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SECTION V

CALIBRATION AND RANGE INTERCALIBRATION; MEASUREMENT
PROCEDURES AND MEASUREMENTS DATA STANDARDS

Punel Chairman: S.L. Johnston
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RADAR CROSS-SECTION DATA
3 GENERATION AND RECORDING IN THE
CORNELL AERONAUTICAL LABORATORY RANGES

b

Robert V. Gallagher b
Cornell Aeronautical Laboratory, Inc.
Buffalo, New York 14221

it

The data recording and handling techniques used with the four
Corrncll Aeronautical Laboratory radar cross section ranges are dis- ;
f cussed and associated equipment is described.

,
i
L ABSTRACT
]
f
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INTRODUCTION 3

The CAL radar cross-section ranges include four different instal-
lations. One pulsed and one CW range operate at K_ band (35 Gc¢),
another CW range is used for X-band (9.2 Gc) investigations, and the
: fourth range employs a very high resolution FM/CW radar at X-band.

i Each range uses a different method of measuring radar cross section,
: and there are some differences between the various data forms. These
are discussed below.

Y X LI T PN 7 N T D
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Ka Pulse Range

The data acquisition system currently in use on the CAL K
pulse cross-section range records signal level ir. terms of radar
receiver AGC voltage versus azimuth aspect angle. Analog and digital
data are recorded simultaneously. The analog data are recorded on
! M-H (Minneapolis-Honeywell) and S/A (Scientific Atlanta) recorders
and the digital data punched into paper tape by a Tally punch, Data may

; o o .
be punched in 1/4~ or 1~ increments.

P P e

The data acquisition cycle is initiated by a microswitch clo-
sure on the model drive turntable as the model comes into 180" azimuth
aspect angle (tail towards radar antennas). This switch closure starts
the Tally punch, marks the charts with first punch position, and starts
a data point counter.

The digital tape, which is subsequently processed by the
IBM 704 computer, is'verified on a Friden Flexowriter. This insures
against mispunches, missing digits and poor hole registration. As the
data are being verified a new tape is punched simultaneously. The new
tape is given appropriate coding compatible with the 704 program and
the runs are organized into data sets. This is necessary when more than
one roll angle is involved, as it is desirable to take vertical and hori-
zontal polarizations without disturbing the model. The edited and coded
tapes are then spooled and delivered to the IBM 704 group for process-
ing.

Lol 1 ot )
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Fanfold tape has been found to be convenient to handle for
the editing and coding process and spools quite well.

The Friden Flexowriter provides a print-out which is filed ;
by run number and kept at the range site. This proves quite useful in
resolving questions arising during the 704 processing operation. '

ee

Programs have been written for the IBM 704 EDP which
permit target signal level to be presented in the following manner:

1. Radar cross section in db referenced to a
, square meter.

A ) e e

2. Radar cross section in db referenced to a
square wavelength,

3. Radar cross section expressed in square
meters.

e o bl e i e st

4. Square root of radar cross section, expressed
in meters.

IR YR

(NOTE: When cross section is expressed in meters
it is an artificial operation to allow conservation of
computer volume in subsequent calculations.)

e ——— . on S T S 4o e o s

Processed data are available as a tabulator print-out, 1BM
punched cards and on magnetic tape.

v ekl atls s D aas

The azimuth Angle Marker, a synchro device slaved to the
turntable, provides pulses (1/40 or 1° increments) to initiate the digi-
talization of the radar receiver AGC voltage. The conversion from
analog to binary coded decimal form is performed in an Epsco digital
voltmeter. The BCD data are transferred from the digital voltmeter
to the Tally punch via solid state circuitry.

The AGC voltage is recorded in analog form on Minneapolis- :
Honeywell and Scientific Atlanta recorders. The M-H recorder has a
frequency response of one cycle per second. The AGC input to the

i recorder is adjusted to give full scale coverage for a given set of oper-
' ating conditione.

The chart is driven in synchronism with the turntable.

Three hundred and sixty degrees of azimuth rotation provide a chart '
24 inches in length.

et At ot it b s et nal AN aLBU el s s
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g‘he Scientific Atlanta recoraer produces a chart 120 inches 1
long for 360" of azimuth rotation and has a frequency response of 4 3
1 cps. This provides 2 better pregentation of the fine lobe structure

‘ than is available in the more compact Minneapolis-Honeywell record.
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Calibration on this range is performed against a corner
reflector with two precision attenuators located in the waveguide input
to the mixer. Ncrmal calibration increments are 5 db. A 3/4 inch
mctal sphere reference level is recorded with each calibration, The
radar cross section of this sphere is about 6-1/2 db above a square
wavelength at 35 Gc, A separate calibration is made for each antenna ;
polarization. |

e

; K-CW Range

The K-CW radar cross-section range data are obtained
from the output of a logarithmic I-F amplifier which is peak detected,
amplified, and fed to a Minneapolis-Honeywell recorder. Target sig-
nal is presented versus angle of azimuth rotation., The output of the
peak detector is also fed to a Systron digital voltmeter which converts
the data to binary coded decimal form. The conversion cycle is initiated
in the same manner as on the K_ pulse range. As the logic circuits of
this unit are switched by magne?ic relays, the system is limited to
recording data in one degree increments. |

et (8 e & ke 1 ok b

| Ak,

This range is calibrated through an internal calibrating
loop with two precision attenuators and appropriate isolation from the
transmitter. All runs made on this range are referencedtoa 7/16
inch sphere which is approximately 1/2 db above a square wavelength
at 35 Ge,

X-CW Range

Radar cross-section data ire measured in the X-CW range

by using a calibrated, servo-driven microwave attenuator to maintain

; constant the rectified output voltage of an X-band superheterodyne

i receiver as the target rotates in azimuth, The attenuation required to

} do this is inversely proportional to the radar cross section of the tar-
get, and the ratio between two cross-section values in decibels may be
observed directly from the corresponding difference in attenuator
readings. This process has been mechanized by coupling a logarithmic
potentiometer to the attenuator shaft and recording the analog signal
from the potentiometer on a Minneapolis-Honeywell recorder which
produces a record of relative radar cross section in decibels, plotted
as a function of azimuth angle of the model.

The logarithmic potentiometer output is also fed to an Epsco
digital voltmeter which is coupled by a solid state circuitry to a Tally
paper-tape punch. The data are punched out in binai1y cod=d decimal
form, The conversion cycle is initiated in the same manner as on the
K_pulse range. The X-CW range has the capability of producing a
data point for each quarter deogree of azimuth angle of model rotation
as well as in one degree increments.

The calibration curve of the attenuator is verified period-
ically by checking against the relative radar cross section from each of a
set of spheres of various sizes. All runs on this range are referenced

|
|

| |
|
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to the radar cross section of a 1-3/8 inch sphere, which is 3/4 db above
a square wavelength at the operating frequency of 9.2 Ge.

FM-CW Range

The fourth range, which uses a high resolution X-band FM-
CW radar, presents its basic data as an amplitude versus frequency
spectrum with a frequency increment (equal to the cyclic repetition
frequency) of 123 cps corresponding linearly to a radar range incre-
ment of 1-1/2 inches. A rotating turntable is provided, as gor each of
the other ranges. Data may be taken either at successive 1 azimuth
angles, or, with the turntable clamped into position, at an arbitrarily
chosen series of stationary attitudes. Each data set corresponds to a
group of points at sequential range intervals, so the data field is much
more complex than it is for the simpler Ka-CW, Ka-pulse, and X-CW
ranges.

Two choices are available for data readout. One of these
is by a bank of 16 filters, each tuncd to 2 separate harmonic of the
recurrence frequency and each filter corresponding to a different range
interval. Each filter output voltage is proportional to signal amplitude
and thus to square root of cross section in its own range interval. The
rectified output voltages are fed sequentially through a logarithmic
amplifier to a digital and to an analog recorder. The analog recorder
is a conventional Sanborn unit and is allowed to run at constant paper
speed. The digital recorder consists of a Nonlinear Systems, Inc.
digital voltmeter and a Tally punch, and yields punched tape records
in binary coded decimal form, for 16 different range intervals. This
entire sequencc is repeated once every degree of turntable rotation.

The other choice available for data readout is by oscillo-
graphic presentation of the radar output signal spectrum, which is done
on a commercial panoramic spectrum analyzer. The unit used currently
offers a choice of linear ordinate, representing signal amplitude, or
logarithmic ordinate scaled in decibels. A photograph of the screen is
taken to provide a permanent record. In order to accommodate rapid
data rates, a framing-type 16 mm camera has been used with good suc-
cess. Relative cross-section values may be read at successive range
increments, which appear in this record as individual spectral lines.
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ANALYTICAL INVESTIGATION OF NEAR-ZONE/FAR-ZONE
CRITERIA

Lee R. Hendrick, Assistant Physicist
Cornell Aercnautical Laboratory, Inc.
Buffalo, New York

ABSTRACT

An analytical investigation ot the effects of reduction
of antenna-to-target distance is performed using simplified
targets composed of point scatterers. Also, the effects of
restricting the antenna beamwidth are studied.

I. INTRODUCTION

Recent emphasis upon the measurement of small radar cross
sections for physically large bodies has required the close
scrutiny of the criteria upon whizh design of measurement
facilities 1s based, in order that they may provide both
accurate and economical radar-cross-section data.

One of the more important criteria in facility design is
that governing the minimum allowable separation between
antenna and target. This separation should be made as small
as 1is consistent with allowable distortion of the measured
angular scattering pattern, to maximize the desired back-
scattered signal relative to unwanted scattering. Previous
investigators of the minimum target range criterion have
usually recommended minimum ranges in excess of L*/A , where

L 18 the maximum target dimension and A 1is the operating
wavelength. For large targets at short wavelengths the
criterion frequently demands an impracticably large antenna-
to-target spacing. This paper will show that in many cases
the presently accepted criterion may be relaxed. The
investigation reported here has shown that (1) the criterion
chosen should be intimately related to the nature of the cross
section data desired, (2) for the data most frequently sought,
the minimum range can usually be made less than £*%4 , (3)
the ratio of allowable percentage reduction from (2/4 increases
as the target size increases, and (4) that maintenance of an
adequate beamwidth is 1mportant.

II. PERTURBATIONS IN CROSS-SECTION MEASUREMENT

The distances between the transmitting antenna, the target,
and the receliving antenna which must be maintained in order to
achieve accurate measurements have been the subject of much
speculation, a great deal of guess work and some analytical
investigation. Criteria which have been developed for assess-
ing the behavior of antennas have commonly been taken over
bodily. As a consequence, it has become common to use a small
multiple of L%A (where ( 1s the maximum target length and
1s the operating wavelength), as the least value for the

5
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allowable separation distance between elther antenna and the
target.® In a useful addition to the literature of radar
cross-section measurement, 1W. P. Melling notes that, If one
writes the criterion as R 2p(t*/A) , the parameter p 1is
related to the accuracy requlired for a particular measurement,
and that for certaln accuracy standards 1t might be necessary
to accept a value of p as large as 10.

The choilce of separation distance is not commonly of
seriocus import when dealing with targets whilch are only a few
wavelengths long. It becomes a much more serlous matter when
attempting to measure obJects many wavelengths in extent, as
for instance typical ballistic missiles at frequencles above
3000 Mc (wavelengths less than 10 2m). The extremely rapid
growth of required separation with 4/A may be easily seen
from the alternate form R=(4/A)*A . It is evident that a
target 10 wavelengths long will have a near zone limit of 100
wavelengths (for'p./ ), and a target 100 wavelengths long
w11l have a 1limit of 10,000 wavelengths. The 100-wavelength
separation represents 10 m at 10 cm wavelength, and 1s
relatively easy to achieve and to instrument on a laboratory
scale. The 100-wavelength target demands a separation of
1 km which is much more difficult to achieve without encount-
ering limitations produced by background, model mounting, et:.
For targets significantly longer than 100 wavelengths,
achievement of L%/A separation for earth-bound laboratories
becomes exceedingly diffizult. Recognition of this difficulty,
coupled with interest in measuring large objects in the UHF-
to-microwave wavelength range, suggested that a critical look
at the range separation c¢riteria which we employ was needed.

The effect of cholce of antenna-to-target dictance upon
the properties of the resulting cross-section measurement may
best be understood by separating the concepts of scattering
measurements into four separate functions as follows:

1. Establishment of 1llumination field in the test regilon.

2. Production of surface current and pclarization
distribution upon target by illumination field.

*Some investigators have used the maximum target dimension
transverse to the radar beam axls, instead of maximum target
length, as the value L to be inserted in the (*/A criterion.
This cholice obviously decreases the near zone limit for slender
targets near nose-on incidence. The 1limit varies with the
angular range over which data are needed, and the "transverse
dimension" criterion ignores the effect of radial field gradlent
which may be serious for small values of L*/A .
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Reradiation from target by virtue of surface current
and induced polarization distribution.

4. Sampling of reradlated (field by receiving antenna.

The measurement cond:.tions, 1f they are to produce valid
cross section information, should duplicate the real-life
situation in which the target 1s a very great distance from
the radar antenna. In this situation, the illumination fleld
at the target will typically be a transverse eleztromagnetilc
wave with the ratio of electric to magnetic fleld equal to
the intrinsic impedance of free space, with essentially uniform
field distribution over a volume with lateral dimensions at
least as great as the maximum target dimension, and with
negligible variation of field amplitude along a radial coordinate
drawn from radar to targe®. Under this 1llumination, and
dependent upon the relative target orientation, a distribution
of surface current and pc¢larization develops on the target.

The relation between these surface flelds and the field re-
radiated by the target 1s uniquely defined. For the real-life
case. the electromagnetlic fleld at a great distance from the
radiating target is found to vary inversely with distance from
target to observer, and 1s characterized by a range-independent
complex amplitude coefficient.

Most attempts to make radar cross-section measurements rely
upon the assumed uniformity of the illumination fleld and the
Independence of the omplex-amplitude scattering coefficlent
upon range. The reliance 1s necessary in order to relate
measurements over a certain set of aspect angles to real-1life
behavior over the same aspect angle range. A reduction in
distance between transmitting antenna and target, as would apply
under laborateory measurement conditions, will cause the true
11luminating field to deviate from the plane wave approximation.
The deviaticn occurs both in the shape of equiphase surfaces
and the field amplitude vs distance from transmitting antenna.

In a simllar fashlon, the fleld reradiited by the target
is no ionger expressible as the product of inverse distance
and a range-independent factor when the distance from radiating
target to observer is too small. Aspect-angle dependence de-
parts from the distant fleld approximate valu2, and observa-
tions reported as a function of angle will not truly represent
the far-field radiation pattern.

Pinally, in e’ther the near- or far-fleld radiation zones
of the target, sampling of the radiated field must be effected
by a fleld probe or antenrna of dimensions sm2ll enough to
pernmit "point sampling" of the field--an excessively large
probe will provije an "average" measurement and obscure the
gspatial varictions of radiated fileld.

