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ABSTRACT

This thesis discusses an anechoic chamber absorber
evaluation which was conducted for the purpose of improving
anechoic chamber and compact range performance through better
absorber characterization. The need for a better understand-
ing of anechoic absorbers is first illustrated by a review of
past work in this area and a discussion of present chamber
requirements. The approach taken to obtain this improved
characterization of absorbers was to experimentally inves-
tigate the scattering nature of various types and sizes of
materials. This study shows that performance of conventional
absorber materials is dependent on selection of the
material’s shape, size and orientation with respect to the
incident energy direction, and that performance is also al-
tered by the use of fire retarding chemicals used in the ab-
sorber. Nonhomogeneities in the material composition and
physical structure were also found to significantly modify

performance, in some cases even improving it.. _Also shown is

*kﬂa&a
the need for improved evaluation techniques and cedures (%%F“
over conventionally used methods. Improved techniques using Cr\

modern imaging and wideband radar approaches are presented.
Several measured performance results for various absorber
types and sizes are presented which show the usefulness of
these evaluation techniques and demonstrate relative perfor-
mance characteristics for these materials. Applications of
the results of this study are addressed and recommendations
for future work in this area are also presented.
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1.0 INTRODUCTION

Electromagnetic radiation and scattering measurements
are ideally conducted in a perfect reflection-free environ-
ment where there exist no interactions between the object
being tested and the test surroundings. Such a testing en-
vironment would represent a true ’free-space’ condition.
However, in practice an ideal environment of this type is
not possible. Practical methods for conducting such tests
are in using either long outdoor test ranges or enclosed
test chambers making use of absorbing materials to cover
their inside surfaces to simulate a reflection-free en-
vironmen:.. Enclosed test chambers of this type are referred
to as ‘anechoic chambers’ and are very widely used for both
radar cross-section (RCS) and antenna radiation measure-
ments. The accuracy of measurements conducted in such
enclosures is strongly determined by how well the applica-
tion of absorbing materials simulates a free-space environ-
ment. Therefore, the performance and implementation of such
anechoic absorbing materials are important parameters as-
sociated with anechoic chamber performance.

The history of anechoic absorbers dates back prior to
the 1950’s when the first chambers were developed. A
detailed review of this early work is presented by Emerson
{1]. Narrow-band absorber designs had already been
developed and used during the second world war, but broad-

band designs, more suitable for anechoic chambers, were
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not developed until the late 1940’s. Early commercial ab-
sorbers were constructed using carbon loaded animal hair to
achieve broad-band performance. These initial absorbers
were suitable over the UHF and low microwave bands. Soon
after, shaped foam materials were developed which offered
superior performance over the early animal hair designs. In
the 1960’s most of the materials still considered today as
the state-of-the-art in anechoic absorbers were developed.
Such commonly used material designs as the urethane foam
pyramidal absorber became commercially available during
this time. These materials offered greatly improved perfor-
mance over a wider range of 1incidence angles and
frequencies.

Since the 1960’s, the only real advancement in ab-
sorber technology has been the addition of fire retarding
chemicals to improve the safety aspects of the material.
The reasons for this relatively long inactive period are
many, but are strongly related to the fact that the
majority of the chamber designers and users were content
with the current materials; and absorber vendors found dif-
ficulty in obtaining funds for further research and
development [2]. However, since the mid 1980’s, recent
demands for improved anechoic chamber performance and new
standards in measurement accuracy and instrumentation,
especially for low-level RCS measurements, have placed new

requirements on the application and understanding of
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anechoic absorber materials. The increased application of

compact range test facilities has also shown the need for o

an improved understanding and characterization of current X

materials in order to address these chamber design require-

ments. u
The research behind this thesis was conducted in order K

to obtain a better characterization and understanding of

these absorbing materials. The results of an improved o
characterization directly benefit both the chamber designer f':}.
and the general user who are faced with these increased b |
requirements. One application of such results is in the oot
development of complete and accurate chamber performance ",

prediction models to aid in chamber design and performance

optimization. The lack of characterization of the absorbing i:;.;
materials makes the development of such models difficult. ’.f
In addition to a better absorber knowledge, the results of .‘i
this thesis have also led to new and modified absorber "E’;

{43

designs and shapes and in much improved absorber evaluation

techniques.

The approach taken to characterize anechoic absorbers
was to obtain and evaluate several sample pieces from the
various vendors who manufacture these materials. Numerous N
shapes and sizes of material were obtained. Performance ::?c
evaluations were conducted on these samples. Experimental :'E:
techniques were used, instead of an analytical modeling ap- ,;:“
proach, because of the problems encountered by past .'::‘:T
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researchers in modeling the nonhomogeneities associated
with the absorbers. Chapter 2 presents a description of the
evaluation approach used as well as a review of the past
work conducted in this area.

Chapter 3 presents a detailed discussion of the ab-
sorber evaluation techniques and tests which were conducted
on the absorber samples. Both conventional absorber testing
techniques and the improved techniques developed during
this study, based on modern wideband radar instrumentation,
are presented. The improved techniques offer both increased
measurement sensitivity and accuracy and an added diagnos-
tic evaluation capability to the area of absorber testing.
Appendix A reviews the theory of inverse synthetic aperture
imaging which is one of the techniques used. Additional in-
formation about the absorber imaging technique is also
found in [3].

Many of the actual absorber evaluation results are il-
lustrated and discussed in Chapter 4. Because of the large
amount of data obtained, only the most significant results
are presented. Data is given which describe some of the
scattering behaviors of typical pyramidal, wedge and con-
voluted absorbers as well as show the performance levels
obtained for various sizes and orientations of the
materials. The effects on performance of fire retarding
salts, painted surfaces, and metal backings are also given.

From the results of these tests, new material designs were
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developed and provided by some of the vendors. The perfor- ™
mance of these materials is also given. Additional results e

of some of the evaluations not presented in Chapter 4 are 2

published in [4],([5]. 9

A brief description of some of the applications and bt
uses of the absorber performance results and evaluation il
techniques is given in Chapter 5. Topics relating to im- [
proved absorber and chamber performance are presented. )
Measured and predictec RCS background performance levels
are also presented for a chamber which was designed using
the results of this study and which demonstrate a good un- 9@
derstanding of the absorbers. bt

This thesis concludes with Chapter 6 which summarizes 8
the results of this study and gives recommendations to help Pty

direct future research activities in anechoic absorber and K

chamber development.
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2.0 BACKGROUND AND EVALUATION APPROACH

2.1 REVIEW OF PAST WORK

Anechoic absorbers are presently available from at

least four major vendors. All of these commercially

produced materials are similar in design and shape and are
available in various sizes and thicknesses. The initial
design of these materials dates back to before the 1960’s
as noted in Chapter 1 and in [1]. From the late 1960’s to
the mid 1980’s very little anechoic absorber research and
development was conducted. As a result, the amount of pub-
lished or available data on such materials has been
limited. The lack of published absorber research in the
area of anechoic materials may be somewhat explained by the
enormous attention which was being given to classified ab-
sorber work in the area of radar absorbing materials (RAM)

[6] and by the fact that most anechoic chamber designers

and users were content with the existing materials. e
Within the last few years, a renewed interest in im- Fﬂﬁ
proved chamber performance and absorbers has led to an in- _ﬁﬁf
crease in research activities. As a result, more informa- f%ﬁ
tion and knowledge about these materials should start to -ag
appear in the near future. The research associated with zﬁ
this thesis is part of this recent activity. Other recent $%;
studies in this area (7]-[9] have shown the need for addi- 5;2
tional absorber research and characterization; however, aﬁg
e
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very little additional absorber performance data has been

provided. Such studies have shown that better absorber o
evaluation techniques are required in order to fully e
evaluate the performance of these materials and that incon- L
sistencies in the absorber’s composition and performance it
are also present. Analytical modeling approaches have also
been attempted [9]-[11] which show that techniques and pro- b |

cedures do exist which provide some basis for continuing "

the research. The final application of these techniques is .
rather complex because of the lack of the material’s :i
electrical characteristics and the rough, lossy e
(absorbing), and inhomogeneous nature of the material. %ﬁ

Thus, the effectiveness of purely analytical approaches is

limited. f

Development of improved absorber evaluation techniques 35
has also been somewhat limited. The technique used for most "z
free-space testing of absorbers, since before 1960, has ég
been the NRL arch method [12]-[14]. This method is :ﬁ
described in Chapter 3 of this thesis and is shown to have %b
some limitations. Only slight variations of the arch have ﬁ%
been attempted over the years, mostly involving time-gated 3%

or Doppler-filtered instrumentation [15],[16]. The improved
techniques, used for this thesis, made use of modern o
wideband RCS measurement methods. The first reference to Po¥
the use of standard RCS measurement techniques as opposed

to arch methods was from Buckley [17]. Other recent studies "
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making use of time-domain RCS measurements [4],[9]) have
shown that such techniques offer significant advantages in
absorber diagnostic evaluations. Free-space testing of ab-
sorbers at the UHF and lower frequencies was also found to
be inaccurate and provided limited results if too small a
sample was employed. For this reason, waveguide and trans-
mission line testing techniques were developed [18]. These
techniques are still commonly used today for absorber
evaluations below 1 GHz.

Present anechoic absorbers are available in three dis-
tinct shapes -.pyramidal, wedge, and convoluted. The thick-
ness or length of these materials and shapes range from 1
inch to 12 feet. As stated earlier, only a very limited
amount of data is available on these materials even though
they have been fabricated and used for many years. One ex-
ample of this lack of available data is in the relative
performance differences and advantages between the various
shapes which are available. In the past, recommendations or
guidelines for the applications of the various shapes were
solely based on general rules-of-thumb, past experience, or
intuition. Comparative performance results had not been
demonstrated until recently [4],([9]. Measured data shown
in chapter 4 of this thesis clearly shows some the advan-
tages and performance results for the various types of
materials.

Another example is in characterizing the performance
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of the material as a function of its length or size. '!l
Generally, the longer or thicker the material, the lower in _§é
frequency the material is expected to provide adequate per- é%;
formance. A rule-of-thumb used is that the material should jw_
be 2 to 3 wavelengths thick in order to achieve better “han %%i
40 dB reflectivity at normal incidence [14). Figures 2.1 ,§§
and 2.2 illustrate the typical extent of data from which :mt
such decisions are made. The figures show the expected %ﬁ;
reflectivity performance for given absorber thicknesses for gg
both normal and specular off-normal incidences. The exact ;;ﬂ
origin of such data is unclear, but plots similar to %%
Figures 2.1 and 2.2 commonly are shown in most absorber ar- g%:
ticles or vendor catalogs. The actual absorber performance .:;
is highly dependent on the material’s shape, its orienta- Egg
tion with respect to the angle of incidence, and the ﬁ%
polarization and phase nature of the illuminating wave :i
which impinges on the absorber. The presence or lack of a ggi
metal backplane can also modify the absorber’s performance. %@g
These factors have not been adequately considered in the %ﬁ‘
past. This current study was intended to better charac- ::::‘E‘{
terize the performance of these absorber materials. §$&
The general design methodology of anechoic absorbers ;ﬂﬁ

is another parameter which has only intuitively been ex- %ﬁ%
plained in the past. The best discussions of the fundamen- ;ﬁﬁ;
tal effects of absorbers are found in [9],([19]-[23). Both T&%
!

the absorbing and scattering behaviors of the materials are W
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Fig. 2.1. Typical reported performance of anechoic absorb- %.\
ers versus material thickness at normal incidence (from %:;
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required in order to determine the absorber’s performance. ;:
The shape of the material is partially intended to provide éﬁ
a gradual impedance change from free-space into the lossy ;%%
carbon material that is embedded in the absorber. This im- f?
pedance matching concept is expected to be best exhibited :é
at the lower frequencies and at near-normal incidence: ?g
however, not enough data is found to adequately evaluate :t
the effectiveness of the impedance matching versus absorber gg
size and frequency. ég
For higher frequency operation, because of the rela- :,w
tively large absorber sizes compared to the wavelength, the ;;g
shapes are expected to be more effective in scattering or ﬁ$
redirecting the incident energy than at providing an im- ,Ag
pedance match into the material. Edge and tip diffraction é&
also contributes to the absorber’s scattering direction and %ﬁ
level. The level of the absorber’s performance degradation .ég
due to these scattering contributions or the dependency on $§
the exact absorber’s shape or orientation also has not been %g

adequately determined in the past. Chapter 4 of this thesis
better discusses the scattering mechanisms associated with
typical absorber shapes and sizes and presents measured
data which illustrate these mechanisms. Comparative perfor-
mance results for numerous absorber shapes and sizes are

also presented.
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2.2 PRESENT ABSORBER EVALUATION APPROACH ;
3

I"l'

!:.g

As stated in Chapter 1, the approach used for this ab- ?&

4

'o..‘

sorber study was to obtain numerous samples of absorbers

0"‘*

and perform various experimental evaluations on each '§
(AN

sample. Each test configuration generally consisted of at ﬁg
X

least sixteen individual pieces of absorber on an 8 by 8 »
iy

foot sample area. Plane-wave illumination on the large ﬁ;
W

o8

sample area was achieved by the use of a free-space compact :ﬁ
'a‘:‘

range in an existing anechoic chamber. These evaluations »
)

also made use of modern imaging and wideband radar in- ﬁ?
’l."

)

strumentation and technology. The use of such non- :5
KX
conventional absorber testing techniques provided improved »
)

measurement accuracy and sensitivity as well as a diagnos- {ﬁ
U\

W

tic measurement capability. Chapter 3 discusses the test hﬁ
» .,
configurations and various performance evaluations which i!
l'h:

were conducted and defines the techniques used. This sec- kﬁ
\J

tion summarizes the different performance parameters which %

were evaluated and Chapters 4 and 5 illustrate many of the

results and conclusions which were obtained. qf
“
The materials which were evaluated during this study &;

included 8, 12, and 18 inch thick pyramidal and wedge

shaped absorbers as well as 3 and 6 inch convoluted

v v Fr .«
Lol

materials. Three different vendors supplied the sample :g
pieces of absorber. In all, 176 pieces of absorber were :V
RN

donated to the Arizona State University for the purpose of ,ﬁ
o

:‘"o
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this study. Various materials were evaluated both with and .
without fire retarding chemicals and paints to determine 'é,?.?,
the effects of these parameters on performance. Tests were ':;::.:,:
also conducted on various materials both with and without a '”
W

metal backplane to determine the importance of a metal ab- é%‘:g
sorber backing. ':E‘:?;:l
Other studies included the effects of gaps and spaces h
between absorber pieces and the effects of discontinuities i:ng
between material types. Various absorber orientations and E:ii
installation procedures were also considered. Backscatter- &%
ing measurements were conducted for various orientations EE(‘»;:E
with incident-field excitations being from normal to near- :;Egig‘:
grazing (90 degrees from normal) inciaence. M
The frequencies where the absorber evaluations were ?E
conducted included as a minimum the 2.9 to 6.9 CHz and the “3:&%3
Y, el

13.8 to 17.8 GHZ bands. Other tests were conducted as low ..;
as 1.5 GHz and up to 18 GHz. The various sizes of materials :‘:E‘:g‘
and the frequencies selected enabled absorber evaluations EE::{:
to be conducted on materials from one to mo e than thirty _‘
wavelengths in thickness. The frequencies used for the '::.:.
various tests are provided with each of the specific }‘
results presented in Chapter 4. ‘
The polarizations which were evaluated included both :\%

VV (transmit vertical, receive vertical) and HH (transmit g

horizontal, receive horizontal) with respect to the chamber ,,-.
(4]

(R

floor. No cross-polarized results were obtained. In all ::.:'.;
|‘l:|.(

I'|'»
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cases, both the amplitude and phase of the backscattered
fields were recorded.

As a result of the measurement techniques used, the
absorber’s reflectivity or backscattering could also be
calibrated directly in units of cross-sectional area, typi-
cally dBsm (dB with respect to a square meter). In some
cases the use of calibrated data in this way enables the
absorber results to be more easily applied in RCS chamber
models and design applications.

In addition to the experimental evaluations, other ab-
sorber parameters were also considered. These parameters
mostly involved the fabrication processes used in the con-
struction of the various materials. Tours were made at many
of the plants where the materials are fabricated and
tested to obtain a better understanding of the methods used
in construction and to attempt to correlate these processes
with the performance levels achieved. Incoming inspections
were also conducted on the materials supplied by the ven-
dors to determine differences in the material’s weight,
size and consistency. Areas where modified fabrication
techniques could improve absorber performance were then
considered. Some of the conclusions from these parameter
studies are presented in Chapters 4 and 5; however, in-
dividual references to the vendors, and/or their perfor-
mance levels, are not presented in fairness to the vendors.

The vendors are randomly referred to as vendor A,B or C.

|1-~<-

-

- -
r K.J
™4

-
s

-

.
>
S

RN
rJ

2]

LLal

-.Q_- -

-



R A R A N R N R S X A A R R R O R R AT R R R T ‘e gv) gvp gt IRUTT NS RYTUWY ) %4 ¢

"
‘;‘,
"t
3.0 ABSORBER MEASUREMENT TECHNIQUES :if
s A

o

3.1 INTRODUCTION ;::f
o

o

There exist many microwave anechoic chambers 4
throughout the world and almost all of these chambers use ;':;,
some form of absorbing material to simulate a reflection- :'é:
free environment as discussed in Chapter 1. The quality of
these chambers is very much dependent on the performance of ;1:'
the absorbing materials used. It has also been shown that iz;:
an improved characterization and understanding of anechoic QF
absorbing materials is important to both the chamber desig- ‘
ner and the chamber user in order to address the present &
requirements being placed on the performance of these cham- ‘iszi
bers. :3':3
In many ways, the preferred approach to obtaining such :'tt
absorber performance data is by direct measurement or 1::
evaluation of the absorber itself. Analytical techniques :,1:'
for predicting the performance of such materials are very ::.
difficult to employ and in many cases do not lead to the ”
correct result as reviewed in Section 2.1. This is because )
of the inconsistencies and unpredictable parameters in- _
volved with the absorbers themselves. As a result, statis- P
tical and probabilistic techniques are often used in most c,:{
analytical approaches. !.;
This chapter addresses the conventional methods used ::
for absorber evaluations and also describes improved :'::"::‘
W
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techniques, developed during this study, which allow for
more diagnostic and accurate characterizations to be con-
ducted. Details of the absorber evaluations which were
performed during this study are also presented.

The absorber measurement technique used during the
past 25 years, and still used today by nearly all vendors,
for free-space absorber testing is that known as the NRL
(Naval Research Lab) arch. Section 3.2 discusses the NRL
arch method and presents some of its limitations and
capabilities.

Some of the very same RCS measurement techniques which
are placing new and more difficult requirements on chamber
performance levels, and thus on the absorber, are also very
applicable for the evaluation and measurement of the ab-

orber itself used in these facilities. One of the sig-
aificant contributions of this study was in applying these
advanced techniques to absorber evaluations. Such tech-
niques have been used during this study to obtain some of
the required but missing performance data on materials
needed by today’s chamber designers and users. The advan-
tages associated with these techniques are mainly realized
though the use of compact range technology, coherent
wideband radar instrumentation and synthetic aperture imag-
ing. These techniques are illustrated and described along
with some significant example measurements in Section 3.3.

Results of applying inverse synthetic aperture
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imaging techniques had not been available in the past for
absorber materials. These techniques allow for two- H
dimensional time or range information to be obtained about e

the test sample which can be used to separate or dis-

iy

'~ a0
..

criminate against unwanted or error signals in the measure-

ment and to provide diagnostic type information about the

Pahda

scattering characteristics of the material. Enough resolu-
tion can be obtained in these images to actually look at *
the scattering performance of a single cone or section of
absorber. Increased sensitivity 1levels and accuracy can ]!
also be obtained which are required for adequate absorber )
evaluations of low scattering level absorber materials.

