used to isolate the desired pro-
jectile signal from the clutter arising out of the stationary background.
Details of this technique are given in References 11, 12, 13 and 14. At
present, we operate two CW doppler radars at 35 and 70 Gec simulaneously,
diplexing the radar beams by means of a wire grid reflector. Both radars
are capable of measuring przojectile ra.daf cross section tzo within +1 dzb
over a range from -10 dg A“ to 430 cl;': 2 (from -51 dbm® to -11 dbm* at
35 Gc and from ~57 dbm® to -17 dbm® at 70 G¢) while the projectile range
varies from 6 to 30 feet, Radar antennas, reflectors and microwave
windows have been designed so that the maximum operating range with a
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minimum of interference from the sides of the ballistic range is achieved,
with a minimum use of microwave absorber to lirie the tank, Excellent
agreement between the radar cross section measured in flight and that
obtained in the anechoic chamber has been noted. Further, significant
changes in the projectile radar cross section due to the plasma sheath
have also been noted, and these changes are being correlated with the
plasma properties.

Another version of the CW doppler radar has been installed with the
beam located at 45° to the flight axis. This oblique radar is used to
measure the properties of the wake behind the projectile. In particular,
transition from laminar to turbulent flow in the wake can be observed,
and measurements of the wake velocity can be made.

The radar operates at 35 Gc and is essentially similar to the two
radars described above. A 24' diameter F1 lens focused on the range
axis provides a spatial resolution of about two wavelengths along the flight
axis. Coarse cancellation of the background is accomplished at microwave
frequencies, and the doppler shift is used to isolate the projectile signal

from the2 stationary background. Minimurn detectable signal is about
-20 db A\".
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STATE-OF-THE-ART
ANECHOIC BACKSCATTER RANGES

Pra g e ey wmem --r-uw‘

W. H, Emerson, Mgr. Absorbent Materials and Systems, B. F. Goodrich
F. P. Brownell, Senior Microwave Engineer, B. F. Goodrich
Shelton, Connecticut

INTRODUCTION

It has now been some ten years since the first '"darkroom' was de-
scribed in the technical literature.® This particular room, like the rna-
jority of those which have followed, was brought into being primarily as
a facility for indoor measurement of antenna parameters. While a number
of such rooms have been put to good use in the measurement of radar cross
sections, it has only been relatively recently that concerted attention has
been given to acquiring an understanding of the particular requirements im-
poeed by backscatter work, Once development effort was directed toward
this end, performance of chambers with respect to radar reflectivity char-
acteristics began to show steady improvement; a trend w hich is continuing
through the present and may be expected to continue in the future. We, as
chamber designers and suppliers, see solid evidence to indicate that the
backscatter chambers of today have inherent radar cross sections which
are a number of orders of magnitude better than those of a year or two
ago. Much of the interesting recent progress has not yet been reported
in the open literature, The primary purpose of this paper therefore be-
comes the description of the state-of-the-art in backscatter chambers as
seen from this vantage point. During the course of this description, em-
phasies will be placed on aspects such as: 1.) the definition of customary
means of deacribing backscatter chamber performance, 2.) the inkerent :
chamber cross section levels which can be currently achieved, 3.) the de- s
sign techniques through which such performance can be accomplished and
4.) the measurement techniques through which such levels can be quantita-
tively measured. Comparison of these performance characteristics with
those of other types of ranges is suggested.

DESCRIPTION OF THREE MODERN INDOOR REFLECTIVITY CHAMBERS

There would appear to be no better way to describe the state-of-the-art 2
in anechoic backscatter ranges than to describe existing new chambers
which have been specifically designed to provide nighest performance for
reflectivity measurements. Consequently, we present in Table 1 a wide
variety of comparative data and information on three chambers of this type
which have recently been designed and installed by this company. We be-
lieve that these facilities qualify for use of the term "' state-of-the-art'' as !
a result of their high levels of performance and the fact that this perfor-
mance is directly attributable to new materials and technignes,

M-.«gmw vy
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TABLE

Reflectivity Characteristics at X-Band

Equivalent radar cross section at 25 feet for stated path length

Ot (favorable tilt angle)
O, (back wall vertical)

Apparent reflection coefficient
Pt (determined from )
(*v (determined from &x)
v ("Free Space VSWR"

technique)

Measurement Conditions

Path length to back wall
Frequency

Crosstalk before cancellation
Crosatalk after cancellation
Antennas

Receiver sensitivity
Generator output level
Noise level in terms of O
Reference target sizes

Design Characteristics
Back wall

Side walls, floor and ceiling
Front wall

Baffles

Floor work areas
Shielding requirement
Construction

Ventilation

Lighting

Crosa section dimensions, QD
Length dimension, O.D.

Comparative information on three recent state-of-the-art reflectivity chambers
designed and inatalled by the B.F. Goodrich Company. *

5)

Martin Sperry AlL
60 db <MZ 66 db<{MZ 80 db {M®
30db (A% 36db<A%2  s50db A2
49 db{M 30 db <M 45 db <M
77 db 85 db 99 db
66 db 49 db 64 db
62 db not meas, 67 db
50 ft. 39 ft. 39 ft,
10. 0 KMC 10. 0 KMC 10. 0 KMC
10db{M%  35ab{M?  35db{M?
65db{ M2 85db {MZ 88 db{M?
Parabolas, Parabolas, Parabolas,
D=1 1t D= 1ft. D=1 ft.
-85 dbm ~85 dbm -100 dbm
+23 dbm +23 dbm + 20 dbm
53 db ¢ M? 63 db{ M% 60 db {M?
2.10 in., 28 db{M?Z Same Same
.624 in., 43 db(M2 Same Same
VHP-26, VHP-45, VHP-45
Tilt Wall Tilt Wall Tilt Wall
VHP-18 VHP -26, 18 VHP-26, 18
VHP .18 HV-8 HV-8
None None None
None Each End Each End
None Moderate None
Outdoor, Indoor, n »d. Indoor, modular
Gnder block Plywood Plywood
Forced air Air condition. Forced air
Incandescent Inrandescent Incandescent
20x20 ft. 16x16 ft, 20x20 ft,
50 ft. 46 ft. 46 ft,

*It is suggested that those who are interested in detailed design and measurement
information on these chambers query the B, F.
evaluation reporte which are available on each.

Goodrich Co. for copies of the
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Reflectivity Characteristics

Prior to considering the observed performance levels of these cham-
bers, it would seem appropriate to provide discussion of the means which
are commonly employed (and are here used) to quantitatively describe
chambers with respect to their backscatter properties, Two systems may
be encountered: 1.) one definees chambers in terms of their inherent ra-
dar cross section, 2.) the other in terms of their apparent reflection co-
efficient. While one may readily convert from one system to the other, the
two are sufficiently different in viewpoint to suggest continued existence of
both for the present. They are separately considered below:

Inherent Radar Cross Section. This terminology describes a cham-
ber in the manner which is customary for other types of radar targets, i.e,
in termsg of the cross section of the equivalent sphere that would produce
the same return signal at the receiver as does the empty chamber. In the
case of other targets, the distance to the reference ephere and the target
is taken as the same so that the target may be described by a cross section
value which is exclusively a function of target reflection properties and in-
dependent of distance. Inthe case of a chamber, however, it is not as ob-
vious as to what distance should be chosen for the reference sphere since
a chamber does not appear at a discrete point in space. While the distance
to the chamber back wzall might have been established as a reference point,
it has instead become customary to define the inherent cross section of a
chamber with the sphere located at a fixed distance and hence unrelated to
chamber dimensious. Values are commonly quoted with the refzrence dis-
tance chosen 28 25 feet (as in Table I), 50 feet, or the distance of the tar-
get pedestal in a particular chamber,

This means of describing chamber performance provides both ad-
vantage and disadvantage., The advantage is that it expresses quality in
terms of radar cross section; a concept which is familiar, useful and ap-
propriate for chambers of this type. On the other hand, the cross section
numerical value is not exclusively a function of chamber reflection properties
but is, in addition, a function of both reference target distance and back
wall distance, As a result, a direct comparison between values quoted for
one chamber cannot be readily made with values quoted for another unless
the values are converted to the same basis with respect to both distance
factors. Such conversion can be made with knowledge that: 1,) the radar
cross section value for a chamber varies directly as the fourth power of
distance to the reference sphere (ref. radar range equation), and 2.) the
equivalent radar cross section at a fixed digtance varies inversely as the
square of the distance to the back wall, 5 The equation for the conversion
follows:
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z O, = 0 +10L0g (Rt *(Rw2\ " (gpqm? (1) :
1 Re2 Rwi
where O ) and O ; = chamber equivalent radar cross sections . %

(db(Mz) at reference target distances g

R¢; and Ry2 in chambers 1 and 2 3

2

1

Ry} and Ry,2 = Radar to back wall distances in chambers i

1 and 2.
The following is an example of such conversion: Assume it is i 3

necessary to convert the equivalent cross section of a chamber known to be ‘3

60 db{M* at 25 feet with 50 foot distance to the back wall to the equivalent

cross section at 100 feet with 120 foot wall distance for purposes of com- .
parison with another chamber. With the aid of the above equation, it may :
be shown that the numerical value for the {first chamber becomes 43.5 db(Mz

at 100 feet with the back wall at 120 foot distance., It might not be apparent

to the uninitiated that two numerical values which superficially appear so

' dissimilar describe the same quantitative phenomena. The disadvantage is

' evident of this description method in not providing a unique number to de-

scribe chamber performance.
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Turning now to the X-Band reflectivity values quoted in Table I, we
find that these three chambers show equivalent radar cross sections of
10°° to 10°" square meters at 25 feet over close to full path length with the
back wall set at a favorable tilt angle. (The effecte of back wall tilt are die-
cussed in a later section.)

A comparison of these cross section values with the encountered
systems noise levels listed in Table | for these chambers shows that with
each the level of chamber reflected energy was so low as to be below re-
ceiver noise. (The tochnique developed to measure crose section when be-
low noise i described in a later section.) It {s our understanding that
these charnbers represent the {irst time that this condition has been achieved,
We speculate that it would be desirable during use of a chamber to know that
any observed signal was not coming from the chamber. As a result of the low
inherent croes sections, these chambers provide opportunity for work with
smaller targets or for higher accuracy on larger targets. An idea of the ac-
curacy available may be determined from the recording of Figure 1 which
shows a wmall target with a cross section of 42 db(M¥< at 25 feet moving in
and out of phase with chamber reflected energy. It may be noted that finite
reflections from the chamber are here causing &n uncertainty of only about
plus or minuws0, 1 db in the value of cross section for a target of as small a
size as this,

Also listed in Table I arn values for the inherent crose section of
these chambers for the conditon where the back wall is vertical, This data
has been included to facilitate comparison with chambers having the conven-
tional fixed back wall., It will ba noted that one of tha chambers showed an
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appreciably higher value of cross section for the condition of wall vertical
deepite the similarity of design to the other two, Study of the recordings
of cross section vs, tilt angle for each of these chambers reveals that
cross section values averaged over a range of angles are similar on all
three chambers but that values at any given tilt angle (including 0°) may
vary appreciably. It appears that the quality of the absorbent material
determines the general level but that superimposed on this level are max-
imums and minimums which we attribute to diffraction phenomena (i. e.
the particular vector sum of all the unit wall vectors at that particular
angle and frequency). These recordings clearly show that a higher value
was encountered for this chamber because a peak in the diffraction pat-
tern here happened to fall with the wall vertical. The tilt wall may be
thought of a means of insuring that such peaks can always be avoided and
that good nulle can always be introduced ® achieve lower levels of inherent
cross section,

Reflection Coefficient. This terminology describes a chamber on
a basis of the ratio of incident to reflected energy just as is done with ab-
sorbent materials, In the case of materials, the reflection coefficient
describes (and is determined from) the level of reflected energy from the
absorber with respect to the level of incident energy from a flat conducting
surface. In the case of a chamber, the reflection coefficient similarly de-
scribes (and may be determined from) the level of chamber -eflected energy
with respect to the level of incident energy calculated to come from an in-
finite flat conducting surface located at the distance of and in the plane of
the damber back wall, Since radar cross section is proportional to power,
the reflection coefficient also describes (and may be determined from)j the
ratio of inherent chamber cross section to the cross section calculated
for an infinite conducting surface located at the back wall,

The reflection coefficient of a chamber is thus, by definition, the
reflection coefficient of the absorbent material on the back wall as measured
in the chamber. To express chamber quality in terme of reflection coeffici-
ent is to state that the observed level of chamber reflected encrgy or the ob-
served level of inherent chamber cross section is that expected for an in-
finite conducting surface located in the plane of the chamber back wall when
covered with an absorber having the stated value of reflection coefficient,

The concept of thinking of chamber reflected energy as emanating
from the material of the back wall is well related to practice since back-
scatter chambers are typically used and defined with sufficient antenna
directivity to limit illumination to the back wall and thus avoid degradation
of chamber cross section by reflection from side wall, floor and ceiling re-
gions, It is for reason of such illumination that the reference value for the
conducting surface iv calculated from the case of an infinite wall rather than
a finite wall with dimensions of the chamber cross section. Use of the latter
case iv not considered here appropriate since, with typical chamber illumina-
tion, the edges of the back wall are indefinite as the result of low illumination,
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The expression of interest for the infinite wall case ie O =7R% where
R is the distance to the chamber back wall in meters and O is the equiva-
lent cross section at the distance of the back wall expressed in square
meters, In view of the importance here of this expression and the fact
that it is not familiar to all, we include a derivation in Appendix A,

Defining chamber performance in terms of reflection coefficient
also presents disadvantages. The chief disadvantage appears to be that
definition is less familiar to users of backscatter chambers, and, in ad-
dition, cannot be directly applied to backscatter problems without coaver-
sion back to cross section units. On the other hand, advantage is offered
since the reflection coefficient definition describes both chambers and ma-
terials in the same manner and hence both have essentially the same nu-
merical value. The only difference is that the chamber reflection coeffid-
ent describes (and is determined from) an aggregate of absorber pieces
mounted on the back wall in a chamber whereas the reflection coefficient
of the material describes (and is determined from) individual pieces or
small groups of pieces. The reflection coeffident concept thus provides
distinct advantage in choosing a back wall material to meet a particular re-
quirement or in predicting chamber performance. Rrhaps the most im-
portant advantage to use of reflection coefficient is that it provides a unique
numerical value to describe a chamber. This value is exclusively a function
of chamber refleciion properties and is thus independent of the distances to
a reference spherc or a back wall. Values for various chambers can, with
this definition, be directly compared without reed for conversion to common
distances as is required for the radar cross section definition.

Table I contains reflection coefficient values for each of the three
chambers under conditions where, in one case, the back wall is set at a
favorable angle and in the other where the back wall is fixed at vertical,
Note that in the best chamber a reflection coefficient value of approximately
100 db was encountered at a favorable back wall tilt angle. Thie value ac-
tually means that the amount of chamber reflected energy measured back
at the receiving antenna was the amount that would be expected from a con-
ducting wall at the other end of the chamber when this wall was covered
with an absorbing material having normal incidence reflection coefficient
of approximately 100 db, Since materials are not known which reduce re-
flection by this amount, measurement of this low a value for the chamber
gives evidence of the effectiveness of the tilt wallin further reducing the
level of reflected energy beyond that provided by the material with fixed ver-
tical mounting.

It will be noted that the table lists reflection coefficient values for
the condition of back wall vertical as determined in two different ways. In
one case the values were obtained from the ratio of the inherent cross sec-
tion measured in the chamber to the cross section calculated {or the con-
ducting wall. In the other case, values for two of the three chambers were
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acquired by measurementa of reflection coefficient by the ''free space
VSWR'" technique which is commonly employed to measure the reflec-

tion properties of chambers designed for antenna measurements. A com-
parison of the reflection coefficient values from the two methods is of in-
terest. It will be noted from the data of Table I that the values for both
chambers by both methods differed by not more than 4 db, Such agreement
is interpreted as lending support for the concepts here presented.