M R tE Bt G ITC I Ay S e e = — Mg e ot e - —— e« e n

P L N PRy Tyrrry



T AT ) Y e O LT

BT v s e cem

f

| ™ AT sk X

From general consideration of the radiation process, one
may gain additional insight into the perturbations induced by
inadequate target range. The amplitude and phase of the
radiation pattern for any given direction may be specified by
an integral with complex integrand, taken over the surface of
the body. The magnitude of this integral 1is approximately
equal to the complex sum of field contributions from a very
few "scattering centers" on the body. The contribution from
each scattering center is proportional to its cophased area:
the area in its vicinity over which the elemental fi2ld con-
tributions of successive surface areal elements are substan- 2
tially in phase (usually within about 45 electrical degrees).

For an antenna with maximum dimension [ , and wlth the

same maximum dimension for 1ts cophased area, the criterion

L?/A allows contributions from the extreme edge of the
aperture to be /4 electrical radians out of phase with
those from the center of the aperture as seen by an observer
on the normal to the cophased area. At much greater distances,
the edge contributions are in phase with the central one for
the same cbserver. A slender target of length ¢ may have
more than one effective scattering center, but the cophased
area of each will have a greatest dimension much smaller than

L except near broadside aspect. Therefore the contributilon
of each scatterer will not be degraded by near-zone phase
variation, although the relative phase and amplitude of the
fields scattered from the varlious scattering centers may be
affected by reduction of the measurement distance below Z%4A .
As target aspect is varlied, the phase and amplitude of the
several scattering contributions also vary and produce the
familiar interference pattern which we recognize as angle-
dependent radar cross section. The {following three effects
of measuring at a distance much less than Lf/A are observed.

1. Phase perturbations caused by too small a measurement
distance will cause angular displacement of radar cross-section
nul?’s and maxima of this pattern, but will not alter its main
features or the magnitude of the maxima.

2. Relative amplitude perturbations caused by insufficient
measurement distance will change the depth of interference nulls

put will have a much less pronounced effect upon adjacent maxima.

3. The spacing of successive interference nulls will be
altered slightly. For real target bodies the ciiculation of
the surface and reradlated fields 1s generally too complex
to be worth attempting. It 1s possible, however, to employ
simplified models made up of point scatterers which possess
many features of real targets with small copnased scattering
areas. It is less difficult to explore the scattering proper-
ties of these simplified models as a function of antenna-to-
target distance. This approach has been followed in the
present work.

*The cophased area concept is due to R. E. Kell.
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antenna beam pattern is assumed to introduce an additional
amplitude welghting factor ¢ into the scattered field from
each element, where g 1s defined by Eq. (1).

L Sin(amy/w)

Cany W) m
where
y = distance off axis
= distance of half-power point off axis
a = 0.433

The beam pattern factor ¢ 1s an approximation to the
classical form and is based upon the assumption of propor-
tionality between lateral displacement of target element and
corresponding antenna beam angle displacement.

The analytic form used in computation is shown in Eq. (2).

IV. DISCUSSION OF RESULTS

Since the principal interest of this investigation 1s to
determine the effect of range upon measured radar cross sec-
tions at near nose-on aspect (where small values of cross
section occur) the data will be examined in the forward 60°
cone. The cross-section distribution at the greatest range
calculated 1s taken as representing the true far-tleld cross
sectlon. For the short model this range 18 s5/%2/A ; for the
larger models, 1t is 2L%/A

The results are grouped aczording to the antenna beam width
used in the calculation. The wide-beam case, in which antenna
beamwidth does not affect the observed cross section, 1s
treated first. The radar cross section computed with lateral
beam dimension matched to target length 18 next discussed,
for the five model configurations. The effect of varying
antennsa beamwidth, for a specific model configuration, 18 next
described. Finally, the calculated results have been used,
together with judgement as to reasonably allowable errors, to
construct a criterion for the minimum allowalile range.

A. Wide-Beam Results

When the wide antenna beam is used, varying the antenna-to-
target spacing produced effects such as those shown in Pig. 2.

9
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III. POINT SCATTERER MODEL CALCULATIONS

The angular distribution of the monostati: radar cross ;
section was computed for five different simplified scattering '
models. The basic model in each case consisted of three !

catterers with negligibly small dimensions, arranged in a
triangular configuration, as shown in Fig. 1. The two elemen- ,
tary scatterers on the base were chosen to have equal radar i
cross section, and tre third scatterer at the nose of the !
model has a radar cross section four times that of each of the 3
others. Thus, when the fields from the two small scatterers |
are in phase agreement, the sum of their Joint field plus that i
from the large scatterer can vary from zero to a maximum of 3
twice that from the large scatterer alone. This choice of
scatterers permits the most extreme interference effects to be :
examlined. i

The ratio of base to length is approximately 0.3 for each i
model. For the first short model, the length L is chosen )
to be 34 , which produces a local cross-section maximum at ,
| zero degrees aspect. The second short model has a length of

3% A whizh produces a nose-on null. The first medium-length
model has (= 70A with a max.mum at zero degree aspect, and
the second medium length model has Le/0/4 A and a null at
nose-on aspect. For the long model, £ 18 JsoA , which
produces a nose-on maximum.

Mt e Gl Ll ik

The calculations were made for the monostatic case. The
separate flelds of each elementary scatterer were computed and
the results summed with proper regard for phase. It was assumed
that the scatterers did not mutually interact. In each case,
calculations were made with two zholces of antenna beam width
at the target station. First, a very wide beam was used;
second, the beam width was restricted so that the distance
. between the half-power points at the target was equal to the
i maximum model dimension < ('"matched beam"). The wide beam
f is a less likely conflguration for practical testing than the
matched beam, although the latter produces additional modifi-
cation of the measured radar cross section. For the short
modei an intermediite antenna beam width was also used. The
distance between the half-power points of this beam 1s twice
the maximum model dimension. This beam width 1s more realistic
than the narrower matched beam for the short target-to-antenna
distances which are used with a small model.

The calculation procedure employed the radar equation to

3 define the scattered power density from each target element

1 separately and took the square root of this power density to
obtaln scattered electromagnetic field contributions from the
individual target elements. The distance of each element from
the common receiving and transmitting antenna was used co com-
pute a phase retardation factor e ‘?*” for that element. The

10
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Figure | BASIC MODEL CONFIGURATION

ASPECT AneLE

Figure 2 CALCULATED RZDAR CROSS SECTION FOR MEDIUM MODEL (10 AX 3X) WIDE BEAM

(PLOTS ARE SEPARATED BY 5 db ALONG ORDINATE AXI8 FOR
CLARITY, 0° ASPECT ANGLE YALUES ARE THE SAME.)
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The 2ross-section distributions of the medium model at R+ 2.%4,
L%A , Y%edl?/A , and % 1%/A are plotted with a 5 db
separation for clarity. Subsequent patterns are superposed

for more precise comparison of the near zone vs far zone char-
acteristics of cross-section distribution.

The cross-seztion distribution for the short model begins
to show the effects of range reduction at A#£«L%A with very
bad degredation at A’.-/ul/g as seen in Fig. 3. The effects
are even more pronounced for the J%A model which shows the

bgagd nose-on null raised 18 db when the range 1s reduced to
L°/A

For the medium length model the angular spacing of maxima
i8 not seriously disturbed down to R «%.%4/A as shown in
Fig. 4. The very deep nulls are lost but the mean valuea of
the maxima are fairly well preserved. The nose-on cross sec-
tion for the /% A model rises by 7% db when the range 1is
shortened from 2.%/4 to % L%/A . The remainder of the
sross-section distribution 1s changed in the same fashion as
the model with nose-on maximum. When R is reduced from 2.%A
to %4 4L*?/A for the S0 A target the locatlons of the maxima
are shifted but their values are changed by less than 2 4b
and their angular density is virtually unchanged. These
effects are within the specified measurement error of most
systems. Howevar, there 18 a noticeable filling in of deep
nulls. Further reduction of R to 4 L*/A produces more
severe pattern shift and null degradation but the mean values
¢f the maxima are not seriously altered.

B. Matzched-Beam Results

When the JA1 model is illuminated by the matched-to-target
beam the effects of range reduction are seen in Fig. 5. There
is a loes in null depth and a 5-db loss in the maxima neer

@ s60° in comparison to wide~-beam 1llumination but thc
smaller angular density of maxima for the short model makes
these effects much more pronounced than for the longer models.
Because of the severity of beam restriction for this model,
data were computed for a beam twice the width of the "matched"
beam. As seen in Fig. 6 the cross-section distribution for
tials beam is much closer to tho wide beam case than to the
matched heam one.

Figure 7 illustrates the effect of going from AR~ 2.%A to
R« L%A for the medium length model, when the beam 1is
"matched-to-target." The frequency of maxima remains the same
while there is some loss of null depth with little shango in
the mean value of the maxima. Also, there 1s a noticeable
loss in the magnitude of the maxima in both cases as the
aspect angle increases, the loss being approximately 5 db at
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Flgure 3 CALCULATED RADAR CROSS SECTION FOR SHORT MODEL ( 3AX I)\) WIDE BEAM

ASPECT ANeLE

Figure 4 CALCULATED RADAR CROSS SECTION FOR MEDIUM MODEL (10A X 8A) WIDE SEAM
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Figure 5 CALCULATED RADAR CROSS SECTION FOR SHORT MODEL (3XX 1) MATCHED BEAM
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Figure 6 CALCULATED RADAR CROSS SECTION FOR SHORT MODEL (IAX IA) R = 2&\-‘
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d - 0" when compared to the wide beam case of Fig. 3. The
medium-length model with nose-on null shows similar effects

Range reduction for the S0A model when the beam 1is
"matched-to-target" produces the usual 10Ss in null depth

while the maxima remaln nearly the same with a small angular
shift.

C. Effect of Beam Width

As seen from the comparison of c¢ross-section distribution
of a wide antenna beam to the cross-section distribution of
a "matched" antenna beam, the effects of beam width are often
more proriounced than the effects of reducing the antenna-to-
target distance. As an example of the severity of beam narrow-
ing on the cross section, Fig. 8 shows the return from the
medium model at AR~%:4/A with four beam widths. The four
anteina patterns are wide beam, twice the width of the
"matched” beam, the "matched" beam, and half the width of the
"matched" beam. There 1s little difference between the re-

| %
]

; i
i

of range reduction. i
3

i

b

3

1

1

1

sults of the wide beam and the double ":tched" width. At

§ «60° there 18 a 5-db loss in the maxima for the "matched"
beam. The half "matched" beam width produced serious degrada-
tion of the cross-section distribution.

D. Suggested Criterion for Minimum Range

A tentative criterion for antenna-to-target separation can
be drawn from the above results. One must be mindful of the
limited and idealjzed target configuration on which 1t 18
based. The requirement applied to the /724 and S0A cases
is a reasonably accurate reproduction of maxima, as discussed
earlier. For the short (5A) model, this basis would be mis-
leading because deep nulls can persist over a large angular
range, and accuracy of null reproduction is used instead.

The resulting minimum allowable ranges for various target sizes
are as fcllows:
L/A R
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The relations between 4/1 and the minimum allowable range,
for the values tabulated above, appear as plotted points in
Fig. 9. Any attempt to fit a curve to these polnts should be
done with caution, since the numerical values the points
represent are obtained from dissimilar criteria. The need for
increasing the ratio of minimum range to <42 as target size
1s reduced 1s clearly shown, however, and Fig. 9 may be used
for coarse estimation of an allowable minimum range.

V. SUMMARY

The necessity of apecifying the type of error allowable
in making radar cross-gseztion measurements 13 noted, together

with the futility of requiring all measured data to fall within
a specified error band.

It has been demonstrated that, for a long target charac-
terized by a few sScattering regions with small maximum
dimension of cophased area, error in measured radar cross
section incurred by testing at range less than Lﬁﬁ may be
negligible, and that fcr targets 50 wavelengths long measure-
ments may be made for most system purposes at % (%4 . It
has further been shown that the error produced by using too
narrow an antenna beam may be much more serious than that of
using too short a range. Finally, the need for relatively
larger ranges in testing short targets has been pointed out.
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LENGTH OF MODEL IN UNITS OF L/A
Figure 9 MINIMUM RAMSE vS MAXINUM TARGET DIMENSION
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SOME FACTORS AFFECTING THE ACCURACY OF
GROUND-PLANE MEASUREMENTS

J. C. Huber, Jr., Group Leader
G. M. Hazlip, Lead Engineer
Antenna and Microwave Laboratory
Goodyear Aerospace Corporation

ABSTRACT

Three factors affecting the accuracy of ground-plane cross-section
measurements are: (1) the fields at the target and at the receive antenna,
(2) the effect of the target on the background, and (3) the correct use of a
sphere as a reference, including the minimization of sphere-ground in-
teraction. These factors are considered analytically. Data on background
changes due tu target taken on 2 quasi-doppler range are presented. Er-
rors due to these causes are found to be significant fractions of a decibel.

INTRODUCTION

The determiaation of measurement accuracy for a ground-plane ra-
dar cross- section test range is quite complex. Power and frequency sta-
bility, equipment accuracy, target support reflections, target stability,
tranamitter to receiver coupling, and the accuracy of the standard are
only a few of the factors that must bte considered. In addition, there are
several other factors tnat may be more subtle, but their effect on accu-
racy can be siynificani. Three such factors are:

) R-F fleld amplitude and phase deviations at both the target
ard the receiver antenna

2. Tke effect of the target on the background return

3. Accura‘tc u~e of a reference sphere and the associated prob-
lem of couplir.g between the sphere (or target) and the ground
or other cbjects in the rruge

When the r-f field at the target and the receiver antenna is computed,
small radiators (or scatterers) and a perfect ground plane are generally
acsumed. The resultant field can be shown to have a sinusoidal amplitude
distribution and an elliptical phase front. The foci of the ellipse are the
antenna (or scatterer) producing the field and the image »>f the antcanz (or
scatterer). The constant phase contour may, in general, be approximated
by a spherical wave front emanating from a point on the ground below the
radiator. Thus, the viewing aspect angle of the target is determined (ap-
proximately) by the target azimuth and the inclined line from the approxi-
mate p" .se center tn the target.

For ground that has a reflection coefficient with a phase other than
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180 deg, the same ccnditions as above hold. However, if the amplitude
of the ground reflection coefficient is not unity, or if the radiators have
finite apertures, a considerably more complex situation exists. These
cases are best handled by using the standard far-field criteria for the
radiators and their images.

The analysis of fields generally does not consider the effect of back-
ground on the field at the receive antenna. This assumption is based on
the fact that the background return is either very small or is nulled out
by a cancellation network.

When placed in the field, the target will change the illumination of
the background. Unless the procedure permits measurement of both the
target level and the background level, an error in the target measure-
ment can result. Figur~ ] shows the amplitude of this error as a function
of the ratio of iarget return to background return. Of particular impor-
tance is the background return that exists with the target in place rather
than that existing prior to the measurement.

Measurements have been made in the field of the change in back-
ground level inat resulted from the introduction of a smooth cone-shaped
target. The change produced in a 28-db absorber wall behind the target
was appreciable, and a noticeable error would exist even for the extrapo-
lated conditions of a 50-db wall.