Other uses and applications of absorber evaluation ].
techniques are in new material design and development and A
in quality assurance or incoming inspection testing. The W
new techniques described in this chapter are directly |
suitable for these applications and again have several ad- o
vantages for these types of tests as well. The diagnostic Q
and range-resolution capabilities being of the most benefit il

in these applications. "
3.2 CONVENTIONAL NRL ARCH
The NRL arch was one of the first tools used by ab- 5“

sorber researchers and vendors to conduct free-space ab-

sorber evaluations, especially at microwave frequencies. X}

3
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After over 25 years, it is still commonly used today. It
has become somewhat of a "standard" technique and most ab-
sorber users are familiar with its use. Some reasons for
its popularity are its ease of operation, its minimal test
equipment requirements, and its initial effectiveness in
evaluating general absorber performance. But, with demands
for better absorber performance and characterization, the
traditional NRL arch technique has some limiting disadvan-
tages. The technique itself as well as some of these
weaknesses will be further addressed.

The typical NRL arch measurement setup is illustrated
in Figure 3.1. The measurement technique consists of mount-
ing two antennas, usually horn antennas, around the inner
circumference of a constant radius arch. One of the anten-
nas is used to transmit energy at a desired frequency and
polarization and the other antenna is used to receive the
energy radiated back from the test sample which is placed
over a flat metal surface at the center of the arch. The
reflected energy, measured from the sample, is then com-
pared to the level of the flat metal surface alone (usually
at near normal or specular incidence) and a reflectivity
number is obtained. Typical reflectivity values reported by
most absorber vendors are -50 dB for materials with thick-
nesses of six wavelengths or greater [24]-[27].

The antennas can be positioned so that either bis-

tatic or gquasi-monostatic performance at desired angles is
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Fig. 3.1. Typical NRL arch measurement setup.
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observed. For quasi~-monostatic testing, the antennas are

located at the same angular position and usually form a Pt
small bistatic angle. The radius of the arch, measured
from the test sample, is typically from 4 to 16 feet for
most common setups. The table on which the test samples are AR
placed is usually covered with additional absorbers result- P
ing in a larger absorber covered area than which is ac-

tually measured. This is done to help reduce edge effects -

as well as unwanted reflections from the floor and other u

scattering sources. The only other instrumentation required

for a basic setup is a source generator operating at the :‘;5:1
desired frequency with appropriate power output and a ng:i
general reflection-test-set or power meter. i:.
The problems and deficiencies of this technique are as &E:iz

K

follows: ::’EE
a) The radiating and receiving antennas used in the ?
arch produce spherical wave illumination over the test %::
sample area such that the illuminating field has a very ::{:,;
high degree of phase and amplitude taper. This is espe- ‘;;:
cially true since the evaluations are almost never con- ::':!:':j
ducted under far-field conditions. The effects of such an :'?:
illuminating field condition are not necessarily serious if ";
the amplitude and phase tapers are minor or if they repre- :‘;{i

sent the environment in which the absorber being tested is
to be applied. However, the illumination on the sample area

can be quite distorted and the actual far-field or plane

{
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wave incidence performance of the absorber may not be
measurable. It should also be realized that most usable
anechoic absorbers do not scatter specularly like the metal
calibration surface. As a result, the absorber scatters the
incident illuminating fields differently than the flat

calibration surface and the performance results become de-

pendent on the incident fields and the size of the test
sample. In many cases it is also desired to evaluate the
absorber’s rough surfaces, nonhomogeneities and random
scatterer effects on performance. For these evaluations, it
is desirable to produce plane wave (or far-field) condi-
tions.

A typical test sample illumination pattern is shown in
Figure 3.2. A conical corrugated source horn having a gain
of 15 dB is assumed. The radiation pattern of the source
antenna and the size of the arch determines the size of the
test sample. For a four-foot radius arch (R=4 foot), using
the half-power beamwidth of the source antenna, a sample
size of 2.2 feet is obtained. For this case, the phase er-
rors at the edge of the test sample are 117 degrees at 2
GHz and 590 degrees at 10 GHz. The total amplitude taper,
including space attenuation, for this case are 3.35 dB.
For a 12 foot arch, the same analysis results in a 6.8 foot
sample size with 350 degree phase error at 2 GHz and a 1770
degree error at 10 GHz. The phase deviations across the

test sample for these cases can be very significant and can
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Test sample illumination pattern from a spheri- :
cal wave source. '
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lead to errors in the absorber evaluations.

b) Another problem with the NRL arch is that the
test sample size is often too small and inadequate to rep-
resent the performance of an entire wall or section of ab-
sorber. This is generally caused by the size of the arch
and the source antenna pattern as described in a). When a
reasonably directive antenna is used and a far-field condi-
tion is closely established, the sample size becomes
generally smaller than a 2 by 2 foot section, even for a 16
foot arch. For absorber designs which have only 1 or 2
shaped structures per square foot, the entire sample may
only represent 4 or 8 structures (shapes). Such a sample
size is not adequate and repeatability of the data between
tests and different samples is usually not possible since
the result is very dependent on the vector summation of
only a few scatterers (shapes). The fact that non-
homogeneities and inconsistencies are also found with the
material further results in measurement anomalies when too
small a sample is tested. It is preferred to have a sample
size which includes as many individual shapes or absorber
pieces as possible. This is difficult to achieve with the
arch technique.

C) With some arch setups, an inadequate test sample
smaller than the illuminating pattern of the source is

sometimes used, especially for low frequency applications.

In this case, edge scattering from the sample can corrupt

LM ] K ] L)
O O A OS UA T M MR R I.:.!'J{l‘n."!‘.‘0!"!"')J‘t.‘.".’.l:..l."l!“l{




T R I N U G U WU MU U NG U U U U RS LU WL RO U WA U R L Y R W RU NV WL s WA WU ry .

25

the results. Earlier work in this area [18] suggests that a
sample size of at least 10 wavelengths be used to reduce
these edge effects. This is generally not a limitation at
microwave frequencies.

d) Probably the most limiting problem found with the
arch measurement technique is the presence of unwanted and
interfering error signals and its inability to separate or
discriminate against these signals. Some of these error
signals are illustrated in Figure 3.3. One of the most sig-
nificant error signals is that caused by the horn-to-horn
coupling. Application of an absorber material between the
horns and proper feed design and alignment can help reduce
this problem but coupling levels below =50 to =-60 dB are
difficult to achieve, especially for cases where the horns
are separated to evaluate bistatic absorber results. Other
problems are caused by scattering from the arch structure
itself or from scatterers in the surrounding environment.
Standing waves can also exist between the antennas and the
sample which cause time delayed error responses.

In some cases, time-gated or coherent wideband radar
instrumentation can be used to separate and isolate these
error signals. However, it is usually found that for many
arch geometries, the path lengths between the absorber
sample itéelf and the error signals are so similar that
practical gate lengths cannot be used without significantly

effecting the measurement of the absorber. This is
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ARCH STRUCTURE SCATTERING "i
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STANDING WAVE GENERATION
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Fig. 3.3. The sources of error signals usually found with .::
the NRL arch. X

L%,
2 ! < . N WAy ; . PP e ; = A A P "Rt A A y e o
‘.\?‘!'.".“’.“‘ “"2‘*:' ORI bl NORDARY o. .\ ‘ )-‘ ol':‘.“:l'n.l't. N o.t.‘.'!‘!l. L e K R e XN »’0’:’!.! n o0 A R W LM S ST DA



}
)

3
a\’x’"

LTI

Rl

I R L T N R G T O T O L R R R R O T I TG O o oD

27

especially true for bistatic cases where the antennas are
significantly away from normal incidence.

The effect of these error signals on the absorber
measurement is that the total signal being received is a
vector summation of all signals, both desired and un-
desired. The relative magnitude of the desired signal to
the sum of the undesired ones determines how much error may
be introduced. Figure 3.4 shows the possible error as-
sociated with various ratios of undesired to desired sig-
nals. The limits are determined for the cases where the two

fields add both in-phase and out-of-phase according to

where E; is the magnitude of the total undesired signal, E,
is the magnitude of the desired scattered signal, E, is the
total signal and ¢ is the relative phase between El and g;
and is either 0 or T for the worse cases.

The results show that if £, is 20 dB below E, then
the accuracy of the measurement of E, is better than +/- 1
dB. This suggest that in order to measure a -50 dB reflec-
tivity 1level within this accuracy, the undesired sighal
levels would have to be below -70 dB. This is a very dif-

ficult goal to achieve with the arch and is one reason why
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ARCH REFLECTIVITY ERRORS
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Fig. 3.4. Possible error in NRL arch measurement as a
function of the undesired to the desired signal
strengths.
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performance levels below -50 dB are seldom quoted from an
arch measurement. However, if E, is approximately equal to
E, or even larger than E; then the error can become in-
creasingly large. Another interesting case is where the
ratio is +20 dB, ie., the undesired signal is 20 dB
stronger than the desired signal. For example, if E, is at
a value of -50 dB and E, is then -70 dB then the total
received signal would be -50 dB with less than +/- 1 dB
signal variation. These results could very easily be in-
terpreted to suggest that the absorber performed at a -50
dB level when in fact it was 20 dB better. Also the perfor-
mance of the absorber could vary quite a bit, even +/-10
dB, without significantly changing the apparent result of
the measurement.

One method used to determine the level of error in the
arch measurement caused by an undesired signal, as long as
E, is less than E, is to move the entire test sample table
in a vertical position a distance greater than a quarter
wavelength and record the maximum and minimum levels during
this movement. This setup is shown in Figure 3.1. The total
deviation of the received signal then determines the ratio
of E,/E, as in Figure 3.4. The method commonly used is to
then subtract a value from the maximum value measured which
would place the net result back on the 0 dB error line for
that given ratio. Another technique used [12],[13] is to

take the average o. the two values measured. Figure 3.5
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AVERAGES OF MAX. AND MIN. VALUES
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Fig. 3.5. The geometric and arithmetic means of the maxi- :
mum and minimum error levels used for error reduction. o
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shows the result of taking the arithmetic and geometric
means of the maximum and minimum values measured. The
geometric average represents a closer value to the correct
result than the arithmetic average for ratios smaller than
-5 dB. For ratios greater than 0 dB neither of the above
averaging methods work well. One problem is in determining
whether E,/E, is positive or negative.

To help in determining the relative error coupling
levels present for typical measurement arch setups, a
simple experiment was conducted at one of the absorber
vendor’s manufacturing facilities during a visit to that
facility. A 16 foot radius arch, which was being used to
test 24 inch pyramidal absorbers at 1 GHz, was observed
during a routine reflectivity measurement. The antennas
used in the arch formed a +/- 10 degree bistatic angle
about the normal to the test sample. Four pieces (a 4 by 4
foot section) of absorber were being tested at one time.
The routine measurement results gave maximum and minimum
reflectivity values of =47 and -57 dB respectively with the
up and down motion of the test table. Using the vendor’s
measurement procedure, this 10 dB swing in the measured
result correlated to a recorded performance level of -50.6
dB. It was also assumed that the actual absorber reflec-
tivity was larger in magnitude than the error signals. To
check the validity of this assumption, a metal hand tool

approximately 8 inches in length was placed between two of
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the pyramids within the test sample to degrade the perfor- »
mance of the material and the measurement was repeated. If g%
the absorber returns were larger than the error signal i%
returns, then the variations in the response should {f
v

decrease and the measured response level increase. Instead, g%
the results were opposite, and a 21 dB variation was gg
measured ( from -46 to -67 db). This suggests that the true ;t
level of the unmodified absorber performance was actually %g
much lower than the recorded level and that the errors as- %%
sociated with the arch measurement prohibited the true ;.
levels from being measured for this particular case and ﬁ?
arch. It is felt that these same limitations are present %é
for most arches in use today for evaluating high perfor- :;
mance anechoic absorber materials. ég
e) Another limitation with the arch technique is in g&

the calibration of the absorber performance levels. Using :i
reflectivity values relative to an arbitrary flat metal gﬁ
surface does not always result in adequate information %g
about the absorber. This is especially a problem for monos- ;;
tatic and off-specular angles of interest. Actually, the {%
flat metal surface used for comparison often returns less E%
monostatic energy away from normal incidence than does the :ﬁ:
absorber. The results are also highly dependent on the %%
positioning accuracy of the measurement and on the il- $$
lumination of the flat plate. A more standard calibration 2&
technique similar to what is done with RCS measurements }g
| 3
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would offer more directly applicable results in most cases.
f) The arch method also does not indicate the reason
for degraded absorber performance since it is basically a

"go" or "no go" type test. A better method which gives

some type of diagnostic results about the sample is
desirable so that problem areas can be found and quick per-

formance improvements can be implemented.

3.3 MODERN RCS METHODS

The free~space evaluation of absorber materials con-
sists of measuring the reflected or scattered energy coming
from the absorber caused by illuminating it with incident
energy. Energy which is not returned by the absorber is as-
sumed to be absorbed or scattered in another direction.
This same technique is used to measure the RCS of various
targets and structures, and quite elaborate and accurate
techniques exist for conducting such measurements, even for
very-low-scattering targets. Therefore, it is reasonable to
apply these RCS measurement techniques to the evaluation of
absorber materials. Such measurement techniques were used
during this absorber evaluation to study the performance of
anechoic absorber materials. A description of these tech-
niques is included in this Section.

The basic operation of the NRL arch is really nothing
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more than a simple RCS measurement of the absorber sample. i
There are several advantages with using modern RCS methods %%
over the arch technique. These include: %é
a) The need for conducting RCS measurements on ex- vf
tfemely large (even full scale aircraft) targets has %ﬁ
resulted in illumination techniques and facilities where é?
large targets can be placed in a true far-field environ- )
ment. One such technique used for generating large indoor gg
far-field environments is the employment of a compact %?
range. Compact ranges are discussed in Section 3.3.1. A éi
method by which a large sample of absorber can be evaluated 3%
in such a compact range is to simply mount a large wall of £§
material on the same target support devices used for RCS ff
targets. This technique makes full use of the benefits of g%
existing positioning equipment and standard test facility &B
procedures. One such absorber testing configuration, as ;f
used during this study, is addressed in Section 3.3.2. é§
b) The techniques used for measuring RCS are well %ﬁ
documented and used throughout the industry, and many more ih
RCS facilities are in existence than are facilities using aﬁ
arch techniques. The methods used to perform such tests are _
also well accepted. :ﬁ
c) Standard calibration techniques exist which can q$

be used to specify the absorber performance independent of ?§
aspect angle and angle of incidence. RCS results are gm
usually calibrated to the known RCS values of a calibration bﬂ
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target and are given in units of area (usually dBsm or dB
with respect to 1 sq. meter). Absorber results calibrated
in this way have more universal meaning and are much
simpler to interpret when using the results to construct
chamber performance models or comparisons.

d) Probably the most important advantage of using
RCS measurement techniques is in the application of exist-
ing coherent wideband radar instrumentation. These tech-
niques generally allow for a complete diagnostic evaluation
of the test target and are typically used to identify or
determine the scattering components and mechanisms present
with the scattering target. These methods make use of time-
domain or range-resolved scattering results to isolate or
identify these various scattering components. Inverse syn-
thetic aperture imaging is one technique which makes full
use of the range resolution capability of a coherent
wideband radar and its associated signal processing. The
specific application of such wideband radar techniques to

the testing of absorbers is presented in Section 3.3.3.
3.3.1 Compact Range Illumination
The concepts for compact range technology have existed

since 1964, but not until the past several years has this

technology been widely received and implemented. The idea

of a compact range is to make use of a microwave reflector
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or lens in the near-field to collimate a typical spherical-
wave from a source antenna into a plane wave. The size of
this plane wave can be nearly as large as the reflector or
lens aperture. Details of the technique are well published
in the 1literature. Two recent articles are excellent sum-
maries of the current status of these types of ranges
[(2),[28].

At least three different approaches to the compact
range are commonly used. In general, all three approaches
generate a large plane wave test zone (or quiet zone)
within the chamber. The specific compact range technique
which was used to conduct the absorber evaluations during
this study is illustrated in Figure 3.6.

This range was selected because of its availability.
The range makes use of a dual parabolic-cylinder reflector
configuration. These reflectors collimate the incident
spherical wave in elevation with the first or sub-reflector
and in azimuth with the second or main-reflector. The plane
wave zone or test zone is shown in the center of the room
approximately 5 meters from the center of the main reflec-
tor. The main reflector for this particular range was 3.0
meters wide and 2.5 meters high. The size of the plane-
wave zone generated is about 4 feet wide and 4 feet high by
greater than 8 feet deep at 5 Ghz. At 15 GHz, the test zone

size increases to almost 6 feet wide and 5 feet high by 8

feet deep. The specifications on the quality of the plane
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Fig. 3.6. Dual parabolic cylinder compact range used to
conduct the absorber evaluations.
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wave for this quiet zone size are a total amplitude varia-
tion of less than 0.75 dB and phase within 10 degrees.

The use of such a large plane wave allows for far-
field conditions to be present over an absorber sample up
to the size of the plane wave. Another advantage of the
compact range is that the incident field beyond the edge of
the test zone rolls off very fast, thus minimizing the il-
lumination of the test sample outside of the test zone and
also reducing edge effects. Figure 3.7 shows both measured
and predicted plane-wave amplitude performance as a func-
tion of the vertical position along the test zone. The two-
way field is shown to decrease by almost 40 dB beyond 2
feet from the edge of the test zone at 10 GHz. Two-way
results account for both the transmit and receive paths

within the room.