The magnitude of values for the condition of back wall vertical
is also of interest since opportunity is here provided for comparing the re-
flection coefficient measured in a chamber with the reflection coefficient of
the materials covering the back wall. The fact that the values for the cham-
ber are here found to be the range of 60 to 70 db would indicate that the back
wall materials were characterized by similar reflection coefficient values.
Such a comparison is limited in the case of these chambers however, since
the reflection properties of the materials here used are not quantitatively
well known. This is the case because techniques are not available at this
time for making measurements on individual pieces or small groups of
pieces which have such low reflection coefficients. A variety of both prac-
tical and conceptual problems involving factors such as edge reflections,
size effects, etc.“, limit measurements with reasonable accuracy to thz
50 db range at the present state-of-the-art., On the other hand, we propose
that in view of the manner in which these measurements were made, they
may be considered as providing: 1.) the first quantitative measurement
of the normal incidence reflection coefficient of any materiale into the 60-
70 db range and 2,) the first confirmation that materials can be provided
which have a reflection coefficient as low 28 60 to 70 db down,

Prior to completing this section it might be well to point out cer-
tain limitations to hoth of the above means of describing the reflection
properties of backscatter chambers,

a. Both describe chamber performance for the case where
the chamber is empty or contains a physically small target. Some classes
of targets cause significant enhancement of apparent chamber cross section
which in turn causes measurement error above that pred...cd on the basis
of known values of chamber cross section or reflection coefficient.

b. Both describe chamber performance for the condition of low
side wall illumination. During such times as it is necessary to measure
with smaller antennas, it should be bome in mind that the inherent chamber
cross section will be degraded and will be a function of the degree of side
wall illumination,

¢. Neither describes how much undesired energy may be ar-
riving at the test site via specular or non specular reflection from the side

wall, floor and ceiling surfaces to constitute a source of measurement error.
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d. Neither describes how good a chamber is in regard to secon-
dary reflections, i.e. reflections from large objects under test to adjacent
wall surfaces, and thence back to the object to appear as a form of error.

It may be anticipated that future definitions of chamber reflectivity
performance will be expanded to include description in terms of these faciors
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and that this will provide impetus to development of improved solutions to
the basic chamber problems represented by these factore. 2
Design Aspects of These Chambers
While a variety of second order factors have contributed to the ob- N

served performance levels, comment will be limited in this section to the ;
two desgign factors which are primarily responsible for the advancement of
these chambers over prior art. These important factors are: a.) the ab-
sorbing materials used on the back wall and b.) the arrangement for tilting
the back wall. In view of their significance, they are separately considered
below,

a. Absorbing Materials, Each of the three chambers used the
B. ¥. Goodrich VHP (Very High Performance) materials to completely
cover the back wall regions. This particular type was chosen in view of
interest that each of these chambers exhibit performance at the state-of-
the -art, ’ :

This particular material is in the form of an aggregate of flexible
foam dissipative pyramids. The function of the geometrical shaping is to
effectively reduce reflection by providing a long, gradual, discontinuity y:
free taper from the propagation characteristics of free space to the propa- : '
gation characteristics of the dissipative medium. Use of the pyramidal R
shape provides 2 transition where the loss increases at an exponential
rate. This particular rate of change is known to be desirable for two rea-
sons: 1.) it is economical in terms of thickness for a given performance
at the low frequency end, 2.) it provides a general trend of decreasing re-
flection with increasing taper length which allows achievement of very low
refiection coefficients with very long tapers.

Forty-five {45) inch thick versions of VHP material were used on
the back wall in two of these chambers, This physical thicknesas provides
at X-Band a taper which is extremely long in terms of wavelengths (approx-
imately 40 A) and a taper which is extremely gradual in terms of change
per wavelength. These factors are undoubtedly important in the attainment -
of the 60 - 70 db normal incidence reflection coefficient attributed to this
material at this frequency, While use of such thick materials at such high
frequencies rnay be surprising to some, it is our understanding that per-
formance at this level cannot be attained in any other manner at the present
state-of -the-art,
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b. Tilt Wall, What is referred to here is an arrangement which
has been designed into each of these three chambers to allow the back wall
to be tilted through an angle range of approximately 20* from the vertical
and set at an angle which directs a good null in wall reflection back down
axis. The idea is carried out with a motor drive on a hinged absorber
covered wall that is of a size approximating this inside dimension of the
chamber. Controls for the motor are returned to the receiving positinn
80 that the operator may conveniently find such a null by observing receiv-
er output,

A (b Bl od .. oI NAT 43 kB

It will be appreciated that motion of 8 wall in this manner may
be expected to provide variations of reflected energy at the receiver as a
result of what might be considered as a scanning through a portion of the
back wall diffraction pattern. The observed results appear to be in keep-
ing with the complex diffraction pattern that might be expected for a large
surface which varies in both phase and amplitude of reflection from point
to point on its surface. Figure 2 shows a typical recording of the encoun-
tered variation of reflected energy (and hence inherent radar cross section)
with tilt angle,

What is of primary importance here, however, is that tilting the
back wall exhibits deep nulle which represent a significant improvement
ia radar croas section. Figure 2  for example shows a number of nulls
going down into noise at 53 db{M". Noise levei is here expressed in
equivalent cross section at 25 feet. Measurements which are described
in the following section have shown that the level of energy in the nulls may
be as much as 20 db below noise. These measurements have also revealed
that there may be a ratio in excess of 40 db between the level of the warst
peak and the best null with tilt over a 20° range of angles.

v, . S M 2 S5 AL oot A U

Reference is again made to Figure ] in view of its importance in
demonstrating the achievernent of a very low inherent chamber cross sec- ]
tion using the tiit wall to provide a favorable wall angle. At the upper right
of this recording ie shown the trace of a swinging sphere of a size 28 db¢M2, i 7
No sign of periodicity is detected which might be attributed to the sphere
passing in and out of phase with the chamber, In the center left region of
the recording is noted the trace of a swinging 43 db { M% sphere. With
this small target a perindic variation of approximately 0.2 db is noted as
the moving sphere alternitely passed in and out of phase with the fixed
chamber reflection. It may be shown that a periodic variation of this mag-
nitude is attributable to a signal some 38 db below the level of the sphere,

We, therefore, determine that the level of the chamber is here 38 db below
the 43 db{M* sphere or at approximately 81 db ¢ M2, Ambi guity as to
whether the weaker or stronger level represents the sphere or the chamber
is easily resolved in view of the change of average level with change of
sphere size. It was estabiished in a manner described in the following sec-
tion that the crosstalk between transmitter_and receiver during this recording
was cancelled to a level at least 88 db (MZ. Receiver noise was at a level
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Fig. 1: Recording of received energy with reference sphere swinging.
Vector summation of sphere and chamber produces observed
VSWR. Magnitude of VSWR at 0.2 db indicates chamber is 38
db below sphere and therefore has equivalent radar cross sec-
tion at 25 feet of approx. 80 db below a square meter.
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BACK WALL. TILT ANCLE. {DECRELS)
Fig. 2: Recording of inherent radar cross section during back wall

tilt. Note: Signal goes into noise (at 0 = 53 db M%) at a
number of points,
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equivalent to 60 db (MZ.

Ve thus see that a combination of state-of-the-art absorbing ma-
terials in conjunction with a tilt wall can offer opportunity for accurate cross
section measurements to a level close to noise. Patent application hae been
made on the proprietary tilt wall feature by the B. F. Goodrich Co.

Measurement Techniques

Inherent Radar Cross Section., A number of organizations have used
the technique described in these references 2,3 to measure the inherent ra-
dar cross section of backscatter chambers. This niethod basically com-
pares the level of reflected energy from the chamber with that of a sphere
of known cross section at known dietance. This particular tecnnique is
characterized by the way in which crosstalk between tranamitter and re-
ceiver is handled. Here crosstalk is set to be either in phase or out of
phase with chamber reflected energy by small physical movement of the an-
tennas to a location which provides the desired phase of relationship between
the two componenta, The vector sum (or difference) of these two voltages
is then cancelled down into receiver noise. Further antenna movemant is then
used to introduce an additional 180° phase shift in the return from the cham-
ber. Under this condition, it may be shown that the remaining voltage i»s
equal to twice the voltage from the chamber and thus provides a measure
of the inherent chamber reflection leval,

While this method provides accurate measurements of reflection
levels which are well above noise, it also provides values which become
increasingly inaccurate as the chambe1 level under measurement approaches
the noise level. ‘This is because one of the steps of this procedure rzquires
cancellation. In pactice, with this method, one is able to insure cancella-
tion only to the point where the signal goes into noise. An "uncertainty vec-
tor'' voltage which may be almoet as large as the difference between 0 and
noise level {8 therefore left in the problem. This error voltage combines
vectorially with the chamber ref'ected voltage to limit measurement accuracy.

Since modern design techniques are abie to provide chambere in
which the leve! of reflected energy is below noise, it is apparent that the
above measurement technique is inapplicable since it may possess an in-
herent error voltage which may be larger than the chamber reflected vol-
tage, rather than some 20 db below it as is desirable for accurate measure-
ment, In view of the above, this company has developed a measurement
technique which extends the opportunity to make quantitative radar cross
section measurements of a given accuracy downward by a few orders of mag-
nitude. As a result, this new method is well adapted for use with modern
chambers. This method which we refer to as the '"B. F, Goodrich technique'
is described in principle below:

Rather than usc this as an opportunity to diecuss the method in all
detail, consideration will be limited to the two main concepts which primari-

ly determine the improvement in measurement sensitivity, These are:
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1.) the means used by this method to measure the magnitude of a signal
which may be some orders of magnitude below noise, and 2.) the means
used by this method to greatly reduce the size of the previously referenced
"uncertainty vector' which provides the main limitation to accuracy.

a. Quantitative Measurement of a Signal Below Noise. Those of
us who cut our engineering teeth on routine slotted line measurements may
not have realized that many of the values being measured were of levels ap-
preciably below noise, Consider the case where a VSWR of 1. 04 is meas-
ured on an antenna or load where the level of incident energy on the line is
15 db above detector noise. It may be shown that a VSWR of this magni-
tude is caused by reflected signal at a level of 35 db below incident as the
two go in and out of phase. For the chosen example, the level of reflected
energy i8 actually about 20 db below the detector noise level,

What is being taught above ig that quantitative measurements can
be made of reflection levels that are well below noise by adding thies energy
vectorially with changing phase to an incident signal which is above noise.
his may be viewed as the modulation of a carrier where the depth of modula-
tion is proportional to the level of the modulating signal.

SR S s A s

This concept is used by the B. F. Goodrich technique to measure
the level of reflected energy below noise level, It ies employed in practice
by swinging a sphere of known cross section on a monofilament line and re-
cording the periodic amplitude variations which are caused by the sphere
passing in and out of phase with chamber reflected energy as is shown in
Figure 1.

Wit n 1 O it
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A note of caution should be here introduced. A swinging sphere
simultaneously measures the level of chamber reflected energy and the level
of the''uncertainty vector'with some arbitrary vector relationship between
them. One is justified in accepting the value which issues frorm a swinging
sphere as the level of reflected energy only after it has been established
that the "uncertainty vector' is at an appreciably lower level,
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b, Reduction of the '"Uncertainty Vector''. Our technique
achieves a condition where the error voltage which existe as a result of
incomplete cancellation is known to be a number of orders of magnitude
below noise rather than near noise as with the previously considered method.
Rather than cancel the vector sum (or difference) of cross talk and chamber
down to noise, our technique uses the sumewhat simpler and more straight-
forward arrangement of cancelling only crosstalk, It will be appreciated
that if crosstalk can be well cancelled, energy from the chamber will pre-
dominate above it with minimum error, Cancelling only crosstalk opens
up opportunities for using procedures which allow cancelling to much lower
levels, The following procedure was developed for this purpose and forms
a feature of the B. F. Goudrich technique;
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Consider a casc where the antennas and the cancellation network
(phase shifter and attenuator) are mounted on a rolling platform which al-
lows linear movement over a few wavelengths in a direction parallel to the
direction of propagation, When a fixed target is located at the test site,
movement of the antennas will produce a periodic amplitude variation in the
level of detected energy as a result of target energy of variable phase passing
in and out of phase with crosstalk of fixed phase. If the phase shifter and at-
tenuator are tuned to minimize this periodic variation (analogous to matching
an anternna with stubs to achieve a'flat line"), a condition is achieved where
the crosstalk is well cancelled and the remaining signal is that from the tar-
get. In practice this periodic variation is read on the expanded scale of a
bolometer amplifier at the output of the receiver. Tuning of the cancellation
network generally is able to provide a condition where periodicity ie no long-
er discernible and is known to be less than 0, 05 db. This would represent a
condition where the level of crosstalk would be known to be at least 50 db be-
low the target level. [f the target were 10 db above noise, it would thus be
known that the crosstalk was cancelled to a level at least 40 db below noise.
This would represent an improvement of perhaps 40 db in the level of the
"uncertainty vector'" over the other measurement method.

The combination of this cancellation procedure and this means of
determining chamber level below noise aliow measurement of the inherent
crose section of a chamber to be made to something like a 40 db lower level
with the B, F. Goodrich technique in contrast to the previously referenced
technique.

Reflection Coefficient During the course of evaluation of these cham-
bers, measurements were made of the chamber reflection coefficient by
twe different methods. In one case this quantity was obtained by taking the
ratio of the measured inherent cross section of 2 chamber to the cross sec-
tion calculated for a flat conductive surface located in the plane of the back
wall, The reflection coefficient vaiues shown in Table I which were deter-
mined in this manner are identified as '"determined from O".

In the other case, reflection coefficient values were obtained by
the so-called "free space VSWR' technique which was developed by the B. F.
Goodrich Co. and has seen wide use in the measurement of reflection prop-
erties of chambers designed for pattern work, These values are identified
as such in the table. The manner in which the reflection coefficient of cham-
bers is measured by this technique is discussed below:

It will be recalled that to describe a backscatter chamber in terms
of reflection coefficient ie really to describe it in terms of the reflection co-
efficient of the back wall covering material. Thus the reflection coefficient
value for a chamber is obtained by measurement of the reflection coefficent
of the back wall material in place. The technique here employed is, in prin-
ciple, the same aa that used in the well known ""arch method'" developed by
the Naval Research Laboratory for measurement of the reflecting properties of
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individua! absorber piecczs.4 This method obtains the ratio of reflected to
incident energy by comparing the energy level over a path involving reflec-
tion from the absorbing material to the energy level vver a path of the same
length without the material. The ratio of the two levels is the reflection co-
efficient,

This basic technique i8 easily applied to a chamber by comparing
the energy level over a path involving reflection from the back wall of the
chamber to the energy level over a path of the same length without the ma-
terial. In practice this is accomplished in the following manner: The
chamber is illuminated at the appropriate end with a directional antenna.
Another directional antenna is used as a receiver in the vicinity of the test
site near the other end of the chamber. The level of incident or direct
energy is obtained by orienting the receiving antenna toward the source.
The level of energy reflected from the wall is obtained after rotating the
receiving aneenna toward the back wall of the chamber, When oriented in
this direction, the antenna will receive energy not only over the desired
wall reflected path but also, at the same time, over the direct path via
a back lobe of the antenna. It becomes necessary to separate these two
signals, measure the level of each, and identify which is the one repre-
senting reflection from the wall, The '"free space VSWR" technique has
been developed for handling this type of problem in the evaluation of pat-
tern chambers. It accomplishes these ends by measuring the ""free space
VSWR'" encountered in a chamber as a probe antenna is physically moved
to make the two signals pass in and out of phase, From the magnitude of
this VSWR the difference in level between the two signals is determined.
This technique will be recognized as being the free space analogy to the
measurement of the reflection coefficient of a dummy load in a waveguide
system. This technique is applied to the problem at hand by moving the
directional antenna parallel to the direction of propagation (perpendicular
to the wall surface) to allow the wall reflected component to pass in and
out of phase with the direct energy coming in off the back of the antenna.
Ambiguity as to whether the wall reflected energy is represented by the
value of the stronger or weaker signal can be resclved in a number of
ways, the most common of which is by comparing these Levels with the
known back lobe level of the antenna. Since the path involving the wall
is slightly longer than the direct path, a small correction for the differ-
ence in distance is applied prior to quoting the ratio of the wall reflected
energy level to the direct energy level as the chamber (i. e, wall) reflec-
tion coefficient.