In addition to the error caused by the target illuminating the back-
ground, an error due to interaction is also possible. The target (or ref-
erence sphere) radiates into the ground, and this energy can re-radjate
to the receive antenna and the target. Computations for a sphere show
that, e¢ven for this simple case, ccupling errors of 0.5 to 1 db are pos-
sible.

Additional errors can occur in the use of a sphere as a referencec
target because of the use of incorrect bistatic angles. The large for-
ward scatter of a sphere is also significant in terms of the error due
to charge in background level.

The fact that these several contributors to errors are present in
some or many range configurations does not imply that precise measurc-
mente are impossible. Methods exist to measure and minimize these
errors.

FIELDS AT TARGETS AND RECEIVER, AND SOME COMMENTS ON
THEIR EFFECTS

The standard computation for the field at the target in a grf’ufd range
assumes that the ground has a reflection coefficient ﬁ', of -1, "% 8
The resultant field amplitude is then:

a .
Superior numbers in the text refer to items in the List of References.
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2nXh :

sin—wx ¥(e), (1)

where E
‘{ h = trapemit antenna height, '
i X = target height,
:{ r = range,
‘ A = wavelength, and
] F(6) = pattern of transinit antenna (assumed to be broad- 3
! beamed in comparison to angle of reflection to
: ground)

The associated assumptions are that the ground is flat and that no i

stray reflections perturb the fieid.

A more exact computation using only the latter two agsumptions
can be made. The vector additiou of the fields for an isotropic trans- {
mitter is given by:

i e

where
power at a point, p, in the target aperture,

amplitude of the direct ray (sec Figure ¢),

— e}
] " "
e . s bt 1 AP

phase of the direct ray,

2 amplitude of th2 reflected ray (see Figure 2), and

o » o »
n

, = phase of the reflected ray.

| Let the amplitude, A, be the transmitter power, A . and

2n )
6 = 3
Y (3)
where
’l = distance from transmitter to point p;
and
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5 (4)

where

=3
"

reflection coefficient of ground and

[2 = distance traveled by reflected ray; and
2171z

where g = phase of I'. In the far field, the effect of the finite trans-
mitter aperture can be accounted for by multiplying p by F(0). In the
near field, however, a more exact exprescion is given by

. \2
2 i8y; -‘921>
P = ( Aue + AZie .

where points i lie along an assumed flat transmit aperture with amplitude
illumination and phase illumination:

(6)

Aii Al (amplitude illumination at point i), and

eii 9l + phase at point i.

Coneidering first the case of an isotropic radiation (or approximately
the far-field condition with a broad beam-width radiator), the amplitude
and phase at a point, p, at the target are given by

|P| - (Al cos 01 + Az cos 02)2 + (Al sin 01 + Az sin 02)2, ' (7)

and

A + A, 8in 8
ZP - tan"( Z 2), (8)

Kz cos 62

If the ground has a reflection co. it, ', the amplitude of which is

unity (i.e., Ay = Az = Ao). the expressions for amplitude and phase
are

[P} = 2442 [1 + cos (0, - 92)] 9)

and
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6, +60 6, +86
_ -1 1 2)_ "1 2
é_}'_’ = tan (tan ) ) = - . (10)

0, +0 274 rx 44
1 2 _ 1 1 2
—-T——2-<A>+( A>+"

where g = plase of I', so that a constant phasc front is defined by

ZP = constant, (11)

However,

and
11 +12 = constant . (12)

The latter is the criterion for an ellipse, the foci of which are the trans-
mitter antenna and an image of this antenna. This elliptical phase front
can usually be approximated by a spherical phase front emanating from

the ground immediately below the transmitter. It is, therefore, evident

that in a ground-plane range, the target must be inclined to preserve the
correct viewing aspect angle,

For the case of I['| # 1, the relationships are not so tractable. The
amplitude expression becomes the familiar:

Pl = AIZ + AZZ +A A, cos (8, - 0,) . (13)

However, the phase expression does not simplify, Consideration of the
vector addition shows that the constant phase surface is approximately

elliptical at the peaks of the amplitude pattern but departs rather widely
from this surface at the nulls in the pattern.

The reflected radiation from the target followr the same criteria
as those for radiation from the transmitter. In general, the phase and
amplitude of the scattering aperture arc unknown, so that recourse must
be made to the approximate or estimated scattering pattern of the target.
If the pattern has ampiitude variations so that the direct and reflected

ray are significantly different, problems in the measurement are evi-
dent.

As an approximation, the target may be considered ts be small, so
that the fields at a point in the receive antenna are

ie, i8,
Ale + Aze , (14)
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where the previous dcfinitions hold, except A

and AZ are multiplied by
variations in the scattered pattern.

1

The power of the fleld at the receive antenna changes from that for an
isotropic scatterer, namely

P.2A02[1 + cos (6) -02)], (13)
to
P Alz + A22 + 2A4A) cos 6y - 7). (16)

The measured cross section, ¢, compared to that of a reference
can be in considerable error. From this, it is concluded that the scat-
tered pattern must be broad compared to the angular difference in radi-
ated direction of the direct and reflected rays. This will generally be
the case if the far-field condition for the system of the target and its im-
age is satisfied, although the target size should also be considered.

An interesting case is that of a small target. The field produced
across the receive aperture is given by Equations 9 and 10. Measurement
errors will occur for a finite aperture unless the range is long and the
aperture small compared to the sinusoidal amplitude variation. However,
if an isotropic receive antenna located at the same height as the transmit
antenna is used, these errors are minimal. Thus, the far-field criteria
do not apply to very small targets measured with very small antennas.

EFFECT OF TARGET ON FIELD

The errors produced by background are appreciable unless the back-
ground return is some very small fraction of the target return. The back-
ground of interest is that which exists when the target is being measured
and is not usually the level produced by nulling with a cancellation circuit.

The measurement of change of the background level in most systems
is not easily accomplished. The change is not readily calculated because
of ambiguities in the phase addition between the cancelling network and the
background.

One method of measuring background is the quasi-doppler method,
in which the target is moved with respect to the background. While this
technique has definite limitations (i. e., target motion will change the
target-background interaction), it has buen found that the level change
in the background can be established.

Measuremente of target effects on background were made on a 70-{t
ground range at 360 megacycles. ‘The background in the target area con-
sisted of a 12- by 12-ft vertically mounted 25-db absorber wall behind the
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target. This absorber wall was used to shield the support. Recorded l :
return of the target support was approximately 25 to 30 db below a stand- ’
ard reference sphere.

A target was used in two aspect ang&es having an optical blockage of .
8.2 X 10°° sq m nose-onand 2.6 X 107 sq m broadside. Using the Co
quasi-doppler technique to establish the background level, the changes ’
in background level are indicated in Figure 3.

; If it is assumed that, for the case with emaller optical blocking,

' the ratio of target return to background without the target was 20 db,

i the ratio return wita the target would be yielding, from Figure }, a po-
i tential error of +2. 7 to -4 db.

Extrapolating the results to a 50-db wall, the change in background
would be on the order of 0.95 db for the monostatic case. Starting with
the same 20-db ratio as in the above paragraph, the ratio would degrade
to 19. 05 db, and the potential error would be between +0,93 and -1 db.

STANDARDS AND INTERACTION

Two standards that have been used extensively are the {lat plate and
the conducting spheres. The flat-plate cross section is easily calculated
using standard equations; however, alignment {s critical, and stability in
an outdoor range can be a problem. On the other hand, the sphere has
negligible alignment and stability problems, although the radar cross
section is not always simple to compute,

The major problem in the use of a sphere (or any standard) in a
ground-plane range is the fact that the bistatic return must be known
and used. This requirement arises from the fac& that the sphere {s
not a true isotropic reflector of cruss section nr®. Hence, the bistatic
angle between the direct and the reflected rays, and the angle between
transmit and receive antennas (assume they are not the same), influence
the received power and the calibration of the range. The bistatic return
for spheres in the resonant region is givgn in Figures 4, 5, and 6. The
return is given in decibels relative to 7r< versues Kr, where

2n
K= —, 17
A (17)
and r = radius of sphere.  The curves described above are E-plane only.

Two bistatic angles are of interest. One is formed by the line be-
tween the approximate phase center of the tranemit antenna system (i.e.,
including image) and the sphere and of the direct ray to the receive an-
tenna. The other ¢ formed by the line from the transmit antenna esys-
tem and the ray from the sphere, which reflects to the receive antenna,

These angles, the curves, and the second expression in Equation 8
can be used in establishing the calibration in this case. For a ground
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with |r| w1, AL and A, are the values determined {rom curves for the
bistatic angles dt inter st

While both a sphere and a flat plate exhibit sensitivities to bistatic
angle, the sphere has one characteristic that is a source of error: the
scatter at ~ 90-deg bistatic angle. Since this scatter is appreciable,
significant ¢ ~ergy is reflected into the ground. This energy is reflected,
strikes thc aphere, and is re-radiated.

A computation of the ratio of directly scattered spergy to this inter-
action signal can be made if the sphere is at least 47°/A above the ground
(1. e., the image of the sphere is in the far field).

The radar cross section of the sphere is given by

arla (18)

where
r = radius and
A = correction factor computed {rom curves.
The directly scattered power per steradian divided by incident power
per unit area is then
%.Z.Al , (19)

A, is dotermined at the bistatic angle between the tranemit and re-
ceive Antennas.

The same ratio {or power interacting with the ground or other flat
objects ie:
2 2
nr nr
A 4,) . (20)
(‘41! 2) (MRZ 3)

R/2 s Leight of sphere above ground,

where

b, = correction factor for histatic angle between inci-
dent field and vertical, and

By = correction-factor bistatic angle between vertical
and ray to recelve antenna.

»

- .- B e R e il o e e P B e T SR

N " ,

e St




N\
)
Ml sanit fo ekl

=S 0 D20

-

[ 3
—t

|

—

o

oe®
o
©
°
-
o

Ke

IR A U SR (P VI VP U

e R I S

i 'I.i““!::"‘""ﬂ"""")J.Ld“‘!. e ¥ Y % e ¥ Sy £

PO R S

H Figurce 5 - Sphere Return wt 20-, 40-, and 50-Deg Bistatic Angles

3% |

e il

e e ——— . — ece - s




The ratio of directly scattered energy (Sl) to interaction energy (SZ)
is then:
s, 4R%a
s 5T (21)

o stk L Lt el S bl . Gt

The worst-case conditions yield a ratio:

PUY PP PSSR

: 2 33.1r

at Ka = 1.75.

For the case of Ka = 10 and R just large enough for the sphere to
be on the far field, Sx/sz = 647, or 28.1 db

From Figure 1, an error of +0. 4 or -0.6 may occur for this condi-
tion. Since the target can be expected to have interaction, an error is

expected unless means are provided to minimize interaction for both ref-
erence and target.

B L

In addition to the above considerations, there are other well-recog-
nized factore affecting the use of a sphere. These factors are surface
accuracy of the sphere and the effect of the target mount.

CONCLUSIONS

PRV WY

In view of the above considerations, certain procedures must be in- 4
cluded in the design and checkout of a cross-section range. After a field
probe of the target aperture (without target) has been completed, a pre- i
liminary rotational scattering pattern should be recorded to the assumed i
pattern used in the range design. !

The background return should also be measured, since the accuracy !
of the preliminary pattern and the data is strongly dependent on changes ?
‘ of background. If the background return is high, either it .aust be pro- j
i portionately reduced or a measurement procedure used that permits sepa- -
: ration of the target and background signals. :

i A check on the coupling between the target and ground should be made

' by vertical motion of the target. A similar test with the reference sphere
should be made and the coupling reduced through judicious use of absorb-
ers or reflectors. And, {inally, considerable care must be exercised in
the calibration procedure that employs a reference sphere.

rate with the dimensional accuracy of the target and with the intended use
of the desired data.

g e

5
The ultimate objective is to keep measurement accuracy commensu- 1
3 !
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ATSTRACT

Resulcs of a survey of redar reflectivity measurenent date format

! standurds nade with invitees of the forthconing Radar Reflectivity Mea-
surcnent Syuposium are prescated. From the results it was concluded that
vhile certain data tymes are uore prevalent than others, at present there
are no universally uscd stodards of radar reflectivity measurement deia
: format. Adventages of standards are discussed along with considerations
for possivle standards.

I:TTRODUCTIC: :

Current interest in radar cross section of missiles, aircraft, and
satellites has caused the installation of a number of radar cross-section
ranges in the United States, This interest, in fact, has motivated Lincoln
laboratory to host this symposium on radar reflectivity measurement. The
existence of these many ranges 1s also evident from ths number of papers
describing ranges presented at this symposium,

During the planning for this symposiwn, discussion with steering
corand ttee members indicated interest in measurement data standards. The
writer had previously had e:perience with a number of ranges in this re-
gard. It was therefore deccided to conduct e survey among symposium in-
vitees and determine the situation ia greater depth. Study of results
and comments cowld then provide a basis for possible recommendations on
this matter. It is recognized that a survey can be a popularity poll,
however it was feli that replies would indicate current technical practice
based upon engineering and econowic consideracions rather than popular
opinion.

SURVEY h

: The questicnaire in figure 1 was sent to the 75 orzeaizations that

: wvere invited to participate in this symposium. These organizations in-
clude both data measurers and data users in Government and industry. The
L4 replies received reflected the interest in this topic. While most of
the major organizations replied, it is regretted thet several prominent
groups did not. The majority of the respondents (57%) were frcm indusiry
as expected, followed by Government (277) and non-profit organizations (165).
Useful information from organizations currently active in radar cross
section measurement/use was recelved from C7% of the respondents.
Approximately the same percentages of useful replies were from those who
either use only or boih use and measure (32%) as from those who either

measure only or both measure and use (847). Admittedly the term "use" was
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somewhat vague in the survey, thus implications regarding users are somewhat
uncertain. There were 67 who indicated that they are both measurers and
users, 10% who are measurers only, and 16% who are users only. It is
unfortunate that most of the replies from users only were very general and
lacking in details. Data type and format furnished by & measurer are
primarily determined by user requirements. The lack of very definitive
replies from users only thus constitutes a Jleficlency in this survey. Data
from those who are both users and measurers somewhat offsets this however.
It is also recognized that data type and format are also influenced by the
type of measurement facility, the type of coject measured, the number of
measurements mede by & facility and the use which is made of the data.
Conclusions therefore are not susceptible to universal application.

Analog data recording is more widely used by the measurers and measurers/
users than digital; 664 vs 31%. HNearly all (97%) measurers who take digi“al
data also teke analog data. While some of the measurers employ measurement
techniques that are not readily susceptible to digitizing, it is clear that
digitel data is currencly not being taken in &s many cases as it could be if
it were required by the user.

Equal percentages of the measurements are made indoors as outdoors (U4L%),
while 12% of the measurers report dual capability. The majority of measure-
ments are made statically - 66% indicated static only, 19 dynamic only,

15% both, 81% static only or static and dynamic and 34% dynamic only or
dynamic and static. Again, the term dynamic was not completely defined,

thus not all dynamic measurements indicated are made while the object is
in actual flight.