3.3.2 Test Sample Configuration

The absorber evaluations conducted during this study
were performed in the compact range discussed in Section
3.3.1. To make use of the entire test zone size, many of
the evaluations were made using an 8 by 8 foot test wall
mounted in the chamber which allowed 16 pieces of absorber

to be tested at one time. Various types and sizes of ab-

sorbers were then mounted on this wall and numerous tests
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Fig. 3.7. Compact range plane-wave amplitude variations as
a function of vertical position in the chamber.
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were performed. Unlike an actual wall of absorber in the 3
chamber, the test wall could be moved and oriented in al- :':‘::::'Z‘
most any position so that tests at various angles and ',.::'EE:.E
directions could be conducted. One disadvantage of the com- ME:T
pact range and test wall measurement configuration is that .‘:::‘:
bistatic measurements are not easily conducted. Only monos- :%EE%
tatic absorber evaluations were conducted using this setup ‘:j.
because of this limitation. Other absorber tests were also EE?:’EE
conducted in the compact range on smaller samples and gﬁ?g
configurations; these will be discussed throughout this ”’
e

chapter. ::E:::E:
The construction of the test wall and its positioning gzgg:

and supporting structure are shown in Figure 3.8. The wall ;:;;
is mounted on a low-backscattering metal support column and '::;:c%§
is placed in the compact-range chamber. The wall was built s§§§§
from plywood with a wooden backup structure. The azimuth }.
(AZ) positioner, shown mounted on the top of the support EEEEE.:‘:
column, was attached to a wooden structure which allowed E;E:‘:ﬁ
for additional elevation (EL) and azimuth (AZ) control. ‘;
Thus, forming complete AZ/EL/AZ control of the wall. The "..':f
bottom positioner being computer controlled and the top two 'lé:',"w%
axes being manually set. A digital inclinometer, with an u_
accuracy of 0.1 degrees, was used for aligning the wall. ':é:::}
However, the wooden wall structure itself was not flat .'s:%
enough to allow for better than a 0.25 degree alignment ac- '..:’
curacy. Figure 3.9 illustrates the movement of the wall and 'g::‘.u’
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Fig. 3.8. The absorber test wall shown mounted on low
backscattering metal support with positioning equipment.
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Fig. 3.9. Definition of the test wall’s orientation with

L ’ . \
respect to the incident plane-wave direction and compact Qk
range.
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Fig. 3.10. Test wall shown with metal covered surface and
single 12 inch pyramidal absorber piece.
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defines the appropriate angles used to describe the wall'’s ;
position. 23
Evaluations involved both the absorber placed over the EE

bare wooden wall, and with the wall covered with a thin :i
metal surface, as shown in Figure 3.10. This was done to %g
help determine the importance of the metal backplane on the ;%
absorber’s performance. ;t
The size of the wooden wall was 7 by 7 foot so that %%

the absorber samples would extend over and cover the edges :%5
of the supporting wood structure. The absorber shown in :
Figures 3.8, 3.10 and 3.11 is a 12 inch pyramidal absorber. ég
The absorber was mounted on the wall by protruding several g%
small 0.25 inch wooden dow pins, sharpened on one end, t;
through the back of the wall a distance far enough to ex- hg
tend into the absorber base and hold the material in place ﬁg
as shown in Figure 3.8. Figure 3.11 shows this same ab- jg
sorber wall as viewed from the front with phi=0, and g%
alpha=20 degrees. ?%
A

R

3.3.3 Coherent Wideband Radar Techniques g}
The advantages of using coherent wideband radar in- ?%
strumentation and techniques for absorber evaluations have ?L
already been addressed. They are mostly associated with the ;,

wide frequency bandwidth over which such radars can
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Fig. 3.11. Front view of absorber covered test wall shown
mounted in compact range.
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i

operate. The capability to generate time-domain results »
from this frequency-domain information then allows such ::E:EE
W

techniques as range-gating or range resolved measurements .:‘:Et
to be conducted. Generally, the more frequency information :’1.
which is available the more range resolution also avail- :%':g
able. Many different types of wideband radars and process- g%‘g
ing techniques are commonly used today. These systems range .‘
from the simple short pulse radars and FM/CW or chirp ,;é%i
techniques to advanced synthetic or frequency stepped ap- ‘:E,:é
proaches. The synthetic approaches have the benefit that t’
large instantaneous bandwidth is not required; however, ac- :3%:
curate frequency stepping is needed. Using this technique, EE%%
much more effective frequency bandwidth can be achieved and “
better range resolution obtained. These various radar sys- :t;‘.:.
tems are well addressed in the literature [29]-[32]. The ::%.::
system used to conduct the absorber evaluations for this “1
study was a stepped frequency or synthetic short pulse E::}E:
technique. The system instrumentation is described in Sec- ?&%’:
tion 3.3.3.1. ".{‘5'.’
With appropriate signal processing, imaging tech- o:E:
niques can be conducted with the use of a coherent wideband :::33?‘
radar. Imaging allows for a range-resolved presentation of ,..;
the measured target in at least two different simultaneous j
planes. An imaging technique known as Inverse Synthetic "‘.:
Aperture Radar (ISAR) imaging was used to perform many of ',‘
the absorber evaluations of this study and is discussed :E:..::o:::
i
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further in this Section and in Appendix A. Other typical
frequency and time domain techniques are also presented
along with some significant measured absorber results ob-

tained with these techniques.

3.3.3.1 Measurement Instrumentation

The instrumentation setup used to conduct the absorber
evaluations for this study is shown in Figure 3.12. The
system was based around the use of a Hewlett-Packard vector
network analyzer (HP-8510) as the principal receiver. A
synthesized microwave source (HP-8340) was used to generate
the transmitted signal as well as a phase-lock and
reference signal. A solid-state amplifier (HP-8349) was
used to increase the transmitted power level to around 100
milliwatts. The antenna feeds, which were used to il-
luminate the compact range and thus the target, were simple
corrugated conical horn antennas. Four antennas were used
to form a feed cluster with mechanical switches to select
the proper polarizations for the measurement.

All of the test equipment including the target
positioner controller were controlled by a DEC MicrovaxII
computer via an IEEE-488 communications bus. The controller
computer had facilities for user-interfacing, data storage

and data presentation through the appropriate devices as
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Fig. 3.12. The RCS measurement instrumentation setup used ¥
to conduct the absorber evaluations. b
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shown.

The HP-8510 is a commonly used instrument to conduct
RCS measurements [33],([34]. For image processing, this W,
device is used as a frequency stepped radar receiver. The
advantages of the HP-8510 are its vector representation and R
time-domain processing capabilities. The stability, e

dynamic range and accuracy of the device also make it a

good candidate for RCS evaluations. In addition to the i}
time-domain processing capability of the HP-8510, addi- :::;:
tional signal processing can be conducted on the measured ?
data within the computer controller, which employs a dedi- {EE:
cated matrix array processor. Using this particular setup, gé*
with additional signal processing, ISAR type images can be »

formed. A software package known as ARCS (Automated RCS)
{35) is used to control the HP-8510 and perform many of the [N
signal processing and data presentation functions through ‘

the Microvax computer. o

3.3.3.2 1Inverse Synthetic Aperture Radar (ISAR) Imaging K

Imaging techniques have already been introduced as
methods by which diagnostic type information about the
scattering behavior of a complex target can be obtained.
ISAR imaging is one such technique which was considerably

used during this absorber evaluation to determine the
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off-normal performance of various absorbers. The results :'

obtained from the image data have been used to help explain e

some of the nonhomogeneous nature of the absorber samples g%
as well determine the importance of certain installation f%
alignment techniques and procedures. Other significant ad- 5?
vantages of the imaging techniques are their capability to gﬁ

isolate and separate error signals from the measurement,

and their improved sensitivity performance which leads to o

more accurate results especially for low-scattering, high- i

performance absorber materials. Example ISAR images which

were measured during this study are illustrated in this

section demonstrating the advantages of the technique. W
The theoretical relationships behind ISAR imaging are

found in Appendix A. In general, with ISAR imaging, a com- !

plex scattering target can be characterized by the exact 0
location of its isolated scatterers in both slant (down) »
range and cross range. The construction of an image, using byt
the stepped frequency radar approach, involves collecting ety

scattering data from a complex target as a function of both

frequency and angular rotation. For each angular sample, ?%
the frequency data is used to obtain the slant-range é%
profile of the target through an inverse Fourier transform. 53
When the profiles for all the angular sample points are é§
collected they are again processed through a Fourier trans- ‘j§
form to extract the Doppler frequency content of each scat- ,Bﬁ
terer and the cross range information is obtained. Thus, an §§
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image is formed. The resolution of the image is basically
determined by the frequency bandwidth over which the scat-
tered signal is measured and the total angular deviation
over which it is taken. For the images constructed on the
absorber samples, a frequency bandwidth of 4 GHz was used,
resulting in a slant-range resolution of about 5 cm after
application of the proper weighting function to reduce the
sidelobes in the time domain result. To achieve the same
cross-range resolution, an angular rotation of 32 degrees
was used for the 2.9 to 6.9 GHz frequency band and 15 de-
grees for the 13.8 to 17.8 GHz band.

Other uses of ISAR imaging techniques, relative to ab-
sorber evaluations, include their use for incoming inspec-
tion and quality assurance. Several pieces of absorber
materials can be evaluated during one siﬁgle measurement
and the exact performance of each piece can be extracted.
Synthetic imaging techniques can also be useful for chamber
verification and check-out, since an image of a complete
wall section of a chamber can be evaluated to check for

problem areas or faulty absorber pieces.

3.3.3.2.1 Absorber Images

During the absorber evaluation, several different
types and sizes of absorber materials were imaged using

the ISAR system discussed above. Over 1400 images were
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constructed and numerous useful and interesting results
were obtained. Images were constructed for various orienta- &
tion angles on the absorber samples ranging from 10 to 50 %
degrees from grazing incidence. A few of the actual images t
and their significant results will be presented in this
section in order to demonstrate the usefulness of the tech- 5%
nique. Other imaging results from the absorber evaluation ?;
are summarized in Chapter 4. g
Images can be presented in the form of a 3-D water- %
fall plot or a contour plot showing the magnitude or phase ‘i
of the resolved scatterers making up the image as a func- _%
tion of their slant range and cross range. Presentation of E
the images in this way provides an immediate method of ??
determining which parts of the target sample demonstrate g
the best or worst performance. However, because of the g
enormous number of images taken during this study and the f?
amount of information contained in each image, a method of %
summarizing the overall result of a given image had to be .%
employed. '%
The method used to summarize the images was to calcu- %1
late, using the image data files and a computer, the ;%
averages, medians and standard deviations of the returns of Aﬁ
all the range cells which made up the image. Only the part ﬁ:

of the image which represented the 4 by 4 foot area of the
center of the test wall and not along the zero cross range

line were used. The reasons for this selection follow. The By
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number of range cells within this test area is a function
of the range resolution of the image and the tilt angle of
the wall (alpha). For the images conducted during this
study, 930 range cells were used in the analysis for tilt
angles of 10 to 20 degrees and 750 range cells for a tilt
angle of 40 degrees.

An ISAR image of the test wall, covered with 18 inch
pyramidal absorber, at an aspect of phi=0, theta=0, and
alpha=30 degrees, is shown in the waterfall plot of Figure
3.13. The imaged region includes an area which is larger
than the actual test wall (+/- 2 m.) and the boundaries of
the test wall are clearly shown in the image (recall that
the test wall is 8 by 8 feet or 2.4 by 2.4 meters). The
larger returns shown along the cross range of the image at
a slant range of about -1 meter are caused by the rela-
tively large flat absorber surfaces along the front edges
of the absorber covered wall. The returns from this area
are shown to be about 20 dB higher than the returns from
the rest of the wall. One big advantage of the imaging
technique is that these large returns, which are not found
with an actual absorber wall, can be excluded or separated
from the part of the test wall where the desired perfor-
mance data is being evaluated. The levels over the rest of
the absorber wall are around -60 dBsm. As stated earlier,
only the area of the test wall representing the 4 foot

square center section of the wall was used in the actual
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Fig. 3.13. 1ISAR image of test wall covered with 18 inch s
pyramidal absorber for Phi=0 and Alpha=30 degrees. :'0
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absorber evaluation and performance summary. This was done '
to discriminate against the unwanted edge contributions and ::‘;Z'Ef,
also because of the compact range illumination and test E.:%:é
zone size. "
The sensitivity or the lowest measurable level for a ;{:‘
given S/N ratio is shown in the image to be below -70 dbsm, ';gr‘;
which allows extremely small scattering levels to be ‘
detected. This is very important when evaluating the low- %Efg'
level scattering nature of absorber materials. The ability ?;'lg
to measure such low-scattering levels is related to the :.
transmit power used, the receiver sensitivity, and the sig- ‘
nal processing (integration via the Fourier transform) used E%i
to generate the image. Such integration has the same effect ’;:
as coherent integration or averaging to improve the S/N EE«::E%
ratio; however, because weighting and time-gating are ’.,':.::E'f
usually used, the result is a weighted average involving ;"
the number of discrete data points used in the transform. ':::EE‘
Another benefit of imaging is the isolation and discrimina- §i‘.§
tion of the testing environment and unwanted error signals ;‘;‘
not associated with the test wall. This is achieved by the ?::"::EE
use of both range gating and Doppler filtering. Because the E“'.E»
returns associated with the chamber environment and in- b
strumentation do not rotate or move with the target rota- ;
tion, they have no Doppler content and can be separated a-
from signals which do have Doppler. The presence of the er- .,;
ror signals are shown in Figure 3.13 along the zero cross- %&%
3
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range line. Without being able to separate these error sig- »‘
nals, the smallest measurable absorber return would be much iﬁ%
higher than ~70 dBsm. The returns along this zero cross é?:
range line were ignored in the evaluation of the image. No :
form of background subtraction was used for these measure- :E:Ei
ments. E;St
e

Using the measured images of different absorber con- b
figurations, comparisons can be made between the relative E‘f.:
absorber performance of the various configurations. Figure E,;,
3.14 shows a measured image of the same test wall and ab- “
sorber as in Figure 3.13 but for a phi angle of 45 degrees. “}E‘%
Using a computer to compare the differences between the :.Et‘
scattering of these two cases it was shown that the ‘
material turned 45 degrees offered an average of 3 dB im-
proved monostatic performance for this particular aspect, ‘_
frequency and polarization. Figure 3.15 shows an image of .%’;
the 18 inch wedge materials at the same aspect as for .:::f
Figure 3.13. The improvements with this case are easily ‘::;Et:
seen. Again note the large returns associated with the ;,%
front edge of the test wall. ':::»
Another image of the 18 inch pyramidal absorber wall ?

is shown in Figure 3.16 for an alpha of 10.6 degrees (phi .’
and theta of 0). This orientation represents the half-angle '::':EE
of the absorber pyramids and is the aspect where the radar ?a:::
is directed normal to the pyramid’s flat sides. As a ':::
result, the returns from the absorber for this case are :?Es‘
R
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Fig. 3.14. ISAR image of test wall covered with 18 irch
pyramidal absorber for Phi=45 and Alpha=30 c~jrees.
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13.8 - 17.8 GHz
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Fig. 3.15. ISAR image of test wall covered with 18 inch
wedge absorber for Phi=0 and Alpha=30 degrees.
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Fig. 3.16. 1ISAR image of 18 inch pyramidal absorber show-
ing the large return from the flat sides of the shapes d
for Phi=0 and Alpha=10.6 degrees. "
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more than 20 dB higher than for the case of alpha= 30 de-
grees. The large return from the flat surfaces along the
front of the wall are clearly shown and are as big as -10
dBsm. Figure 3.17 shows the same image data but in the form
of a contour plot.

To illustrate the diagnostic benefits of the ISAR
technique, Figure 3.18 shows a close-up contour view of the
four pieces of material in the center of the wall (a 4 by 4
foot section). A piece of 18 inch pyramidal material is 2
by 2 feet at the base and has 16 individual pyramids
(cones). The image clearly shows the return from each in-~
dividual cone and also shows that the returns from the
cones are not uniform. It is also shown that each piece of
material has a different scattering performance. The incon-
sistent and nonhomogeneous nature of the material has not
been so clearly presented by any other evaluation method.
Section 4.2 addresses the nonhomogeneities of the material

in greater detail.

3.3.3.2.2 ISAR Image Focusing

One important characteristic of the ISAR imaging tech-
nique which must always be considered is the issue of the
image’s quality or sharpness. There are several factors
which cause an ISAR image to not be the exact repre-

sentation of the target. These image errors are referred to
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13.8 - 17.8 GHz
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Fig. 3.17. Same ISAR image data as in Figure 3.16 but
shown as contour plot.
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13.8 - 17.8 GHz
¢ = 0
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Fig. 3.18. Contour plot showing the returns from the four
center pieces of absorber for the same image data as in

Figure 3.16. The return from each pyramidal shape is
shown.
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as image defocusing. The effects of nonfocused images are
discussed in this section. Focused processing techniques
can be used to improve the quality of most images. These
focusing techniques are discussed in Appendix A.

Many of the causes of unfocused images are associated
with the motion or rotation of the target. For non-
cooperative targets the motion of the target cannot be con-
trolled and motion compensation techniques must be employed
to correct for image defocusing. Other causes of defocusing
are related to the signal processing and measurement sam-
pling techniques used to construct the image. For the im-
aging of cooperative RCS targets, as with the case for the
absorber evaluations, the motion behavior of the target can
be well controlled, resulting in very little image degrada-
tion of this type. Thus, the source of most image errors,
for the absorber evaluations, was in the signal processing
techniques employed. This type of image defocusing results
in range cell blurring and amplitude or phase variations
across the image being worse at the edges and diminishing
toward the center region of the image ( center of
rotation).

The ISAR signal processing techniques used during this
study made use of a stepped frequency or synthetic short
pulse radar to collect reflectivity data over a band of
frequencies and range of angular samples. For practical

purposes, evenly spaced frequency and angular spacings were

w;

Q

W,
-
e e

4.

Wy

3 -
e

» -
Pl



64

used. This data was then processed using standard discrete
Fourier transforms (DFT) to first generate the synthetic
slant range profiles for each angular position and,
secondly, to find the Doppler frequency content of each
scatterer in cross range. This process involves a 2-
dimensional DFT. A DFT will convert one set of complex
values into another exact transform-pair set of values as
long as the values are at uniformly spaced intervals. Thus
for this case, the 2-D transform requires a rectangular
grid of uniformly spaced measured data in the spatial
frequency domain (see Appendix A). A problem arises because
the uniformly spaced data in frequency and angle, measured
with the radar, form a polar grid when transformed to the
spatial frequency coordinates. Transforming this polar grid
can cause the image to be distorted or unfocused.

Focusing techniques exist where the measured polar-
grid data can be reformatted to, or approximated by, a rec-
tangular grid (see Appendix A). The polar reformatting
method requires additional processing and usually involves
a loss in effective resolution; however, perfectly focused
images can be constructed. The approximation approach as-
sumes that the target data is collected over small angular
regions and that small frequency bandwidths, compared to
the center frequency, are used. Under these limitations,
adequately focused images can be constructed, especially

for images of relatively small targets, high center operat-
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ing frequency, or minimum resolution requirements. A method
generally used to determine the adequacy of the approach is é
' to define a blur radius of the image, or the radius at Z

which a scatterer would migrate through a complete range
K cell over its total rotation. If the target size is smaller

than the blur radius then the approximations result in

R N N e L1

nicely focused images. However, using this technique does
K not indicate what performance degradations occur when the 4

A target is larger than the blur radius or if usable results ;

can still be obtained even though some defocusing occurs. i

4

i A method, by which the effects of image defocusing can ¥
3

;

i

K be observed and analyzed, is by generating images of known

targets with defined scattering characteristics and cor-

relating the measured results with the expected results. N

.

This method is most effective with the use of computer N
simulated images of perfect theoretical targets. The advan-

) tages of this technique are that the targets are completely

t
§ defined and theoretical or classical targets can be %
X modeled. Computer simulations are also a valuable develop- E
§ ment tool for trying new or different processing algo- i
i rithms. i

o

" The effects of defocusing on the absorber images were

W evaluated by simulated ISAR images of arrays of point

-

W source targets, simulating an absorber wall. The simulated

-
B XAt R

images were constructed using the image system parameters

".
t
§ (frequency bandwidth, angular sampling, weighting and test
[}

|
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sample size). For this case a square resolution of 1.5 j |
inches was assumed. ' ¥
A wall of pyramidal absorber was modeled using one g
point source to represent each cone of absorber positioned
at the appropriate location on the 8 by 8 foot wall. As an a3
example, the simulated wall of 18 inch pyramidal absorber o
had 16 by 16 point sources (256 total) spaced 6 inches
apart. Figure 3.19 shows the simulated image of this par-

ticular wall using fully focused processing at the 13.8 to 0

17.8 GHz band. This contour plot shows the return levels of ?
-1 and -5 dbsm (the value of each point source was normal- %
ized to 0 dBsm) over a +/- 1 meter area of the wall. The §
four pieces of material representing the middle sample area %i

of the wall are also identified in the figure. For the o

focused case, the image is essentially perfect. Figure 3.20 g;
shows the result of the same simulated wall except with un- 3!
focused image processing. The same four pieces of material §

4
in the center of the wall are marked. The contour lines in o

this image are for -1,-3, and -5 dBsm. Notice the effect of
defocusing starting to blur the image at its edges. The
center sample area is only slightly blurred to the -5 dBsm
level, even though the calculated blur radius for this case
is only 5.6 inches.