IMPROVING CHAMBER ACCURACY

In using backscatter chambers such as these, one has at his disposal
two important factors upvn which measurement accuracy is dependent,
These are: 1.) chamber illumination and 2.) distance to the target,
Familiarity with these factors will allow them to be used to advantage
rather than contributing to unnecessary error.
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[llumination Directivity

Good backscatter chambers at the present state-of-the-art may ex-
hibit much higher levels of reflected energy from side walls, floor and
ceiling than from the back wall. This point was graphically brought out in
the additional measurement of one of these three chambers with antennas
of very low directivity, The inherent cross section under this condition
was actually 52 db poorer than when measured with antennas which re-
stricted illumination to the back wall, This very large difference is at-
tributable to: 1.) the loss of effectiveness of the back wall tilt feature
since here only a emall percentage of the total energy was on the back
wall and 2.} the fact that the majority of radiated energy here fell on
absorbing material at wide angles of incidence where the effectiveness of
conventional materials is well reduced. Measurements of inherent cross
section vs. azimuth which were made with high directivity antennas in
two of these chambers provided additional confirmation that side wall re-
gions reflect much more energy than the back wail region.

It is thus apparent that measurements of highest accuracy are to
be achieved when sufficient antenna directivity is employed to limit il-
lumination to the back wall and discriminate against the poorer regions,
This factor should be given attention in the establishment of height and
widh dimensions for anticipated facilities.

Target Distance

It is our belief that all backscatter chambers should have a conven-
ient arrangement for locating the target under test at the minimum dis-
tance allowed by far field. This is to take advantage of the opportunity
offered by the sharp inverse fourth power function of received power with :
dietance to improve the ratio of target level to chamber level. Appreciate
that this advantage is available only when distance is reduced by moving
the target toward the source and not if the source is moved toward the tar-
get as a result of back wall distance.

e e Aastate AP

FUTURE STATE-OF-THE -ART

Those involved in radar cross section measurements can expect that
current development in the absorber field will provide materials, designe,
and facilities which are conducive to more demanding future work, Br
example, the following two ideas seem sufficiently close to commercial
realization and sufficiently significant to backscatter efforts as to justify
mentioning at this time:

1. A Wide Angle Material. The first succeasful development of a
material designed specifically to provide high performance at wide angles
of incidence has been completed. 't is now apparent that this material will
offer a radar cross section at wide angles of incidence which is some two .
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orders of magnitude below that from conventivnal materials deesigned for 4
normal incidence application. The material will be in the form of a VHP ;‘
type which will have the pyramids inclined to be approximately parallel to 4
the direction of propagation. Future chambers will offer lower cross sec- 3
tions (especially where wider illumination has to be used) as a result of -
this development, 3
T

3

2. A Weatherproof Low Backscatter Material. Development has g

also been completed on a means of providing a weatherproof coating for 4
very high performance material. As a result, absorbers offering in ex- 3
ceas of 30 and 40 db reflection coefficient will, for the first time, be- 3
come available for outdoor work. Both the regular and new wide angle :{

versions of VHP material will be offered in this flexible weatherproof
form. These materials will make a significant contribution to the im-
provement of existing outdoor ranges and will help to insure that future
outdoor facilities will represent an improvement over those of the present
state-of-the-art,
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TRANSMISSION LINE SCATTERING RANGE

Michael J, Gans
Electrical Engineer
MB Associates

ABSTRACT

A new ftype of scattering range is described in which the radur reflection
properties of objects are measured by inserting the object into a transmission
lines The theoretical justification for this technique is presented from the
basis of the reciprocity theorem. A theoretical comparison is then made
between a specific two wire transmission line range and an image plane range
to illustrate the increased signal and decreased spurious retum provided by
the transmission line range. Its utility in the following areas is discussed:
simplification of model support, positioning and orientation equipment;
polarization and phase measurements; forward and bistatic cross-section
measurements; frequency sweep measurements; and controllcd environment
measurements, The experimental program presently in progress to determine
the limitations of the transmission line range is also described.

INTRODUCTION

When one attempts to measure the scattering cross—section of very
small objects on a conventional scattering range, the return is so small that
extremely sensitive instruments and stable systems are required. A great
deal of attenuation on scattering ranges is due to the spreading of the waves:
1/4 17:2 for the incident wave times 1/4 o t“ for the reflected wave.
Thus the attenuation in power is proportional to 1/t4 where r is the distance
to the scatterer, The following is o method of eliminating the 1/r* attenu-
afion and yet keeping the received voltage proportional to the square root of
the free spcce scattering cross-section. The method consists of placing the
scatterer into a uniform transmission line. An example of such a range is
shown in Figure 1. In this example, the signal in the receiver arm of the 4
directional coupier is nulled in the absence of the scatterer by means of the 5
tuner. The scatterer is ther, inserted into the transmission line, and it
introduces o new reflection which is measured by the receiver. As shown
in the next section, this signal, V, is proportional to the square root of the
free space back=scattering cross~section of the scatterer.
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PRINCIPLE OF THE METHOD

The justification for this technique is based upon the reciprocity theoreml+2,
which states that the above-mentioned signal, V, is determined by an equation
of the form

V= C/fsccmerer’g'.;1 ds (])

where C is a constant, E is the field when the scatterer is absent, J is the current
distribution on the scatterer, From equation (1) it is seen that, if one can produce
the same field in the absence of the scatterer as a free space plane waove, and if
one can cause the current distribution on the scatterer to be the same as if it were
immersed in a free space plane wave, then the reneived voltage would be the
same as that for a free space scattering range. These conditions can be satisfied
with a uniform transmission line, On a uniform *ransmission line the wave

travels at the velocity of light and the wave impedance is that of free space3.
Furthermore, if the scatterer is small compared to the dimensions of the transmission
line, the transmission line field will be essentially uniform over the volume into
which the scatterer is to be inserted, Thus if the transmission line is terminated
in @ matched load it will provide the same field in the absence of the scatterer

as o free space plane wave. Some currents will be induced on the scatterer due
to the field reflected by the transmission line or surrounding objects, [f these
currents are negligible compared to the currents induced by the incident field,
the current distribution on the scatterer will be the same as if it were immersed

in o free space plane wave. The interaction of the scatterer with the trans-
mission line and other surrounding objects is not too difficult to minimize,

For instance Justice and Rumsey2 point out that the currents on a scatterer,

one half wavelength long, are changed by only one percent when a ground

plane is brought to within a quarter wavelength, Also, they measured the

cosine distribution of the TEQ field in a rectangular waveguide by means of

a scatterer, obtaining nearly perfect agreement to within 1/20 of o wavelength
from the wall, confirming their prediction that "conducting surfaces in the
vicinity of the scatterer do not appreciably alter the square law dependence of
2cho voltage on incident electric field. Also they point out that, if the surface
of the reflector with which the scatterer interacts is convex, the inter-action
will be significantly less,

TYPICAL SENSITIVITY

As an example of the sensitivity of the transmission line range the following
comparison is made between a two wire line scattering range shown in Figure 1,
and an image plane scattering range. If one desires to measure the radar cross
section of an object smatl compared to wavelength, then the distance, s, between
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the two wires need only be a half wavelength to make the mutual interaction
between the wires and the scatterer negligible and to make the field uniform
over the volume of the scatterer, With o half wavelength spacing between
the wires, one must be careful to provide a balonced and well tapared input
to the line in order to prevent radiation and excitation of undesired modes

(a typical surface wave excitation problem). A cross=sectional view of the
two wire transmission line is shown in Figure 2, Assume that the signal
generator output is one watt and there are no mismatches in the circuit of
Figure 1. Then the voltage on the transmission line is

V = Zox Power = JZo @)

where Zo, the characteristic impedance of the trarsmission line, is given by4

.2

e AT it R st AN oot aivshelericd rareng A £100N

Zo = 120 cosh™! &) @)

For this example, the wires were chosen to be #10 AWG copper. Thus

s v

S = A2 = 1,5¢m = 0.,59inch; 26 = 0.1inch (4)

It is possible to express the electric field on a two wire transmission line in
the form

E = coshg + cosG~ Vv ) |
2a fz ; .

where 5 and 9~ are the bipolar coordinates, E is the electric field which
is in the 4~ direction, a is the proper interfocal distance and § o is
determined from the following two relations

S = 20coth§ and b =2 csch § ©)
[+ 2 [+

By the use of equations (2) = (6} it is seen that the incident electric field
at the center between the two wires in 15.6 volts/cm; so that the power
incident on the scatterer is given by

E _ 3 2

Pinc = 1207 - 6.48 x 10 WO"S/m m . ‘:,

For comparison, the University of California image plane scattering range is -
examined. At 9300 mc ( A = 3.23 cm) the minimum far field distance, rmin,
is given as 25 inches (63.5 cm)é. Thus, the size of the illuminating horns . -
aperture, d, is -9
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d = .*_;ﬁ = 10.15 cm. @)

Whereas the gain, 2, of the horn is” (at A = 3 cm)

g = 417(.;.’\.)2 =143. (9)

However, the attenuation due to spreading of the waves at rpip, is | /(4'nrm;n2).
At A =3cm, r . is

AUITHAR Y. ¥ 5 I

r .. = Ch = 68,7 em. (1C)

min A

Hence the inciden} power ievel for a generator on the University of California
scattering range is

e SEmba e e SRV 4L -
AL e S DY K . . - SISRCDT DS, a3 T i e i bhetbinzs ot 2o e bl i "'IM-'

g 143 |
P, = = = 24,2 waits/p2 1
inc 41r rminz 41 (.687)2 - /m ( )

Therefore, the voltage ratio of the scattered signal received by the two-wire
line scattering range to the signal received by the free space range is determined
by means of (1), (7), and (11) as

3
X
k:
k
!

Vow 6.48 x 103

= = 267 (12) ‘
VFS 24,2 §
db = 20! Yaw - 20 (2.426) = 48.5db (13)
signal 810 — © . e ‘
power VFS

Equation (13) shows the considerable advantage of the two-wire scattering over
the free space scattering range for small objects, Other configurations for the
two-wire line can be applied if larger objects are to be measured, e.g., Bus
Bars, etc..... These configurations can give a more uniform field over a larger
volume and less expansion of the power outside the scattering region if care is
used not to excite higher order modes or to radiate.
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EXPERIMENTAL RESULTS

In order to test the accuracy of the transmission line scattering range o
system was constructed as shown in Figure 1 with S = 1,7 em = A/2 at
8.75 gigacycles, Since metal spheres much smaller than one wavelength in
radius have a theoreiical cross section which is well known, it was decided
to test the accuracy of the range by using 3 balls, 1/8", 3/14", and 1/4"
in diameter, respectively, Also, since the transmission line scattering range
should give the scme result for radar cross section independent of how far
along the line the scatterer is placed, each ball was measured at three posi-
tions along the line. As seen in Figure 3, there was close agreement between
the cross sections measured at the three positions.

The measurements were normalized by equating the average cross section
of the 1/8" diameter ball, as measured at the three positions, to the theoretical
cross section for a 1/8" diameter metal spher :, [t is shown in Figure 3 that
the rest of the measurements agree with the theoretical values. The theoretical
back=scattering cross section of a metal sphere of radius, a, small compared
to wavelength, A, is

Cg = 13,950 (/%)4 ( o). (14)
For example the back-scattering cross section for a 1/4" diameter metal sphere
at 8,75 gigacycles is 0,317 square centimeters,
POTENTIAL ADVANTAGES AND APPLICATIONS
An experimental program has been initiated in order to determine the
possibilities and limitations of the transmission line scattering range in the

following areas,

Signal to Noise Ratio

Since the signal power is not reduced by 1/t4 as in a free space scattering
range, the signal power is potentially higher in a transmission line scottering ronge.
In conventional ranges power is spread out and reflected from many obstacles besides
the target. These spurious reflections are tuned out before the target is inserted;
however, slight movements of the spurious reflectors introduce noise which is
difficult to eliminate, especially since the spurious reflections are usually much
larger than the target reflections. In the transmission line scattering range, however,
the field is concentrated on the target, and what gets by the target is absorbed by
a standard transmission line matched load. Thus, the transmission line scattering
range potentially gives a higher signal and a lower noise than conventional scattering
ranges, ;
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Plot of Back Scottering Cross Section of Small Metal Spheres
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Construction

Due to its inherent high sensitivity and minimum spurious reflections,
the transmission line scattering range should have less stringent demands of
stability and close construction tolerances and so make it easier to build than
conventional ranges. Also, conventional ranges must operate in the far field of
both the illuminating antenna and the ferget (unless the farget is short enough
fo remam in one fresnel zone of the near_field). This means that the target must
be 2d /A from the illuminating antenna’; where d equals the largest dimension
of the antenno aperture and A is the free space wavelength. There is no such
distance requirement for the transmission line scattering range, which may allow
it to be constructed smaller than conventional ranges.

Support of Models

Since the field is concentrated or. the target, supporting devices
(rotating motors, etc.) may be brought in closer to the target without disturb-
ing the field. This may reduce the problem of positioning ond rotating the
farget without introducing inaccuracies into the medsurements.

Frequency Scanning

Since the spurious reflections are minimized, it may be possible to
change the frequency of the illuminotion over a complete band without retuning
the system. Thus, it may be possible to measure the reflection properties of o
target when subjected to frequency scanning.

Phase Measurements

Since there is no far field distance requirement in the transmission line
scattering range, the distance from the target to a phase measuring bridge can
be only a few wavelengths. This may enable one to measure the phase of the
target reflections easily without requiring on extremely stable frequency signal
generator.

Polarization Measurements

By piacing two transmission lines with the same axis but rotated 90°
with respect to each other, it is possible to impsess any polarization on the target
Yy controlling the relative phase and amplitudes of the incident waves on the two
trar. mission lines. Alsn the reflected signals received on each of the lines allows
the complate scattering motrix for the target to ba determined.
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Forward ond Bistatic Cross Section Measurements

It is possible to measure the forward cioss section of a target on a
transmission line scattering range by constructing the output of the transmission
line the same as its input and balancing this output with a constant signal so
that ¢ null in the output receiver is oblained when the scatterer is absent,
When a scatterer is inserted, this receiver voltage will indicate the forward
cross section.

In conventional ranges it is difficult to make bistatic measurements
because the coupling from the transmitter to the receiver varies with bistatic
angle even with the target absent. This variation is difficult to separate from
the variation of target cross section with bistatic angle. Since the field is
concentrated on the target in the transmission line scattering range, by making
the receiving transmission line wide spaced compared to the illumincting
transmission line, it moy be possible to have negligible coupling between the
two lines with the target absent. If this coupling is negligible, then, when
the target is inserted, the receiving transmission line will pick up a signal
due only to the differential cross section of the target in the direction of
the axis of the receiving transmission line. The receiving transmission line
may then be rotated around the target and its variation in signal will be due
and pioportional to the variation in target cross section with bistatic angle.