Scale measurements are made by more respondents (37%) than full scale
(26/5). A dusl capability was reported by 37% thus 74¢ reported either
ccale only or scale & full scale to 537 for either full scale only or both.

Rectangular coordinates [or analog data are extremely popular (96%) for
measurements not recorded on film or displayed on an oscilloscope. Only 1%
indicated no rectangular coordinate capability, while 18¢ had no polar
coordinate capability. Dual capability was indicated by 27%.

Emiscion use was not clearly indicated by & uumber of measurers
although CW (6%%) seems to predominate over pulse (337). Iigh resolution
measurements were reported by 225. Phasc measurements are made by 13% of
the respondents. liany of the respondeats have several facilities or facili-
ties with multiple capabilities.

The types of polarization used were not generally indicated by the
respondents. Use of different polarizations, e.g., HH or HV either simul.
tanecusly, or sequentially would generally result in more recordings, thus
conclusions of the survey should not be adversely affected.
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The sparse use of digital data recording was further confuged by the
types of digita) data employed - equal perceantages (25% of the digitizers)
use paper tape, magnetic tape and punched cards. The remainder of the
digitizers are now planning to install digitizing devices. No two
organizations using digital data appear to use the same data format.

Rectangular chart heighis in use vary from 3 inches ‘o 10 ianches. The
latter is inore popular (44¢) although 265 of the measurers gave no data,
+hus the complete picture is unknown. lMaxioum vertical scale coverage
(presumably systen dymanic range) varies from LG d% to about 80 db. The
most extensively used value camnnol be concluded from the replies. Vertical
scale factors vary from about one to ten db per inch. Again there is no
most prevalent value since the number of no data detailed replies exceeded
the apperently most prevalent value. Praciically all measurers record in
db, usually DB3i! (degibels with respect to one squere meter). Only two
indicated use of ¢/p° basis. Data lineerity was frequently not mentioned.

Aspect angle scale factors vary from 0.5 to 36 degrees per inch. Most
measurers ¢an use any of a nuuber of aspect angle scale factors. It is
recognized that chart scele factors used are determined by the type
measuring system, its dynamic range, measuring frequency, the object,
portion of the object measured and usage of the data teken.

S'MIARY OF RESULTS TR0l THE SURVEY

1. lLost of the measurers have an anslog data presentation capability
bu. only 1/3 have a digital capability.

2. The analog capability is Aivided among & numter of iwconrder paper
slzes. The number of scale factors used ig large.

3. Most of the measurers have recorders with rectangular coordinates.
Rectangulsi coordinaies are more popular than polar coordinates.

k. Tae limited digital capability is equally divided between paper tape,
cards and magnetic tape. (Most facilities can readily convert cards to
megnetic tape or vice versa,therefore paper tape is in the minority).

CONCLUCTIORS FROM SURVEY

1. The large number o1 analog recorder paper sizes, ccordinate systemnsg,
anl scale factors in use presently make rapid interchange and comparison of
data difficultl, causing confueion and requiring extra work in use of data.

2. There 1c no universally used coordinate system, axis systen,
direction of rotation, standard reference, or unit of measurement. Confusion
exiets in this area,

3. Many of the measurers do not now have digital data faciliiies,
indicating an absence of requirements by using personnel. Posesibly lsck of
volume of measurements. application of data, difficulty of digitizing data,

or lack of eppreciation of usefulness of digital data may be factors in this.
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4, Even though a very limited digita) data capability exists, no two
organizations appear to use the same digital ~ecording medium, or data
format, Interchange of digital data therefore requires extensive coaversion
of medium and format before it can be used by a second organization.

FECQENDATIONS

1. A preferred standard for analog recording should be established,
covering paper size, coordinate system and scale factor(s). Considerations
for a possible standard are discussed in Appendix I.

2. A preferred standard should be established for measurement coordinate
system, axis system, direction of rotatiorn, standard reference and unit of

measurement. Considerations for a possible standard are discussed in Appendix
IT.

3. A preferred standard for digital recording should be established for
recording medium and data format. Considerations for a possille standard are
discugsed in Appendix III.

APPENDIX I -~ PROPOSED ANALOG FECORDING STANDARD CONSIDERATTIONS

1. Use of decibels (DnSi1) plotted on a linecar scale will facilitate
application of correction factors,etc, and rcady relative comparison of
values at different angles, comparison of values for different frequencics,
polarizations, bodies, etc. Conversion to square wavelength refereices is
casily accomplished.

2. Separate standards are probabl required for static and dynamic
megsurenents. Static measurements should bte in the form of DRSS! vs aspect
anglez for various pitch and/or roll angles for each polarization vsed, while
dyngiic measurements will probably be in the form of DBCM vs time from some
specified reference.

3. ‘“hile both rectanguler and polar coordinatec are useful, the
rectangular form can more easily be expanded or contracted in recording by
scale change and 1s therefore somewhat cuperior.

., The analog format will have to be different for "special" ranmes such

as hizh resolution, swept frequency etc. Even so,a minimum number of standards
is preferred.

5. 1t is preferatle Lhat the measuring system incorporate appropriate
linearizing circuitry so that the graph can be read directly {n db without
necessity for an overlay or special scale. Zero DIS;! should correspond to
an ‘ntegral value say -20, -30, etc. as appropriate. The zero DBIJJA value
should be clearly mariked in the notes space on the chart.
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€. The number of ordinate and abscissascale factors should be
mir‘mized but the value used should be clearly marked in the notes space
on the chart.

APPENDIX II - CONSITCERATIONS FOR EASUREMENT SYSTEM COORDINATE STANDARDE

1. The mrasurement s:'s.cm coordinate should be standardized to include
axis system, directio.. of rotation, standard reference value and unit of
measurement.

2. The document IRIG STD 102-61 "Coordinate System and Data Format For

Antenne. Patterns” 18 a good starting point in the preparation of such a
standard.

APPENDIX 1II - PROPOSED DIGITAL RECORDING STAIDARD CONBIDERATIONS

1. Paper tape has only limiled usage as compared to magnetic tape or
punched cards in the automatic data processing field.

2. Data which is to be processed by digital computers generally is most
efficiently used 1f on magnetic tape. Magnetic tape is much more compect
than either paper tape or punched cards. Magnetic tape can be readily
converted to punched cards or vice versa.

3. Tne data format should be standardized in detail in order to eliminate
the neceesity for computer reprogramming, data converasion, etc,

4, Dpata should be in DESM vs aspect angle. Both quantities should be
sufficiently quantized to fajithfully preserve data. This is extremely
important for angular data. Quanta of 0.1 degree will generally be adequate.

5. The digital data should require no further conversion to obvtain DBSM
and angle in degrees.

37

e

e A M b bl e 5 AP S e i i il it et S

€

PR R,

JPRPR W Do)

e s

ST R T BN PP LIV VOO TPV ST S CN Ry




[P ———

i SDPOSIUM
oF
RADAR R<FLECTIVITY MEASUKENT

ORGANIZATION CONTACT INDIVIQUAL
: ARE YOU A DATA MEASULER OR USEK? TELZPHONE NUMBER$
' RAMUE TYPE
; INDOOR/OUTDOOR, STATIC/DYNAMIC
| FULL SCAIE/MODEL SCALE ATIHCRAFT/MISSILSS /OTHER___

(speoify)
DATA TYPE: CW/PULSE HIGH RESOLUTION/PHASE, ETC.
1. Analeg Latd
¢ Usual Coordinate System

Deta Resolution

Ususl Recorded uantities e.g.o- -DBSM, Aspect Angle 0° - 360°

hake & Model of Hecorder:

Please attach eample unolassified graph
! 12, Dgite]l Data

Usual Coordinate System
Usual Recorded wuantities

Type of Recordings Paper Tape, Punched Cards, ‘Hagmuc Tape

hake and Model of Recorder o Please describe digital data

j format in detail below, including data sequence, units, number system (binary, i
l decimal, BCD, eto. and whether fixed or floating point) magnetio tape density

(characters per inch)

REVAHRKS ¢




RADAR MEASUREMENT STANDARDIZATIONS
NEEDED FOR SIMULATION STUDIES

C. Krichbaum
Battelle Memorial Institute

ABSTRACT

The purpose of this paper is to show some inadequacies of past and
present radar-range measurements for use in simulation studies and to
show some changes needed to meet the requirements of users of radar-
range data in simulation studies. The scope of some of these programs
is defined in terms of types of calculations, required inputs, and
desired ourputs., Factors shown to affect the types of data needed
include effects of asymmetries, polarization effects, and the need for
complete scattering matrix measurement, The effect of measuremcut error
upon choitce of measurement parameters for symmetric targets is
discussed,

SIMULATION STUDY

A radar cross section simulation program is a program which attempts
to synthesize radar signatures which would be observed by a defensive
radar during a hypothesized missile flight., Information necessary for
such a calculation includes a history of the relative spatial positions
and attitudes of the target and radar site and sufficient static cross
section data to completely describe the scattering properties of the
target over all ranges of angular variables which might occur during
simulated flight. 1In general, either telemetry data from an actual
missile flight or calculated data from a computer six degree of freedom
trajectory code is necessary to supply sufficient trajectory informa-
tion., This trajectory data is then combined with the scattering data,
usually by computer calculation, to obtain the calculated signatures.
This discussion is limited to some of the problems encountered when
attempting to obtain suitable scattering data from static radar range
measurements for use in a simulation calculation.

SCATTERING MATRIX FORMULATION
In general, & radar signature calculation must account for:
(1) radar frequency
(2) aspect angle
(3) polarization angle (if linear polarization i{s assumed)
(4) target roll angle

(5) transmitting and receiving antenna polarizations

(6) possible dielectric coating of target
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The aspect angle and polarization angle are defined in Figure 1.

Radar Site

Figure 1

0 = Aspect angle

>
8

Polarization angle

Target roll axis

[}
[ ]

Axis along the radar line of sight
Y * Axis in a horizontal plane

forms an orthogonal

o

Axis which, with YR and Zps
right-handed set

y = The projection of the z axis into the XpYR plane

There are two basic methods of considering the effects of aspect and
polarization angles. One method is to measure the cross section cf the
target at all possible combinations of aspect and polarization angles
which might be observed during simulated flight. This necessitates
measuring cross section vs. aspect angle for a large number of linear
polarizations, and storing the data on magnetic tape. If the target is
rotationally symmetric, a second method, that of using a set of
scattering matrix psraneters vs. aspect angle for the target, results
in a savings both in amount of data required to describe the scattering
properties of the target and in machine time required to calculate the
signatures. For targets possessing this symmetry, three measured
quantities corresponding to each aspect angle permit celculation of the
cross section for any polarization angle and for any combination of
lineax and circular transmitting and receiving antenna polarizations.
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In the past, successful utilization of the scattering matrix to synthe-
size signatures for configurations of practical interest has been
thwarted by a lack of polarization diversity in the available stati-
scattering data,

In general, the scattering matrix solution for cross section is a
linear combination of measured parameters with coefficients which are
functions of the polarization angle, Because of its form, the solution
can contain a cumulative error greater than the individual errors in
the various measured parameters. The measured parameters of interest
for symmetric configurations will likely be either:

Amplitude Measurements

(1) amplitude ~ horizontal polarization
(2) emplitude - vertical polarization
(3) amplitude - 45° linear polarization

or

Amplitude With Phase Measurements

(1) amplitude - horizontal polarization
(2) amplitude - vertical polarization
(3) relative phase -~ between horizontal and vertical returns

This amount of data can easily be held in core memory during computer
calculations for the entire trajectory.

The choice of which set of parameters to measure depends upon the
measurement capabilities of the radar range fnvolved. If both amplitude
and phase measurement capabilities are available, the choice depends
upon the relative precision to which these parameters can be measured.
This question 18 discussed in the next section.

If the target does not possess cylindrical symmetry, i.e,, suffi-
cient asymmetries exist such that the scattering data is significantly
roll-angle dependent, the number of parameters needed to describe the
target scattering matrix are five. Up to Sseven measurements are re-
quired to determine these five parameters which are functions of two
variables, aspect and roll anglesl, The large number of data points
involved requires tape storage and utilization of the static data for
the nonsymmetric target,

EPFECT OF MEASUREMENT ERROR UPON CALCULATION
OF CROSS SECTION HISTORIES USING STATIC DATA

The radar cross section of a symmetric target may be calculated for
arbitrary aspect and polarization angles using either (1) data from
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3 static amplitude measurements or (2) data from amplitude and phase
measurement for horizontal and vertical polarizations. The expression
used to calculate cross sections for linear polarization using stacic
measurements of both amplitude and phase {s:

2
. 4 4 8in"2)
Oy " %y sin A + Oy o8 A "/°hn Syv 7 o8 @ (1)

wvhere:

o " expected radar cross section observed at aspect angle € and
polarization angle )\ by a radar using horigzontal linear
polarization

un " static radar cross section of the target measured at aspect
angle 6 with the target body axis in the horizontal plane
and using linear horizontal polarization

Oypy = static radar cross section of the target measured at aspect
angle & with the target body axis in the horizontal plane
and using linear vertical polarization

A = polarization angle - that angle between the projection of the
target axis {nto & plane at the radar site perpendicular to
the radar line-of-sight, and & local horizontal perpeandicular
to the radar line of sight,

Also,
? =91 " ¥ (2)
where

is the phase of v

18 the phase of o

11

®22 HH

Assume that A 18 known exactly. The expression showing an incremental

change in % ie:

4 4
% + th - (oW + Aavv) sin ')\ + (aHH + Aa“u) cos \ +
(3)

81n22
+ \/(aHH + AaHH)(ovv + onv) -J%i-b (cos @ + & cos )
Substituting (3) into (1),

A°H - boyy lin“k + doyy, coo4 A+




T : N

‘ .
+ (J(cm + 8ay,) gy + 801y = Y Oy Oy) M2 cop 4

an

2 L

s ]

” sin 2) j

+ Y (oyy + dcyy) (Byy + Bayy) =7 & cos @ 4 1

.