Figure 3.20 also shows that the amplitude of the
responses is reduced for those point sources away from the

center of the image. To see the effect more clearly, Figure )
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Fig. 3.19. Simulated ISAR image of 18 inch pyramidal ab-
sorber test wall using point-source model and fully k@
focused processing. W
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Fig. 3.20. The same simulated ISAR image as ﬁor figure ir
3.19 except using unfocused image processing. \
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3.21 shows three different plots of a single down range or
cross range profile of the image with a fixed value of
range or cross range. These plots represent cuts through
the image showing the effects of defocusing at the edges.
The overall effect is that the worse case amplitude error,
within the 4 by 4 foot sample area, is only 2.8 dB. Repeat-
ing this same procedure, for the 2.9 to 6.9 GHz band,
results in slightly more image blurring and a worse case
amplitude error at the edges of 4.9 dB. For the same image
parameters with simulated images of point sources spaced

more closely than that of the 18 inch simulated wall,

(ol * v
L LK K -

defocusing resulted in increased blurring at the image’s

'
K}
-¢

edges but in the same amount of amplitude error. Figure
3.22 illustrates the image defocusing for a single cross-
range row of 12 inch simulated cones within the four foot
sample area (12 cones spaced four inches apart).

Based on these simulated results, and considering the
intended application of the absorber images, the minor ef-
fects of defocusing were not considered to be 1limiting;
even though the blur radius had significantly been vio-
lated. It was decided that unfocused image processing could
be used for the absorber evaluations since the processing
algorithms were already available and the data acquisition
time would be significantly less for the same amount of

image resolution. Improved image sharpness could, however,

o
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Fig. 3.21. Amplitude plots of the simulated image data "y
shown in Figure 3.20 for fixed values of either slant o)
range or cross range showing the extent of amplitude _m
variations caused by defocusing. »
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Fig. 3.22. Simulated ISAR image of a sirgle row of 12 inch
pyramidal absorbers showing effects of defocusing for
more closely spaced scatterers.
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be achieved by the use of focusing techniques in the fu- )
.
ture. k
o
e
|.|
I‘v
3.3.3.3 Fregquency-Domain Time-Gated RCS
~
¢
One technique used to evaluate the performance of the 'E
NN
absorber samples at normal or near-normal incidence
0
(alpha=90 degrees), was to conduct standard RCS versus ﬁ
¥
aspect and frequency measurements on the complete test wall ﬁ
in the compact range. Range gating techniques were used to 3
o
eliminate the unwanted responses of the chamber, test wall :j
edges, and instrumentation. A range gate of 2.0 meters was ?
L Q
used. The total backscatter signal was recorded as a func- L
tion of the aspect position of the wall (varying theta) for ﬁ;
.'-.
fixed frequency values. The measurements were calibrated '&
using standard RCS calibration techniques and the results u
tt
were recorded in units of dBsm. Z:
‘E
L.
The effective result of such a measurement is to $
"
measure the RCS of the absorber wall, versus aspect angle, |
in a plane including the normal to the wall. Figure 3.23 ;0
t‘
illustrates the results of one such measurement conducted N
on the test wall covered with 12 inch pyramidal absorbers ;“
v,
at 15 GHz. The test wall was covered with a metal surface "o
R
beneath the absorber sample. Both polarizations are shown. i,
The results show that the scattering from the wall changes '1
(]
only slightly over the entire +/- 40 degrees from normal
~
\
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Y
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the complete test wall covered with 12 inch pyramidal ab-
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incidence. Also shown is that no specular scattering com-
ponent is present at normal incidence. This is an important
result in that it suggests that the material works
uniformly over a very broad monostatic angular region. This
somewhat contradicts previously published data [1],[36]
which indicates that the material’s reflectivity increases
roughly with the cosine of the incidence angle from normal
incidence, although it is not clear whether bistatic or
monostatic conditions are assumed in the references.

A specular reflection from the absorber sample could
be caused by two things. It could be due to energy
penetrating the absorber and reflecting from the metal
backplane or due to specular reflections from the surface
of the absorber itself. At the frequencies used and for the
sizes of materials evaluated, it is suspected that any
energy which enters the absorber is almost entirely at-
tenuated before it can reflect back through the material
from the metal backplane (see Section 4.4). Specular
reflections caused by the absorber surfaces are controlled
by shaping of the absorbers and the number of shapes used
to diffuse the incident energy. Within the angular region
of +/- 40 degrees, the radar never approaches aspects where
it looks normally into the absorber’s flat surfaces.
However, the straight edges and bases of the shapes, and
diffraction effects are also present and must be considered

as well as secondary reflections. This diffuse scattering
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1A

nature of the absorber actually improves its performance ’
and is discussed further in Section 4.2. ég
All of the numerous measurements conducted at both :ﬁ

frequency bands on the 6 inch convoluted, and the 8 and 12
inch pyramidal and some of the 18 inch pyramidal absorbers o

\]
demonstrated similar performance to that of Figure 3.23. A N

few of the measurements conducted on the 18 inch pyramidal

absorbers and all of the wedge absorbers, however, showed ;ﬁ
slightly more specular behavior at near normal incidence. ﬁ%
Figure 3.24 shows results for one of the 18 inch pyramidal g.
absorbers. The reason for these specular components is 3L

~l

suspected to be due to the larger straight edges at the ,:

pyramid’s base which causes a higher reflection or diffrac-

tion toward the radar at some aspects. The pyramids of 18 ?
inch absorbers have much larger surface areas and longer ;?
straight edges along their sides as well, but this effect .%
should tend to improve the backscattering performance of ;é
these materials. There are also fewer cones to help diffuse if
the incident energy. For materials longer than 18 inches ..
this becomes even more of a problem and specular conditions "
start to degrade the absorber’s performance at some aspect %
angles. The wedge absorbers have constant edges along the m;
tip and valleys of their shapes and thus scatter energy E:
from these long straight edges accordingly. To improve the E:
performance of such materials requires that either the t§
material be installed or aligned so that the specular g%
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Fig. 3.24. RCS versus aspect angle results for the com- : :
plete test wall covered with 18 inch pyramidal absorber "
showing increased specular reflections near normal in- &
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reflections are directed away from the area of interest or 3
that new material shapes or designs be implemented. ::.:%
It is also possible to obtain phase information about :::::ﬁ

the scattering from such absorber surfaces using this .:
measurement technique. However, all of the phase data taken .ig
shows that there is a highly random phase relationship, at fé:f
all incidence angles including normal incidence, between 3
7

the bare metal wall and the absorber sample. The reason EE:’%
being associated with the presence of the many distributed EE;E
scattering sources of the absorber covered wall. ?
There are two reasons to be slightly cautious about 'EE::‘

the absolute 1levels in the measured results shown above. :;:EE
First, the sensitivity of the measurement system under the '
conditions of these tests was approximately =40 to -45 -
dBsm, resulting in a S/N ratio of only 10 to 15 dB for the '.':\E:t
particular measurements in Figures 3.23 and 3.24. Thus, B~
these measurements may be somewhat corrupted with noise be- :{:
cause of the low-level scattering from the absorber ‘%
samples. And secondly, the angular samples used in some of g
the measurements, especially for the 18 inch pyramids, were '
taken every 1.0 degree resulting in too coarsely stepped :‘,?
samples to see very narrow spikes. The problem with the “..:
coarsely spaced angular samples was not discovered until ;
after the data had been taken and it was too late to repeat :'.E'E
any of these tests. Future work in this area should try to v.
improve on these two deficiencies. ::}:.E‘
!.::"
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For flat absorber materials or for frequencies where
the depth of the absorbers becomes less than a wavelength, e,

another problem occurs with this measurement technique. Un- o

der these conditions, part of incident energy can penetrate .
the absorber and reflect from the large metal backplane. In ':g:
this case, the return of the sample wall alone has a very :’é
narrow RCS pattern because of the its size and the !'
frequency at which it is being tested and is very difficult :'::%
to detect (measure). For flat absorbers, the specular ::f::
reflection from the absorber’s surface causes the same $
problem. Figure 3.25 shows the measured RCS pattern of the ‘:;E
bare metal test wall at 15 GHz. It is shown that the main l:
response of the metal wall is less than 0.5 degrees wide. ‘.
The alignment accuracy of the test wall is believed to be .ﬁl
only slightly better than this same value. With such align- :5.:::
ment accuracy, RCS measurements of this type could very i'
easily miss the peak return from the wall and an error in :
the conclusions could result. For this reason, a smaller ::?:
test sample would have to be used for these cases. ‘:‘;
Using measured RCS results as shown in Figures 3.23 "'::g
and 3.25, reflectivity values can be determined using the .::f
same method as done with the NRL arch. Instead of reporting ..
the performance of the samples by their RCS level, the '§
reflectivities of the samples can be determined by .:?f
comparing their RCS value with the RCS of the metal wall b

alone. As noted in Section 3.3.3.3, care must used in ob-
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Fig. 3.25. The measured RCS versus aspect angle response
of the bare metal '_est wall.
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taining the bare metal wall measurement and in obtaining
the accurate response of the absorber test sample. Reflec-
tivity values for many of the absorbers evaluated using
this technique are presented in Chapter 4. Since many of
the absorbers had nearly uniform performance over a very
large angular region, the arithmetic average of the
absorber’s RCS over a +/- 40 degree sector was used to rep-
resent their scattering performance.

As an example, for the data in Figures 3.23 and 3.25,
the return of the bare metal wall is +45 dBsm at normal in-
cidence whereas the absorber sample is below -30 dBsm for
both polarizations. This results in a reflectivity value
less than =75 dB, which is 25 dB better than all of the
vendors report for this material. In all the cases
evaluated, the reflectivity results measured during this
study show better performance than the vendor’s published
values. One reason for these differences is related to the
measurement methods used and to the limitations associated
with the NRL arch method. The size of the test sample being
tested, and the type of illuminating source used, also con-
tribute to these differences.

For a random and noncoherent scattering surface, as
assumed fo>~ the absorber samples shown above, the backscat-
tered power level increases linearly with the size of the
sample. This is generally true whether the sample is il-

luminated with a plane wave or a spherical wave (see sec-
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4

tion 4.2). However, for the coherent flat metal surface,
used as the reference, the return increases as the square ':ﬁ{:
of the area and is dependent on the type of illumination ':?i:
being used. Thus, for the case of the compact range il- ':‘
luminating the test sample with a plane wave, the return .ii;i
from the metal reference may be much larger than the v:'{
reference return for the arch technique while the total j
scattering from identical absorber samples remains nearly ‘:::‘;‘:
the same. This would result in a lower reflectivity value lff:;
for the compact range measurement. In any case, it is shown !L:
that more benefit is realized from a random scattering ab- ';::'E
sorber when a plane wave condition is present. EEE-%E
X

3.3.3.4 Time Domain RCS ‘2::
The third category of RCS measurement techniques, used :,::'

for the absorber evaluations, are those known as time
domain or RCS versus down-range measurements. As with im- _‘
aging, the use of a coherent wideband radar to obtain high- :"::
range-resolution, time-domain profiles of a complex target ?“g
is a common technique to determine Jcattering mechanisms '3':
associated with the target. For the absorber evaluations, .{:?
these techniques were used to look at \)arious test samples ‘a
at normal or near-normal incidence aspect angles and at .‘.
fixed positions. Such measurements were conducted in a com- 'E:‘:.:
o
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pact range RCS chamber. The degree of range resolution ob-
tained is directly determined by the amount of frequency
bandwidth used. A resolution of approximately 1 inch can be
obtained for an‘unweighted frequency bandwidth of 6 GHz.
Results from this type of measurement are presented in
Figure 3.26 which shows the time-domain backscattering
profile of a single 12 inch unpainted-tip pyramidal ab-
sorber shape. The range scale is in meters and shows the
location of the isolated down range scatters of the ab-
sorber sample. The zero range value is determined during
calibration of the instrumentation and represents the cen-
ter of the styrofoam column used to support the test
sample. Figure 3.26 also shows the mounting technique used
to attach the absorber pyramid to the column. A piece of
masking tape was used to support the absorber shape. A
weighted bandwidth of 7 GHz (test frequencies from 11 to 18
GHz) was used for this measurement, resulting in a down-
range resolution of approximately 1.4 inches. Both the
transmitted and the received polarizations were horizontal.
The calibrated RCS values (in dBsm) of each isolated scat-
terer is shown in the data. The data clearly shows the
relative contributions of each different part of the ab-
sorber. The contribution from the tip is at least 10 dB
below the contributions from the back edges of the sample
and several other scattering returns are shown to appear

from areas along the length of the pyramid. Many of these
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A: HH, 11-18 GHZ, NO METAL BACK
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a) Measured time-domain profile

; TEST SAMPLE
\ \ ¢ MASKING TAPE

|

I

|

|
CENTER OF
ROTATION

STYROFOAM
SUPPORT COLUMN

b) Measurement setup showing mounting technique

Fig. 3.26. Time-domain RCS results and measurement setup
for a single unpainted-tip 12 inch pyramid absorber
shape.
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scattering mechanisms are discussed further in Chapter 4.

Using this technique, levels down to =75 dBsm can be
detected with the use of subtraction. Such sensitivities
are required in order to measure the returns from a low-
level scatterer such as an absorber shape. Figure 3.27
shows the measured baseline results of the empty chamber
and styrofoam column demonstrating the sensitivity levels
obtainable over the range window from -1 to +1 meters.

To see the effect of the absorber sample mounting
technique shown in Figure 3.26, a simple experiment was
conducted which measured the return from a 1 square inch
piece of standard masking tape attached to the back side of
the styrofoam column. Figure 3.28 shows this result. The
return from the tape is greater than -55 dBsm and is lo-
ca.ed at a range of +0.7 meters. The scattering from the
tape alone is greater than any of the scatterers shown in
Figure 3.26. For this reason care was taken in mounting the
absorber samples so that a minimum of supporting tape or
any other material was used. Figure 3.26 also shows the ef-

fect of masking tape on the back side of the column.
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EMPTY ROOM WITH SUPPORT COL., FILMATH SUBTRACTION, 11-18 GHZ
ER128.REP
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Fig. 3.27. The measured time-domain baseline levels of the
empty chamber and styrofoam column demonstrating the sen-
sitivity levels achievable.
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TEST T0 SEE THE LEVEL OF 1 S@ IN MASKING TAPE ON BACK OF COL ke
TESTTAPE .FEP B

—35,1Tl|||1l|'lITI[Illllltrtlrlll iy
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-40. — \L—cmm OF COLUMN ol

)
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Fig. 3.28. The measured time-domain response of a single 1 ﬁ
square inch piece of masking tape attached to the back oy

side of the colunn. 1y

. ; (4
. U - 10 OUATOOUDTAY DDA ON OO A AN O NN OO YN
'l’:'!’.‘\';'l'n OV Q‘l‘-"if‘,"‘ DO !'0‘. n':.l .'s':lv‘:'l‘t'n‘:‘l':h .'s’t'n“-'h‘!’a’.‘l‘.a'n'.‘n‘t‘n‘.‘i SN .‘C’a’l’.ﬁ‘!ﬁ'&l‘.ﬁ‘.‘n‘.‘t W0 008,08 00,00 0y, ittty



TV T X

R R T A T N N O N O OO O OGN T T T I T Y N N T Y T T T T I T N T W

4.0 SORBER PERFORMANCE RESULTS

4.1 INTRODUCTION

As discussed in Chapter 1, the general knowledge of
carbon loaded foam absorbers has changed very little since
their first application, over 25 years ago. It has also
been demonstrated that many chamber designers and users
have determined that this level of understanding is in-
adequate for addressing modern chamber performance require-
ments and techniques, especially for low-level RCS measure-
ments. Better absorber characterization is needed to
properly determine if present absorber designs are adequate
to meet these modern requirements or if new material types
and designs should be investigated. Thus, the goals of this
research study, apd the purpose for evaluating anechoic ab-
sorbing materials, were to obtain a better understanding
and characterization of the performance 1levels of these
materials. The approach taken for this evaluation was to
conduct numerous performance measurements, using improved
and modern measurement techniques, on various absorber
types and sizes as described in Chapters 2 and 3. This
chapter addresses and presents many of these measurements
and the most significant of the absorber performance
results.

Measured results are presented which demonstrate the

performance of different shapes and sizes of absorbers for
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various incidence angles and orientations. The evaluations
conducted involved mostly monostatic or backscattering con-
ditions and only monostatic measured results are presented.
However, in some cases the expected bistatic nature of the
material can be extracted. Future work in this arza shoulad
further address the absorber’s bistatic performance. Also,
since most microwave test facilities make use of absorbers
which are at least one to two wavelengths in thickness,
only absorber evaluations under these conditions were con-
ducted.

In general, the performance of absorbing materials is
determined by both their absorbing and scattering be-
haviors. Section 4.2 of this chapter presents measured data
which illustrates some of these mechanisms for various
materials and also discusses the nonhomogeneous and diffuse
scattering nature of the material. Section 4.3 compares
results for various shapes, sizes and orientations of the
materials. The remaining parts of this chapter address the
effects of metal backings, fire retarding chemicals,
paints, and installation techniques on resultant perfor-

mance levels. The chapter ends with a comparison of the

performance of similar materials from three absorber ven-
dors which provide most of the materials presently avail-
able. Other absorber performance results are also presented
in Chapter 3 which illustrate the usefulness and advantages

of the absorber evaluation techniques used throughout this
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study.

4.2 ABSORBER SCATTERING BEHAVIOR

In order to better understand the behavior of absorb-
ers, measurements were conducted on various absorbers to
determine and identify the scattering mechanisms which
dictate the overall performance of the material. The
results presented throughout this chapter basically show
that for materials with thicknesses greater than one or two
wavelengths, the predominant effect on performance is the
scattering from the absorber surface itself and not by in-
sufficient absorbing properties within the materials.

Scattering from the absorber is caused by both reflec-
tions at the air to dielectric interfaces (impedance
mismatches) and by edge and tip diffractions. Better im-
pedance matching at the interfaces would greatly improve
the amount of incident energy which enters the absorbing
material and is dissipated as heat. Graded material loading
or matching techniques could be used to achieve such an im-
proved impedance match, however, the complication and cost
of fabricating the materials would also increase. Diffrac-
tion effects are best controlled by shaping of the edges
but are also determined by the material’s electrical

properties.
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Another parameter of the material which affects its
scattering behavior is its nonhomogeneous nature. The
material’s composition is sometimes found to be non-uniform
in carbon density (loading) and physical size. The reasons
for such inconsistencies are mainly associated with the
fabrication processes used. This nonhomogeneity causes the
scattering from different parts of the material to vary and
gives the material a somewhat random (in both phase and
amplitude) scat:ering nature. Because of these inconsis-
tencies and the large number of shapes and pieces of
material usually used, a diffuse scattering nature from the
absorber covered surface can also occur. The overall ef-
fects of diffuse and random scattering tend to improve ab-
sorber performance; however, a controlled and predictable
method for obtaining such results is required for consis-
tent performance 1levels to be reached. These scattering
mechanisms are further discussed in this section.

Another effect of these inconsistencies is that an
adequate number of samples should be evaluated in order to
determine the expected performance of a given lot or quan-
tity of materials covering a surface. Many of the absorber
evaluations conducted during this study used a sample size
of at least four individual pieces of material ( 4 x 4 foot
section). The results presented are generally determined by

the performance of this limited four piece sample.
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4.2.1 8cattering Mechanisms

Tests were conducted on numerous absorber samples to
determine the actual backscattering mechanisms associated
with standard pyramidal and wedge absorbers and to observe
their relative scattering levels. One method used was to
measure the absorber’s monostatic time-domain RCS response
at fixed incidence angles. Other tests were conducted using
standard RCS versus aspect angle measurements and ISAR
images. The procedures used for these evaluations are dis-
cussed in Chapter 3.