Environmental Control

Since the field is concentrated on the target, the transmission line
range is small and relatively insensitive to its surroundings, This may allow
it to be placed into a vacuum chamber, for instance, where controlled
cross=section measurements could be made on wake phenomena, etc,

CONCLUSIONS

The transmission line scattering range: displays a high degree of accuracy
and sensitivity. This accuracy is mainly due to the fact that the transmission
line scattering range does not allow the 1/ power spreading inherent in
free space scattering ranges. !t is felt that the transmission line scattering
range will work effectively for any size object for the same reason, Also its
potential versatility calls for a thorough investigation of its capabilities.
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AN EFFECT OF WALL ILLUMINATION UPON .
MICROWAVE ANECHOQIC CHAMBER PERFORMANCE
R. J. Garbacz and J. L. George
Antenna Laboratory
Department of Electrical Engineering
The Ohio State University
Columbus, Ohio 43210

ABSTRACT

The use of scaled model targets and improved absorber wall
coverings have made CW measuring systems housed in anechoic
chambers a practical and attractive radar cross-section tool, How-
ever, as targets having lower and lower cross-sections become of
interest, demands are placed on the anechoic chamber which rarely
required consideration before. One of these is target-wall inter-
action, by which we mean the perturbation in the background level
(due to wall illumination) upon introduction and rotation of the target
in the field, Such a non-stationary background clearly is deleterious
to the nulling of CW systems and may even dictate minimum measur=
able cross-section criteria, An analysis of target-wall interaction
is proposed which distinguishes between two types of interaction, that
of the target upon the wall, and that of the wall upon the target, From
the resulting expressions, recommendations can be made concerning
the scattering characteristicse of the target and its location. Some
experimental verification of these results is given,

* The research reported in this paper is supported in part by

Air Force Avionics Laboratory, Research Technology Division,
Wright~Patterson Air Force Base, Ohio under Contract AF 33(616)-
8039 with The Ohio State University Research Foundation.
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AN EFFECT OF WALL ILLUMINATION UPON
MICROWAVE ANECHOIC CHAMBER PERFORMANCE®
R. J. Garbacz and J. L. George
Antenna Laboratory
Department of Electrical Engineering
The Ohio State University
Columbus, QOhio 43210

INTRODUCTION

The most common indoor cross~section ranges are of the CW
type in which introduction of a target into an electromagnetic field
disturbs the baiance of a microwave bridge circuit, If this unbalance
is due solely to the presence of the target the resultant voltage can
easily be related to its scattering cross~section. If, however, intro-
duction of the target into the field simultaneously disturbs the backe-
ground signal (i.e., scatter from chamber walls, supports, etc.)
which had previously been balanced out, there is no assurance that
the unbalanced voltage is due to the target alone. This background
disturbance, sometimes called '"wall shadowing' or ''target~wall
interaction, ' is analyzed below under simplifying assumptions and
resultant conclusions are verified experimentally.

THEORETICAL ANALYSIS

Two effects which are discernible in the target~wall interaction
phenomenon are sketched in Fig. 1. The one effect (Fig. la} is that
of the energy scattered from the wall to the target, which in turn
scatters into the receiver antenna, The other effect (Fig, 1b) is that
of the energy scattered in the forward direction by the target illumi~
nating the back wall, which re=radiates into the receiver,

Initially, let us assume a monostatic configuration (g = 0°) as
shown in Fig. 2. The power received through the wall~to=target
interaction of Fig. la and the power transmitted are related by

% The research reported in thie paper is supported in part by
Air Force Avionics Laboratory, Research Technology Division,
Wright-Patterson Air Force Base, Ohio under Contract

AF 33(616)~8039 with The Ohio State Univereity Research

Foundation.
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(1) p1(0) = [P R® ()] - .
' 4w T3, |_41r re

where p; is the power received, P, is the total power transmitted,
R? (4) is the power reflection coefficient of the absorber wall in a
direction ¢ from normal, oc(r) is the forward scattering cross=
section of the target (viewing the target from the absorber wall*),
and AR is the aperture of the receiving antenna, The three bracketed
guantities in Eq. (1) can be identified as the total power reflected by
the wall, the fraction of this power that i{s collectad and reradiated
forward by the scatterer, and the fraction of this that is collected

in the receiving aperture. On the other hand, the power which is
backscattered directly from the target is

G A
T R
2 0) =P

g (0
T()dmr%

where G is the power gain of the transmitting antenna and ¢,,(0) is
the ba-kscattering cross=section of the target viewed from the trans=-
mitter, Dividing Eq. (2) by Eq. (1),

pl0)  Gp  or(0) (rw) :

(3) = =

P{O)  R(p) oplm) \r

t

which is the desired relationship.

In order to study the target=to-wall interaction of Fig. 1b,
congider Fig. 3. The receiving antenna is assumed to collect
energy only over the angle subtended by its half«power points;
hence, only that energy reradiated by the target into the cone
subtending the angle 2A ~ 2A' is seen by the receliver. Further,
the illuminated region on the wall is approximated by its projection
normal to the beam axis forming a disk of radius d coated with an.
absorber with power reflection coefficient R? (¢) rather than R? (0).
This disk subtends a solid angle at the target of approximately

* By reciprocity this is the same value as that obtained looking
at the target from the trangmitter,
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rd® /4nw rf" . Under these assumptions, the power received through

target=tomwall interaction is given by

P G 2 z

T Gr _ * d R® (9) AR

(4) P2 (0) o| ——= Tp(w + 2) | | —5 |- 7|
4w 1, 4w 1y, 4w (kg + 1)

where Tm(® X A)isa value of the target scattering cross=-section
a.veragez over the aforementioned solid angle centered in the forward
direction (looking from the transrnitter). The three bracketed
quantities in Eq. (4) can be identified as the effective source induced
by the transmitter at the target position (a radiation intensity), the
solid angle about the forward direction subtended by the disk of
radius d, and that part of the energy within this solid angle that is
reflacted by the wall into the receiving aperture. The power gain

of the receiving antenna is approximately Gr — 4w(ry + ry)  wd?,
and if Gg = G Eq. (4) reduces to

Py

(5) p2 (0) = CRCENY R? (4) AR »

L 2
which, divided into Eq. (2) yields,

p¢(0) Gp o’T(O) (L".’. 2
p: (0)  R? () Tplx + 8)

(6) n
t

If the transmitter-receiver gain is high, its beamwidth is small,
and if the target is relatively small, its scattering cross~section
is approximately constant within the solid angle over which it is
averaged, whence '«'T( n +A)Z oplr). Hence

pe(®) Gy or(®) (rw)=
P (0)  RE() oplm) \rg /

(7)

which is identical to Eq. (3). The fact that wall-to-target inter=
action equals target-to=wall interaction is a resuit of reciprocity.
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The target-wall interaction analysis may be extended to the
bistatic configuration sketched in Fig. 4. Figure 5a represents
the wall=to=target interaction and Fig. 5b represents target-to=
wall interaction. It is clear from the first of these sketches that
the wall-to-target interaction analysis in the bistatic case exactly
parallels that for the monostatic case, that is

2 UT(""E) Ar
(8) pi1(B) = [PT R® (4)] 4n ot | 4 ot ’
wt . T

where all symbola mear. the same as in Eq. (1), and o(w=p) is the
bistatic scattering cross~section of the target viewed from the
wall and receiving at bistatic angle w~g measured counterclock-
wise from the wall. The power received directly from the target
is

. Py Gp Ap
(9) Pe(8) = '7[;;{ o () P ,

where o_(p) is the bistatic scattering cross=section of the target
viewed ffom the transmitter and receiving at a2 bistatic angle s°
measured clockwise from the transmitter. Hence

(10) nel | Sp r¥ rm)z
P1(B)  R? (¢) o-T(ﬂ"B) T,

Note that o..(8) and o,.(w=g) zre the only quantities in Eq. (10) which
vary with sttatic ang'{e g.

To study the bistatic target-to=wall interaction, consider
Fig. 6. Again, assume that the receiving antenna collects
energy only over the angle formed by its half-power points; hence
only that energy reradiated by the target into the cone subtending
the angle “2 A is seen by the receiver. Furthermore, the
{lluminated region on the inclined wall is approximated by its
projection normal to the receiver beam axis forming a disk of
radius d coated with an absorber with power reflection coefficient
R? (. The disk subtends a solid angle at the target of approximately
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P.. G ] Y [ R’ (9 A
T T = w
() P2 (B) =[ ——— Tl(m=px A} J— | =1,
4m T _I 47 ry,p l_4'n'(rr‘l'1‘wx.)z

where T’(n-ﬁi— A) is a value of the target scattering cross~section
averaged over the aforementioned solid angle centered about the
bistatic angle (r=p) measured counterclockwise from the transmitter.
Since C’R': dm(rp + 71y )% W d?, this becomes

rcab &, .3

B vt P Aen RSB g e rerattd . LML . wewy ek ian aar v . L. PRV

Frp Grp F'{-("'B 1+ 8) R¥{g AR

(12) Pz (B} = TR 4w 12 _ ,
whence
G om (B) T 2
a3) Tl B T ( Wr)
Pz (B) R (9 cr,r(-:r-e +4) T,

If a high gain receiver is used and the target is relatively small, the
scattering cross=section over the solid angle Z4 is approximately
constant so ;'i‘(""ﬁ +4) = o'./I.(tr-B) and Eq. (13) becomes

(14) pt(f’) = GR, O.T(E) ( rWI' )Z .
P2 (F) RZ (6) cr,'r(ﬂ‘-ﬁ)

L]

1
Note that not only o'T((;)and cr:’r(tr-a) but also R? () are functions of l .
bigtatic angle g in Eq. (14). |

Equations (3), (7), (10), and (14) express the desired relation= 3
ships between power recelved from the target, and power due to i -
targetewall interaction effects for monostatic and bistatic configu~
rations. To maximize these ratios notice that maximizing the
distance between the target and wall and minimizing the distance
between the target and receiver (or transmitter) is advisable.
Notice also that more difficulty can be expected from target-wall
interaction with targets which have a high forwardwto=backward
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cross=section ratio than from those whose corresponding ratio is
low. Evident too is the fact that a 10 db improvement in absorber
performance yields a 10 db improvement in interaction effects,
And in the case of the target-tomwall interaction for the bistatic
case (Eq. (14)) the absorber must be good over a suitable range
cf angles.

The theory presented here is very approximate; it says rothing
about effects of corners and sidelobes and multiple reflections, all
of which enter in a very complicated fashion. However, from experi~
ence in the Antenna Laboratory darkroom, it does appear that the
region illuminated by the transmitter on the back wall is the greatest
offender; this explains the fact that at certain bistatic angles, as the
illumination region on the back wall common to both transmitter and
receiver decreases, so does the background. We have found, in
general, that background and interaction effects are less serious for
bistatic configurations. One additional point brought out by Eq. (14)
is that a good absorbing wall in the line~of~-sight of the bistatic
receiver is advisable. The possibility also exists of angling the
back wall slightly so that it is more nearly normal to both the trans=
mitter and receiver beam axes over the most used bistatic angle
range, keeping in mind that popular absorbers degenerate rapidly F
beyond incidence angles of + 35° to the normal.

EXPERIMENTAL RESULTS

Because wall-target interaction effects exist only upon intro-
duction of a target which itself generally contributes an echo, these
effects are elusive to evaluation. From one viewpoint, we desire 3
a scatterer=probe which has a backscatter, say 20 db down from 3
typical interaction return, so that its introduction into the field
upsets the microwave bridge essentially only by interaction with the
room, not by direct backscatter, The resulting unbalance is then
almost wholly due to the interaction phenomenon, However,
measurement of such extremely low cross sections is complicated
by spurious noise, drifting, etc,, which obscures the effect under
study. An alternative method was employed here using large
scatterers (a flat plate coated with 20 db absorber and a thin rod);
these were placed into the field of a nulled phase~sensitive systemt
and moved at a <constant rate along the line~of=sight, producing 1
outputs recorded in time which were sinusoidal in shape, If no
interaction exists, the average levels of these sinusoids should

o
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be coincident; if interaction does exist, the average levels should
separate, indicating a constant unbalance of the microwave bridge
due to wall shadowing.? Figure 7 presents curves of this sort for
two target=to=wall=spacings, Since the forward to backward cross
section ratio of the absorber coated plate is ~ 20 db while that of
the rod is ~ 0 db, we expect a separation of the average levels of
these curves in both cases, but more pronounced in the instance of
the small targetsto~wall spacing. This is verified in these curves.

This paper has merely introduced the subject of targetnwall
interactions; much more experimental investigation is required to
obtain a full understanding of the phenomenon and ways to combat
it, The brief experiments which were performed for this paper do
indicate that targetewall interaction can be a source of error for
large targets of low cross=section and that for small targets of
low crosse~section, other system errors are probably more

e o Ao tar s ea = -

important and must be accounted for before the interaction phenomenon,

The experiments also verified that the motion method of obtaining
crosswsection is an effective means of avoiding first order inter~
action errors since the amplitude of the sinusoid, which is propor«
tional to scattered field, is relatively independent of the sinusoid
average level, Second order effects of wall reflections, which
appear as warpings of the field into which the target is immersed,
do affect the shape of the sinusoid and thereby introduce error;
these effects were not evident in the present experiments,
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COMPLETE RADAR CROSS-SECTION MEASUREMENTS

J« Richard Huynen
Lockheed Missiles and Space Company

Electromagnetics
Sunnyvale, Califormia

ABSTRACT

The concept of a complete set of radar target cross-section data
is usseful to compare and evaluate different systems of radar target
measurementse It leads naturally to the cuestion of a minimum set of
data and this in turn leads to the requirement of built-in redundancy
in a complete system of measurements. This report deals with the
techniques for a complete set of data in the form of a minimum set of
compatible patterns. Using this techniques a complete set can be
obtained for rotationally symmetrical targets. For non-symmetrical
targets in general no complete system can be devised. For those
targets emphasis should be placed on selected characteristic parametera.

INTRODUCTION

The concept of complete radar cross-section data is introduced
here as an important systems concept which serves to bring together
several ideas cuncerning radar target signature analysis. A complete
set of data obtained from a general radar target is defined to be such
data that at every aspect the radar cross-section of the target is
Imown.

To show the use of this concept we consider a target which de-
polarizes. For such a target, patterns taken at different linear
pularizations (for instance horizontal and vertical) will not be the
same. Since the target (in space) in general is free to move in any
position relative to the radar site, it will be desirable to obtain
cross-sections at all linear polarizations. One "brute force" tech-
nique consists of taking patterns at equal increments of orientation
of the linear polarizations. In order to cover 180° using increments
of 10°, a total of 18 patterns would have to be obtained for sach
eut" through the targete And this technique still leaves gaps in
between the 10* interwvals.

Another procedure would be to recognize that the patterns
obtained at several linear polarizations are equivalent (except for an
ambiguity) to the knowledge of the scattering matrix of the target as
a function of aspecte On the other hand, if the scattering matrix of
the target is known, the radar crossesection at all linear polariz-
ations can be determineds Thus knowledge of the scattering matrix of
a target at all aspect angles, gives rise to a complete set of radar
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oross-section data, (ices without gaps in aspects).

It is natural to ask about the minimum set of data required for a
complete set. A system has been developed, such that for targets with
an axis of rotational symmatry, only four patterns (a set of
compatible patterns) supply complete datae

There is a peculiar feature in radar patterns which makes the
soncept of completeness more significant than at first sight expected.
It is well known that a pattern, say for horizontal polarization, ex-
hibits aspect angles for which the signal disappears in the noise
level but that for the same target at that same aspect the cross=-
sectior. at a different polarization (say vertical or circular) may be
considerably above the noise levels In that ocase the choice of horizon-
tal polarization to obtain scattering matrix data (which is our choice)
was a poor one since the signal disappears and an information gap
results in incomplete data. This deficiency points to a requirement
of redundanc¥ in the minimum set of input data, i.es we have to selsct
an extra pattern such that if one pattern of the set disappears in the
nolse level, the extra pattern exhibits a high cross-section and vice
versas Such a complete set with built-in redundancy is called a
compatible mininmum set of radar patterns.

This report deals with the detail requirements for obtaining a
minimum set of compatible patterns. For rotationally symmetrical
targets, it can be shown that the four patterns described abcve
satisfy this requirement.

The concept of redundancy is relatively new in radar cross-section
work but 1s clearly a necessary requirement for the employment of
computer techniques which cannot tolerate information gaps.