Asauming oyy end oyy are spproximately of equal magnitude, o, and assum- | 3
ing incrementa in each are positivs and approximately 40, (4) becomes: ‘ 3

2 2 ; 3
Agﬂ T'(.xn“x + couak 1-315525 cos ¢ 4-3i2325 A coo @) bo + '

2
+aLiL22AAc0l(p (5)

This expression is maximized for positivz increments in cos ¢ except
st ¢ » 0 where only negative increments are possible, Assuming such

values for 4 cos ¢ are taken and using trigonometric substitutions, (5)
becomes:

8% max ~
g

[ thmai |

2
1+ (cos 9o +4cosg -~ 1) llﬂilﬁj gg +

2 :
+~!1532L 4 coe @ (6) i

P S SRR == . ¥ SRR N R

An alternate expression “or % using amplitude measurements only 1e¢; '

2 2 2
! Oy * 94 sin"2)\ + [OHH cos”) - vy sin A] cos 2\ (7
where

0,5 © stetic amplitude messured at 45° linear polarization

2 2
AOH « 8in"2) AGZS + cos )\ cos 2) AOhH -

. sinzx z08 2\ A0y, (8) -

or I

Aoﬂ - uin22x AUAS + (coa4A - coozx -1n2x) AOHH +

e sy A Sh 4 et s I St D Comamatatn s . ins el i & T e

+ (sinak - colzk -1n2x) Aoyy €D
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Using similar approximations as were used to obtain (5), \

RPN

oo “ Ao
e | <, AC 2,, 43 - 2
5 » co8°)\ o + 8in"2) 5 p (10)

war b e &

8o, = &0

Since we are assuming symmetry, knowledge of cos ¢ and g, is apparently
squivalent., The oxpreseion relating these two quantities is:

el a ol it

| %s * % [ * Ouv * 2 Vg Tgy <08 ¢] (11) '
I

40, ~ 04, = O
cos @ = 43 HH LA (12)

ZJGHH GW

It is not necessary to evaluate cos g explicitly when calculating
cross sections using ouy, Ovy, and a45. It seems straightforward to use
(6) and (10) to compare the asccuracy of the two metheds for calculating
Oy. Assuming the measurement orror {a the same for measurement of gy,
ovy, and g45, the maximum error in the calculated ¢y using amplitude
meacuremants is identically the measurement error (assuming & and )\ are
known very sccurately). The error in gy using oyy, and oyy, and ¢ can
ba either lees than Ao or greater than Ao, Figures 2 and 3 are plots
of Equations (6) and (10) for polarizations angles of 30° ¢r 60° and a
number of different values of ¢. An individual phase messurement error
of 5° was assumed for Pigure 2 and an error of 10° was chosen for
) Pigure 3. The signs of these errors were chosen to produce a positive 1

maximum error in cos ¢ corresponding to a total error in ¢ of 10° and i
209, respectively, for the two cases, If a45 can be measured to the i
same accuracy as oyy or oyy, similar accuracies are obtained by the two
methods for an amplitude measuremant capability of 1 db, or less if
errors in ¢ can be limited to 109, However, 1f ¢ cen be determined to
l only 20° or more, the use of the three amplitudes measuremente appears
to result in meore accurute calculations, This generalization also seems 1
} to hold 1{f & calculation of cross section histories for an observing ' !

radar transmitting and receiving oppositc senses of circular polariza-
tion is desired. A comparison of maximum pogsible error in calculating

circularly-polarized cross sections using only amplitude measurements

and ueing amplitude plus relative phase measurements is shown in
Figuree 4 and 5,
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SOME RECOMMENDED STANDARDIZATIONS

From the viewpoint of a user of radar range data for signature syn-
thesis, the following practices are suggested.

1, Operational or test flight targets should be measured on a full
scale range,

2, Targets should have dielectric coatings which match as well as
possible those coatings which would be present during free-space flight,

3. Measurements on operational vehicles should be made over a wide
range of frequencies, Measurements on flight test vehicles should be
made at the frequencies of observing radars.

4, Sufficient data should be obtained to compute the scattering
matrix,

5. A sufficient number of different polarizations should be used to
permit a consistency cneck of the scattering data., For example, i{f a
symmetric target is involved and amplitudes only are measured at hori-
zontal, vertical, and 45° linear polarizations, a trivial calculation
can be made to generate patterns for 30° and 60° linear polarization.
1f mreacured data at 30° and 60° were also available, the data user
would have a good check on the reliability of the n2asured data, If
horizontal and vertical amplitudes and phases are measured, an extra
measurement at 45° would permit this consistency check.

6., Targets with cylindrical symmetry should be measured at several
roll angles to check the validity of the symmetry assumption,

7. The measured data should be available to the user by means of
magnetic tape or data cards in addition to the conventional analog
plots,
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A NEW MINIMUM RANGE CRITERION FOR MEASUREMENT
OF RADAR CROSS SECTIONS*

Leon Peters, Jr.
Associate Supervisor
Antenna Laboratory

Department of Electrical Engineering
The Ohio State University
Columbus 10, Ohio

ABSTRACT

This paper considers from a different point of view the agsump-
tion that the minimum range is 2D?/\ where D is the dimension of
the target, In order to obtain a proper phase distribution over the
target this assumes the radar range antenna to be a point source,
Most treatments of a radar antenna which is not a point source in-
volve the calculations of field of the radar antenna at any target point
P and this involves an integration over the surface of the radar antenna.
This has led to many minimum range criteria, the most common of
which is 2(D+d)?/\ where d is the radar antenna dimension.

This entire approach is erroneous even though it is true that the
fielda at the point P obtained by this integration are correct. Tks
assumption that this causes an increase in the minimum range neglects
the cancellation that occurs at P of the energy radizied by different

parts of the antenna.

A new picture is developed from the point of view of geometrical

_ optics, The antenna with a uniform phase distribution is approached as

a limiting case cf a point source radiator. Thia point source is located
so that the minimum range criterion is reduced. A new effective mini-
mum range is given based cn this geometrical optics limit.

This new approach is supported by Fresnel zone computations
of the phaee of a uniform aperture distribution.

1t should be noted that the amplitude requirement is distinct from
the above discussion and needs to be considered separately.

*The work reported in this paper was supported in part by
Contract AF 19(604)-7270 tetween The Ohjo State University Research
Foundation and Air Force Cambridge Research Laboratories.
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INTRODUCTION

. [V T T OS. W

In measuring either antenna patterns or radar cross sections, it j
is us.ually desired that the object under test, either an antenna or a i
scatterer, be illuminated by a plane wave, Often the criterion is that : '!
the phase of the incident wave deviate by no more than 7/8 radians or i
224* at the extremity of the object under test, hereafter referred to as ’
the target.,

R

The illuminating antenna is often assumed to be a point source
and then the minimum range criterion is the usual

2 2
Renin = 5 (1)

where D is the target dimension,

However if the illuminating antenna is not a point source then
the above minimum range criterion must be modified. It is often
assumed that every point on the target must be illuminated by every
point on the illuminating antenna. This concept leads to an increased
minimum range. The most common criterion is that

2
= i(%l‘_‘lL (2)

Rmin

wheze d is the antenna dimension,

This concept has been recognized to be erroneous by several

authors'» %3 in discussing the case when the target is another antenna,
Richmond? suggests that Eq. (1) be used where D is now the dimension
of the larger antenna, in the case of an antenna range. RlLodes' notes
several interesting points concerning minimum range. First, he de~
termines the phase distribution of several antennas at the range given
by Eq. (1) and shows that a better phase distribution at the target is
obtained from a planar aperture with uniform phase distribution than
for a point source, provided the dimension of the target is less than ;
that of the source. He then concludes that the same minimum range P
critericn of Eq. (1) may be used. Rhodes alsv shows the amplitude -
distribution for this case is adequate, i.e., field at target is down :
only 0.9 db. There has been no established requirement on the ampli- : __
tude distribution over the target since it is nearly always assumed that oo
the phase is the most critical parameter, Once the proper phase dis- ‘ i
tribution is obtained, however, the araplitude distribution becomes I

. quite important, This has been clearly established in the design of !

f antennas since the pattern of an antenna with a uniform phase distri-

- . bution may be modified by controlling the amplitude distribution.

¢ vabumen,
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The usual change in amplitude distribution involves at least a 10 db
taper or change. It is suggested here that a 3 db deviation be con-
sidered as the amplitude criterion for minimum range. This should
introduce little error in the maximum values but could increase nulls
significantly.

In the case of a point source illuminating a uniform line scatterer,
Rhodes shows that the minimum range must be doubled in oxder that
the radar pattern correspond to the antenna pattern., This takes into
account the fact that the radar signal must travel from the source to
the target and back.

Kay? also has examined the minimum range criterion and con-
cludes that the use of Eq. (2) is not justified. He states several con-
cepts that are in general agreement with those developed in this
report, First, he concludes that the minimum range may be reduced
by increasing the size of an illuminating antenna which has a uniform
amplituds and phase distribution. Second, he concludes that if the
illuminating antenna is larger than antenna under test, its far field
pattern may be measured at any range short of phyasical contact. It
is noted that interactions, which he does not treat, must be negligible.
This is not quite adequate becauss of deterioration of the amplitude
pattern.

This discussion has made use of an illuminating antenna. Ob-
viously, the source and receiver may be interchanged without affecting
the pattern. However the antenna or scatterer whose pattern is to be
measured must be smaller than the antenna which has previously been
referred to as the illuminating antenna, This nomenclature is to be
used in the remainder of this paper for convenience,

The reduction of the minimum range criterion is of great im-
portance for the measurement of the radar cross sectior of large bodies
whose radar cross section is very amall, The power received from a
signal reflected by a radar target is inversely proportional to the 4th
power of the range and thus, for such low cross section studies, it is
essential that the range be reduced as much as possible without dis~
turbing the far field conditiuns,

In the present paper, a physical argument is presented that leads
to a different form of minimum range criterion and an example is given
which demonstrates its validity, However it is empbasized that this
proposed criterion is atill in the form of a hypothesis and needs further
study.
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PHYSICAL REASONING FOR MINIMUM
RANGE CRITERION

The use of Eq, (1) as 2 minimum range criterion as developed
for the point source is valid, The development of Eq. (2) as a
criterion for minimum range is not valid since it ignores the con-
straints on the direction of energy flow. These constraints are used
successfully in geometrical or ray optics for many cases provided the
aperture distribution is continuous., However, it is hypothesized that
ray optics will yleld the phase distribution with sufficient accuracy even
when the aperture distribution is not continuous. It is assumed in this
paper that the application of ray optics will yield the required minimum
range critericn.

TARGET SMALLER THAN ILLUMINATING ANTENNA

Kay® has given the minimum range criterion that adequate far
field patterns can be cobtained provided only that the target lies between
the optical boundaries shown in Fig, 1 and the aperture distribution of
the illuminating antenna is uniform. Kay also assumes a large

"OPTICAL" BOUNDARY

r ———————————— -— — ey oy e —— —

REGION

OF ZERO
PHASE
VARIATION
PREDICTED
8y OPTICS

ILLUMINATING "OPTICAL"
APERTURE BOUNDARY

Fig. 1. Region Between Optical Boundaries




illuminating antenna, It is our present purpose to test this criterion
using an antenna that is only 3,14\ on a side. If this yields adequate
results, then it should be an adequate model for larger antennas
which more nearly satis{y the assurmptions made by Kay. Available
phase patterns computed by Green are used to check this criterion
for this specific case. Others rhould be considered in the future,
Green computed the amplitude and phase patterns of a four inch square
aperture with a uniform amplitude and phase distribution in the Fresnel
zone for A\ = 1.23", Computations were made at ranges of 4, 8, 12, 24,
36, and 48 inches in planes parallel to the aperture. The results of
these computations are shown in Fig. 2. The maximum deviation of
phase in these planes is of interest. The use of geometrical optics
predicts the phase deviation in the region between the "optical"
boundaries illustrated in Fig. 1 to be zero. The phase calculated

by Green shows that the phase at the "optical" boundary is 40° with
resnect to the phase at the center at the range of 12", This is the
greatest phase variation in the region between these ''optical’’ bound-
aries for ranges treated by Green. At all other ranges that were
treated it is considerably less as may be noted in Fig. 2, If this
region is reduced to three fourths its extent, the phase variation is
everywhere less than 22}° in this specific case. However the original
choice of allowable phase variation of 221° is rather arbitrary. Thus
these computations of phase tend to support the original hypothesis,
i.e,, the phase variation may be considered to be negligible in the

" region between the optical boundaries.

TARGETS LARGER THAN THE
ILLUMINATING ANTENNA

Now consider the case of a target larger than the illuminating
antenna. A modification of the antenna must be considered if the
minimum range is to be reduced. The modification proposed is il-
lustrated in Fig. 3. Now the illuminating antenna is defocussed or the
phase variation in its aperture i8 no longer uniform. It is hypothesized
that the minimum range given by Eq. (1) is valid provided it is meas-
ured from the apparent point source, i.e., Rmin = R;'nin - Rp. 1f an
amplitude taper is introduced, and the defocussing is sufficient then
geometrical optics may be used and the hypothesis is indeed valid.

If the feed is displaced in the opposite direction as illustrated in
Fig. 4 then the minimum range would be increased. This is easily
avoided and hence is not discussed further.
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As another example, the 4'' illuminating antenna with a uniform
amplitude and phase distribution is considered. However it is taken
as the limiting case of Fig. 3 whose point source is removed from
the aperture until it approximates the uniform phase condition over
the aperture shown in Fig. 5. The fields of this point source in the
aperture may be represented by a quadratic phase distribution, The
axial far fields computed from this aperture may be obtained approxi-
mately either from geometrical optics or by integration of the aperture
fielde., The two methods yield approximately the same fields provided
the maximum phase deviation at the edge of the aperture is approxi-
mately w/4 radiane as is shown in the appendix. This quadratic phase
distribution would yield essentially the same far field pattern as would
the uniform phase distribution. In this case

_4.'1z
RP')\_
and
_2D* a?
R in=5— "% . (3)

Consider again the curves of Fig., 2 for the 4'' aperture at a wave-
length of 1.Z23". The various minimum ranges are applied to thie case
for the specific minimum ranges of 4, 8,12, 24, 36 and 48 inches. The
target dimension that yields these minimum ranges, the relative phase e
andthe xelative field AE at the edge of the target are given in the fol-
lowing table for each of the minimum range criteris,

2 D* 42 2(D+d)?
] et 2| e e 2L | - 20
min b be AE |D de AE|D bo
ches inches degrees db {inches degrees db |inches degree
4 1.59 15 4.0 (2.14 22 4.2 | - -
8 2.25 15 2.3 12,66 21 3.6 - -
12 .76 15 2.0 3.1 20 2.4| = -
24 3.9 18 1.0 {4.2 23 1.2 - -
36 4.8 20 0.6 |5.0 22 0.8] 0.8 0
48 5.5 20 0.7 15.72 20 0.7 1.5 4°
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It is appazrent that the criterion of Eq. (2) is not valid, that the
phase criterion of Eq. (1) may be used with absolute assurance and
that Eq. (3) ylelds an adequate Rmin &t close ranges. Also Eq. (1)
and Eq. (3) yield essentially the same values for larger targets or

’ larger minimumn ranges. The close agreement of the relative phase
. to the value of 224° for the criterion of Eq. (3) must at this point be
consldered coincidental and additional evidence is needed to sub-
stantiate this criterion for this particular case, The analysis leading
to its development is obviously not rigorous, but is used more as a
guide to obtain a much needed new minimum range critsrion,

AMPLITUDE VARIATION OVER THE TARGET

Only the phase var'ation over the target has been discussed.
Of equa)l importance is the amplitude variation. Usually it can be
measured in any specific ase with relative ease and thus little at-
tention is usually devoted to it. Figure 2 shows the amplitude vari-
ation i{s severe in the region between the optical boundaries for the
smaller ranges and it should be considered in any measuremaent.

Kouyoumjian® has successfully measured the radar cross
sections of small bodies in the vicinity of a large horn antenna. He
probed the field of this antenna and noted axial as well as transverse
variations in the amplitude. The target location was then selected so
that the amplitude variations over the target were minimized, It is
important to note that there are axial variations that need to be con~
sidered at small ranges.