The measured backscattering time-domain response of a
single 12 inch pyramid is shown in Figure 4.1. The pyramid
is aligned so that the illuminating fields are incident
along the axis of the shape or perpendicular to the flat
back of the absorber. This orientation is usually referred
to as normal incidence. The polarization of both the trans-
mitted and received field is horizontal (HH pol) and the
stepped frequency bandwidth used was from 11 to 18 GHz.
For this angle of incidence, no specularly reflected scat-
tering from the absorber surfaces is reflected back in the
incident direction. The edge and tip diffraction effects
should be the significant contributors. The results show
that for the single pyramid, most of the returned energy is
from the back straight edges at the base. The level of

these returns are about =57 dBsm and both the front and
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SINGLE 12 INCH PAINTED PYR., 11-18 GHZ, NO METAL BACK
S12PP.REP
A: HH, 128 AV (sm)

-45, LT T T [T T T[T T T T[T [T Tl

E E
n
m -95 ;
) -
-60. -
U) -
© -
= -65.
o F
0 -70.
_ o

LI 1 1 I | 1 1 L1 1 I L1111 I 1 | I | IA
-4 -.3 -.2 -1 0. A .2
RANGE (m)

Fig. 4.1. Time-domain response of single 12 inch pyramid
at normal incidence.
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back edges of the base are clearly visible. The contribu-
tion from the tip is below -70 dBsm and is small compared
to the base components. Several other smaller scattering
returns are shown to come from areas between the base and
the tip. These returns are actually associated with the ab-
sorber and are not caused by test environment error returns
(see Section 3.3.3.4). The cause of these returns are
believed to be from resonant structure conditions and from
scattering caused by nonhomogeneous areas and the rough
surfaces of the absorber itself. The return at +0.8 meters
is caused by the mounting technique used to support the
sample (see Section 3.3.3.4).

Using the same test conditions, the results for a
piece of absorber with four 12 inch pyramids is shown in
Figure 4.2. These results should include the effects of
multiple interactions between the pyramids, however at this
angle, no multiple monostatic specular reflection path be-
tween the shapes should exist. The base edge returns remain
the strongest contributors even though the response of a
full wall of absorber would not show the same effect. The
tip contribution from the sum of the four tips increased 7
dB and the scattering from the middle section of the ab-
sorber also increased and is about the same 1level as the
tip component. The most significant result from this

measurement is that the nonspecular scattering from the ab-

sorber sample is composed from several scattering sources
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FOUR 12 INCH UNPAINTED TIP PYR., 11-18 GHZ, NO METAL BACK
F12PNP.REP
A: HH, 128 AV (sm)
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Fig. 4.2. Time-domain response of four 12 inch pyramids at
normal incidence.
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and one part or area of the material does not dictate its
performance, except for the base edge components which are
not expected to be as severe for a continuous section of
absorber. Thus, reduction of the scattering level of the
absorber requires that all of the separate individual com-
ponents must be reduced. This includes, as a minimum, the
tip and edge diffractions.

Similar results for a single 24 inch pyramidal shape
and a section of four pyramids are shown in Figures 4.3 and
4.4. The results are not much different from those of the
12 inch materials except that a higher number of returns
are shown.

To illustrate the scattering from the absorber surface
for angles away from normal incidence, a time-gated RCS
measurement of a single 24 inch pyramid is shown in Figure
4.5 at 5 GHz. A 1.5 meter time-gate was used, therefore,
the total return from the entire pyramid is displayed as a
function of aspect or azimuth angle. The total return is
the vector sum of the individual responses as shown in
Figure 4.3. Zero degrees azimuth represents normal in-
cidence and =90 degrees is for incidence normal to the flat
sides of the pyramid’s base. The results show that the to-
tal return from the standard pyramid changes only slightly
from -5 degrees out to -50 or -60 degrees but increases
significantly beyond that point until the angle where the

normal to the large flat side surface is reached. This
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SINGLE 24 INCH UNPAINTED TIP PYR., 11-18 GHZ NO METAL BACK
S24PNP . REP

A: HH, 128 AV (sm)
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Fig. 4.3. Time-domain response of single 24 inch pyramid
at normal incidence.

e s \}N}\}\f:n.,'ﬁ".‘:-):‘, -




-

-

PPN O

-

o A T T AP

- .o Pl

- L

R T X K

o
-

= - o = -

PR AT N ML TR

R R R T R T T L W L R LU TN RTINS T YU TS OV WD g 08 & I #,

97

FOUR 24 INCH UNPAINTED TIPS PYR., 11-18 GHZ, NO METAL BACK
F24PNP .REP

A HH 128 AV (sm)
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Fig. 4.4. Time-domain response of four 24 inch pyramids at
normal incidence.
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SINGLE 24 INCH UNPAINTED TIPS PYR., 1.5 DEG. SAMPLES, 1.5 M GATE et
SP24pP .REP SP24PM.REP 5.
A HH 32 AV (sm) B: HH 32 AV (sm) e
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Fig. 4.5. Time-gated RCS versus aspect measurement of
single 24 inch pyramid.
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angle occurs at -78.7 degrees. The specular return from the
large flat side is more than 40 dB larger than for the
return at normal (on axis) and is at =10 dbsm. Such a high
return level would be unacceptable from the absorber within
an anechoic chamber even if an entire wall demonstrated
such levels. Fortunately with proper absorber orientation
and with multiple pyramids always being used, the overall
effects of such specular reflections can be decreased. Sec-
tion 4.3 illustrates the net effects for a complete wall
section and shows techniques for improving performance.

Also shown in Figure 4.5 is the measured RCS of a
single 24 inch pyramidal absorber cone which was metalized
by covering its surface with metal tape. The response is
very similar to that of the non-metalized sample except
that the levels are from 18 to 25 dB higher. By comparing
the relative level of the two returns at -78.7 degrees, the
magnitude of the reflection coefficient at the absorber
surface for normal incidence can be determined. Doing so, a
magnitude of the reflection coefficient of 0.12 is ob-
tained. This value is in reasonably good agreement with
results published in (9] which show a reflection coeffi-
cient of 0.16 using €, = 1.5 -j 0.69 for the carbon loaded
foam material at 3 GHz.

This high frequency specular scattering nature of the
material is a very useful concept for predicting the
given absorber shape or

general performance of a
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orientation. Both monostatic and bistatic performance can
be estimated in this way.

Time-domain RCS results for wedge shaped materials
were also obtained during this study. Figure 4.6 shows the
backscattering results for a single 12 inch wedge having
the same sized base as a single 12 inch pyramid (4 x 4
inch). The wedge was aligned so that the incident horizon-
tally polarized field was parallel to the length of the
wedge (referred to as soft polarization). The large scat-
tering return from the front edge of the wedge is shown to
appear because of the specular edge scattering contribu-
tion. Specular edge diffraction is more significant than is
tip diffraction, especially for the case of soft polariza-
tion on a leading edge. The edge contribution of the wedge
absorber is shown to be almost 15 dB larger than the tip
contribution for the pyramid shape. The edges of the base
are also shown to contribute to the overall scattering
level and are at roughly the same level as for the single
12 inch pyramid. Results for the case of the incident field
being perpendicular to the edge of the wedge (hard
polarization) are shown in Figure 4.7. The front edge com-
ponent for this case is 9 dB lower than for the soft
polarization case but still 6 dB higher than for the tip
diffraction. The returns from the base are also slightly

smaller since only hard polarized edges at the base are

present.
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SINGLE 12 INCH PAINTED WEDGE, 4X4 INCH BASE, 11-18 GHZ, NO METAL BACK '
S12WP.REP

A: HH, 128 AV (sm) 3
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Fig. 4.6. Time-domain response of single 12 inch wedge
section for soft polarization.
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SINGLE 12 INCH PAINTED WEDGE, 4X4 IN BASE, 11-18 GHZ, NO METAL BACK :ﬁ%
S12WPCP . REP »
A: HH, 128 AV, CX- (sm) e
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Fig. 4.7. Time-domain response of single 12 inch wedge i:::*"
section for hard polarization. o
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Wedge results for a larger section of 12 inch material
having two wedges, and a base the same size as four 12 inch
pyramids, is show in Figure 4.8. Both hard and soft
polarizations are shown. The results are similar to the
single wedge samples except a smaller difference is ob-
tained between the two polarizations for the leading edge
contribution. The hard polarized leading edge case is only
6 dB lower than for the soft polarized edge. Both cases
show the significant contributor to be the front edge of
the wedge for normal incidence, and that the wedge material
should have an overall higher backscattering level for both
polarizations than the pyramidal material (compared to
Figure 4.2). The backscattering from the wedge material
for off-normal incidence in the plane of the wedge shapes,
however, is generally lower than for the pyramidal case be-
cause of the high degree of specular surface and edge bis-
tatic scattering from the wedge shapes.

Convoluted materials were also investigated. Figure
4.9 shows normal incidence time-domain results for a sec-
tion of 3 inch convoluted absorber with an 8 by 8 inch
base. Most of the scattering for this case is shown to be
caused by reflections from the rounded front surfaces of
the cbnvoluted shapes. The rounded valleys between the
shapes also contribute to the overall scattering level. The
back-edge component is negligible for this case. It is

shown that the contribution from the front surface alone is

......................
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2 INCH PAINTED WEDGES, BX8 IN BASE, 11-18 GHZ, NO METAL BACK
F12WP . REP F12WPCP . REP

A: HH 128 AV (sm)

B: HH 128 AV CP (sm)

“J.rrrri | T 11 || rrrrirrii | T I T || rrrr

-40. SOFT POL.
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Fig. 4.8. Time-domain response of 12 inch double wedge

:?ction (8x8 inch base) for both hard and soft polariza-
ions.
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Fig. 4.9. Time-domain response of 3 inch convoluted ab- o
sorber for normal incidence. it
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higher than -40 dBsm resulting in much worse overall per-

formance than for the pyramidal or wedge shapes. Due to the ;ﬁ
rounded nature of the convoluted shape, this increased g&
backscattering condition exists over extremely wide angular ii
regions and especially for higher operating frequencies. ﬁ?

This contradicts the fact that convoluted materials are ‘e

usually recommended, by some of the vendors, for use at

millimeter wavelengths or higher. Some of the results of %E
this study show the reasons for such a recommendation is §E
not clear and a smaller pyramidal cone may offer better ﬁi
performance. gﬁ

4.2.2 Nonhomogeneities

One of the significant results of this study was in
clearly showing and displaying the nonhomogeneities which
exist with almost all currently available absorbers. The
use of ISAR imaging techniques nicely shows these inconsis-
tencies between different sections of absorber pieces and
between absorber pieces as described in Chapter 3. The fact
that nonhomogeneities within the absorber exist is not a
new discovery and has been previously reported [8],[9].

One such ISAR plot is shown in Figure 4.10 for the

test wall covered with 18 inch pyramidal absorbers. The

four pieces of absorber in the middle of the test wall were

.
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18 inch PYR, S, P, 10.6, 0

7 0142107 .API
. (sm)
Log Mag (dBsm)
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- 4500
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<
T
-.35
) 0
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e .35 0. k3 7
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Fig. 4.10. ISAR ima
inch pyramidal
homogeneities.

ge results of test wall covered with 18
absorber showing material non-
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-used as the test sample and are outlined in the image data.

Each piece of 18 inch pyramidal material has 16 individual
pyramids. Each of these shapes are clearly shown in the
figure. The use of imaging allows the magnitude and phase
response from each individual shape to be separately
evaluated. The magnitude variations across the sample,
shown in the figure, clearly illustrate the inconsistencies
in performance caused by differences with the material.
Performance variations are shown for both individual shapes
within the same 2 by 2 foot piece of material as well as
between complete pieces. Amplitude variations as high as 5
dB are shown between pyramids within the same piece of
material and variations greater than 12 dB are found be-
tween separate pieces of material. The variations between
pieces are found to be more significant. The four pieces of
material used for this evaluation were from two separate
lot numbers but from the same vendor. Greater than 12 dB
variations were found between the different vendors. In
most cases, no physical difference could be detected be-
tween the absorbers from the same vendor which demonstrated
the most variations.

Phase variations between the separate pyramids of this
same test sample are not shown in a figure because of the
difficulty in displaying this information in a single one
color plot. The phase plot is highly random. However, the

phase results show that variations as high as 60 degrees
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occur between pyramids of the same piece of material and
for the same down range row. Variations between down range
rows are randomly spaced between 0 and 360 degrees as would
be expected because of the spatial offset of these rows
with respect to the imaging radar. Between pieces of ab-
sorbers for the same down range row, phase variations also
appear random in nature with variations as high as 210 de-
grees.

The results of such a measurement clearly show the in-
consistent performances of the material. Similar results
were found for the different absorber sizes and shapes. The
presence of such nonhomogeneities is not necessary bad.
Performance improvements can actually be obtained because
of the random scattering nature of the absorbers. Random
scatterers tend to avoid coherent conditions which con-
structively increase scattering levels. However, the random
nature of the material should be controllable and predict-
able in order to achieve consistent and optimum perfor-
mance. Currently, the causes of many of the material’s in-
consistencies are associated with the fabrication processes
used and vccur largely by chance. Absorber installation

techniques also introduce some of these inconsistencies.

4.2.2.1 Fabrication Related Nonhomogeneities

To help determine the causes of material inconsis-




AT AN A U O T 4 A A R R R NN N L R NI VR A RO AR AT R A YN SO A A Y NG R Y N LR UN LT D RNl PR aie g 4" )

110 o

o
tencies, several of the vendor’s manufacturing facilities ‘t
were visited during this study. From the surveys, it was s%
apparent that several techniques and processes used in .;§
fabrication can lead to n»erformance inconsistencies. The _:
techniques and resultant level of inconsistencies vary form $‘

oL

vendor to vendor as well. The exact processes used by the

Y

various vendors will not be discussed in this thesis in )
0N

fairness to the vendors. However, it is recommended that sﬁ
t,

5

users of such materials become familiar with the fabrica- ~:E

tion techniques used in their construction.

4.2.2.2 Installation and Alignment Related §§
L

Nonhomogeneities .

W

When a section of absorber is installed on a surface,
some inconsistencies can be caused by the installation
methods used. This is especially true for the case of wedge
absorbers. Many wedge absorbers vary in size in both
height and width due to the rabrication methods used. When
several pieces are placed end to end to cover a complete
wall section, it is quite common for a misalignment to oc-
cur between the individual wedge pieces. Typical misalign-
ment up to 1 inch in any direction can result if proper at-

tention is not given to forcing the alignment of the

pieces. Tests conducted during this study show that

degradations in performance, for these misaligned areas,

N
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can be as high as 5 dB. With proper absorber selection and
installation such misalignments can be reduced to amounts
which insignificantly degrade the absorber’s performance.

In some cases, an application of glue or adhesive be-
tween absorber pieces is commonly used to aid in alignment
or to attach absorber sections to selected areas. The use
of such glue also has the potential for causing performance
variations over the absorber covered surface. The exact ef-
fect of such variations should be evaluated by the in-
dividual user for his own unique application or require-
ment.

In an attempt to improve the performance of wedge type
absorbers, a new fabrication process was implemented by one
absorber vendor during this study. Wedge pieces 6 foot in
length, instead of the standard 2 foot pieces, were con-
structed using post-jigging impregnating techniques and
making use of a numerical-controlled cutting saw. Post-
jigging techniques infer that the material’s shape is cut
from the bulk foam material after it has been impregnated
with carbon. These techniques resulted in a much superior

absorber alignment and in a more consistent material.

4.2.3 Diffuse Scattering

Because of the inconsistent nature of the absorber

materials and because of the large number of individual
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shapes used for most applications, the high frequency scat-
tering nature of the material tends to be highly diffuse.
In other words, scattered energy is radiated in many direc-
tions and in a rather random fashion. The specular reflec-
tions from the large number of shapes contribute to much of
this diffuse scattering. However, shadowing, multiple in-
teractions, and diffractions also contribute. The total
diffuse result is dependent on incidence angle, polariza-
tion and frequency. The effect of diffuse scattering is
improved absorber and anechoic chamber performance.

Even with this diffuse nature, for many materials,
orientations and incident directions still exist where an
increased amount of energy is still scattered in un-
desirable directions. Such conditions exist ,for example,
when the angle of incidence is normal to the large flat
surfaces of the absorber shapes. An important parameter to
consider when evaluating such conditions is the phase
relationship of the various scatterers which contribute to
this scattering.

In general the total scattered power or energy which
is directed in a given direction by a wall or section of
absorber, and which is caused by a incident field on the
absorber, can be described by the total radar cross-

section, o, of the wall as:
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where N is the total number of individual scatterers which ?3

contribute to the total scattering and ¢, and 6, are %1

Y m

the RCS and relative phases of each individual scatterer. P |

f".:'

(X

The result is then the squared magnitude voltage vector éﬁ

!:*‘

summation of all the scatterers. gﬁ

e

Since the amplitudes of the various scatterers are !!

Y

generally random and vary less than 10 dB or so for the g:g
()

monostatic case, as shown in Figure 4.10, the phase %:

relationship between the individual scatters has a large

effect on the overall result. Two phase conditions are as- Y

sumed. The worse case scattering level will occur if all of ;ﬁ
the individual scatterers add coherently or in-phase. Under 3!
20
these conditions, assuming equal amplitudes, the net result %
\)

is:

9 Vel F,079
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and the total result is simply 20*log(N) greater than the
level for a single scatterer. Because of the random and
diffuse scattering nature of the material it is reasonable
to assume that this condition is not likely to exist, even
for normal incidence on the material, and thus places a
conservative upper bound on the level expected.

The other condition which is possible, is for the
scatterers to have a truly random phase relationship where
the phases of the individual returns are uniformly dis-
tributed from 0 to 360 degrees. The result for this case

is:

2

0T=N \/On = NO, (3)

and the total scattering level is only 10*log(N) greater
than the level for a single scatterer. This condition is
referred to as addition of powers only and sets the lower
limit on the scattering level expected. The actual level
will fall somewhere between these two limits. The more ran-
dom the scattering from the individual scatterers, the
closer to the lower limit will be the result. The amplitude

variations, however, must also be considered. In practice,

the average magnitude level over the sample area is usually
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used to represent On-

4.3 SHAPING AND ORIENTATION EFFECTS

Some of the important issues regarding anechoic ab-
sorbing materials are the performance dependencies on their
shape and size, and whether or not preferred orientations
exist which improve their performance. These issues are
among some of the more recent questions being asked by
chamber users and designers, especially regarding the use
of compact ranges. Compact ranges place slightly different
performance requirements on the absorber materials than for
conventional ranges [4],[37]. One example of this is the
increased interest in the near-grazing incidence perfor-
mance of the absorber materials placed on the side walls of
the chamber. Most compact ranges tend to illuminate the
side walls at incidence angles from 5 to 20 degrees from
grazing (grazing is 90 degrees from normal). Depending on
the particular design used, the low-angle incidence perfor-
mance of the absorber can have a significant impact on the
performance of the chamber with regard to both its back-
scatter and bistatic scattering levels. This is especially
true if extremely low ambient chamber RCS background levels

are required. A problem in designing such ranges is that

adequate data on the performance of the absorbers for these




conditions has not existed in the past.

To help obtain some of this badly needed performance
data on the absorbers, measurements were conducted during
this study to evaluate the monostatic performance of com-
monly used materials at both near grazing and near normal
incidences and for various sizes and shapes. Various

| material orientations, with respect to the incident fields,
were also evaluated. Some of these results are shown in
this section. The techniques used to conduct such tests in-
volved both ISAR imaging and reflectivity measurements as
described in Chapter 3. The angles defining the positions
and orientations of the test samples are also defined in

that chapter.