For non-rotationally symmetric targets, it can easily be shown
that in general no complete set of data is possible! This means for
those targets there will always be information gaps no matter which
method of measurement one chooses. The reason for this is purely a
matter of geometry. Rotationszlly symmetric targets are defined by
only one aspect angle, l.e, the pattern angle of , while targets which
do not have an axis of rotational symmetry will also depend on the roll
angle (or cut angle) B. This means that several sets of patterns, one
set for each "Cut" through the target have To be obtained and since
cuts are not continuous in B , there always will be information gapse
Naturally, it is possible to take many cuts (small incremente in B )
but this leads to a tremendous increase in amount of labor required
and ideally there still will be small gaps remaining. Depending on
the size and structure of the target the diffraction patterns may
exhibit rapid changes even within a few degreese This is a basic
reason why it is discouraging to get complete data, i.s. complete
scattering matrix information, from non-symmetrical targets. The
amount of labor invelved to even approach a complete set is many orders
of magnitude larger than that required for complete data on symmetrical
targets which can be done by a relatively simple effort.
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What then can we do to analyze non-symmetrical targets? The answer
has to be found in the direction of selection of special parameters
which are significant far systems considerations. %Esea on these
paramaters we can make important statements about the targets without
having to know a complete set of datae

It should be noted that the requirement of completeness of data
is necessarily an ideal one.

However, it serves a useful purpose to evaluate systems as to their
degree of completenesse. Completeness as a function of frequsncy is
olearly an impossible requirement since it would require coverage of
the whole spectrum. Within a specified frequengy range completeness
can be approximated. Finally there are orientations of a target at
which the maximum return itself disappears below the noise level. (We
refer to the notion of "diffraction mull" in 'the discussion of the
targets below). For those rare cases target information is lost and
retrieval of it is impossible but solely because of intrinsic target
properties and not because of a poor choice of measurement.

POLARIZATION CHART

A ugeful technique of representing polarization was suggested by
Poincare « The method consists of using ths orientation angle
and the ellipticity angle T , which determine the elliptically
polarized wave, as polar angles of a point on a unit sphere. The actual
polar angles are given by 2 ¢ and 2 T . Points on one hemisphere
correspond to right-sensed polarizstions, while points which belong to
the other hemisphere indicate the left-sensed polarizations. In this
muoner, a unique representation of all possible polarization is given
b points on the unit sphere. This sphere will be referred to as
polarization spheres (L)

A cylindrical projection of the sphere on a plane will be used in
this work to obtain a polarization charte Figure 1 shows the polariz-
ation charte The outside periphery of tho chart supplies all linmear
polarizations with horizontal polarization on the right and vertical
polarization on the left of the horizontal axis. The position angle
of a point on the chart is twice the major axis orientation of the
ellipse. The radius vector is a function of ellipticity only. Two
such charts ~ one belonging to the upper, and the other to the lower
hemisphere - determine all transmitter polarizations uniqusly. The
center of the chart corresponds to the two circular polarizations. In
many apnlications, it will be more convenient to use one polarization chart
instead of two, to indicate all points on the polarigzation sphere, where
points belonging to differently sensed polarizations are distinguished by
some labeling procedure.
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PRINCIPLE OF TARGET SCATTERING

A radar is defined as a sensor of electromagnetic energy, which
usas the same antenna for transmitting and receivinge The mechanism
of radar reception is illustrated in Figure 2. The signal back-
scattered fram the target 1s in general decomposed into two orthogonal
components: one is the received asignal which has a polarization
"parallel" to the transmitted sipnal; the other is the rejected signal
which is "orthogonal" to the received polarization. As the names
indicate, the received signal contributes to a voltage at the termminals
of the radar receiver.

(v

In mathematical terms, the process is described as follows. 13
Consider the normalized transmitted polarigzed signal represented by a
two-component complex vector h , then the return signal is given by

the target scattering Operator T applied to the transmitted signal h
(7). The received voltage will then be found as a scalar product of ™ :
the return signal Th with the transmitted signal h as shown by the |
equation V = Th » h e The received voltage squared is the power density ENE

S .

in the retwrned wave: P= | Th « h | + The scattering operator T :
which describes the radar backscattering properties of the target at i 4
fixed aspect angles is a symmetric operator because of reciprocity. © 9

If h is determined by two indeperdent components of electric field
in a given frame of reference, the scattering operator T is represented
by & twoebye-two symmetric matrix.

In general the returned signal is considered decomposed into a
component "parallel" to the transmitted polarization h and a component
"orthogonal" to h: TH = ak_x* + t:k_1_"fL (in this notation > indicates
complex conjugation)e Two special cases are of interest: If the trans-
mit polarization h is such that the scalar b = o, it is the solution of
the eigen-value problem: Th = tg* « Two orthogonal eigen vectors !11 s
and 22 solve this probleme We can show that one polarization, say 51
is the so-called maximum polarization h max ° with corresponding eigen-
value ¢ max * For this case the power density in the returned wave:
P= 'tmaxl 2 y& maximm. The other case is where the scalar a = o

and we have: TEo - tok_xo *. This case solves for the two so-called J

5
. *
null polarizations 1_101 and -1102 s 8ince then: V = tor-‘.l_ eh=o0. Far

these transmit polarizations the antenna appears blind to the target.
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Each null-polarization being represonted as a point on the polarisz-
ation sphere is given by two real parameters. Conssquently, the
general target matrix T has five independent parameters by which it is
defined (except for a common phase factor which plays no role with
radar amplitude measurements). If the positions of the two null-
polarizations are known as two points on the polarigation sphere, then,
for an arbitrary transmitted polarization, one can compute the return
from the targete It is clear from this discussion that the two nulls
and maxima sEci? the parameters which determine the acattering operator
11'2 an invariant form, i.e. without dependence on a particular reference

aANS e

The five target paramsters which completsly determine the scattering
matrix for any target at a fixed frequency are:

r\}«o is the orientation angle of the maximum polarization and is
the internal target orientation parameter.

Q is the ellipticity angle of the maximum polarization and is
a mpasure of "helicity" of the target.

Y is obtained from the phase of the maximum polarization and
is a measure of depolarization by the target.

y is an intrinsic target parameter possibly related to local
surface curvature (for specular targets).

Pm is the maximum receivable cross-gection of the target.
The quantities are all a function of aspect ( X , @ ) of the target
(15). The remaining part of the paper describes specific techniques
for mmasuring thess invariant parameters.

In contrast to the desc:ibed technique, it has been customary in
the past to determine the scattering matrix by measuring its coefficisnts
directly. It is clear that, although this method also would describe
the scattering operator (since the reference frame in which the operator
is represented is known), the matrix coefficients themselves contain a
mixture of information about the target and reference frame, and thus
are not pure target parameters. To try to correlate information obtain-
ed from two different targets by a comparison of scattering matrix
coefficients will be a frustrating task.

INSTRUMENTATION

A special antenna was designed to produce variable polarizations.
Figure 3 shows a schematic view of the antemna construction. The
reflector consists of an 18-in diameter parabola with an 8-in focal-
lengthe The feed consists of a tapered circular waveguide with a
specially designed teflon back feed.
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A quarter wave vane is positioned within the circular waveguide
feed providing a $0® phase lag between the two orthogonal linear polaris-
ations. The orientation of the vane with respect to the limear input
polarization determines the ellipticity of the transmitted polarisation.
If the vane assembly and the linear polarization are simultaneously
rotated, a change of major axis orientation of the transmitted ellipse
oocurs. Figure l shows a block diagram of the CW, X-band system which
was employeds For monostatic operation, the same antenna was used for
transmitting and receliving, as was mentioned befors. This requires
that the received signal shall be separated from the transmitted signal.
¥ith the CW system, this requirement can be net by utilizing a magic T
a8 a balanced bridge. To accurately determine the radar return from
small targets, isolation between transmitted and received signals of
the order of 100 db must be achieved.

Msasuremants on targets having radar cross-sections exceeding cne
square foot were accurate to within .25 db.

THE FOUR POLARIZATION TECHNIQUE FOR STMMETRICAL TARGETS

A target with horizontal symmstry was placed upon a foam tower and
rotated along the vertical axis (Figure 5).

Four patterns of different polarizations were obtained and recaorded
on transparent paper. The four polarizations used were horizontal,
vertical, linear at L4S® and right circular. The patterns as a function
of rotation angle were superimposed upon each other and db differences
from three different patterns relative to the local maximum were
obtainad.

The polarization mull-locator chart Figure 5 is constructed
such that knowledge of the db differences egtablishes the position of
the characteristic target nulls on the circular polarization chart.

The db~level lines for each of the four polarizations are indicatad
on the null=locator chart in Figure 6. 7The technique for finding or
plotting a target polarizationemull consists simply of reading from the
four superimposed patterns the three db differences relative to a local
maximam (either H or V). The intersection of any two curves correspond-
ing to the db difference valuss for the corresponding pattern gives the
position of the right-sensed null on the polarization chart. For
symnetrical targets the left-sensed null is then uniquely determined.

Notice that sach point (polarization null) on the chart is
obtained from intersections of three db-difference curves. This means
that the method 15 overdetermined, since a point can be obtained from
the intersection of two db-difference curves alonss The entra pattern
gives built-in redundancy for the system of measurements, i.e. 1f omne
pattern disappears below the noise level no information is lost, since
the system guarantees a high return for the other polarization patterna.
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The only exception to this rule is when the maxisum retwn, i.es, the
return for the maximumepolarigzation itself disappears below the noise
levels This heppens rarely however; we refer to the discussion on
"diffraction-nulla" below.

The four polarization method works very fast and efficiently far
hand plotting target information obtainsd in the laboratory or on the
pattern range. Observe that the null-locator chart ie symuwetric with
respect to the horizontal axise This makes an ambiguity check
neoessarye.

A new four polarization system has been worked out recer*\y which
uses an elliptical polarization instead of the 45° linear. and.
wvhich eliminates the ambiguitye Figure 7 shows the null-} o
ohart designed for the improved methode Figure 8 actually
1llustrates the mull determination for this case.

The fourth pattem in the new case with elliptical polarization thus
sorves two purposes: 1) It resolves the ambiguity between two
possible nullepolarizations. 2) It supplies built-in redundancy for
the systeme Thus this technique supplies a minimum set of compatible
data for complete radar targei orose-section determination.

EXPERIMENTAL RESULTS

Experimental results are shown for two types of targets. The
first measurements show the results for a pair of plates crossed at
90* with respect to sach othere The intersecting axie was kept
vertical during the msasuremsnt and the dihedral was rotated about the
vervical axis with the angle o o, Figure 9 shows the four patterne
thus obtained separately and super-imposed upon each other. The
resulting nulleplot for this target is shown in Figure i0. We obtain
e highly interesting question mark curve, formed by the null-locus for
right-handed polarizations on the polarization chart.

One notices the remarkable regularity which the null=locus for the
dihedral exhibite, oompared to the fluctuating patterns of Figure 9.
Notice that on these patterns tho local maximum ie attained oither at
horizontal polarisation or at vertical polarization. At no aspect
angle does either the oiroular polariation pattern or the L5° linear
polarization pattern exceed the maxirum level. This result is
characteristic for symmetrioal targets.

The second experimental result was obtained from s convex-shaped
body, Mgures 11 and 12 show the patterns and the corresponding
null=loous for the right-sensed polarizationse The convex=-shaped
object can be expected to exhibit a null-locus characteristio
(Pigure 12) which is distributed around the center of the chart, at
oircular polarization, because of specular reflectione It is interest-
ing to novte, however, that deviations from the centoer position occur
even for relatively strong signale. This indicates that for oconvexe
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shaped objects of a few wavelengths, the specular reflection
considered as a local flat plate is no longer a valid assumption at
all aspects. Indesd, the null-locus behavior of convex-shaped
objects could be used to determine the extent to which stationary
phase methods are applicable for predicting diffraction patterns.

We notice a peculiar phenomencn happening at X = 64%s At this angle
the maximum return itself disappears in the noise. At this angle a
go=called "diffraction mull" exists for the target. At this angle no
ensrgy is returned to the radar, i.e. the target is "invisible" to the
radar for any type of polarizationi

MEASUREMENT OF A GENERAL TARGET

The technique thus far presented is suitable for radar croass-
section measurements of targets which have rotational symmetry. Many
targets are of this type, or are approximately symmetric. These
targets are particularly suitable to msasure, since scattering matrix
information obtained for one cut through the rotation axis determines
this information for all aspect angles. For a non-symmetrical target,
several cuts have to be obtained to cover all aspect angles. For this
reason, the information obtained camnot be complete.

Basically, there are two approaches to the measurement technique
of non-symmetrical targets, for each cut in which data are obtained.
The first consists of a "symmetrization" procedure and involves a
rotatable antenna. The second method computes the data from inputs
to a stationary antenna. The first method consiste of a “maximum follow-
ing" principle in which the maximum polarization is found either by
scanning with linear polarization, or by some other technique. Most
targets exhibit the property of having no "helicity" i.e. there is no
internal preference ror right or left circular polarization. For
those targets, the maximum polarization is a linear polarization with
orientation angle V. o By "following" this angle . by rotation of
the polarization antenna, either manually in the laboratory, or by
using a servo device for automatic operation, the angle +, can be
eliminated as a variable parameter. Thus a symmetrized target is
obtained of which patterns are measured, and from which null-poclariz-
ations can be deduced in exactly thes same manner as was shown for
symmetrical targets, except that several loci are now necessary. one
locus for each cut through the target.

if the target has appreciable "helicity", this procedure camnot
be followed and only a computing scheme will suffice to analyze the
data. The computing scheme consiste of a measurement of the scattering
matrix by conventional means (using a stationary antenna which receives
amplitude and phase of parallel as well as orthogonal components of
the backscattered signal)e Through the sclution of the two eigen-value
problems discussed before, the invariant parameters which are character-
istic for the target are computed. These values could be presented
graphically, or stored in the computer for further computationse.

e B hen, W, A e
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CONCLUSION

For a target having axial symmetry, a complete set of radar cross-
section data is obtained by the four polarization method, which .
supplies a minimum set of compatible patterns. From these patterns 2
the invariant target parameters can be presented graphically as a
mllelocua on a polarization chart or stored in a computer for data
analysise If the target is non-symmetrical, complete data can be
supplied only for each "cut" thrcugh the target at which measurements
are performed. If the target has no "helicity" (i.e. its maximum
polarization is linear) symmetrized null loci for each cut can be
obtained for’ graphical displaye 1In either case complete scattering
matrix determination is available in invariant forme This
information 18 essential for signature data analysis and comparison
of radar targets.
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A COMPARISON BETWEEN LONGITUDINAL BAFFLING
AND TRANSVERSE FENCE FOR REDUCING
RANGE GROUND SCATTERING

Alan F. Kay
1) INTRODUCTION

If a baffle or fence is sufficiently large in wavelengtha the theory
of ref[l] may be used to predict its performance. In this theory, the
Green's theorem expression for the field in a half space due to a planar
diffracting metal object or hole in an infinite metal screen is expanded
asymptotically for small \. The results are interpreted physic. , as
"diffraction'’ or edge rayas. The expressions for these r.,~ rmay then be
used to predict the effect of edges wherever they occur in scattering by
large objects. The advantayge of this tiieory lies principally in the fact that
the non-tractable surface integral expressions of Green's formula are
reduced to relatively simple algebraic formulas and a simple geometrical
picture. These formulas have been obtained in the case of the longitudinal
baffle (Figure 1) and the transverse fence both of which are often used to

suppress ground reflections in an antenna or backscatter range.

2) LONGITUDINAL BAFFLE THEORY

In this case there are six edge rays, two each for each half of the
baffle arnd one each for each remaining semi-infinite ground plane. The
general expression which results from the theory of rei[-l] is given in [2]

and is quite complicated. However a special case is sufficient for first

* This work was performed for the Jet Propulsion Laboratory, California
Institute of Technology, sponsored by the National Aeronautics and
Space Adminisiration under Contract NAS 7-100.
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order baffle design. If the tranamitting antenna is an isotropic point source
and both antenna and target are at the same height H above ground and are

both in the symmetry plane of the baffle, then the relative one-way power
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of the ground reflected field when the baffle is present to the power radiated

directly from the tranamitter, is given by

, ‘ 2
N d . Y aéen® ol >
L v

(1)
2 2174

h(H-h)I:Z(H-h)Z+ r d(d2+hH)|:2(dz*Hz) + rz_]

where r is the distance from source to target, h is the height and d is
the half width of the baffle, and ¢ is a real phase factor which varies rapidly
with N\, d, h, and H. Eq.(l) is valid for a perfectly conducting baffle and
ground. If an imperfectly reflecting baffle or ground (e.g. absorber) is
involved, (1) must be modified by the appropriate reflection coefficients of
the six rays. However perfect conductivity is the worst case (most ground
reflection) and conditions in practice often approximate to it.