Hansen and Bailen® have computed the axial and transverse
amplitude patterns, for a number of amplitude distributions and
show similar axial variations for near zone fields of the uniform
aperture distribution. These axial variations extend to a range of

2
R=X 0.1 (Z_f_) .

! The variations for the horn are due to energy reflected from

the edges of the horn as has been shown by Russo . and thus the horn
can not in general be considered to be a point source. Similarly any
practical antenna can yield unexpected amplitude variations in the
Fresnel zone from such sources as edge diffraction, aperture blocking,
and direct feed radiation. The only safe method of assuring a proper
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amplitude distribution for any practical antenna consists of probing the
field of that antenna,

INTERACTION EFFECTS

A limitation on the minimum range criterion is the multiple re-~
flections between the illuruinating antenna and the target. Interactions
should provide no problems for radar targets of low cross section
since the energy incident on such a target is either absorbed or
scattered in a direction away from the illuminating antenna.

Kay’ describes a technique for recognizing the presencs of
significant interaction for antenna pattern measurements. This tech-
nique consists of repeating the measurement after increasing the range
by A\ /4 and noting changes in the pattern. This same technique may be
used in radar cross section measurements.

CONCLUSION

A group of antenna pitterns in the Fresnel zone have been used
to check the varicus minimum range criteria, If the phase over the
target is to vary by no more taan 221°, it is seen that the 2D?/\ cri-
terion is a safe orie, The new criterion for the antenna with uniform
phase distribution of 2D?*/\ - d’/\ yields a phase variation that is
quite close to the 221° design value. The requirement that the illumi-
nating antenna be larger than the target nearly satisfies the 221* design
value and ehould often prove to be useful.

However amplitude variations appear to place a more savere
restriction on this minimum range criterion for shorter ranges. It is
suggested that amplitude variations over the target be less than 3 db
provided null depths are not of great importance. Otherwise this
value should be further restricted.

The safest method of satisfying this amplitude requirement
consists of probing the field in both axial and transverse directions.
This is particularly true for any reduced range since the field vari-
ations at closer ranges may be due to phenomena usually not con-

sidered such as diffraction by edges, aperture blocking, and direct
feed radiation,
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APPENDIX - COMPARISON OF APERTURE AND
GEOMETRICAL OPTICS FIELDS

The aperture distribution of Fig. 3 is obtained by considering it
to be a point source a diatance Ry, from the aperture. Applying the
principle of stationary phase yields an on axis field proportional to®

l‘g:e-jgﬁ‘ d&LE . (4) §

If this aperture is now restricted to d where R, = d/\ , then the phase
at the edge of the aperture is w/4 and the expression becomes

e xg

lg e 2 de'x 1.3 . (9
-1/\2

Increasing the limits slightly yields i

,S‘o’se'%gzdg!x 1.4. (6)
, «0.8

Thus the on axis field obtained from the geometrical optice method
becomes approximately equal to that obtained by integrating the fields |
over the aperture. Increasing Rp would reduce the phase variation i
over the aperture and as a consequence Eq. (5) becomes smaller

i for a fixed aperture size. However Eq. (4) remains unchanged. Thus
geometrical optics fails, If geometrical optics is to be used to find a

. modified criterion then its use is restricted to the above value, i.e.,

: larger values of Ry, should not be allowed. Hence the value Ry, =d?/x

' is used for the distance of the apparent source from the aperture.
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EXPERIENCE WITH CALIBRATION TARGETS AND TECHNIGUES AT KCa - ERL

Re Sigler , :
Electromagnetic Research Laboratory
RCA Missile and Surface Radar Division
Moorestown, New Jersey

L yoon

The following is a summary of calibration references and procedures tested
and utilized by the iRl for radar measurement purposes. Several reference tar-
get configurations are briefly described. The advantages and disadvantages of
spheres as primary standards are presented, f

* % 3 %

.

: The ERL, operates, as a part of LAMF, the Downrange Antimissile Measure- I
i ment Program under Project Defender (sponsored by the Advanced hesearch Frojects

| Agency and administered by the Army Missile Command) an outdoor full-scale range
for radar backscatter measurements, Inicial evaluations of this range were per-
formed in 1960, with problems common to must measurements, the determination of
absolute microwave energy levels. C-band radlation permmitted the use of several
reflectors of practical sizes, including spheres, corner reflectors, flat plates,
cylinders and dielectric lenses, All of these configuraticrns entail careful
mounting consiaeration either because of their low backscatter cross sections rel-
ative to any supporting structure, or because their backscatter patterns required
support structures capable of holding close angular positions while exposed to the
effects of solar radiation and wind.

e s b cnd L it ma wht
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The spherical reflector was selected as an initial reference. Thin-walled alu-
minum spheres of six and twelve inch diameters were light enough for support by
helium filled weather ballons, and could be tethered over a reasonable area dur- ;
ing calm ailr. A C-band wavelength of 2 inches places the 12 inch sphere circum-
ference at 12 /2 » 18,85 wavelengths, which is far enough from the resonance
region to establish a reference within 1/2 db without correction. A series of
spheres is one way of ostablishing a calibration curve for the microwave re-
ceiving and recording equipment. Aluminum spheres were available up to about
five feet in diameter., Small spheres are available in the form of bronze or
steel ball bearings., The larger spheres required support more easily obtained
frem dirigible shaped, gas-filled balloons, with fins for wind alignment and
added 1ift. Tests made, using the abcve methods, found them satisfactory for
experimental purposes but too susceptible to wind conditions for acheduled
operations, The relatively small backscatter cross sections c¢f:ue conducting ‘
spheres prevent placing them near the supporting ballocns, wnich have sufficient i
backscatier to defeat an absolute calibration. Tether and support lines can :
ceuse excessive variations in backscattered energy when segments of the f
lines become normal to the microwave radiation. Initial evaluztions of the ; ‘
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ERL range employed a tracking ~adar capable of following target drift and meas-
uring target ranges, but more spe 'ialized backscatter megsurement systems,
without tracking capability, are like'y to find the balloon support method im-
practicable.

Fixed Amplitude References

Calibration of the ERL outdoor range was originally accomplished by
supporiing the aluminum reference spheres atop styrofoam columns, with each
column measured as part of the site background. One attempt at acceleration
of operstions was the congtruction of a separate tower for supporting a sphere,
or other suitable reference reflector. The C-band measurements employed
pulsed energy, and therefore permitted the advantages of range-gating for
exclusion of undesired backscatter. The reference tower could have been dis-
placed {n range, but due to the possibliity of interference of the reference or
target with the microwave bean: pattern, the tower was displaced in azimuth
only. No gate repositioning or range correction of cross section waa neces-
sary, and an angular displaccment to a low power area of the antenna pattern
provided isolation between the reference and the target.

Absolute level calibration, with the reference tower, precluded the use of hy- E
grescopic materials, or chose susceptible to rapid weathering. The tower was 8
tharefore constructed for low cross section, with metal elements tilted to
position the backscatter lobe pattern for minimum energy at the antenna. In
order to provide time stability, a reflector with greater hackscatter and

smaller size than an equivalent sphere was desired. The corner reflector is
one configuration with thege characteristics. Two corner reflector shapes

were considered. The first {3 equivulent to three adjacent surfaces of a cube,
and the second shape is obtained by cutting-off each of these faces along a dia-
gonal. Backscatter equations for each of the above are derived from the useful
projected flat-plate arcas, and show the first shape to have a gair. of approxi- i
mately nine times the second, for the same cube sfze. The first would therefore I ;
appear to be the logical solution, until he backscatter energy level {8 examined

with respect to alignment of the reflector axis-of-concentricity with the inci- l 1
dent encrgy. The projected (lat-plate area decreases for off-axis illumination, i :
with immediate effect on the backscatter level. Some advantage is gained from i

PRI PPy P

the second shape which does not use all of each reflecting surface when con-
centrically sligned. Misalignment in the order of a few degrees causes a i
small decrease in the total projec:ed flat-plate area, but sume additional re-

fleoting surface area becomes offective. The backscatter level rolls off gradu-

ally for emall angles of misalignment, and at C-band frequencies a cube size . ;
of leus than two feet can provide backscatter equivalent to a hundred square 1
meters., Mounting the reflector with one edge tilted 45° from the horizontal 3
per.aits equivalent backscatter for horizontal and vertical energy. Preliminary , 1
measurements on this reflector did not indicate that polarization had an appreci- ]
able effect on backsoatter, but precise orthogonality of the cube surfaces is i
neocossary for maximum effectiveness in the on-axis position. 1

Another reflector with relatively large backscatter is the Luneberg Lens. It
has some of the advantage of the corner reflector and also some of the alignment ' k
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advantage of the sphere, in that reflected level is similar to the normal to the flat
plate but can be stable over several degrees of misalignment. Inflatable mylar
spheres with a metal film on one surface of the mylar were tried. These had
inherent limitations in sphericity because of construction techniques and be-
cause of warping from non-uniform support pressures and temperatures. Size
was also a function of pressure differential, which precluded stable calibration.

Reflector Mounting

Experience with the previously described tower indicated that absolute
level measurements of reference reflectors for the ERL range could better be
made with the reference mounted in place of the target. No antenna reposition-
ing was involved, and no periodic evaluation of the reference tower background
or reflector necessary. Background evaluation of the target mount is a part of
normal operation. Measurements of several spheres on the target mount, using
styrofoam columns and steel shafts for the larger spheres, were compared
against the normalized curve for spherical reflectors. Results indicated that
the use of a steal shaft did not destroy the value of a reference sphere, pro-
vided the shaft exterior to the sphere was included in background measurements,
and also that the target support structure enclosed the exterior part of the shaft.
The above measurements were made for a sphere diameter of twelve wave-
lengths and a support shaft diameter less than one wavelength.

Step Calibration Reflectors

The sphere is ideal when reflector alignment is a consideration, however
the need for reflected energy calibrations at mere than one level requires the use
of several spheres with a subsequent increase in calibration time. The rotating
cylinder can serve as an absolute calibration, and with suitably low background
and multipath levels, also provide repeatable steps in energy levels from the
lobe pattern. Alignment is ar important relationship only with respect to the
cylinder axis and incident energy polarization axis. Lobe patterns for the cylin-
der are then employed as & function of cylinder dimensions versus wavelength
and polarization.

A deacription of a further refinement of the step-calibration reflector technique
is included in reference 1. The Witch of Agnesi characteristics would be used
to generate an :nterference pattern containing amplitude steps of the desired
magnitude.

Buggested Standard

The reference targets mentioned above all are subject to waveleagth for
absolute calibration, and are therefore dependent on the acourate determination
of frequency. backscatter equations are available for the basic shapes so that
frequency corrections can be computed, and considerable data has been accum-
ulated from measurements to support the corrections.2: 3 The sphere has the
advantage of only one measurement being needed to determine backscatter as a
function of frequency and polarization. It has a reasonably portable sizc for
microwave frequencies and, for example, at C-band, has loat most of the effects
of resonance with a diameter of two feet. Alignment of the sphere is not a
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problem as with other shapes. This characteristic also makes the aphere a
useful tovl for evaluation of background level and phase angle. A sphere mounted
one-fourth wavelength off a rotating support axis, provides a relatively simple

recording of the unknown background modulated by a target of fixed backscatter
and controlled phase angle.

Materials

A practical consideration which should accompany the selection of a
reference reflector is the mounting provisions. The use of styrofoam columns
with contoured surfaces has been satisfactory in most experimental measure-
ments performed at the ERL for spheres, cylinders and cones. At best these
are not very durable, however, and have been replaced by metal shafts where
possible to permit continuous daily use without too-frequent checks againsat other
primary referencesa. Aluminum or lightsr metal is advisable for hollow spheres
of onc-meter diameter or larger. Conductive coatings on non-metallic bases
have been tried but, except for bonded metallic plating, can be affected by abra-
sion and impact from continuous handling. Ductile metal spinnings have been
used for hollow spheres but these also require careful handling since they do
not spring back to shape after impact. An ideal material would appear to be one
with (low) temperature coeffioient, density and creep, (high) elasticity and tensile
strength, good machinability, and either (good) conductivity and corrosion resis-
tance or good bonding characteristics with a plating of that nature. With all
these, the reflector still requires added provision for a mounting socket or
shaft, and some type of reinforcement under the adjacent surfaces. Operations
at the ERL have suggested a truncated conical socket within the reflector, with
a standardized angle and a set of standard cone diameters. An alignment key,
or pins similar to aircraft type snap fasteners, should be accepted by the
socket, to twist-lock any reflector at the same relative angle. Spring loading
of the twist-lock action can be used to bold the conical junction tight, thereby
allowing a cone angle large enough to avoid freezing of the joint, Target dimen-
sions and mounting socket size should be permanently indicated on the surfsces.
Suitable plugs can provide protection to the sockets and also establish surface
continuity during other mounting methods.

Step Caljbration Attenuators

A series of reference targets i8 one method of establishing step calibra-
tion of equipment. Speed of operation has dictated the use of vane-type precision
waveguide attenuators at C-band and equivalent precision stepping attenuators at
longer wavelengths. Theee attenuaiors, when mounted in series, can cover any
required range and may &lso be used to check one-another for relative levels.
They can be used in conjunction with absolute reference reflectors to calibrate
receiving equipment, or they can be uged to provide relative power calibration
only. The latter method has been used at the ERL, with independent absolute
level calibration against a reference reflector on the cross-section range. Step
calibration procedure involves a delay line which holds a portion of the trans-
mitted pulse power. It i8 long enough to permit feeding energy through the step
attenuators and into the receiving system well after the decay of transients
caused by the transmitter.

65

:
[ N P Dk B

. . *
et g R LY ID ¥ VLSO, P LI PIVRL VRN TR e VLV TR +FEED wy T OATEAPNE

PRy Q. R ;wm*ﬁ.w»N»}&ﬁma«Mﬂu eomadde i o s 1o il st ey it ecnll AP DS: it
- it € 12 PN =X =3

E
]



REFERENCES

l, S 2 4 s, RCA MASRD, Antenna
Research Group Report, May 22, 1962.
2.4
Sgattering Shapes. Ohio State University Antenna lab, Raport AFCRI193
(ASTIA No. 255839) Unclassified.
; 3. retic by ) Radar C
i o The University of Michigan Radiation lLab. Report
g 2591-1-H (ASTIA No. 227695) Unclassified.
]
}
|
!
&
%‘ —— _ - o— —— -




s i

g

i

i

3

!

SECTION VI Lo

MEASUREMENT CORRELATION AND APPLICATION i
Paonel Chairmaen: C.G. Bachman

]




COMPARISON OF KADAR CROSS SECTION SIGNATURES

D. R. Brown and A. L. Maffett
Conductron Corporation
Ann Arbor, Michigan

ABSTRACT

Effective comparisons of radar cross section signatures are usually
made in terms of some signature attribute to be agreed upon in advance
or dictated by the system of which the signatures form a part. We
develop here a technique, particularly applicable to graphical data, for
constructing redistributed functions for the data on the basis of which
comparisons can be more easily and directly made. The redistributed
functions can also be conveniently applied to obtain from a signature
almost any attribute of an "average" nature. These results are used to
compare static and dynamic radar cross section signatures.