4.3.1 12 Inch Wedge and Pyramidal Materials

Using the 8 by 8 foot test wall of absorber, ISAR
images were generated at various incidence and orientation
angles on both 12 inch pyramidal and wedge absorbers. These
images were obtained for both principle polarizations and
at two different frequency bands, 2.9 - 6.9 GHz (low-band)
and 13.8 - 17.8 GHz (high-band). For comparison purposes,
the average backscatter return per unit range cell over the
test sample was used to represent the performance of these
materials for the different angles and orientations. Only

the 4 by 4 foot area in the center of the test wall was
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used for these comparisons. All the materials were from the '
same vendor and were all painted and contained no fire EEEE{
retarding salts. The measured results clearly illustrate ;;gi
the relative performance levels of the various cases. :‘ 
Figure 4.11 presents the measured results at the high :EE::
frequency band. The results show the average RCS, in dBsm, ’é.:
per unit range cell for both 12 inch pyramidal and wedge i
materials and for different orientation angles (phi) as a ::%;E
function of the incidence angle from grazing (alpha). All g::g‘:?
the data shown is for theta= 0 degrees. A large variation :"i
in performance is shown for the different cases. :E‘?e
The 12 inch pyramid results are shown for phi angles %;%E

of 0, 10 and 45 degrees. A phi angle of 0 degrees (for ..;'.;
theta=0) is the plane which includes the normal to the flat %Eg.:
side of the pyramid shapes. Normal incidence to the :EEE‘;:
pyramid’s surfaces occurs at alpha = 11.3 degrees. A phi ?.;.;.
angle of 45 degrees is a plane which includes the normal to :::';E‘:
the straight edges of the pyramids. The normal to these E::'g
edges occurs at alpha = 15.8 degrees. The results show that _‘:‘
at the angles where the radar looks into the flat sides or ::{::‘:':(
the straight edges of the absorber shapes the backscatter- :'Eg‘
ing from the materials is increased. This result is as ‘;.'
would be expected by intuition. The level of increased 'f::j
¢

scattering is approximately 20 dB higher than at angles

greater than 20 degrees from these normals. The performance
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13.8 -« 17.8 GHz, W POL, 4 x 4 FOOT SAMPLE PAINT,NO SALT
-30 —8— 12"PYR PHI=0

—¥— 12"PYR PHI=45
—%— 12"PYR PHI=10
—~&— 12"WED PHI=0
—o— 12"WED PHi=90

|
5

=50 4

]
8

[ ]

[

-70 4

a) VV polarization

AVG, BACKSCATTER/UNIT RANGE CELL (DBSM)

]
[+ )
o

T T T T

15 20 25 ;0 35
ANGLE FROM GRAZING (degr)

o
3

45 50

13.8 — 17.8 GHz, HH POL, 4 x 4 FOOT SAMPLE PAINT,NO SALT
~30 —8— 12"PYR PHI=0

—%— 12"PYR PHI=45
—=— 12"PYR PHI=10
~&— 12"WED PHI=0
——

12"WED PHI=90

[}
»
o

i

i
~
o

i

b) HH polarization

]
[+ -3
o
P
p
-
4
p

AVG. BACKSCATTER/UNIT RANGE CELL (DBSM)
1 '
3 3

-
o
-
w
N
o
N
w
o
o
(7]
w

45 S0
ANGLE FROM GRAZING (degr)

Fig. 4.11. Measured high-band backscattering performance
of various 12 inch pyramidal and wedge absorbers as a
function of incidence angle from grazing.
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of the pyramidal material, turned phi= 45 degrees, is also
shown to be as much as 10 dB better than for the phi= 0
case, especially at angles of alpha less than 20 degrees.
Turning the pyramidal material only 10 degrees is shown to
actually degrade its performance somewhat since additional
edges are exposed to the radar.

The performance of the wedge materials, for the back-
scatter case and for this frequency band, is shown to be up
to 10 dB better than for the pyramids at incidence angles
below 30 degrees for phi = 0, but no clear advantage is
shown in using these materials above 30 degrees. In fact
the pyramidal materials offer better performance beyond
these angles. Turning the wedges 90 degrees obviously
results in the worse case performance.

The performance results for these same materials at
the low frequency band is shown in Figure 4.12. For the 12
inch materials, at this frequency, the wedge absorber at
phi = 0 is much better than all the other configurations by
as much as 30 dB. The performance of the pyramidal absorb-
ers and the wedge turned at phi = 90, all show about the
same performance level. The dependency of the performance
on incidence angle for this frequency band is also shown to
be much different. The response forms a slight peak about
15 degrees from grazing and falls off almost as the cosine
of the angle beyond that point. This is believed to be a

result of the much broader scattering response from the
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2.9 - 6.9 GHz, W POL, 4 x 4 FOOT SAMPLE PAINT,NO SALT
—8—- 12"PYR PHi=0

—%— 12"PYR PHI=45
~—&— 12"WED PHI=0
12"WED PHI=S0

[}
[
=]

i
f

]
$

|
-
o

L

i
~
o

i

AVG. BACKSCATTER/UNIT RANGE CELL (DBSM)

a) VV polarization

)
[+ -3
Q

¥ T T T

30 35 40 45 50
ANGLE FROM GRAZING (degr)

-
Q
-
wn
[
Q
N
wn

2.9 - 6.9 GHz, HH POL, 4 x 4 FOOT SAMPLE PAINT,NO SALT
30 —8— 12"PYR PHI=0

—x— 12"PYR PHI=45
—&— 12"WED PHI=0

N —o— 12"WED PHI=90

b) HH polarization

]
5

[}
[
o

"

-60 4

~70 4

AVG. BACKSCATTER/UNIT RANGE CELL (DBSM)

]
[>]
o

T Y T T T Y

15 20 25 30 35 40 45 50
ANGLE FROM GRAZING (degr)

[}

Fig. 4.12. Measured low-band backscattering performance of
various 12 inch pyramidal and wedge absorbers as a func-
tion of incidence angle from grazing.
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absorber’s surfaces at these lower frequencies. [ ]
’ ]

. . . 1

Figure 4.13 presents measured reflectivity results for :ﬂ

these same absorbers at both the lower and upper frequency
bands. This data was obtained using the techniques i}
described in Section 3.3.3.3. Also shown in the figure is )

the typical vendor specified performance levels [24]-([27].

The results show that in all cases levels much better than [ ]
o
the vendor’s published levels were measured. This is due d%
4
ey,
mostly to the evaluation procedures and techniques used. ﬁh

The data in Figure 4.13 shows that the 12 inch pyramid

absorber at phi= 45 degrees demonstrated the best perfor- ﬁ;
mance with reflectivity levels better than -85 dB. The ﬁ%
reason being that the straight edges along the bases and :z
edges of the shapes are partially cross-polarized with in 3&
the incident energy for this case. The wedge materials at §§
phi = 0 are shown to be as much as 15 dB worse than the o
pyramids turned 45 degrees for this polarization. However, aﬁ
the pyramids turned phi = 0 and the wedges at phi = 90 de- -3
grees perform at about the same level as would be expected. i?
The reason for the degraded performance of the wedge §$
materials is the specular scattering from the long straight §§
edges of the wedge’s tips and bases. o
W
4
b
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VENDOR A, PAINT, NO SALT
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Fig. 4.13. Measured reflectivity of various 12 inch

pyramidal and wedge absorbers.
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4.3.2 18 Inch Wedge and Pyramidal Materials

Similar evaluations were conducted on 18 inch
materials as with the 12 inch absorbers. The results of
these measurements are presented in Figures 4.14 through
4.16. The 18 inch materials generally perform similar to
the 12 inch materials except for the slight differences in
the absolute scattering levels. Other differences include
the fact that the variations in scattering between the 18
inch wedge and pyramidal test samples are shown to be less
than with the 12 inch materials. Part of the reason for
these differences is the larger absorber shape as described
in Section 4.2, and also that the 18 inch samples were ob-
tained from a different vendor than the 12 inch samples and
contained fire retarding salts. Section 4.5 discusses the
effect of these salts on performance. The alignment of the
18 inch wedges was also fairly poor from piece to piece be-

cause of the inconsistencies in the absorber’s size.
4.3.3 6 and 8 Inch naterials

Smaller absorbing materials were also evaluated. Both
6 inch convoluted and 8 inch pyramidal and wedge absorbers

were measured in the same way as for the larger materials

for both frequency bands and polarizations. The smaller ab-
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Fig. 4.14. Measured high-band backscattering performance
of various 18 inch pyramidal and wedge absorbers as a
function of incidence angle from grazing.
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Fig. 4.15. Measured low-band backscattering performance of

various 18 inch pyramidal and wedge absorbers as a func-
tion of incidence angle from grazing.
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Fig. 4.16. Measured reflectivity of various 18 inch
pyramidal and wedge absorbers.
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sorbers have shorter shapes but a higher number of shapes [ 4
per piece. The half-cone angle for the 8 inch materials is
13 degrees as opposed to 11.3 degrees with the 12 inch and da
10.6 degrees for the 18 inch absorbers. All of the 6 and 8 Ti

inch materials were form the same vendor and had fire

retarding salts. ;:Ez{
The backscattering results for these materials at the %v
upper frequency band are presented in Figure 4.17. Once
again the wedge absorber turned at phi=0 offers the best :‘%E
performance with up to 20 dB improvement at the near graz- *
ing incidence angles. At alpha = 40 degrees, however, only gg
slight differences between any of the materials is ob- %é
served. The pyramidal materials turned both at phi= 0 and 3-
45 degrees offer nearly the same performance as for the §%
convoluted materials except at the very low incidence :§;
angles. For this case, turning the material phi=45 degrees g?
offers no real advantage except for alpha angles below 18 §§
degrees and for HH polarization. The relative level of ﬁ;
these materials is also shown to be higher than for the 12 2’
inch materials; again, partially due to the use of fire §§
retarding salts, but also partially caused by the dif- :%
ferences in the shape’s sizes and the number of shapes o
used. .:%::E
The lower frequency band results are shown in Figure Ti:
4.18. The response of these materials for this frequency ta
band is somewhat surprising. The different orientations and f&
:gf
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sizes of material have much more of an effect on perfor-
mance than they did for the higher frequency band. The ex-
act reason is unclear but it may be due to resonant scat-
tering conditions on the absorber and an improved air-to-
dielectric impedance match at some incidence angles. A
deeper penetration into the absorber at these frequencies
is also present. The results again show that the wedge ab-
sorber is clearly best out to 40 degrees from grazing. The
pyramidal material turned at phi= 45 degrees offers the
next best performance below alpha = 30 degrees and the 6
inch convoluted works fairly well above alpha = 30 degrees.
The worst absorber performance is from the 6 inch con-
voluted materials at phi= 45 degrees.

The reflectivity results in Figure 4.19 show that the
wedge materials perform from 10 to 15 dB worse than the
pyramidal and convoluted shapes toward normal incidence but
that all the other materials have very similar performance.
The results are again shown to be much better than the
vendor’s published specifications except for the wedge ab-

sorber.

4.3.4 New 12 Inch Material Designs

During this study an experiment was conducted in an

effort to find an improved pyramidal absorber design. The

goal was to obtain a pyramidal shaped absorber which had

X 1
l'w,,i q“‘_.,l?.‘




W gk . R O N T L U N WY ALY U XL 1, e #oy @Y @y Bip 8V 0%y fép Rt fp 80 8" Y P T O O O O O R O A O R R T A

131

VENDOR B, PAINT, OLD SALT

. W POL, 8'X 8' SAMPLE, ALPHA=90, THETA=+/-40
t 75

‘ O 6"CONV PHI=0 s
ol  x e'cONV PHI=45 5 87
" v 8"PYR PHI=0
X ™ 65 - *+ 8"PYR PHI=45
1 S o 8"WED PHI=0
> 60 - o o °
>
= * * =%
Q 551 v Vv VENDOR
ty ® PERFORMANCE
- ™ R SPECIFICATIONS
' Ll 50 4 v
i @ X
S
<
: 40
o © 0
) 35 I T T T T T T
f 2 4 6 8 10 12 14 16 18
FREQUENCY (GHZ)
!
t Fig. 4.19. Measured reflectivity of various 6 and 8 inch
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improved rerformance at both near-grazinog and normal in-
cidence, especially at the lower frequency band. The use of

such a material should provide better chamber performance

- without havihg to use wedge materials. Wedge absorbers, al-

though they offer better backscattering performance at the
near-grazing angles, cause increased target or chamber cou-
pling in some situations because of their increased
specular bistatic scattering.

In modifying the design of pyramidal type absorbers
only a few parameters can be changed without making the
material impractical or too expensive to produce. The issue
of fabrication has always played a big role in the design
of absorbers. Specific shapes and graded or layered absorb-
ers can be conceived which would offer better performance
for specific applications; however, such shapes or absorb-
ers may be very difficult to fabricate, especially in enor-
mous quantities and at low costs.

The urethane foam material, for suspending the lossy
carbon, is believed to be an adequate and acceptable base
material unless major changes in the absorber design are to
take place. The carbon loading solution used in present
materials has been experimented with for many years by most
of the vendors and it is believed that for a single solu-
tion applicaﬁién a near optimum concentration of carbon and
binder has been reached. The only improvement which could

be implemented would possibly be the addition of magnetic
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lossy materials [38) or improved impedance matching tech-
niques such as with layered or graded absorbers. The only
other design parameter available for variation is material
shaping.

To try to improve the performance of pyramidal type
absorbers, with only a minimal impact on fabrication
requirements, designs which had a larger number or density
of pyramids per piece were fabricated. Two of the vendors
produced and supplied 12 inch materials which had 49 and 64
individual pyramids per absorber piece as opposed to the
standard 36 pyramids per piece. The length of the pyramids
and the thickness of the absorber’s base were also varied
slightly. The effect of using more cones results in a smal-
ler half-angle cone dimension and in smaller absorber sur-
faces. However, a larger number of tips and edges are in-
troduced. Additional carbon is also made available in the
material by using more cones. The effects of these changes
were believed to improve the absorbers overall performance
by increasing the random scattering nature of the absorber,
especially at normal incidence, and to reduce the specular
scattering terms at the low incidence angles. The addi-
tional carbon in the material and the higher number of
cones was also thought to improve its low frequency perfor-
mance.

The results of the evaluations conducted on these

materials show that slightly improved performance is
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achieved at the low fregquency band for both normal and
near-grazing incidence. At the high frequency band some im-
provements for normal incidence were also observed.
However, the low incidence angle performance was not im-
| proved and even less benefit of turning the material 45 de-
| grees was realized. The limitations were believed to be as-
sociated with the increased number of edges and tips. The
overall performance of the modified materials was not as
good as was originally desired and performance levels were
not reached which would offer a1 suitable pyramid replace-
ment for the wedge materials.

Figures 4.20 and 4.21 show the performance comparisons

between the standard 36 cone design and the 49 and 64 cone
designs for VV polarization and at both frequency bands.
All of the results shown are for materials from the same
vendor and include fire retarding salts. The results again
show the most improvement at the low frequency bands. But
only slight improvements of a few dB were realized. Figure
4.22 shows normal reflectivity results for the various
materials and that up to 5 dB better normal incidence per-
formance was reached with the new designs. Probably the
most benefit of using a higher density pyramidal design is
in realizing improved performance at normal incidence,
especially for the longer pyramid materials and at lower

frequencies.
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4.4 EFFECTS8 OF METAL BACKING

W1

This absorber study also investigated the effects o< ??:E
using a metal backing on anechoic absorber performance. The “(
goal of this investigation was to determine the need and/or ?
benefit of a metal backing as compared to a less expensive ':
or more convenient backing surface or even an air backing. .!
The presence of a backup structure potentially in- :::}:E
fluences the absorber’s performance in two ways. First, if :'E?:
electromagnetic energy penetrates the absorbihg material, i‘?
without being substantially absorbed, then the backup d}%
structure mostly determines where that energy is scattered
or directed. This is especially important for low frequency “
applications where the absorber is much 1less than a t&
wavelength thick. If a metal backing is used then the ,*':::
penetrating energy is specularly reflected back into the :?'
absorber undergoing a second attenuation and is then ,{
radiated into the media from which it came. The advantage i-
of using a controlled metal surface, in this case, is that -
the reflected energy can be intentionally directed in an .;?j
unimportant area of the chamber. ::2
The second potential effect of the backup structure is 5}

its influence in determining the effective impedance match "é:
at the dielectric to air interface. However, because of the :'22
highly lossy nature of the carbon loaded absorber, only at o
extremely low frequencies should the backup structure have ::::::3
i
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a significant effect on the impedance match. of the -
. o
materials. :.:::,
et
One way to evaluate the significance of the absorber ,'::',
0’.‘1
backing is by determining the electromagnetic skin depth of "'!'
(WX
the material. One skin depth is a measure of the distance :.::‘,
)
..‘
that electromagnetic energy can penetrate a media before it :2::{
A
is attenuated by 8.68 dB. Thus, for a two-way path through ®
RS
a media, the signal power is attenuated by over 50 dB for a ':;:
o
penetration of 3 skin depths. ‘,:::
‘.Q'{
By using the skin depth and by understanding the ;‘.
e
penetration mechanisms of the abscrber materials, the &
\'l,,'f
amount of energy returned from a metal backplane can be
.1
determined. The exact formulation involves characterizing P |
Xn
the absorber’s reflection and transmission properties at .:::3‘
oy
o
the dielectric interfaces (impedance matches) over a wide &;5
Yy
range of incidence angles [9],([10],[39]), and[40]). Modeling -
i"L
(] i
this arrangement is rather complicated because of the com- ;;.::
()
W
plex geometry of the shaped absorbers and the non- ’$:
1,
homogeneities found throughout the materials. However, a “
o
rather conservative approximation would be to assume that ':'.g
]
only 5 percent of the energy which is incident on an ab- ..:::f
\J
sorber is reflected from the absorber’s surface. The rest 1‘
(A
of the energy then is assumed to enter the absorber and is Eﬁ
s
directed normally to the flat backplane of the material. -\.g
A
The skin depth for any non-magnetic material can be
o
calculated at a given frequency if the complex permittivity .:
oy
rl'
e

o
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is known. The presence of the carbon in the material deter- »
O4X]

. . o

mines the imaginary part, or the lossy properties of the gé
RN

absorber. Some typical permittivities are given in [9] for iy

anechoic absorber materials. Using these results, permit-

tivities of 1.5-j.69 at 3.75 GHz and 1.44-j.56 at 14.5 GHz :ﬁ
were assumed for this study. These provide skin depths of §§
1.8 and 0.57 inches at these two frequencies respectively. ;!
These values suggest that for better than a 50 dB attenua- Eg
tion of the return from a metal backplane, the material zég
should have a carbon loaded thickness of at least 5.4 :;
inches at 3.75 GHz and 1.7 inches at 14.5 GHz. For most @%
commonly used materials, minimum base thicknesses of 2 to 4 §§
inches and pyramidal or wedge lengths of 6 inches and ;é
larger are usually used. Thus, at the frequencies inves- %ﬁ
tigated during this study it was expected that the effects I;g
of the backplane of the absorber would not be significant. #ﬁ;
To determine the actual effects on performance, %%
evaluations were conducted on absorber samples both with %ﬁ
and without a metal backplane. Some of the tests were con- vy
ducted by evaluating various single absorber sections g&
mounted on a small styrofoam support structure. The g*
measurement methods used were the time-domain coherent 1”
wideband radar techniques illustrated in Section 3.3.3.4. ggt
The frequency bands evaluated were 1.5 to 6 and 11 to 18 g%
GHz. ‘égt
These tests involved measuring the time-domain RCS {g
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response of a section of absorber which was 8 by 8 inches
at its base and was placed so that the flat back side of
the material was normal to the radar. A flat metal square
plate, 5.75 by 5.75 inches, was placed at the center of the
absorber’s back surface to form a metal backing. The metal
target was smaller than the absorber sample to reduce edge
effects. The small absorber section was used instead of the
8 by 8 foot test wall to minimize alignment problems. The
RCS of the metal plate at normal incidence was -1 dBsm at
3.75 GHz and +11 dBsm at 14.5 GHz.