A further condition for the validity of (1) is that the baffle be suffici-
ently large compared to a wavelength. Detailed analysis in this case shows
that sufficiently large can be expressed algebraically by two formulas which

reduce to

(2) an(H-n)% > ar(a+n?),  4d® > ar

when rZ >> HZ + dz and r2 >> dz(H-h)z/(dz+hz) which is the case most
of the time. More general formulas than (1) and (2) are available in ref[2].
In a given backscatter range, r, H, and A\ would be given. For an

optimum baffle design the values of d and h minimizing (1) in the worst

case (when Q = 0) would be desired. Computations with (1) show that the

12
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optimum generally occurs when the baffle height and half width are both

equal to about half of the height of the line of sight above ground. That is,

(3) d~ h v — .,

For example, when r=100', A =,5', H=10', d=h =5', then according to
(1) the reflected field is about 9 db below the direct field. If the height of
target and suurce are raised to 20* and the baffle increased to 10' high and
10' in half-width, the undesired ground signal is reduced to about 14.5 db be-
low the direct signal. These are approximately optimum values of d and h
in both cases.

Unfortunately it turns out that some practical baffles do not satisfy
equations(2). The best design, in fact. is not a baffle satisfying (3) but one
somewhat smaller. This fact was discovered by an experimental program.
The program also seemed to verify the validity of eq(l) under the conditionas
of eq(2). '

3) EXPERIMENTAL RESULTS

An 8' x 8' aluminum ground plane was set up as shown in Figure 2
for scale model studies. In all cases reported here r was rept equal to
62.2" and f = 38.8 gc (A =.,305""), The transmitter was fixed at a height H
above the ground plane and a height gain curve recorded as the receiving
antenna was elevated a height L above the ground plane. Figure 3 is a typical
result without a baffle with the deep nulls indicating a good ground image.

Typical results with a baffle are shown in Figure 4. The SWR of reflected
13
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to direct signals at L = H may easily be read from these curves and (when 3
corrected for tranemitter and receiver directivities) compared to the SWR 4%
implied by (1). The comparison is given in Figure 5 in several cases and
indicates reasonable agw.eenrsent..l :
e It should be pointed out that a longitudinal baffle also produces croes- .
polarization and for designs near the optimum the level of the cross-polarized
field is about the same as that of the principally-polarized reflected field o
(see ref[2]). : '.

4) TRANSVERSE FENCE

There are four edge rays for a transverse fence as shown in Figure 6.
The expression analogous to (1) for the relative strength of ground to direct
field power flow with fence when the source and target are at the same height

H and when the fence is transverse of height t and hali-way between them is !

r

PR

4
(4) T Xz 1 3 + 1 3
bdn r2 24 £2,.. 274
V2 [(3)HH-1)] (H-t) N2 [(3)°HH®)") Y(HR)
172
r 1 N 1 2 |
l[(z’ m-m)z_]”z &_;_)zﬂﬁ_t)szﬁ
)Y (Dume)® - -0 E)PHH-07 f'
« T 77 —ln—tl:il-l‘qg:r:. .D. i: Ek—\e-o:m- o-f- Ju.d:ci-bo—l zir-ec-tivit-i.o: ;f t_r:ni—m-itting

and receiving antennas in the direction of the diffraction ray to the top sdge of
the baffle relative to that for the direct ray.
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Eq(4) is only valid if the transmitter pattern is  isotropic, if the ground is
perfectly conducting, and if conditions analogous to (2) which imply that H-t
and t are not too small compared to A are satisfied. It is interesting to
note that when the baffle and the fence are the same height (teh) the value
of (4) is fairly close to that of (1) (for values of d minimizing (1)) and in fuct
usually (4) is a little less than (1).

From this fact, one suspects that the fence might generally be more
desirable than the baffle, and this seems to be the case. Figure 7 is an ex-
perimental height gain curve for a.typizal fence. Figure 8 compares the
measured SWR of ground to direct energy for various baffles and fences with
the line of sight at various heights. For all of this data r = 62.2'" and
A =.305'. From this data it appears that in this case the feace of height
3.75'" is the best and better than any baffle, and that a line of sight height
of 10" is about the lowest that one could operate while still suppressing most
of the ground reflected signal. Even at a line of sight height of 20" little
further improvement appears possible by use of a baffle or a fence.

5) CONCLUSIONS AND SUMMARY

We have derived approximate equations for the suppression of the

ground reflected signal by longitudinal baffles and transverse fences which

have been verified by an experimental program in some cases, In a particular

case these exprossions (plus measured values extending data beyond the range

of their validity) indicate that the beet fence is superior to the best baffle and
can make a substantial improvement in decreasing ground reflections. These

same techniques could be used {or quantitatively analyzing the performance
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of baffles and fences in froe space.
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AN ANALYSIS OF REFLECTION MEASURING SYSTEMS

Robert G, Kouyoumjian
Associate Supervisor
Antennz Laboratory
Department of Electrical Engineering
The Ohio State University
Columbus, Ohio 43210

ABSTRACT

In measuring the radar reflectivity of an obstacle it is frequently
desired to minimize the range of measurement or maximize the back
scattered signal while maintaining prescribed limits on the departure
of the incident field from a uniform plane wave at the obstacle. Although
it is not possible to analyze this optimization of the measurement
rigorously for the general case, the optimization will be treated here
for an idealized measuring antenna, The results are assumed to be
useful in estimating the limitations and requirements of practical
reflection measuring systems., The analysis is employed also to find
the approximate size of the largest model which can be measured
satirfactorily with a CW reflection measuring system. This paper is
essentially a condensed version of Reference 1.

1, ECHO AREA

Let a rectangular coordinate system be fixed in a scattering object
as shown in Fig. 4. The vector p determines a point on the surface S
of the object and 8 is a unit normal vector to the surface at p (the symbol
" A " will be used to indicate vectors of unit magnitude), The antenna of
the reflection measuring system is linearly polarized in the x-directior
and is located at a range R from the obstacle. The input terminals to
the antenna are designated by 1, 2,

* The work reported in this paper was supported in part by Contract
DA 36~039-8c~5506 between Signal Corps Supply Agency, Laboratory
Procurement Office, Fort Monmouth, New Jersey and The Ohio State

University Research Foundation.
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The incident field with electric and magnetic vectors -EO, HC is
the field generated by the cucrent I® at the terminals 1,2 with the
obstacle removed. The total field E His the field generated by the

current I° With the object present. The scattered field by definition
isE°=E « E° , Hf = H~ H° .

For an incident plane wave linearly polarized in the x=direction
the echo area ¢ is defined by

lEslz
¢=1lim 4nR? X . (1)
R =»o0 IEOiZ
x

in the far«zone of the scatterer, as R =, Ei has the form

k =JkR
Ei = - j4:° (CR ) [E:’“Ux ’ (2)

where the far=zone amplitude

jkp .2
kF+2 Kye P°
Uy = § J e + ds
s “o
. § G.E°-K. )} ds (3)

|Eq| &

in which k = 2 n/k, zo is the impedance of free space, and (3-, 1-(') are the
equivalent electric and magnetic surface currents of the scattered field
induced by an incident electric field of unit amplitude,?’?® From Eqs. (1)
and (2)

k? zz 2
¢ —2 lu,| . (4)

Next, using the Lorentz reciprocal theorem®:® one obtains

Vi s - ES | §{3-E°-iz.ﬁ°}ds (5)
S
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in which VT is the open-clrcmt _voltage received at terminals 1, 2. .
It is important to note that E°, H® used in Fq. (5) describe a general :
incident field which need not be a uniform pla.ne wave. However, it i
follows from Eqs. (3), (4), and (5) that E°, H° must have the form ;
of a uniform plane wave, or a.pprox:lmately 80, in the vicinity of the i
obstacle, if V' is to be used to determine echo area. This does not 4
necessarily mean that the obstacle must be in the far=zone of the :
antenna; we shall see that in the Fresnel zone there arc regions where p
the field of the antenna is approximately a uniform plane wave, If a H
proper measurement of ¢ is to be made, then 3

vie x - |0’ u, (6)

where the integral in Eq. (5) is approximately equal to IE::'UX.
2. RECEIVED POWER

» The radiation resistance of the antenna is R,, and the transmitted
power

1
P° = [I°|2R,. (7
2
Let PT be the power received when the antenna and receiver of the

reflection system are matched; then since VT is the open~circuit
received voltage,

r[2
Pralv—l . (8)
8R,

From Eqgs. {6), (7), (8)

VI'I') 2
PTPO « '__l_ x |E2[4 |u,l? . (9)

Now if the incident field at the obstacle is nearly a uniform plane wave

|ES |2 ~ 22, 8° (10)




in wiu;:h S© is the incident power density. Introducing a generalized
gain®

incid d
G(R) = ncident power density at range R

power density for PV radiated isotropically at range R
» 4w R?S°(R)/P° ’ (11)

we obtain the familar radax range equation from Eqs. (9), (10), and (11),
except that the following expression can be used in both the near and far
zones of the measuring antenna.

P°G? (R) o\ ?
P* % (B) (12)
(4v)% R*

In the equations to follow the "approximately equal' symbol will be
roplaced by the '"equal’’ symbol.

From Eqs. (9) and (12) it is seen that ¢ « IV"lz when the incident
field is a_uniform plane wave in the region occupied by the obstacle and
when J, K are not perturbed by the presence of the measuring antenna.
The echo area may be determined by comparing the received squared
voltage amplitude with that from a scatterer with known echo area, such
as a sphere or corner reflector located at the same point. Although
echo patterns are usually taken at su{ficient range so that obstacle~an~
tenns. interaction is not significant, the uniform plane wave condition on
the incident field at the obstacle only can be approximated in general.
The error in ¢ resulting from this approximation can not be ascertained
for an arbitrary scatterer, but this error has been studied for certain
types of gcatterers and the results serve to estimate the allowable
departure of the incident field from a uniform plane wave in the region
occupied by the obstacle, $:74%11 1t {4 geen from Eq. (5) that the
echo area mea.sure:r ent does not depend on the nature of the scattered
field at the antenna aperture. This is an important point when one
notes that attempts have been made to establish range criteria based
on prescribed variations {from the plane wave condition at the antenna
aperture as well as the obatacle.
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3. OPTIMIZATION OF THE MEASUREMENT

Let an obstacle of maximum dimension L be positioned at a
range R on the symmetry axis of the measuring antenna. The
antenna aperture is taken to be square in shape with a side length £,
and the aperture field distribution is taken to be uniform in amplitude
and phase. This type of aperture distribution simplifies the solution :
of the problem, and as was mentioned earlier, it is assumed that the
results obtained will bear a reasonable relationship to those of
parabcola and horn antennas of comparable dimensions used with 0
reflection measuring systems. {

Sk i:laa

The obstacle aperture is the projection of the model on a plane
perpendicular to the direction of incidence, ]n taking a complete set ;
of echo patterns, all aspects of the model are presented to the .
reflection system. An area which would include all model apertures
i{s the square area whose side length is equal to the largest model
dimension. Since the reflection systems of interest here are employed
in echo pattern measurement covering all aspects of the scatterer, this
square area will be used as an effective aperture in the following
development. Generally, the variation in amplitude and phase of the
incident field at the effective aperture represents the maximum _
departure of the incident field from the plane wave field at the target.
Thus for a series of echo patterns, the allowed departure of the '
incident fleld from the uniform plane wave condition may be specified :
by the amplitude and phase variation of the incident ficld over the . b
effective aperture. An obvious exception to the previous discussion’
is the long thin scatterer where measurements are limited to the
end~on aspects; in this case the radial variation of the field must also
be considered.

o
TN, e

It is seen from Eq. (12) that the smallest measurable echo area
in square wavelengths is

Py, R4
: L 3(Zm \(_ = . 2
Tam = Cm/M = () (P° )(x‘ G? ) ’ ) 4

PT_ is the smallest measurable power. The first factor in the above
equation depends upon the equipment employed, i.e., the transmitter
receiver, model support, and method of isolation between the transe~
mitted and received power. However, at this point in the discussion
our attention is directed to the second factor, which determines the
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optimization of the experiment in terms of minimum range or minimum
measurable power for an obstacle of given L/\ and prescribed incident
field variation at its aperture.

The field of a square aperture with a uniform electric field distri-
bution E2 = { E2 is given by Schelkunoff!? as

PR §
£, JE ok ¢ l+Zx)+E l-Zx)
2 JZXZ ‘JZXZ |

-

L+ 2y L -2y
X |E )‘I’E—_'
\JZ)\z \l?.kz j

(14)

in which

E(t) = 3 e’ 7 a4 (15)
(o]

this expression is valid provided x,y are substantially less than z, and
z is large enough so that the field point is not close to the aperture ,
On the axis of the antenna Hy < Ex/zq, the power density

sox 2|E3|% [E(W))*/zo, and PO & €2 |E*|2 /22, where W = t\[ 2Nz .
It then follows from Eq. (1) that

4
G(z) = 4#({. )2 [E.i;ﬂ_)‘ , (16)

-

where R clearly equals 2, 4w (¢/\)? is recognized as the far-zone
gain of the square aperture, and the X sign again has been replaced
by an = sign,

We shall now give a measure of the variation of the incident
field at the obstacle aperture by defining the ratio A of the incident
field amplitude at the edge of the obatacle aperture to the amplitude
of the center of the aperture and the phase difference ¢ between the
center and edge of the aperture:

#* Strictly speaking, Eq (17) describes the field variation only in the
E- and H-planes.
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i _ E(u) + E(v)

Ae T (17)
where

u=(t-L)/{2\R, (18)

v s (1+L)/{2xR, 19)
and

W=(u+v)/2 . (20)

The variables involved are A, ¢, L/\, R/\, */\, oy o, with R/\
and Tym the dependent variables which may be minimized. For a given
wavelength and scatterer L/\ is fixed and o\m ©F R are minimized
subject to the conditions that

A L A<, (21a)
05 ¢ < %05 (21b)

where A, is the maximum allowed amplitude variation and ¢, is the
maximum allowed phase variation of the incident field at the effective
aperture. The solution to this minimization problem is facilitated by
expressing R/\ and o, . interms of u and v. From Egs. (13),(16),
(18), and (19)

R._2 <_1:)2 (22)
A (v=u)? \ A

p? 2 1 4 P
m 1
oy B 4m = (23)
Am (P°> vZ - u? |E(W) r k)

Pt ikt % Bk,

o e AL A i) 44 S b AT aidd AR




. (vtuw L . (24)
A (v =u) X\ .

It is clear from Eq. (17) that u,v are functions of A, ¢ only so that from
the limits expressed in (21) the range of values of u, v depends upon A,,

o, i.e., our measure of the departure of the incident field from a uniform
plane wave. Since u,v are independent of L/\, it is clear that

R/\ « (L/\)% and Cam = (L/ \)*; thus R/\ and o), increase rapidly

as the obstacle size increases in terms of wavelength.