1., INTRODUCTION

A requirement to compare two or more functions over a given region
of a common variable may be quite difficult to fulfill, particulerly if
the functions intertwine. The tendency is then to seek attributes, cr
characteristics, of the functions from which comparative information can
be drawn. Such attributes may include, for example, the maximum value of
a function in a specified domain, or the median or an average.
Unfortunately, it is often true that two different attributes of several
functions do not obey the same comparative relation. In such cases in
order to make judicious choices of attributes to compare; recourse must
be had to the particular theory or system in which the functions appear.

This fact is particularly true for the radar cross section (RCS) functions

with which we will be most concerned here.

Our purpose in the discussion to follow is to achieve an alleviation
of the gbove difficulties by describing a procedure which yields an

effective means of comparing, in particular, RCS functions. The procedure,

detailed in Section 2.2, reorders the ordinates of a given function,
producing a new monotonic "redistributed" function. The usefulness

of redistributed functions as comparison devices lies in the fact that they

leave invariant most attributes of an "average'nature definable for the
original function. We confine ourselves to the particular and very
important problem of comparing measured RCS data for variations in the
body being measured, said variations to include those of a geometric
and/or material nature. Such comparisons are discussed in Section 3.1
for static situations and in Section 3.2 for dynamic situations.
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2. REDISTRIBUTED FUNCTIONS

R TRl o Lo AR ol e ]

2.1 Introductory Remarks In this section we develop the theory ;
of redistributed functions. This theory is useful when applied to |
functions presented only in graphical form, and thus we will usually i
assume the functions with which we are dealing to be of this type.

The fundamental idea is as follows: given a well behaved func- l
i tion ¢(x) defined on an interval (a,b], we construct a monotonic function !
: Re(x) by reordering or redistributing the ordinates of @(x). We do this
in such a way that many of the characteristics of ¢(x) are the same as
those for Ry{x). Specifically, if G(t) is a continuous function, then

. . ‘
| f 6(o(x) ) dx -f G(Re(x) ) dx j
! a a

This statement (made more precise later) constitutes the Fundamental
Theorem of redistributed functions.

o
- Taeiiis 4 puld

The compelling property of the redistributed function R®(x) is that
it is monotonic. This fact renders it more amenable to analysis than the
"original®™ function ¢(x).

As a preliminary example of the applications of the equation above,
let G(t) = t. Then we have

b b
f o(x) dx =f RY (x) dx
a a
| That is, the arithmetic averages of ®(x) and R®(x) are identical.

N i Lo kon b AT b s e it

2.2 Definition of the Redistributed Function Suppose @(x) is
continuous and of bounded variation® on the interval [a,b]. Then con-
sider the class of all functions th(x) obtained in the following way:

1. Lety, = o(a +§ (b-a)), k=0,1, ..., n

#Any function @(x) which is presented to us only in graphical form is
obviously of bounded variation.
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2. Reorder the set (yo, Yo veeo yn] to obtain

{yj F) yj ) vy yj ] Where yj l = 0’ l’ teey r:—l

<y
1 Iz n (T hn

= X-a _ - ;
3. Define Rg (x) yjt+ Ut )] (yjlﬂ yjl) if

a+_—l_-(b-a)5xga +£~:—l(b-a)

ine notation in item (3) is complicated, but what we have done is
simply to construct a function R@a(x by connecting successively, with

straight line segments, the points (a"'ﬁ' (b=a), Y ), 2=0,1, ..., n.
2

The redistributed function for ¢(x) is defined to be the limiting
function obtained as n - m: that is for each xe la, b],

Rp(x) = 1im Re_(x).
n-o "

Where we are dealing with continuous functions o(x) presented in
graphical form, the sequence (RP,(x)) always converges uniformly, so that
Re,(x) for an appropriately large n is an arbitrarily good approximation
to Rp(x) for every x in la, b). Thus in practice we construct Ro(x) by
constructing R¢n(x) with n large enough to ensure whatever accuracy is
required. Note that if ¢(x) is a measured RGCS signature, then R®(x) can
be constructed by machine methods directly from a digital recording of

o(x) .

2.3 Equivalence of the Redistributed Fuiction and the Quantile Function
If k is a number between 0 and 1, then the kth quantile of a function
®(x) on an interval [a, b) is defined to be that value @y which has the
property that ®(x)<p, over the fraction k of the interval [a, b]J. That
is, suppose that o(; < ¢ on the intervals lx,, x'l], lx2, xéi, eee

whose lengths are Ll’ L2, ..+ respectively. en
-
k = v (Ll + L2 + vee).

Clearly @, is the minimum value of ¢(x) on [a, b], and ®, is the
maximum value.  The median of @(x) on [a, b) is defined to be 9,5

Now the quantiles generate in a natural way a function on the
interval [0, 1). Thus wé define

(k) =q, 0 <k<1. (2.3-1)

We will refer to Qp(k) as the quantile fumction for ¢(x) on [a,b].




We observe at once that the redistributed function R9{x) and the
quantile function Q@(x) for ®(x) are related by
: x-a
| Rp(x) = Qo bal)s 8SX <b (2.3-2)
: This fact is most easily demonstrated graphically. In Figure é2.3-a) we
present a function @(x) and show the ordinates yx = ¢(a + k/, (b-a)) for
n = 40, In Figure (2.3-b) we have rearranged the 40 ordinates in ascending
order. The resulting graph thus represents the approximation Rqyg(x) to
Ry( 2 except that we have not drawn in the connecting line segments. Next
we dfaw the horizontal line y = @, at an arbitrary level. Then clearly
L1+ L2
b-a

o B = R PR L S
EPES_ o5 0T ‘;}d

k =

in this case. But L; + Lo is approximately héé times the number of ordinates
y; which satisfy Yj < % Thus, if this number is ¥, we have
Nk

k = e
Now referring to Figure (2.3-b) we sece that ba N, is also an approximation
to the length L. In each case the accuracy of thé approximation can be
improved vo any degree by choosing an apgro riately large value of n. Thus
we conclude that L = L+ L,. Thet is Rpla+ )= R¢(8+L1*L2) = Rp{a+k(b-a)) =

= @k=‘?¢(k).Then let x = a + k(b-a), so that k = x-a, and thus

b-a?
Rp(x) =Qe (§—:—a‘f-) Q. E. D.

! It is evident then that the redistributed function and the quantile :
function are essentially equivalent. 3

e 1w ¢ . i o e s

AV o

We remark here in passing the following point of interest. It can
be shown that the inverse of the quantile function Q9(k) defined in
Equation (2.3-1) can be interpreted as the cumulative distribution function
Yhich]characterizes the distributior of ordinates of ¢(x) on the interval
a, bl,

e ———

[ 2.4, The Fundumental Theorem Suppose, as in Section 2.2, that ¢(x) is
continuous and of bounded variation on [a, b] and that Rp’x) is its

! associated redistributed function. Suppose further that G(t) is any

: continuous funetion defiped on the ranﬁf of ®(x) (hence also on the
| range of R@(x)). Then /s

; J’G(Q’(x)) dx =/ G(Rp(x)) dx (2.4-1)

\ a a

E Proof: Referring to the notation of Section 2.2

; b n
Je(ex)) ax = 1am 2 ) 6ty (2.4-2)
a n5m k=1
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We rearrange the terms in the sum:

b n
[ ctotx)) ax = 1m Z 6(y, ) (2.4-3)
a n— ® i=] L
But
b n
fG(RqJ(x)) dx = lim rl-; ZG(y:j ) (2.4-4)
a n—> o =1 !

as can be seen from the definition of RP(x). Thus thz theorem is proved.

2.5 Implications of the Fundamental Theorem; Characterization of a
Function by Means of its Redistributed Function If G is a mfnotonic
function on the range of @(x), so that its inverse function G™* exists,
then we define a generalized average Ag{®(x)} of @(x) with respect to G

on the interval (a, b) to be b
@) =67 () [e(ox) a).  (2.5-1)
We can immediately apply thﬁ Fundamental Theorem, obtaining:
Agto(0) = 6 (2 [oRatn) w) = Ay (Reto)); (2.5-2)

a

that is, every generalized average of 9(x) of the form (2.5-1) is
identical to the generalized average of Rp(x). This, along with the

fact that ¢(xg and Rp(x) have identical quantiles, is precisely the extent
to which R¢(x) characterizes ¢(x). For example, we poirted out in our
Introductory Remarks to this section that the arithmetic averages of @(x)
and Rp(x) are identical; G is the identity function here.

Two other familiar special examples of G are(a) the logarithm
(geometric average), and (b) the inversioa (harmonic average):

b
(a) A (@(x)) = exp (gl_; flog (p(x)) dx) ;
b a
® 4, o) = G [ et e

a

log®

2.6 Comparison of Functions Suppose that ®(x) and ¥(x) are two
functions of bounded variation on [a, b]. Suppose that their corresponding
redistributed functions are Rp(x) and R¥(x). Then we have the following
theorem: If Rp(x) < R¥(x) for all x oan [a, b), then every quantile of
®(x) and every generalized average of w(xs of the form (2.5-1) is less
than the corresponding quantile or gemeralized average of¥(x). That is
P <V, 0<k<1 and AG[®(X)] < hg (v(x)) for every monotonic G.
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The proof for the quantiles is obvious in view of the relation from
Section 2.3 between the quantile function and the redistributed function.
The proof for the averages is covered in two cases:

(a) Suppose G(t) is monotonic increasing on the ranges of @(x) and
v(x); that is, G(ta) > G(tl) if and only if t, > t,. Write (2.5-2) in

the form X v
Slaglotx))) = g [ 6(Re(x)) axs (2.6-1)
similarly ab
Slagvx)) = gy [ o(Ru(x)) ox (2.6-2)
Subtracting these we obtain b o
(g (¢x))-6(Ag(0(x))) = ghs [ [6(RY(x))-6(RoCx))] ax (2.6-3)

a

But our hypothesis is that Rp(x) < Ry(x) on [a,b], so G(Rp(x)) < G(R¥(x))
on [a,b); hence the integrand is positive on [a, b], and thus

G(AG{v(x)}) > G(AG[¢(x)] which implies Ac(v(x)] > AG{@(x)].

(b) 1f 6(t) is monotonic decreasing on the ranges of @ and y the
same inequality is obtained. The proof is identical to the one above
except for a "double reverse" in the intermediate inequalities: the
integrand in §2.6-3) is negative on [a, b]; hence G(A (¥(x)]}) < G(A [¢$x)})

but G(t.) > 6 tl) if and only if t. > t., so as beforg A (w(x)) > AG{¢ x))
Q. E. D° 12 G ¢

2.7 rurther Implications of the Fundamental Theorem; Characteristics
of Functions Described by Arbitrary Distributions The idea of a redistri-
buted function presented in Section 2.2 may be extended in such a way as to
yield a constructive method of studying the characteristics of some given
function in terms of whatever variable is appropriate to the situation of
interest. In particular, we have in mind for later application the develop-
ment of a procedure applicable to the study of static and dynamic radar cross
section (RCS) signatures. Therefore, we shape our development below in
such a way that we are easily able to treat this special topic of interest
in a later section.

In addition, we shape our development so as to be able to draw on the
wealth of ideas available from function theoretical considerations. The
basic notation goes as follows: From Section 2.5 we expresa the characteris-
tic A, of the RCS o(x) as

b
agtot0) = ¢ ( [ 6lat) ¢, (2.7-1)




vhere x is some variable (such as time or angle) in terms of which the RCS
o is measured or calculated. The distribution assumed for x is uniform or
constant (= g1o), over the interval {a, b]. Now redistribute o(x) so as
to obtain =8 the redistributed function Ra(x) over the interval [a, b).
Normalize this redistributed function (with an snpropriate variable change)
to the interval [0, 1) and write the resulting quantile function as Qc(xg.
The fundamental theorem of Section 2.2 then allows us to write the
characteristic A, in temms of the quantile function as

agla(x)) = 6™ (/ 6(a(x)) &) = ¢ ( [ 6(Qo(k))dk)
b-a
a 0
Writing the inverse of Qo(k) as Qo'l(o), we note that
dk =d_ Qo 1(0) do = n(0) do
which impliegofhat Qa-l(o) is a cumulative distribution function

characterizing the distribution of cross section values and p(o) is the
corresponding density function*. oVe can now write:

-l 1
Aglo(x)) = Ay(o,p) =6 (fG(c) p(0) do) (2.7-2)
ag

0 [
where [oo, 0,] is the range of o(x) on [a, b].

. b L et
VPRI VY e ) kbt s i ks, R 3 a5

Now suppose that 6 is aspect angle and t is time and that we are given
a compound function for cross section ¢(6(t)). Suppose that we wish to
compute generalized averages for ¢ over the time interval [tl, t2]:

t
2
aglelo(e))) = ¢ ( [olalo(e))) at_)

t 27t
Now if RO(t) is the redistributed function for 8(t) on [tl, t2], then we
can invert as before and write

gt 1 9. re~l() 4o = q(8) ‘
- = -~ =q dae, so .
t2 tl t2 tl dé

(2.7-3)

s a3k - otad A A

92
Agla(e(e))) = 6™ ( [ 6(a(e)) a(6) a0) (2.74)
8

ar e

l -
: vhere [0,, 6] is the range of 6(t) on [t;, t,) and (0) is the density ;
function for® 6(¢) on [tl, t,].

At this point it is an easy matter to introduce the classical averages
which may be used to describe a function ¢ in various systems. We omit
below the limits of integration as well as the arguments of both ¢ and p
since these are matters of detail depending upon particular situations. 3

g
2
* The reader will note that \/;(a) do =1,

9

Johast i, ¢ ki
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However, we remember that in all cases the apprcpriate redistributed function
can be constructed (and that on this account the usually troublesome
problems of multiplicities often encountered in the inversion of many
functions are avoided). In the review that follows we rely heavily upon
Hardy, Littlewood, and Polya, Inequalities, Cambridge University Press, 1959.

The same remarks made in Section 2.5 hold under the more general
circumstances of this discussion: that is, if G is the identity, the
logarithmic function, or an inversion, the resulting averages are,
respectively, the arithmetic, the geometric, and the harmgﬂic. More
generally we may define the averages resulting from the r~" power function
6.(c) g0 as

1/r

Ag {o,p) = (U/‘ar p do ) (2.15)
r

which covers the whole domain of the function ¢. This is demcnstrated by
the following four statements which review and summarize the chief
properties of the averages Ay {o,p):

r

(2) If 0 and o are regarded as reciprocals, then AGr(U,p] = AG(o:lpJ-l
r

(b) 1f Acl(o,p] is finite, then Aloga(o,p} <Agf{o,p),
unlecs ¢ is identically a constant. Or, more gmerahy, if Aglo,pl,
where r > 0, is finite, then

Alogo[o"p) < Ag (o,p),
unless ¢ is identicahy a constant.