At the 11 to 18 GHz band, for all of the absorbers
tested, no noticeable effects of the metal backplane were
found by the evaluations. The absorber samples included 3
inch convoluted, and 8, 12 and 24 inch pyramidal and wedge
absorbers. Figure 4.23 illustrates typical results at this
frequency band for the 12 inch pyramidal materials with and
without a metal backing. The physical backplane of the ab-
sorber section is located at approximately 0 meters in
range. However, returns from the metal backing plate would
occur from 1.1 to 6.8 centimeters behind the absorber’s
physical backplane since a propagation factor of 1.22 ex-
ists in the dielectric absorber. Even down to a =70 dBsm
level the metal target response is shown to be undetec-
table. The slight variations in the two responses show the
repeatability of the measurement. This represents at least

a 80 dB reduction in the response of the metal backplane.
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Fig. 4.23. Time-domain results of 12 .1nch pyramida

gion both with and without metal backing for the 11 to 18
GHz band.
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The performance of the absorber is shown to be mostly dic-
tated by the scattering from the absorber’s surface and not
by a limitation in its absorption properties.

Results for the 1.5 to 6 GHz band for the 12 inch
pyramidal absorbers are shown in Figure 4.24. Even at this
lower frequency band, the effects of the metal backing are
not the dominant contributors to the total scattering and
better than a 45 dB reduction in the return from the metal
plate was obtained. However, the backplane of the absorber
does contribute to the scattering and is more significant
than the tip diffraction terms. This is explained by the
increased skin depth in the material at these frequencies.
At the areas of the metal backing, differences of less than
5 dB are shown. The propagation factor in the material at
this frequency is 1.25.

For 8 inch pyramidal material the results for the low
frequency band are shown in Figure 4.25. Again, the effects
of the metal backing appear at a range behind the
absorber’s returns, but for this case these returns are
negligible with respect to the overall return from the ab-
sorber. The tip and pyramid shape returns are up to 10 dB
larger than the returns from the backing. Part of the
reason is because of the increased number of shapes.

The smallest material which was evaluated was a 3 inch
convoluted absorber. The results of this material at the

low frequency band are shown in Figure 4.26. The effects of
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UNPAINTED TIPS PYR., 1.5-6 GHZ, NO METAL BACK
L12PNPM. REP

A HH 128 AV (sm) B: HH 128 AV (sn)
R [TTTTTT T[Ty rrrrrrprrrr
METAL
0. N - BACKING
E -35. —
8 |
E "40. :-—
-45 }— — NO METAL BACK
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= L
8-, '55. :
A "60 = ,\\\
-65,'-1 b LNl
-.4 -.3 -.2
RANGE
Fig. 4.24. Time~domain results of 12 inch pyramidal sec-

tion both with and without metal backing for the 1.5 to 6

GHz band.
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NINE 8 INCH PAINTED PYR., 1.5-6 GHZ
L8PP.REP LBPPM.REP
A: HH 128 AV (sm) B: HH 128 AV (sm)
b (/2% L e B I T[T T rrrrrrror]
— ETAL .
L < l;Acxmc; ]
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m n ]
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Fig. 4.25. Time-domain results of 8 inch pyramidal section
both with and without metal backing for the 1.5 to 6 GHz
band.
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Fig. 4.26. Time-domain results of 3 inch convoluted sec- b,
tion both with and without metal backing for the 1.5 to 6 oy
GHz band. \
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the metal backing are clearly shown in the range of +.1
meters. Even still, the metal backing effects are 20 dB
below the scattering returns from the absorbers surfaces

and are not significantly important.

4.5 EFFECTS8 OF FIRE-RETARDING CHEMICALS

One of the significant results of this absorber study
was in determining some of the performance degradations
which occur when fire retarding chemicals are added to ab-
sorbing materials. Such chemicals, which are composed of
various salt compounds, are placed in the materials for
safety reasons. Most facilities are required to use these
salts in their absorbers to meet local fire code require-
ments.

Measurements were conducted on various 12 inch
materials with and without fire retardants. All of these
materials were provided by the same absorber vendor and
only this vendor’s material was evaluated. Section 4.7 il-
lustrates that the different vendor’s materials vary
slightly in performance as a result of the particular salts
used, therefor, the results of these particular tests may
not apply to all the materials currently available. Evalua-
tions were conducted at both normal and near-grazing in-

cidence. The overall results show that performance degrada-
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tions as high as 10 dB are realized when salts are used in
the materials, especially for the off-normal incidence
angles toward grazing.

The measured backscattered RCS for the 12 inch
pyramidal absorber, both with and without salts, is shown
in Figure 4.27 for a phi and theta angle of 0 degrees and
at the 13.8 to 17.8 GHz band. These evaluations were con-
ducted using the ISAR imaging techniques discussed in Sec-
tion 3.3.3.2. For VV polarization, the materials without
fire retarding salts is shown to offer from 5 to 10 dB bet-
ter performance over the entire range from 11.3 to 40 de-
grees. The HH polarization results show that only slight
improvements were obtained at some angles. Similar tests
conducted on 12 inch wedge materials show that slight im-
provements of 2 to 3 dB exist for materials without salts
over the same angular region.

The results for near-normal incidence, shown in Figure
4.28, illustrate that the reflectivity values for the
materials with and without salts change only slightly for
the 12 inch pyramidal materials at the high frequency band.
But, at the low band the non-salted materials tend to have
better performance. The wedge materials, however, show
just the opposite response. The low-band performance of the
12 inch wedges shows only small differences between the
materials with and without salts and the high-band results

show that the unsalted absorbers are better by 3 to 5 dB.
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12" PYR, PHI=0, PAINT, VENDOR A
13.8 ~ 17.8 GHz, W POL, 4 x 4 FOOT SAMPLE
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Fig. 4.27. Measured backscattering performance of 12 ipch
pyramidal absorber both with and without fire retarding
salts.
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VENDOR A, PAINT, PHI=0

W POL, 8'X 8" SAMPLE, ALPHA=90, THETA=+/-40

90
O 12"PYR NO SALTS
857 % 12PYR SALTS
v 12"WED NO SALTS
EE~80- X
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754
> 70 1
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Fig. 4.28. Measured reflectivity of 12 inch pyramidal and

wedge absorbers both with and without fire retarding
salts.
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4.6 EFFECTS8 OF PAINTING MATERIALS

Absorbers are typically painted both to help protect
the materials and to increase the amount of light reflected
from the absorber’s surface. The effect of paint on the
absorber’s performance was one of the parameters inves-
tigated during this study. The concern about the paint is
that it increases the amount of reflected and diffracted
energy from the absorber’s surfaces and edges, thus,
degrading its performance. This is especially a concern for
higher frequency operation. Earlier work in this area at 94
GHz [41] reports that painting the materials does degrade
the absorber’s performance for some cases.

The evaluations conducted during this study involved
measuring various painted and unpainted 12 inch pyramidal
and wedge absorbers, all from the same vendor. All of the
materials tested also contained no fire retarding salts. Of
the painted materials tested, no obvious excessive paint
layers or clots were found. Measurements were made using
the 8 by 8 foot test wall discussed in Section 3.3.2.
Results for both normal and near-grazing incidence were ob-
tained in the 2.9 to 6.9 and 13.8 to 17.8 GHz bands.
Within these frequency bands no noticeable performance
degradations were observed due to the presence of the
paints. These results are consistent with those published

in [9].
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Time-domain measurements were also conducted using
materials which were both completely painted and which had
unpainted tips. Single pyramidal absorber sections were

used. Recent trends in absorber painting is to leave the

absorber’s tips unpainted while painting the rest of the :::
surfaces. The objective is to reduce tip diffraction com- :?:
ponents especially above 30 GHz. Figure 4.29 shows the :
worse case comparisons between materials with and without ?’
the tips painted over the 11 to 18 GHz band. The data 1il- Eé:e
lustrates that the tip components are changed only slightly i‘
between the two cases. In fact, much larger performance :g
variations are shown at other areas of the absorber than :§§
for the tips. This is caused by other parameters of the }
materials which are not consistent between the two pieces, :eé
such as the carbon density. .EEE
»
g%
A
4.7 VENDOR PERFORMANCE COMPARISONS gg
2y
Comparisons between similar pyramidal and wedge ‘::
materials from the three vendors were also conducted during *_‘
this study to evaluate the various fabrication techniques .,
used. Each of the three vendors, who supplied materials for :‘
this study, fabricate the absorbers in a slightly different :‘2
manner. Small variations in the carbon loading and fire b
retarding salts also exist.
|
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SINGLE 12 INCH PAINTED PYR., 11-18 GHZ, NO METAL BACK

S12PP.REP S12PNP.REP
A HH, 128 AV (sm) B: HH, 128 AV (sm)
-45__llll[llTl|IXi;mmgwl:llllllll_

(dBsm)
&
ll[]ll]ll'lr

JlllllllllllllLLlllllllllll

-60. PAINTED
0) — _ _ __ UNPAINTED
© — TP
= -65.—
o -
o -70. -
- [ \
— \ !
-75. 01111 AR ITEERE NN |
-4 -.3 -.2 -1 0. A .2
RANGE (m)

Fig. 4.29. Time-domain results of single 12 inch pyramid
both with and without a painted tip.
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Figures 4.30 and 4.31 illustrate some of the dif-
ferences in performance for the various 12 inch pyramidal
materials evaluated. All of the materials were painted and
had fire retarding salts. At the upper frequency band, ven-
dor B’s material had up to a 10 dB higher backsczatter level
at 30 to 40 degrees from grazing and a 5 dB lower reflec-
tivity at normal incidence. The other two materials per-
formed about the same with vendor A’s material being
slightly better. At the lower frequency band, vendor A’s
material had the best off-normal performance but the worse
normal incidence reflectivity.

A very noticeable physical difference also existed be-
tween the materials. Vendor B’s material was much heavier
and had a hard crusty surface due to the fire retarding
chemicals used. The other vendor’s materials were nearly
the same in weight and stiffness. The amount and color of
the paint used on the materials also varied between the

vendors.

4.7.1 New Fire Retardant Material Design

During the same period of time over which this study
was being conducted, vendor B was also working on a new
fire retarding design for their materials. Samples of 12
inch pyramidal absorbers with the new fire retarding salts

were supplied by vendor B for comparison to their old
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Fig. 4.30. Measured backscattering performance of similar Nt
12 inch pyramidal absorbers from the three vendors. :z&r
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Fig. 4.31. Measured reflectivity of similar 12 inch g
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design. The new design reduced the weight and stiffness of

their material significantly. Figures 4.32 and 4.33 show by
the performance of vendor B’s new and old designs. Vendor !
A’s results are shown as a reference for comparison. The 9
new fire retardant design is shown to improve the N3
absorber’s performance at both the upper and lower .
frequency bands and for both normal and near-grazing in- [

cidence. ol

A
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Fig. 4.32. Measured backscattering performance of vendor
B’s new and old fire retardant absorber designs.




159

: 12" PYR, PHI=0, PAINT, SALT
W POL, 8'X 8' SAMPLE, ALPHA=90, THETA=+/-40

90
: 85 - O VENDOR A
; OLD VEND B
. o 801 v NEW VEND B o
K s O
; S~ v
‘ 75 - v
N x X
: e x
' = 70 -

|.—
. O

L 65 -

L

o

. 601 v
; < 55 A X B
1 (u]
50 2
! 45 ¥ ] L} LS A T ¥
2 4 6 8 10 12 14 16 18

: FREQUENCY (GHz)

! Fig. 4.33. Measured reflectivity of vendor B’s new and old
fire retardant absorber designs.
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5.0 APPLICATIONS OF ABSORBER EVALUATION RESULTS :{
‘
5.1 INTRODUCTION ig
e
There are many applications for a better characteriza- .'
tion and understanding of the performance 1level of t
microwave anechoic absorbing materials. The number of ap- ?
plications is almost as many as the number of current ‘;
facilities which make use of such materials. Each chamber .:g
is uniquely designed to meet a specified goal for conduct- ;:{{f
ing measurements on at least one specific hardware or sys- ,
tem type. Each different measurement requirement usually %::;
places its own specific requirements on the performance ::%:
level of the anechoic room in which the measurements are ?
conducted. And, many anechoic chambers are used to conduct :E«';
various types of tests on more than one hardware type or :;é
system. The size and design of such chambers also vary from .g
facility to facility. By applying a better understanding of ':.é
the gquality of the chamber, and thus the absorbing é
material, many of these measurements could be performed %
with improved accuracies. Anechoic chamber designs could 'c,
also be implemented which allow for more demanding measure- q
ment requirements to be satisfied. This chapter addresses :.\
only a few of the more general applications of the absorber Eﬁ}
performance results which were obtained during this study. 'i:
Specifically, only applications relating to improved ab- ’
sorber and RCS chamber performance levels are discussed.

-------



RN B A RS

AT RO AN R TUR IR IR PR R SA RN AN AN E MR MR VAR X VN TN LN UL VR N D R A UV O R T O TR R OO

161

5.2 IMPROVED ABSORBER PERFORMANCE

The results of this absorber study can be directly
applied to improved absorber performance in at least two
ways. First, by the continued application of the modern
diagnostic absorber measurement techniques, developed
during this study, to better evaluate the actual perfor-
mance of present and future materials. And secondly, by
using the results of the evaluations already conducted to
better define the limitations and problem areas with the
current materials.

The diagnostic measurement techniques, making use of
coherent wideband radar and imaging instrumentation, have
been shown to be extremely useful in determining and
characterizing the scattering mechanisms associated with
the various types and sizes of material. Using these
evaluation techniques, the exact reasons or causes of
degraded absorber performance can be found, and, as a
result, modified fabrication methods or absorber design
solutions can be determined which should lead to improved
performance. Once the performance limitations of current
absorbers are fully understood, then the development of the
next generation of newly designed materials with improved
capabilities can begin. The use of these modern measurement
techniques should be of great significance in this develop-

ment.
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During this study the use of these techniques led to
the discovery of several absorber performance limitations.
A summary of these discoveries is presented.

In general, the absorbers were found to be non-
homogeneous in their carbon densities and fire retarding
salts and also in their physical size. Use of this non-
homogeneous nature in obtaining noncoherent and random
scattering conditions can actually improve the performance
level of the absorbers. However, it was determined that a
controlled and predictable method of designing for these
nonhomogeneities, instead of letting them occur by chance
during the fabrication process, should lead to even further
performance improvements.

In most cases, the use of the fire retarding salts in
the absorbers were found to reduce their performance at
some aspect angles. It was found that the amount and type
of salts vary between the different vendors and that per-
formance levels also vary. One vendor changed the design of
their fire retarding salts with the new design showing im-
proved performance results. These results were shown in
Section 4.7.

A newly designed wedge material was also made avail-
able by one vendor during this study which offered a six-
foot long absorber section as opposed to the standard two-
foot length. The technique used to fabricate this design

made use of a numerical controlled cutting machine and
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computer controlled impregnator and holding tank. The
carbon was placed in the raw foam prior to cutting. These
advances in fabrication technique led to much improved con-
sistencies between absorber pieces in both carbon density
and physical size. For the first time, a continuous length
of wedge materials can be installed in a chamber which
forms a straight continuous wedge between pieces without
having to modify or glue the ends of each piece. Further
application of such fabrication techniques should alsc lead
to controlled methods of introducing noncoherent scattering
effects in the absorbers as well.

New pyramidal absorber designs were also developed
during this study which had a higher number or density of
pyramids per absorber piece. This was done in an effort to
improve the random nature of the absorbers over all aspect
angles and to also improve the low frequency operation of
the material since more carbon would also exist. The
results showed a slightly improved performance at near-
normal incidence but not a major improvement at other
angles. The specular reflections from the flat absorber
sides were shown to be reduced; however, the diffraction
scattering components were increased because of the in-
creased number of shapes. Results for these materials were
shown in Section 4.3.4.

The effects of painting the absorber materials were

also evaluated. The concern about the paint is its effect
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on the impedance match at the air to dielectric interface
and also its degradation of performance if it clots or is
applied too heavily, especially at the absorber tip or
base. At the frequencies observed during this study, no
noticeable degradation in performance was obtained due to
the materials being painted. However, at millimeter-wave
frequencies, as shown by other investigators [41], the
paint is expected to become more of a problem.

The performance level of the absorber materials
evaluated during this study were found to be dependent on
the absorber’s shape, orientation and size. Improvements in
performance can be obtained by simply selecting the proper
absorber type or installation orientation for the specific
intended purpose. Having a better understanding and
knowledge about the absorbers, enables the anechoic chamber
designer or user to obtain improved performance even from
currently available materials. Probably the most useful im-
mediate result of this study for achieving improved ab-
sorber performance is in the application of the absorber

performance curves, many of which are found in Chapter 4.

5.3 IMPROVED CHAMBER PERFORMANCE

In many ways, the performance of the absorbing

materials used in an anechoic chamber directly determines
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the performance of the chamber. For this reason improved .
!

chamber performance should be obtained with improved ab- ﬁ
0

sorber performance and characterization. This can best be !

realized through utilization of the absorber data to aid in
proper absorber selection and installation to reduce un-
wanted chamber responses such as target or antenna coupling i
interactions with the chamber surfaces. The most direct ap- —
plication of the absorber data is in generation and
development of accurate and useful chamber prediction
models to aid in chamber design and performance optimiza-
tion. 0

Models, based on an accurate absorber characteriza- W,
tion, would be extremely useful in obtaining improved cham-
ber designs since the expected performance of the chamber
could be predicted and optimized prior to chambsr construc-
tion. Currently, most chamber designs are based on the ex-
perience and knowledge of the chamber designer. The only
chamber performance models which generally exist are based

on ray-tracing techniques which only approximate the ab-

sorber covered surfaces of the chamber [36],[42]. The E;'
results and accuracies of such models have been somewhat &Eh
inconclusive. _N
The other components and required information for con- %;
structing adequate models involve the source illumination ;

and instrumentation and are generally well understood and

defined. The missing part has been the accurate %J
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scattering/absorption characteristics of the absorber
covered surfaces. Such models could be used for both com-
pact range and conventional chamber designs. This is impor-
tant since compact range techniques typically place dif-
ferent requirements on the absorber’s performance
throughout the chamber than for conventional chamber
designs.

The large costs involved with construction and design
of a modern anechoic test facility, especially with in-
creasing RCS target and compact range sizes, also warrant
the need for such prediction models. Large cost savings can
be obtained by the wise selection of the proper absorber
(or lack thereof) prior to range construction. The in-
creased requirements on accuracy and low-level measurements
also necessitate the need for accurate models to aid in
achieving these more demanding chamber performance levels.

Computer models, based on the monostatic absorber
results of this study, have been constructed which are use-
ful in the design of low-level RCS chambers or compact
ranges {4],[37]. These models have been found to adequately
predict a chamber’s RCS background level and have been used
to design at least two compact range chambers. Superior
performance levels have been achieved in these chambers as
a result of using these prediction models.

Figure 5.1 shows the predicted and measured empty
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chamber RCS background, in the time-domain, of one of thecse
chambers which was designed and constructed at Motorola.
This particular chamber uses a compact range located in an
anechoic room which is 26 by 26 by 52 feet in size. Up to
an 8 foot diameter target can be measured in this facility.
The results in Figure 5.1 not only show good agreement be-
tween measured and predicted performance, but, also show
that extremely low background levels were actually ob-
tained. The data shows that the down-range test zone (or
quiet zone) area of the chamber, which exists between the
ranges of +/- 2 meters, exhibits less than a -75 dBsm un-
subtracted background level. The zero range value repre-
sents the center of the test zone. The performance of the
chamber may even be lower than these levels since it is ex-
pected that the measurements were limited by the thermal
noise level of the receiver. Only a few such chambers are
currently known to exist which demonstrate such low back-
ground levels, especially without the use of subtraction
techniques. The application of the improved absorber
characterization data is partially responsible for achiev-

ing this superior performance.
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! 6.0 SUMMARY AND RECOMMENDATIONS .
3
The purpose for conducting this thesis, and studying :i:
anechoic chamber absorber materials, was to better the cur- E:’
! rent understanding and characterization of the performance 4
i level of such materials. As a result, a better absorber 'g
knowledge should lead to improved absorber and chamber per- ‘:
) formance. The need fcor an improved understanding of ab- i‘
; sorbing materials has been demonstrated through a review of g::
‘ past work in this area and a discussion of some of the :‘:
recent performance requirements being placed on anechoic =
chambers, especially for low-level RCS measurements. These 'ki
modern measurement requirements, in many ways, dictate the :E
need for improved absorber performance which can only be :;
achieved by first obtaining a better characterization of 'lf
the current materials. Significant developments in anechoic 3
absorber technology have not occurred in over 25 years. ?
In general, the results of this study have led to a ‘:;
significant increase in the knowledge and understanding of ;
absorber materials, especially for their monostatic normal L
and off-normal performance. The performance curves provided ‘f
in Chapters 3 and 4 illustrate only some of the absorber ;)"
characterizations and performance data which were obtained ‘
during this study. ':‘:
The results of this study have also been used to as- v:;
sist in the formulation of badly needed accurate chamber 5"
performance models which can be used to aid in chamber ':é
]
g
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performance optimizations and studies. In the past, the
limitations of such models have been with the lack of
adequate absorber characterization and performance data. An
example of the RCS background performance obtained in one
chamber designed using an improved chamber model based on
the absorber results of this study is illustrated in Chap-
ter 5. Superior RCS performance levels were achieved in
this compact range chamber as a result of the application
of the improved chamber model.