As an example let us choose ¢o = /8 and Ay = 0.9; these conditions
on the variation of the amplitude and phase of the incident field are
frequently used in recording echo patterns.* The range of values of u, v
shown in Fig. 1 corresponding to these values of ¢, and A, appear in the
region enclosed by the curves labeled A =1:¢ =0, A =1, ¢ =22.59,
A = 0.9 and the edge of the figure. In this figure it follows that curvee
of constant R/\ for fixed L/\ are described by the equation v-u = k and
appear as a family of straight lines of slope 1. The value of k is given
by the intersection of these straight lines with the v axis. Contours of
constant oy, for fixed L/\ may be presented as the curves described
by

2 E(W)

w

-2
= constant; (25)
vé =

these appear as dotted curves and may be referred to as curves of constant
sensitivity, From Fig. lit is seen that the maxdmum value of k
(minimum R) occurs at v = 1, u = 0; also it is seen that the minimum

value of n (minimum T\ ) occurs for v =1, u = 0. It follows from

Eqs. (22) to (24) that fo¥ this example

* As an illustration of the error which may occur with this type of
variation in the incident field, Mentzer!? found that for the same
$o and Ap = 0.85 the error in the broadside echo areas of cylinders
is no greater than 0.7 db.
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%: 2 (ﬁ)‘ (26a)
N
T
Oy = 64T (Pm) i)' (26b)
AR '

=L {26c¢)

and

This optimization of range and sensitivity was accomplished by varying
the aperture of the measuring antenna, It is seen that this optimization
is achieved when the antenna aperture is equal to the obstacle aperture,
and that the measurement is carried out in the far-zones of both
apertures. A study of other examples where only modest variations of
the incident field at the target is permitted reveals essentially the same
conditions for optimization. In the case where large variations in the
incident field at the obstacle are permitted, e.g., ¢o = 6w, A, = 0.7
which have been employed in the measurement of the median echo areas
of large models,! one finds it impossible to simultaneously minimize
the range of measurement and the smallest measurable echo area. The
condition { = L, for maximum senrsitivity also was obtained by Fails and
Fubini'* under more general assumptions involving a restriction on the
maximum allowable phase difference between a point on the aperture
and a point on the effective aperture.

It is interesting to minimize the range and maximize the sensitivi-
ty when the antenna and effective obstacle apertures are not equal. Let
us examine two cases £ = 2L and t = L/2. It is seen from Eq. (24) that
t = 2L results in a line of slope 3 passing through the origin of the u,v
plane, whereas { = L/2 results in a line of slope ~3 passing through the
origin; these are shown as dot-dashed lines in Fig. 1. From Eqs, (22),
(23) and Fig. 2 one obtains for

2
=2 RooafL) oLV
1 \ N
Pr 4
o\ =841r(—nl> —Ii)
m PO N
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Fig. 2. Measured Axial Electric Field of a Horn.
137

.0

EX MR

[SRGRTTIO™. Pru S e i e s it
"l dmts S T NN U U

A Mt il Kb i £ K £ ALY 5 i, Lot s, et el gl s gt % . o [
' e i i b e . it ot o i st e s i e A
L LA, o itia e MM‘

S g

e



e oA s YTy

Thus for fixed L/\, choosing an antenna aperture larger than the
obstacle aperture results in an increased range and slightly decreased
sensitivity compared with our first example; on the other hand, choosing
an antenna aperture smaller than the obstacle aperture results in an
unchanged range and a greatly reduced sensitivity.

The disadvantages of carrying out an echo measurement in the
near field of an antenna aperture much larger than the obstacle
aperture also may be seen from Fig. 2. In this case the aperture
relationship is described by a line through the origin with slope a
little larger than one. We see from Eqs. (22) and (24) that

2
R._ 2 (1t
by (v +u) )N

80 that the near zone of the measuring antenna corresponds to the
upper right hand part of the enclosed region. This is clearlya
region of lower sensitivity; furthermore for a fixed L/\, its use
results in larger ranges than would be required if { = L,

The conclusions reached in the previous paragraph will now be
checked by a different method. As pointed out earlier, it is necessary
in measuring ¢ that the incident field closely approximate a uniform
plane wave at the scatterer. It has been shown'!® that the near-zone
field of a horn antenna closely approximates a uniform plane wave in
the neighborhood of its axis, The accuracy of the approximation
improves where the magnitude of the field is stationary with respect
to axial (or z) variation. Thus ¢ may be measured in the near zone
of a horn at such stationary points provided that the target is not so
large that there is an undesired variation of the field over its effective
aperture. The measured field of a horn antenna taken along its axis
is shown in Fig. 2; a drawing of the horn ie also shown in this figure.
Since o) 1y is proportional to |Eg|'4, as may be seen from Eqs. (4)
and (9), it is desirable to choose R\ /€% = ,032 or .075 if maximum
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sensitivity is to be obtained in the near zone measurement. In carrying
out the echo measurement of some plates and spheres, the latter range
was selected,!3 cause of its broader maximum along the axis,
Referring to-¥ig. 3, which presents the measured field of the horn in
the E= anid Heplanes, it is evident that an obstacle with L/\ =1 can be

. measured with Ag = 0.9. A square plate with a one wavelength side
was found to have a 0.9 db error in its broadside echo area at this
range; on the other hand, a sphere of one wavelength diameter was
found to have an error in its echo area of leas than 0.3 db, This near
zone* measurement is 22.4 db more sensitive than a measurement in
the farezone with R\ /lz = 1; however, if we optimize the measurement
by setting £ = L, and R = 2L% /\, the sensitivity would be about 10 db
greater than that occurring at R\ /22 = .075. The example illustrates
that given a small obstacle and large antenna aperture, the sensitivity
can be increased appreciably by choosing the proper range in the near
field of the antenna; however,. the sensitivity is increased to a maximum
when £ = L and R/\ = 2(L/\}?. With £ = 10L and R\/¢? = ,075,
u=2,32 and v = 2,84, which is in the upper right hand region of the u,v
diagram, outside the range of values shown in Fig, 2.

In the measurement of small obstacles in the near field of large,
focused apertures an improvement in the sensitivity is to be expected,
It is of interest to determine the extent of this improvement together
with the agssociated range of measurement; this will be considered for
the general case and then applied to the example just treated. A
theoretical treatment of the focused, rectangular aperture has been
given by Sherman.'® In his paper he presents a theorem that in the
focal plane of the aperture near its axis, the electric field has the same
properties as the far-zoue field. As a corollary, at the focus the
electric field varies inversely with the focal distance and may be
calculated from its far-zone expression using the far-zone gain.
Experiments reported by Goodrich and Hiatt,'! which give the
magnitude of the electric field in the vicinity of a focal point, are in
general agreement with the results of Sherman,

When small scatterers are measured in the near field of a large
aperture with Ay = 0,9, ¢, = 22.5°, the permissible nonuniformity in
the incident field generally is determined by A, (the restriction on the
phase variation usually is satisfied easily). From the theorem given
in the previous paragraph and the pattern function for a square aperture
with a uniform aperture distribution, the angle a between the pattern

% The definition of near zone here is 1,2\ < R < 4% /).
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points at which the electric field intensity is 0,9 of its maxdmum value
is found to be N /2£(f >> \). The range of measurement, or focal
distance in this case, is obtained from L = Ra. Next, employing the
formula for the far-zone gain and substituting into Eq. (13),

e e G
()G

Thus for the large, focused aperture one can achieve the optimum sensi~
tivity reported in Eq. (26b); however, the range of measurement is
increased by a factor of (£/L) with respect to the optimized range. In
the example of the unfocused near-zone measurement t/x =10, L/x =1;
if this aperture were focused on the scatterer, R\ /t? = 0.2 and the
sensitivity would be increased about 10 db with respect to that of the
unfocused case. On the other hand, the range is nearly three times

that used in the unfocused case.

with

APPLICATION

It is assumed that the reader is familiar with the essential features
of the CW and pulsed reflection measuring systems similar to those which
have been used at this laboratory,}3,1% 2% " The pulsed systems are
inherently more sensitive than the CW systems, but are more costly
and complicated than the latter; consequently, we are interested in the
approximate size of the largest obstacle which can be measured using
a CW system.

First let us establish criteria for a satisfactory echo pattern,
Again, Ag and ¢ are chosen to be 0.9 and 22. 5%, respectively. The
coherent component of the background power is required to be 20 db
below the received power from the median echo area T, so that the
background power can cause an error no greater thanldbino .,
Assuming that the indirect obstacle-antenna interaction is insignificant,
the background power is the power observed with the obstacle absent.
Its coherent component may be caused by ungated reflections from the
ground or obstacle support in the case of a pulsed system orx by
unbalanced reflections in the hybrid junction circuit in the case of a
CW system, A practicalupper limit to the balance of the hybrid
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junction circuit appears to be about 100 db, i, e, the background power
in the receiver arm of the circuit is 100 db below the power in the
transmitter arm.2! With the 6 db loss in the hybrid junction circuit,
the background power is about 94 db below the transmitted power.

Using the above data it is found fromr. Eq. (26b) that the minimum
measurable ¢ in square wavelengths is

‘L\+
Tam = 8 % 1078 b-) .

A curve for this equation is shown in Fig. 5, where o, is plotted as
a £u.nc_tion of L/x for different artillery shells and aircraft models.
The o) were found for O=-degree elevation patterns, because o) is
usually smallest for these patterns. These targets are more or less
cylindrical in shape so the fairly regular behavior of oy with LA is
not surprising. The larger dispersion of data below L/\ = 7is to be
expected from target resonances. From the intersection of the two
curves, one notes that CW reflection systems can be used to measure
targets of this type with L/\ as large as 40. This answer agrees with
the opinion based on experience that a CW reflection system can be
used to record satisfactory patterns provided the scatterer is not
more than a few dozen wavelengths long.

In conclusion, although certain theoretical results presented
here have been confirmed experimentally for reflection systems
employing horn and parabolic antennas, the analysis is based in
part on the use of a square aperture with a field distribution uniform
in amplitude and phase. A more precise statement of the limitations
on these results can be given after this analysis has béen extended to
include other aperture shapes and field distributions.
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MEASURING THE PHASE AND THE AMPLITUDE
OF BACKRSCATTERED RADAR ENERGY ON A STATIC RANGE

Norman R. lLandry
Electromagnetic Research Laboratory
E UCA Missile & Surface Nadar Division
Moorestown, New Jersey
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ABSTRACT

A pulse system capable of making both phase and amplitude measure-
ments at 1300 megacycles is briefly described. Following a discussion
of the phase detectors that are used, some of the stability problems
associated with a full-scale pulsed system are explored, with special
emphasis on the effects of range background on phuse measurements.
Also included are discussions of 1)phase veraus time delay measure-
| ments, and 2) the effect of various centers of rotation on the phase

measurcments from a given target.
¥ %

To date, most radar cross-section measurement ranges have concentra-
ted on meusuring the amplitude rather than both the amplitude and the
phase of backscattered cnerpgy. Inasmuch as phase data is very useful
in trying to obtain the scattering matrix associated with a particular
body, a system capable of measuring both items at 1300 mc has recently
been built as a part of DAMP, the Downraunge Antimissile Measurement
Program under Project DLFENDER (sponsored by the Advanced Research
Projects Agency and administered by the .irmy Missile Command.)

The discussion that follows explores tlie problems peculiar to phase
mcasurements. 1t is not meant to ignore amplitude mcasurements, but
it is felt that phase measurements have not been documented as well as
amplitude meusurements in the rudar cross-section literature,

A simplified block diugram of the amplitude und phase measurement
system is shown in Figure 1. The transmitted frequency is obtained
by mixing the STALO frequency with a crystal controlled 30-mc signal
and selecting the proper sideband to be amplified. Characteriatics
of the preselector are such that the STiL0 frequency is attenuated
80 db as compared to the transmitter frequency. The RF switch and
pulse generator are used to form the lowelevel RF pulse and the width
of the HF pulse is adjustahle and is usually set to 0.2 microseconds.
The output from the R}F switch is fed through two stages of amplifica-
tion. The first travelling-wave tube amplificr is a Sperry 5TL-260
and has a power gain of approximately 50 db with an output peak power
of up to 30 watts, The msecond TWT is a Varian Va-131B and has a power
gain of approximately 40 db with an output peak power of up to 50 kw
of which 6 kw is usually used. The output from the transmitter is
fed through the microwave syastem to the 30-foot diameter L-band anten-
na. Target returns are mixed with the STALO frequency and then ampli-
fied in the gated I.F. amplifier. The 30-me rcference freguency is
also amplified in a guted 1.F. amplifier and the outputs from the two
I.F. amplifiers contain the desired amplitude und phase informaticen,
The amplitude and phase detectors extract this inforuation and muke it
available for any of the recorders (analog and digital) in the recorder
complex. 3
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In keeping with the idea of discussing those items peculiar to phase meas-
urements, only the phase detector of Figure 1 will be discussed in any detail.
A schematic of the basic components of the phase detector is shown in Figure 2.
Using phasor diagrams to represent the various voltages, the reference voltage
can be depicted as E,. The signal voltage is very small compared to the refer-
ence and because of the centertapped transformer action adds in quadrature to
‘E1 when the relative phasc between the two signals is zerc. See sketch.

E signal

As shown, for the case of zero relative phase, E2 and E3 are equal in amplitude.
The outputs from the half-wave rectifiers will be equal in amplitude and of oppo-
site polarity and the stretched video output from the centertap will have zero
amplitude. The cage for a forty-five degree relative phase is shown below.

Es

E2 and E3 are no longer equal and the stretched video pulses will have some
positive amplitude. For Eg larger than E3 (for -45 degrees, say) the output
pulses would be negative, If E1, Ep, and E3 are considered as being essentially
parallel (E;, E2, and E3 >> Egjyg,) then the amplitude of the output 18 E5 -E3,
am .

~

E E.-E sin &

.

E.ZE, +E sin o

3 1 7513_

Lo =
Eg E2 Esigeina.

If the amplitude of Egig is held constant by using the AGC controlled signal, then
the output from the phase detector 18 proportional to the sine of the input phase
angle. Note the 180 degree ambiguity in the above sketches. To overcome this
ambiguity two phase detectors are used and the reference signal fed into one of
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the phase detectors is phase shifted ninety degrees so that its output voltage is
proportional to the cosine of the unknown phase angle. Knowing both the sine
4 and cosine of the angle to be measured, the angle can be unambiguously deter-
mined. The stretched video pulses are peak detected and the d-c levels are
amplified to a usable level and recorded. In addition, the two d-c levels are
fed into an electromagnetic chopper and resolver unit and the resolved phase

] angle is recorded.

A list of the system specifications as applicable to both amplitude and phase
H measurements is given below.

1) Relative phase accuracy of 5.0 degrees rms for a 0.01 square meter
target.

PP SRR

2) Background cross section of 0.0001 square meters.

3) Absolute amplitude calibration accuracy of 1.0 db.
4) Amplitude measurement accuracy of +1.2 db at 0.01 square meters.
5) Target aspect angle accuracy of +0.1 degrees.
' 6) Target handling capability of 4,000 pounds and approximately 30 feet
long.
t 7) Transmit capability of any linear, circular or elliptical polarization.

8) Receive capability of any linear, circular or elliptical polarization.
9) Transmitter frequency of 1300 megacycles.

10) Pulse width of 0,2 microseconds.

11) Pulse repetition frequency of 1000 pps.

12) Maximum transmitter peak power of 5.0 kilowatts.

13) Range gate of 0.2 microseconds.

14) Recordings of amplitude and phase on analog and digital magnetic tape
and/or rectilinear and polar graphs.

The accuracy of the phase and amplitude data is as given above in the
section describing system specifications. Two primary sources of error are
from site background and equipment drift, With respect to phase measurements
the effects of background have been analyzed analytically and the effects of sys-
tem drift have been measured and analyzed statistically. The results are given
in Table I and the calculations are shown in Appendix A. The phase errors were
calculated by assuming that background is fixed in amplitude and phase (a fixed
target) and that the phase of the signal voltage is equally likely to be anywhere
from 0 to 360 degrees relative to the background at any aspect angle on any
given test. The calculations were made for 8/N = 0 decibels and for very large
values of §/N. The condition that gave the largest error was then extrapolated
for other values of 8/N and the columnn of RMS error where extrapolation was
required has been marked "Approximate''. The calculations are still valid if
the phase of the background signal varies in a random manner relative to the
phase of the target signal. If background takes on the characteristics of noise
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TABLE I. BACKGROUND EFFECTS ON PHASE MEASUREMENTS

Signal to Noise Maximum Error Average Error RMS Error
db degrees degrees degreos (Approx.)
0 90.0 0.0 52.0
10 18.4 0.0 13.0
20 5.75 0.0 4.06
30 1.81 0.0 1.28
40 .59 0.0 0.42

SYSTEM STABILITY

Units 10 minute period | 20 minute period
Average Maximum Phase | degrees +1.8 3.1
Error
Standard Deviation of degrees 2.2 3.1
Above Average
Average Standard Devia- | degrees —_ 0.51
tion of Phase Error
Within One Run
Standard Deviation of degrees - 0.72
Above Average

(as it tends to do with proper nulling techniques) the phase errors in the RF
energy also take on the characteristics of noise. When these signals are pro-
cessed by peak detecting circuitry, however, these phase errors tend toward
the maximum values. Since the peak detection is not perfect, the actual errors
will probably be closer to the RMS error.

The system stability section of Table I shows that the average mavximum
phase error in a 20-minute run is +3.1 degrees. It must be stres. ° :..at this
maximum phase error exists only for a very limited target aspect a'  ie and can
occur at random. A look at the average standard deviation of phase error within
one run will bring out this point. In an average test there can be errors of 3.1
degrees, but their freauency will be associate'a with the six sigma value of the
standard deviation which was determined to be 0.51. For any given tesi picked
at random it can be said that the standard deviation of the phase errors in that
test will be less than 2.67 (0.51 + 3 (0.72)] degrees for 998 tests out of 1000.
This information was obtained by analyzing 120 pieces of 10-minute data and
60 pieces of 20-minute data. The periods of ten and twenty minutes were
chosen because the time for one target rotation is between these two values and
because phase stability is only needed during a target revolution since phase
differenceg are read from the data.
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Two effects related to phase accuracy that have been noticed in the data
that has been recorded are 1) that the phase data from symmetrical targets
is very symmetrical and 2) that the phase differences read from the data area
function of the location of the center of rotation on the target. If a target body
is immersed in a flat field regardless of the location of the center of rotation
and if multipath effects are negligible, the only effect of different centers of
rotation is to change the effective range of the target as it is rotated about the
different centers of rotation. Having made a phase measurement for a certain
center of rotation it is possible to synthesize a phase measurement about a new
center of rotation by the following formula.

o _720 & cos 6

where
a is the correction angle in degrees

818 the amount of translation of the center of rotation and is positive if
the center of rotation is8 moved toward the nose of the target

0 is the target aspect angle and is zero degrees for nose-on

A 18 the operating wavelength and must have the same dimensional unit
as 4.

The correction angle, a, 18 added to the measured phase angle at each target i

aspect angle and can be positive or negative depending on the sign of the cosine 6.
A digital computer program is being prepared to carry out this computation (if
desired) on the digital data that will be recorded.

Since the effect of phase variation due to target aspect change and phase
variation due to range change (time delay) can be but need not be the same, it
had to be determined whether the system was actually measuring phase changes
and time delay or just time delay. It was felt that if insufficient bandwidth were
available, the phase of the signal in the IF amplifier would be independent of the
phase of the RF signal and resultant phase measurements would merely be meas-
urements of the relative times at which the IF amplifier was shocked into ring-
ing. A test was devised to resolve the question and the results proved conclusively
that the system measures the phase of the returned energy regardless of what
(time or target) has affected the phase. Thus if the phase of the return is affected
by the shifting of the center of return or by a change in boundary 1. er (ablation
material, e.g.) the phase system will measure the total change and not only that
due to the change in effective range. The test consisted of two parts 1) varying
the effective range to the target and 2) holding range constant and varying intra-
pulse RF phase. In the first test, the time of the target return was delayed by
means of a line stretcher in the transamitter line to the antenna and data of meas-
ured phase versus line stretcher position was recorded. In the second test, the
time of the echo was maintained constant relative to the reference, to, and the
phase of the transmitted signal at t, was varied. Again, data was recorded and
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when the results of the two tests were compared, it was judged that (within the
experimental accuracy described in the system specifications) the two curves
were identical. It is thus concluded that the system measures the phase of the
RF echo regardless of what has affected the phase.

A sample of a phase measurement is given in Figure 3 and the corresponding
amplitude (cross-section) data is given in Figure 4. The target body is a thirty-
inch diameter flat plate, has a large U-shaped stiffener on one face and is
mounted with a metal shaft. When using the phase data, it must be remembered
that phase measurements have meaning only when a change of phase is associated
with a change in aspect angle. The phase data can be considered linear for
rough approximations and if an arbitrary reference angle of 8is associated with
the center of the polar graph, then the outside of the polar graph represents
360° + B. Phase angles of &, 27+ and in general 2n7+ & are 41l recorded at
the same radial position relative to the center on the graphs. The recording pen
flyback at 360° + B allows the counting of the number of 27 radians that have
occurred. A flyback from the outside of the graph toward the inside can be
interpreted as saying that un angle of 21 should be added to subsequent readings
(another flyback says that 4% should be addec etc.) and a flyback from the center
of the graph toward the outside can be interpreted as saying that an angle of 27
should be subtracted from subsequent readings. The phase angle for the flat
plate varies three 47 + o where 180° <a<360°. A look at 8 = 0°(face on) and
6=180° (tail on) shows that the flat plate was not rotated about an axis in the
plane of the flat plate. Knowing that it was rotated about an axis parallel to
the plane of the flat plate and that the displacement was less than a quarter
wavelength, the actual displacement can be calculated from the phase data as
being 5/8 inch. For the radar cross-section plots, the scales are linear, each
division is equal to one decibel and the level of one square meter is marked on
the graph. For both plots, the angular aspect angle is in degrees and the identi-
fication of 0= 0° (or face on) is marked on the polar graphs.
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APPENDIX A
Background Effects on Phase Measurements
Assumptions:

1) Background fixed in amplitude and phase. 1
2) Relative phase between signal and background voltages equally
likely to be anywhere between 0 and 360 degrees
Let e = signal voltage

e, = background voltage
¥ = relative phase between signal and background voltage
a =error in phase measurements

then
e, sin ¢

tan o = A-1)
e, +e, cos ¢

The value of v that will make the phase error 2 maximun: can be found by differ-
entiating equation A-1 and setting the resultant equal to zero,

e, sin ¢

-1
a=tan _T
el + 62 cos

1'!‘he phuse of the background voltage can be allowed to vary as long as it varies
independently from the signal voltage.
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.g%=el e2 cos¢+e2 s:to
2 2
e “+2e,e, cos vﬁ+e2
e.e, cosy+e L
12 2
or
-1, %
¥ =cos (-e—l) to give o ex'
Use of the following sketch
/e.
(1
e
M\
¢

shows that
e
a =ginl 2,
max el

(A-2)

(A-3)

To study some of the statistical characteristics of the phase error, a, con-
sider the case where the background voltage is much less than the signal voltage.

When eg < < e; the equation

1 % sin ¢

a =tan '+_7
81 82 cos

reduces to

2
a=-e-;- 8in ¢

where a {8 expressed in radians.
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From the second assumption on page 156, the probability density function of Y ; '

can be written as follows: 3
( ) = L -1 < w < n

=0 otherwise.

g . TN

The probalility density function of o will now be found.

ey

-7

[y ]
n
BTN WFIPRIFIIN S IWRT Y. ST TR T SRR L

NIRRT L PRI

Because of the symmetry of the sine curve about its peak value and because & is
a double valued function of ¥

PROR S LT

px) =2p @) |%‘O,L|

_2 d -1°%14q i A
p (@) = 5% da l—Sin —62 ] 1
1 €
P = ” for |al| <=2
e e
‘/( 2) 2 1
m -e— -
1
(A-9)
)
=0 for la|] >— .
€1
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By inspection the mean value of o is equal to zero. The variance of o is equal 7 '
to the mean square value and is given below. '

o0 ‘ v
2 2 : e,
C =f a“p(a)da 5

e % __ _da

159




M o

rET

2
a n € 2
2
5 2. 2
a 2el2

and the standard deviation on RMS value of o is

e
o = a = 12 . 1,
o RMS Jz-el JE- max

As another part of the study consider the case e 2 =€

Then

-1 sin ¥

¢ = tan - T os ¢

Using the facts
gin2® =2 sin  cos P
1 +0082<I>=20052 &

2 sin -2'['1 cos f

tan a = 3 £
2 co8 g

or
tana = tan "—b
2

which can be true only if o = -'22 .

1t follows that for this case

INIE
/
=4
IN

]

p(a) =TIT- for -

=0 otherwise

160

fore_<<e,.

(A-6)

(A-T)

3
i
i

B e et

s o Dlinces Mud - . i s

hhm'w M e AN il i B s i A R L A8t it

ard s b i S o el e

et o e ey b wad

) L artgnnn ¢ i Wil ok i

e




T AT T Ao

T = i ATIRE VY 1V YUy

pla)
L
v
X x a
2 2

Again, the mean value of 18 zero by inspection, the variance is found as follows,

X
2
2 _ 1 2
aa-j:l T« da
2
L
2
02_0:3
a 37
_r
2
02—"2=la 2
o ~ 12 3 max

and the standard deviation or RMS value is

1
c_=a = —=—a _
o RMS J3 max for e, =e; .
To demonstrate that equations A-5 and A-7 are reasonable, the following sketches
are offered.

(A-8)

In both sketches equal increments of ¥have been chosen and the vectors®y +?2
have been drawn. The distribution of & is constant for e; = e, and for e3 =3 e,
the distribution is concentrated near the maximum value of o .

The phase errors shown in Table I in the body of the report were calculated as

follows:
Maximum Error
Use equation A-3
e
_ -1 2
& hax - sin o
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Average Error

For e, < < e and for es = e, the mean value of o was found to be zero. With
the help of Figure A-1 in this Appendix, these results can be extrapolated for
e
any ratio of L . Thus
)

& = 0 for all values of-s- .

N
RMS Error
= L -
@pMms I o ax for e, <<e1 by equation A-6
= = -
apMs - & hax forez-elbyequatlonAs 3
1 ';1'
= — S . ’
Assume the worst case, let YpMs = \/z—a max for all cases except N 1 2
and carry out the calculations. %
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SURFACE CURRENTS IN THIN CONDUCTING SHEETS

P. Magoulas, Ph.D., B.Sc. & P.A., Matthews, Ph.D., B.Sc.(Eng.), A.M.I1.E.E,
University College)London.

(1) INTRODUCTION

To calculate the field scattered from a conducting obstacle in an
electromagnetic field the current distribution in the obstacle mrust be
known. For certain shapes of abstacle it is possible to solve the
field equations exactly but in the case considered here, that of a
thin flat conducting sheet, illuminated edge on such a formal solution
cannot be set up., To evaluate the fields, the current distribution on
the sheets has been measured and expressions have been derived from
which these distributions may be calculated.

The measurements of the surface currents were carried out using a
magnetic loop probe coupled to a bridge cdetector for measuring rela-
tive amplitude and phase. The situation of the sheets relative to the
incident field is shown in Figure 1a The incident field is propa-
gated in the z direction with the electric field in the x or horizontal
direction. The sheets lie in the xz plane. Three types of sheet are
considered, those finite in both the x and z directions, those finite
in the z direction and infinite in the x direction, and those finite in
the x direction and semi-~infinite in the 2z direction, that is extending
from z = 0 to +oo « Measurements have been carried out on rectangu-
lar, triangular and circular sheets, and also on cylinders which have
an appreciable thickness in the y direction.

For 4 rectangular sheet currents can be measured parallel to the
front edge, parallel to the side edge, longitudinal currents. The
currents parallel to the front edge may be divided into two types,
those excited in the front edge itself which attenuate rapidly along
the sheet and those transverse currents excited further down the sheet
which act as a travelling wave along the sheet.

(2) EXPERIMENTAL APPARATUS

The measurements were carried out at a frequency of 3000 Mc/s
using the system illustrated in Figureib . A Heil tube oscillator
radiating from a horn was used to illuminate the obstacle. A refer-
ence signal is taken by waveguide from the oscillator to the bridge
for measuring amplitude and phase. In the reference arm are level
setting and measuring attenuators and rhase shifters. A signal from
the magnetic loop probe is also coupled to this reference arm. The
two signals are mixed in a crystal mixer. The oscillator is modulated
at 3 kc/s and the mixer output is taken to a tuned amplifier. Mea-
surements are carried out by setting the pcsition of the probe and
then adjusting the calibrated attenuator and phase s3hift to give a
null reading on the output amplifier meter. This is repeated at a
number of points to plot out the required field pattern.
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The apparatus was set up indoors and to prevent distortion of the
field by reflection from neighbouring objects absorbent screens werea
set up around the region in which the measurements were carried out.
The hom was situated sufficiently far from the position of measure-
ment for the field to be substantially plane in that region.

To measure the magnetic field alone a balanced shielded loop was
used. This is illustrated in Figure 2.0 . This form of loop has the
advantage that it is well shielded from electric fields and with the
gaps in the outer conductor symmetrically placed in the vertical arm
of the loop there is little pick-up from the horizontal electric field.
The dimensions of the loop are small compared with the wavelength,
having horizontal and vertical dimensions of 2 mm. by 3 mm. It such
a loop is held immediately above the conducting sheet the current
induced in the loop is proportional to the field through the loop
and hence to the current in the surface flowing in the direction of
the plane of the loop. If currents are induced in the loop due to
the electric field they are in phase in the two vertical arms of the
loop. The coaxial lines frcm the loop are coupled into a waveguide
transformer at points X‘/ apart and so the electric field does not
induce any net field 2 into the guide. The currents set up by
the magnetic field are 180° out of phase in the two lines and when
coupled into the guide set up a wave in the guide.

The efficiency of the loop as a detector of the magnetic field
was tested by making measurements on obstacles over which the field
distribution could be calculated, e.g. cylinders or wires., The
results of such a test arc shown in Figure 2b in which a comparison
is made with the measurements of Codis¥and with calculated curves.

There is good agreement over the illuminated side of the cylinder.
In the shadow region agreement is not so good. It is thought that
this may be due to the presence of standing waves in the field in the
region of the cylinder.

(3) MEASUREMENTS ON RECTANGULAR SHEETS

2.l. Front Edge Currents

Measurements were made of the current along the front edge of
sheets and in wires of the same length. These results are shown in
Figures 3a,b,c. for different lengths together with calculated
values of the field. The currents measured along the edge are similar
in form to that in wires until the length of the front edge is 2A. At
this length there is a difference in that the current is zero at the
centre of the wire but on the sheet it still has a value only half that
cf the maximum.,
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3.2, Loagitudinal currents

The variation in longitudinal current was measured along the side
of a sheet 12\ long and one wavelength wide Figureda . The field is
small in amplitude near the iront edge but increases in amplitude along
the sheet. 1There is a markcd standing wave pattern along the sheet.
When the shvet is terminatea with an absorbhing screen the standing wave
pattern is much reduced and the field has ihe form of a wave travelliag
along the sheeyv. This is confirmed by the measurement of phase (Figure
4b . The variation of the longitudinal field across the sheet is
shown in Figure 4c¢ There is 180° phase change between the currents
along one edge of the sheet and the currents along the oppositce edge.

3.3. Transverse currents

The transverse component of the current was measured along the
sides and centre cf the sheet and the results of this measurement are
shown in Figure S@ Near the front edge there is a large current in
the centre and little current at the edge, whilst at a point along
the sheet the current at the centre falls to a low value and the cur-
rent in the edge increases. Again il appears that a travelling wave
is set up along the sheet. The currents in the front and back edges
are similar to those in aerjals. The variation in the transverse
component of the current measured across the centre of the sheet is
shown in Figure 5b Again there is 180o phase change in the currents
in the two edges.

From Lhese measurements it seems reasonable to consicer the theo-
retical evaluation of these currents in two parts, firstly the currents
induced in the front edge of the sheet and secondly the travelling
waves set up along the sheet.

4. CALCULATION OF THE FRONT EDGE CURRENT AND BACK SCATTERING FROM THE
FRONT EDGE

4.1. Front edge current

The currents in the front edge of the sheet haﬂg)been calculated
foliowing the variational method put forward by Tai for cylindricel
wires. The front edge of the sheet is showr in Figure 6 The
current is induced in the front edge of the sheet by the incident
field E . It is assumed that the current can be regarded as a current
fitamen? I(x") along the x axig in the plane y = O and that the
current is scattered aiong the edges AD, BC. Then for a point x on
the edge the distance R from x t» x' is given by

Re= \GxoxYVed" Q)
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