The approach taken during this absorber study was to
obtain and experimentally evaluate numerous absorber
samples of various material shapes and sizes. Materials
from three different vendors were provided for these
evaluations. Analytical methods were not used because of
the complexities and inadequacies of these techniques. Past
researchers have formulated such analytical approaches and
have found that because of the complex scattering nature of
the shaped absorbers, and because of the lack of data on
the material’s electrical properties, analytical formula-
tions can be somewhat inconclusive. Nonhomogeneities and
inconsistencies are also found with the materials which add
to the complexity of the analytical models.

Evaluations were conducted on the absorber samples at
microwave frequencies from 1.5 to 6.9 and from 11 to 18 GHz
for both principal polarizations. It was discovered during

this study that the conventional free-space absorber
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testing technique, namely the NRL arch, had some limiting
abilities in adequately evaluating the true performance na-
ture of the absorbing materials. New and non-conventional
absorber evaluation methods were developed making use of
compact range technology, modern coherent wideband radar
instrumentation, and synthetic aperture imaging techniques.
Chapter 3 of this thesis presented the details of the
evaluation techniques used during this study.

These modern techniques allowed the true scattering
nature and performance levels of the absorbers to be
evaluated. A diagnostic measurement capability was also
added since the coherent wideband radar techniques offer
time-domain, range-resolved absorber scattering results.
These techniques were used to determine which part or com-
ponent of an absorber sample actually limited or dictated
the performance of the absorber. Using these techniques.
the nonhomogeneities associated with the absorber materials
were clearly displayed and evaluated.

The measured reflectivity results obtained during this
study for the various absorbing materials were also con-
ducted using these non-conventional RCS measurement tech-
niques. These results showed that consistently better ab-
sorber performance than that quoted by the vendors was also
obtained. This was partially caused by the increased ac-
curacy and sensitivity of the improved evaluation tech-

niques. The reflectivity of the absorbers were also found
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to be dependent on the evaluation sample size since the ab-
sorbers are generally random, non-coherent scatterers.
These absorber evaluations have led to many dis-
coveries which have been used to explain the scattering
mechanisms associated with the operation of the absorber
materials and have also demonstrated the diffuse scattering
nature of the material. Results have also shown that the
fire retarding salts, used in the absorbers, degrade the
performance of the materials for some applications. One
vendor modified the design of their fire retarding salts
during this study and the new design was shown to offer
better than 5 dB improvements in performance. The effects
of a metal backing was also shown to be minimal for typical
absorber types and sizes used at microwave frequencies down
to 3 GHz, even for 3 inch convoluted materials. Painting
the materials was also shown to not degrade the performance
of the materials at the frequencies evaluated. The orienta-
tion and selection of the absorber’s shape was also shown
to have a large effect on the overall backscattering nature
of the absorber as well. Chapter 4 and parts of Chapter §
discuss the exact results of this study in more detail.
Recommendations for future work in the areas of
anechoic absorber materials and chamber performance im-
provements include the following. 1) The modern evaluation
techniques used during this study, which provide diagnostic

and more accurate results, should be given consideration
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when absorber evaluations are to be conducted. 2) Tech-
niques which simplify the testing of the bistatic response
of the absorbers should also be determined and additional
bistatic studies of the absorber should be conducted. This
study only briefly considered the bistatic response of the
absorbers. 3) A more precise positioning system used to
support the absorber sample, for the case of the 8 by 8
foot absorber sample, should also be considered to reduce
the problems associated with finding the narrow angular
specular reflections from the sample wall during rotation
measurements. 4) Evaluations over additional frequency
bands would also be of interest. Absorber results for the
materials evaluated during this study and for larger
materials at frequencies below 2 GHz and above 18 GHz would
be beneficial for many applications. 5) In the area of im-
proved absorber performance, development activities should
include techniques of improving the impedance match at the
air to dielectric interfaces of the materials and in new
absorber shapes to better control the scattering from the
materials. The lossy absorptive properties of the carbon
loaded materials are believed to be adequate. 6) And
finally, chamber performance models, which accurately pre-
dict the performance of various chambers for different ap-
plications, and which are based on the results of an ac-
curate absorber characterization, should be extended and

more commonly used in the design of such chambers to
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THEORY OF ISAR IMAGING

Cd i T o ..

Al.0 INTRODUCTION

- e

Radar techniques currently exist for gathering and

o -

displaying information about complex targets as to their

R o
L

unique shape, size or appearance. One technique generally

used is radar imaging. A radar image 1is a display of the
target’s isolated scattering sources showing the position

and strength of each individual scatterer as a function of

- e,

at least two spatial or time-domain coordinates. These

2

coordinates are usually referred to the target’s down-range
) and cross-range position relative to the radar which con-
structs the image. Example images of the absorber covered

wall target are shown in Section 3.3.3.2. Using this image

e et ve e w

data, much can be learned about absorber scattering charac-
teristics, and diagnostic evaluation techniques can be
i implemented. The wide availability of such imaging radars
also makes their use for absorber evaluations a practical
; choice since many radar cross-section measurement
facilities employ imaging techniques to obtain diagnostic

results for development of measured hardware.

Images can be constructed in two ways. One method is

to use a large aperture, or antenna, to scan over a target '

I
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area and record the measured signal returns as a function b

Y

of the scan direction. This technique requires a direc- ﬁ

y

f tional, high gain antenna beam to achieve any amount of %
h,

image resolution. The resolution available is directly

proportional to the aperture size. Very large antennas may %

l‘g

be required to obtain the necessary resolution for a given ,$

O

image and often limit this method’s capabilities. The b

"

second, and more commonly used, method for image construc- &

N

tion involves a synthetic aperture as opposed to a real ﬁ

N
aperture. If data can be collected from a target at dif- '!

ferent and known view angles, then this data can be %

]

\)

processed to form the same image results as with the real g

ell

aperture. The image resolution for the synthetic aperture t

o

4

is related to the range and extent of the target’s observa- E

M

8

tion. For this reason, much better image resolution can :

usually be obtained with synthetic aperture approaches. -

.\

L

: Synthetic aperture images can be dgenerated from N
"\

. } w4

measured target data by either moving the radar relative to Y

a fixed position target, or by observing a moving target -

x

y with a fixed radar. The first approach is called SAR !
‘ Yy
(Synthetic Aperture Radar) and the second method is called A

ISAR (Inverse Synthetic Aperture Radar). The general theory k
Pt
of these imaging techniques are very similar and are well R\
- ‘
discussed in the open literature ([30],(32], and [43]. ISAR ;f
techniques are more suitable for use in most RCS measure- bq

.i
ment facilities since normal measurement techniques already :j
v

W

)

3

: DS
f‘,‘e‘.‘l‘..-'“-‘n‘.‘ol ‘ : w o ) -"‘ql 'C"a..'q‘.’:‘..q'. "..‘\ N A‘l‘.&l.u..-“..-.l.q“t l w ~"l'- o Nl A . W, I.e.l" l ‘A . “‘.*} ‘- "“ n X (



180

require target motion relative to a fixed radar. This ap-
pendix reviews the basic theory of ISAR since many of the
absorber evaluations conducted during this absorber study
made use of ISAR imaging.

Both SAR and ISAR imaging radars use standard wideband
radar techniques to obtain down range profiles of the tar-
get area as a function of the target’s view angle prior to
image construction. Many different types of radars can be
used to perform this function, although the theory and ap-
plication of imaging is nearly the same in all cases. The
analysis presented here will address an imaging system
which employs a stepped frequency or synthetic short pulse

wideband radar.

A2.0 ISAR MEASUREMENT PROCEDURE

The procedure used to construct an ISAR image is rela-
tively simple and straightforward. The purpose is to obtain
and display the spatial distribution of the individual
scatterers which make up a complex target. Figure A.1 il-
lustrates a complex target composed of several isolated
scatters. A good example would be a wall of anechoic ab-
sorber material. The image constructed displays the loca-
tion, magnitude and phase of each of these scatterers as

also shown in Figure A.l. The resolution of the image is
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Fig. A.1. Comparison between an actual complex target
geometry and the constructed radar ima
tial distribution of the individual sc

ge showing the spa-
atters.
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defined by the distance which two scatterers can be »

separated and still be uniquely detected (usually the 3 dB :
point of their time-domain response). The image cell size o

is determined by both the down-range and cross-range

resolutions ( 4r, and Arg). For the case in this figure, a pg
monostatic radar is assumed to be located in the +x direc- ig
tion and plane wave incidence or far-field conditions are .i
also assumed. For illumination on the target area other Eg
than plane wave illumination, the image is distorted be- ::::;
cause of phase curvature and phase corrections must be in- Eg
cluded in the processing. Only plane wave illumination will %%
be addressed in this appendix. s%
The procedure used to construct an ISAR image 1is as ;‘
follows. A wideband radar is used to collect a series of §§
down-range profiles of the target area as the target %g
ot!

rotates about a fixed point. For the synthetic stepped ib
frequency radar, this requires collecting data over a %g
frequency band and performing an inverse Fourier transform I ?g
to obtain these time-domain down-range profiles. From this 'i.
series of range profiles, a time history of the scattering :?
from each cell is obtained over the entire angular rota- ,é
tion. Each down-range cell’s time history is then Fourier sq
transformed to obtain the doppler frequency shifts of that §ﬁ
cell during the rotation of the target. Since the doppler ﬁz
frequency of each scatterer is related to its distance from zb

the center of rotation, different scatterers have different !
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doppler shifts and their location in cross range can be
determined. Thus, the image is constructed using both the

down-range and cross-range information. Using the stepped

4 __A
LTSNy T

frequency radar, then requires a 2 dimensional Fourier
transform for image construction. The down-range resolution 0

of the image is determined by the total frequency bandwidth oA

used and the cross-range resolution by the total angular )

rotation extent. The plane of the image is established by

the direction of incidence from the radar and the plane of ;t':
W

rotation. The center of rotation is used to define the zero %
i"'

values of both the down-range and cross-range dimensions. }S
[

%E

o

O
A3.0 FOURIER TRANSFORM RELATIONSHIP ?
O

"

&

3

In equation form, the construction of an ISAR image, :!.t
using the stepped frequency approach, is represented by a "
¢

.!

2 dimensional Fourier transform [43] as ':‘
¥ ".l
y :':
. "I

©® _© J27T(fxx +fYY) ‘:\

G(x,y)~/ f G(fx,fy) e af, dfy (1) .

- - o

e ] :t:

)

()

O

where G(x,y) is the desired complex function defining the "'a:
W

response of the individual scatterers of the target as a

function of their position (the image), G(fy, L is the

y)
complex measured target function in the spatial frequency

O
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domain and f, and fy are the standard spatial frequency
variables and are related to the actual measured real

frequency variable (f) and angular position (@) by

_ 2f
. SIN
C

(2)
_ 2 f
f, = cos 6

where c is the velocity of propagation. A two-way radar
path distance is also assumed for these expressions. Figure
A.2 illustrates the transformation of f and @ into the f,

and f, coordinates.

y

A4.0 IMAGE FOCUSING

Since actual measured data is used to construct the
image, the signal processing is performed using discrete
Fourier transforms (DFTs) or fast Fourier transforms
(FFTs). The application of such transformz requires that
they be performed on uniformly spaced (equidistant) data
points in either the spatial frequency or time domain [44].

For this case, they require that G(fx,fy) be sampled

uniformly in £, and fy. But, because of the relationship
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shown in Figure A.2, data actually measured with uniformly
spaced samples in £ and @ forms a polar grid in f, and fy )
coordinates. This polar grid is shown in Figure A.3. Before 3
the signal processing can be performed, the polar-grid data ,!
must be represented by a rectangular grid of samples. A
Various methods exist for making this representation.

One method commonly implemented is to approximate a b
rectangular grid with the actual polar data. This is done e

using the assumptions that the total angle of rotation o

( 6¢) is small and that the frequency bandwidth used (B) is b

also small compared to the center frequency (f Thus if o

o)

sin (@ ) = @6 , for small @ iy

and B

<< 1 i

then the spatial frequencies become o
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Fig. A.2. Relationship of the spatial frequency variables,
£, and fy, to the actual measured variables £ & © .
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Fig. A.3. The polar grid in f, and f, coordinates formed ‘::“
from uniformly spaced samples Yn f and 6 . o
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4
f, ~ 2 %8 ':_
¢ i
R
2 ¢ )

f = j
S o
R
i
and the measured samples in f and § are shown to form a r
rectangular grid in f, and fy. This approximation is shown :::::'o:
to be adequate for images where high range resolution is ?i:};:
not required and for higher radar center frequencies. But, :?',
for other cases, the errors associated with this approxima- ;Egzg
tion results in noticeable image distortion (blurring) and :é:ii:
amplitude variations. Thus, imaging techniques which use ,;.
these approximations are usually referred to as nonfocused '\:":.
imaging techniques. Because of this limitation, methods to
characterize the level of these errors must be implemented. %‘E
Several methods exist to evaluate the limits of non- :g‘,:::
focused imaging [32],[43]. One technique most used is that :.:;E
of defining a radius of target sizes where a resolved scat- ‘.';.‘:
terer migrates through one complete range cell as the tar- o:"}
get rotates through @. This radius is called the blur 'g;
radius. The blur radius is a function of the image resolu- ':::i
tion and radar operating center frequency. For targets ::;:"::"
smaller than the blur radius, the errors of the approxima- o:::
tion are small and their images are essentially focused. ?\;
Targets larger than this radius will start to have some :":::.1

Nt by 47N () Wed% Ay ) 000 4 . V. () /! ¥ !
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defocusing at the edges of their images. All images are
focused at or near their center of rotation within the
defined blur radius. The blur radius technique is not ex-
act, however, and does have some limitations. It does not
allow for determining how severe the errors are for targets
which exceed this radius and it also does not account for
the fact that the image degrades faster along the cross-
range extent than it does along its down-range. Another
technique is that of calculating the phase contours within
an image for a given range resolution and frequency. This
technique is well described in the references and does ac-
count for some of the deficiencies of the blur radius ap-
proach but is more difficult to apply.

The preferred method to evaluate image errors makes
use of computer simulations of theoretical or known tar-
gets, using the actual image parameters to quantify the ef-
fects of image nonfocusing errors. This technique is
demonstrated in Section 3.3.3.2.2.

Exact focusing techniques do exist for constructing
focused images from measured data for any size target and
resolution requirement. These techniques usually require
additional processing or a more complicated data collection
scheme. The use of these techniques are referred to as
focused imaging. One technique is to collect the measured
data using nonuniformly spaced samples and actually map

this data into a rectangular f, and fy grid. This requires

BIDSOR N o 0O % hd b S 6 "o ’ A U )
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a very complicated measurement system and is seldom used.
Another method is to make use of a transform other than the
DFT, which does not require the uniformly spaced sample
data. Such transforms as the chirp-z transform have been
proposed for such a system.

The method which is most common for constructing
focused images is that of polar-to-rectangular reformatting
[32]. This technique makes use of an interpolation method
to construct a rectangular grid from the polar grid as
shown in Figure A.4. Many different interpolation routines
can be used. Using this technique allows for fully focused
image construction for most practical target sizes and con-
figurations and is not generally limited to the range
resolution or operating frequency used. The disadvantages
of the technique are that additional signal processing is
required and effective range resolution is usually reduced,
depending on the interpolation used. This is shown in
Figure A.4, where the actual angular range ( 0¢) and
bandwidth (B) are reduced to the limits of @.¢ and Bg. The
focused images shown in Section 3.3.3.2.2 make use of this

focusing technique.
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Fig. A.4. Polar-to-rectangular sample reformatting used to ":
create fully focused images.
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A5.0 DEFINITION OF RANGE RESOLUTION AND IMAGE SIZE EXTENTS L
S
1
e
it
‘ The resolution cell size of an image is determined by ::0:::{,
! 'I!u'o‘
both the down (slant)-range and the cross-range resolu- ,
’y
Ko
tions. The amount of resolution available is determined as g
follows. Using the small angle approximations and the ‘
ehyet:
results of eq.(3), the overall extent of the sampled spa- ‘k
I‘..;.
tial frequency data is shown to be 2B/c in the fy direction :‘,: l:‘.
e
and 2f, @¢/c in the f, direction as shown in Figure A.3. ‘::a's
Applying the standard Nyquist sampling theory to these ex-
. . . n!
tents results in the minimum sampling spacings or resolu- '?’::f&
O]
bt
tions achievable. As a result, the range resclutions are :t":.f
N
o
*.
MR
Arg = c¢/2B = down (slant) range resolution W"ﬁi
(4) ".:
Ar, = Ao/2 @4 = cross range resolution . .':
.::.‘
() B
(X
o
where Ao = c/fO. The down-range resolution is shown to be "
identical to that normally defined with any wideband radar B
N
approach for range resolution and not specific to imaging. ? !
o
The cros.~range resolution is determined by the maximum .':;\"
spatial frequency component available and is directly re- 'i
".l.‘
W
lated to the radar’s operating frequency and the target’s :E::.:"
4%,
.'. 4
o"'&;
bt
. ()
o

),".v’ ’; \
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total angular extent. These are the conventional values for
range resolution usually used to define the image’s range
resolution cell size. It must be noted, however, that they
only apply to the case of the small angle approximation
using Fourier transforms. The use of other transforms or
focusing techniques may modify the amount of range resolu-
tion achievable.

Another aspect of the signal processing is the
presence of processing sidelobes caused by the finite ex-
tent or range of the measured data. These effects are
usually reduced by the application of weighting functions
convolved with the data. The use of weighting functions
also reduces the effective resolution of the system. The
resolutions defined in eq. (4), assume a rectangular weight
(no weighting). To account for the use of a weighting func-
tion, an appropriate multiplication factor must be used
with the resolution calculation to obtain the correct
result. As an example, if a Hanning weighting function is
used, then the results of eq.(4) must be multiplied by 1.64
to obtain the true resolution achievable.

Since DFTs are used, another result of the signal
processing is that aliasing will 1limit the maximum size of
the image achievable. The effect of aliasing results in
image foldover and false or incorrect image indications.
These effects are reduced by proper sampling rate selec-

tion. Windows on the maximum image size extents are related
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to the discrete number of sampling steps and are given by -

W, = hf Arg c/2 Af = down range image window
(5) :":!

Wo = n, ar, = cross range image window P

where ng and n, are the number of frequency and angular "vz
samples taken and Af is the frequency step size for the
stepped frequency synthetic radar and is equal to B/ng. As By
an example, for an image size of 8 by 8 feet with a square AN
resolution of 1.5 inches, a minimum of 64 frequency samples

(steps) and 64 angular samples must be taken. s
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