(c) If Aq {o,p) is finite for some r > 0, then Ac(c,p}-o A {7,p)
r

r logo
when r = + 0,

(d) If0o<r< s and AG{a,p] is finite, then AG[o,p] < AG[o,p}
8 T 8

provided 7 is not identically constant. Moreover, if A, {o,p) is finite
for every r, then Ag {o,p) = max o when r =+ o0. And ¥ using property (a),
Ag (0,p) » min Ovhen" r » - .

r

We see that a set of averages which includes the well-known ones can
be defined to cover the entire domain of the function o,'from its m »imun
to its maximum values. Therefore, a choice of any particular uiie to serve
as a measure of central tendency or as a representation of o must perforce
be somewhat arbitrary - unless some system parameter governs this choice.

Such a governing parameter might arise from the use to which o is to
be put; or, it might arise from the manner in which ¢ is recorded. We
discuss these matters further irn the following section where we seek to
obtain characteristics which enable us to compare static to dynamic RCS data.
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3., COMPARISON OI' RADAR CROSS SECTION SIGNATURES

c rison of Static Radar Cross Section Sigraturcs. The
problem to whieh we here address our attention is the following: Suppose

we wish to compare the effectiveness of varioue treatments of a radar
target aimed at reducing its radar cross eection (these treatments might
bn ehape modd ficotions or application of radar absorbing material). What
criteriu con we use in oatdng such comparisons? For example, suppose that
a radar targot has a radar crors soction signature a(0), Suppnse that two
radar cross soction reducing treoatments A and B yield signatures

0,(0) and og(0) fur the target, and suppose that 0, < 0 < 8, 1s the range
of aspuct angles over which we are iutercested in réducing he cross
xection, Now §f say 03(0) < op(0) for sll 0 on the interval 6, <0 <0,
then it 9» obvioualy meaningful to say that treatment N is mol‘e et’fectjfve
than rroatment b in reducing the cross section on thiv interval. However,
1t 45 move comon for 0,(0) and 6,(0) to intertwine in a more or less
canplicated way, and in this cuse it way be not at all obvious which
troatnont {n really more offective, Tn fuct we must agree upon vhat we
rent Ly "mora ef feetlve' bafore we can make any decivion,

e typical way of handling such a situation 48 to choose iome
rngle nunboe charscteriatic of oach function 0,’0) and o.(0) wnd agree to
call troeatment A more of fective than treataent U 47 the ¢hosen cliaracteristic
of Oy 4 Yenw Shin thnt ot o, Typically the chosen characteristic is the
maxfhom value of cross svetfon o the interval or the modisn value or some
Knd of uverage value,  Unfoitunately there 48 no coneonsus among radar
cromn wostion apecialinta an to which of those characteristics is most
appropriate un u coanparieon etandard,  Thus one porson recommends the use
of troatment, A becgure the median value of o, 1¢ lean than that of o)) but
auother naye that, Lrostuaent V oin seally botter mince tho goometric avorage
of gy 48 lene than thet of g, On the other hand, even 1f the modian value
and {'hu puometrie aversgo snd the maxtnum value and the arithrotic avorage
of gy ware 811 Jem than those for dg, thare 4n w#t1]) the ponkibility that
thare Ju sorus ragsondl e charnoterintic o o, which {& ygroutor than that
for a0 ond thun ot Jeast o shudow of ¢ubt Yv cast upon the dociwion about
wlfeh Cronmnen! {o bost,

Fortwatoly, the theary of redisatributed funetione aljows us $n many
cron Lo olroumvent entirgly the guection of Yifeh charactoristic to choose
fur conptcfonn purposon,  Thus, suppone that NUA(_U) and ‘(0.:0) are the
rudiatedbytod furatlons for op () and 0”(0? o (”), 0,,) &nd supposc that
Rop (1) € Ko (o) for aly 0 9n the duterval [0y, 0.1, T siteation oecurs
40 many caver myen Uiough the functions op(0) snll oy(0) intartwine, Now
ther Coampur Saon Thaurem fu}utlun D) tul)n ux that overy quentile and every
gunerat{god average of op 0; I» leax thun the correaponding quantile or

tronat fred average of o). Thas, treatment A §a cortainiy morn affectiva
n oredundng the vador crows snotion over the fnterve) [0,, 0.3 By compuring
the reddatrfbutod fmetionn we have canprrod gll the gnantiloue and youaerelired
SVLiuy b vimultanaously .,
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Now we must consider the cases in which the redistributed functions
(as well as the "original" functions) intertwine. In these cases the
decision as to which treatment is more effective is necessarily somewhat
subjective and may depend on considerations specific to a particular use
for the taryet. However, with or without extermal factors, a study of the
redistribu*ed functions will usually indicate ¢ chuice. Let us consider
some hypothetical cases.

(1) suppose the redistributed functions look qualitatively like those
depicted in Figure 3.1-a. Note that R7y(0) is less than Rop(6) except for
the lower radar crnss section (RCS) values. Typically the lower values of
an RCS signature involve background noise, so we tend to diecount their
accuracy. Thus, the indication is that trcatment A is more effective.

(2) (See Figure 3.1~b) In this case the choice must depemd on external
considerations. The highe: values of op(6) dominate those of 04(0), but
the gencral level of RCS is lower for ope

(3) (See Figure 3.1=c) 1In this case the redistributed functions
indicate that there is little to chuosc between treatments A and B, It
should be pointed out that this fact might be nct at all obvious from a
comparison of the signatures o4(0) and opg(n).

{

In summary, we have shown how a comparison of the redistributed ?
functiors leads in some cases to poritive determination of relative i
effectivencss, whercas in the cascs whoere a positive determination 1s not i
posszible the redistributed functions remain a powerful tool for comparison. !
[

1

2,0 Comparison of Characteristics of Static and Dynamig RCS S tures,
Thre are at least two very good reacons to compure «tatically and dynamically
measured KCS data,  The {1vst stems from a desire to prediet characteristics
of one from the other, usually the unknown characteristics of a dynimic
picastion {rom known characteristice of o static situation. A predietion
of this aurt will always rogquire infommution about the distribution of uspect
angle pertaindqy to the dynamic situntion. A socond reason may stom from i
a desare to conpare measured data from static and dynamic cxperiments;
aguin n knowledye of anpect angle diatribution {s roquired of the dynamic
situatior, Thie roguirar-nt 4s noccsvary ol course becaut.e ur the manner i .
in which RCS fw usuu'ly rocorded - as a function of aspect anglc in the 1
stutic cune - ar a function of timu in the dynamic case.

The reed to turn to the Gldracteristicos dikcunmed carjjer for 4 moans ‘
of ¢omparfson of data is cloar. The regson s osrentially the same as the
ong glvan du provious discuseion covarfny comparison of KCH fur altured ‘
bodient oven though tho curvos from cuch kituation wore preeontoed an 1
Cunctions «f the sume varisble, powsibly overlapping and irtortwining would
procluda quantitntiva comparisons, 4
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Let us proceed then to a discussion of how the theory of redistributed
functions can be applied for the purpose of making the above-mentioned
comparisons. Suppose that a particular radar target has a static cross
section signature 0°(9). Suppose that this target is observed in a dynamic
situation (for example in flight). and that the aspect angle (between the
observers line of sight and the nose-on axas) is 9%1:). For the purposes of
this discussion we now postulate that if ¢ ?tg is the observed cross section ;
in the dynamic situation, then 09(t) = ¢®(6(t)). To specify the problem N
further, let us suppose that we are interested in the dynamic cross section ' :
during a time interval st during which the aspect angle varies over |
the range 6, < 6 < 6, |

d, We can compute the various generalized averages and quantiles for
a it; on [tl, t2] exactly as we computed them in the static case for

e —— — ——— * S

a(8) on [91, 62]. For example the generalized averages are of the form
/ t d ¥
AG[o‘d(t)] =gt Kﬁ [ 26(0" (1)) dt) (3.2-1) i
21 1

We can thus proceed to make comparisons of cross section signatures juet
as we did in the static case.

It happens, however, that we can apply the theory of redistributed
functions to improve this procedure. Referring to Section 2.7 we can
rewrite (3.2-1)as an integral over 6:

t,
d A/ 2
A (o (t)) = CH = -[ G(o (t) dt
G ](t‘?; tl ) >

- g} <f§(a”(9)) p(0) de > (3.22) |
%,

where p(0) in this case is the density function for aspect angle in the
particular dynamic situation. Thus a generalized average for a dynamic
signaturc {s roduced to an integral of the static signature with a weight
function.

The advantage of /3.2-2)1s that we can predict the generalizad averages
for a dynamic eituation 1f we tmow (or can estimate) only the ﬁlﬁtﬂm&n
(as given by p(0)) of aspoct anglos during [t;, t. ). We do not huve to
know 0(t) axplicitiy. “

Av might be expected, we ag n_also construct the redistributed funotion
Rod(t) Mmowing only ;.)?0) and 20). We will not develop the theory, but
the procedure, except for one alteration, is identical to that presented

in Section 2,2 for constructing the redistributed function assuming a
uniform distribution of the variaghle of integration., FPiret we make the
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following notation changes to correspond to the present discussion:
replace @(x) by o(x) and [a, b] by [8;, 6,). Then we need only redefine
¥ (compare with item 1 of Section 2.5

k 3 k -
Y = (6= 8,) p (8) + 5 (8,- 6,))a(6) + 3, (6~ ¢,))

Hereafter we proceed exactly as before in Section 2.2. The resulting
redistributed function is defined on the interval [6,, 6,]. It only
remains to map this interval linearly (by a change o¥ va?iable f the form
6 = at + g)to the interval [t§, Ii]. Thus finally we obtain Ro®(t)

all the

and are in a position to appl comparison techniques discussed
in Section 3.1.

As an illustrative example we present in Figure 3.3 @ measured
static cross saction o(8) on the interval -30° < 0 < 30°, a cumulative
distribution function F(6) characterizing a particular distritution of
aspect angle, and two quantile functions for o(6), one the static
quantile functioa, and the other the quantile function for the weight
function p(6) = (8). The cross section o(@) was measured from a
ballistic missiYe. The distribution function F(8) was calculated
assuning the missile to be in flight, precegsing at an angle of 15°
about an axis which subtends an angle of 15  with the observers' line of
sight. The conclusion which we draw in this particular case is that the
predicted distribution of cross section values for the dynamic situation
(i.e., for the assumed angular weighting) is essentially th~ same as the
static distribution of cross section values over the same angular interval.

L,  SUMMARY

We have developed in the sections above a technique particularly
applicable to graphical radar cross section data for counetructing
redistributed functions for such data. We have chown that redistributed
functions are useful to obtain from a radar cross section signature almost
any attribute of an "average' nature; and we have shown that this property
of redistributed tunctions renders tham extremely useful as tools with
which to make comparisons of radar cruss section signutures.
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USE OF RADAR CROSS SECTION DATA IN
MILITARY SYSTEMS ANALYSIS

H. A. Ecker
Systems Engineering Group
Research and Technology Division
Wright-Patterson Alr Force Base, Ohio

INTRODUCTION

The Research and Technology Division of the Alr Force Systems
Command has established a Systems Engineering Group at Wright-
Patterson Air Force Base, Ohio. Within this Systems Engineering
Group, the Synthesis and Analysis Dlvision has a mission to perform
in-house analyses of existing and proposed Air Force systems and
syntheses of new systeme to meet specific requirements. The
Synthesis and Anslysis Division uses radar-reflectivity measurement
data on various target and clutter sources to accomplish penetration
and defense analyses and studies of airborne detection of ground
targets. Therefore, this peper is presented from the point of view
of a customer who requires radar-reflectivity measurement data to
perform his work.

Three maln areas are discussed in this psper. The first con-
cerns the way in which radar-cross-section messurement data are
being used to perform military systems analyses. The second area
covers a discussion of the shortcomings in radar reflectivity date
‘hat have limited our studics in tho past. Finally, the type and
form of radsr crose section dsts thet will be required in the
future are discussed,

PENETRATION AND DEFENSE ANALYSES

Psnetration analyses and defense analyses ore xeslly the same.
The penetration problem smounts to finding the esurvival probab’lity
of friendly penetreators in s hostile detense environmsnt., 1In the
defense problem, the viswpoint of the snalyst has changed; however,
the problem is the name - that of finding the probability of survivel
of penetrators in s defense environment,

In penetration snd defense studies, a mathematical model muet be
derived for each typs of encounter that s pvnetrator may heve with
sn vlement of the defense environment., These individus]l models are
integrated into o complete penetration or defense model, which
ooneiders the tectice and philosophlies of the defenuve and the offence.
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The basic building block, however, is the model that represents the
one-on-one encounter between a sinyle penetrator and a single de-
fensive weapon. All factors that affect the ability of an offensive
weapon to survive an encounter with the individual defensive weapon
must be considered in the model. Obviously, any defensive weapon
that relies on radar for guidance and control will be greatly
affected by the radar cross sectlon of the penetrating vehicle.

Only a8 few years ago, many penetration and defense analyses
considered the cross section of the penetrating vehicle to be a
constant regardless of aspect angle. Typically in these studies,
the nose-on croes section of the aircraft was used. There was some
justification for ueing a single value of radar cross section,
because in most instances complete radar-cross-section measurement
data on the vehicles being considered were not avallable. Frequently,
the results of theoretical calculations were used to determine
several possible values of radar cross section to represent a range
of values to be considered in the penetration model.

The availability of complete cross-section patterns and the use
of computers have made it possible to develop more accurate and
meaningful models of one-on-on¢ engagements betwesen a penetrator and
a defensive weapon. This paper will describe the basic model used
by the Synthesis and Analysis Division for utilizing radar-crosse-
section dats and calculating the effect of radar cross section on
survival probability.

Reflectivity dats are usually obtained ir one of the followling
two forms:

1. Median radsr-cross-section velues given at 10°
increments in both angles of & normal spherical
coordinate system as {llustrated in Figure 1.

2. Median values at every 10° {ncrement in azimuth
from 0° to 18C° for roll planes from -90° to +90°
with respect to horizontal. This coordinste system
is shown in Figure 2.

Since the dets given in the latter form can be converted to normal
spherical coordinastes by s simple coordinste transformstion, tne
model will 56 discusaed with relation to epherical coordinstes only.

In sll the individusl encounter models involving systems with
tadar, the basic sterting golnt {8 » 19 by 19 srrey of medien rader-
cross-section valuae st J0O° incremants in elevetion angle (©) and
szimuth angle (#). Since the aircraft {e symmetrical sbout a plene
conteining ite 18ngltudinol center line and yaw axis, @ and @ need
only vary from 0° to 180° to cumpletely define the reflectivity of
the aircraft,
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Figure 1. Spherical Coordinates
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For ease of computation, the one-on-one encounter mathematical
models have been programmed for the IBM 7094 digital computer. The
array of radar-cross-section data is easily stored as a two-
dimensional, subscripted array. A flight path for the penetrating
vehicle is simulated to determine the geometric relationships between
the penetrator and the radar of the defense weapon as a function of
time. These relatlonships allow computations as function of time and
penetrator position, the aepect angles with which the radar views the
penetrating vehicle. The essence of this part of the model may be
stated as a simulation of the flight of a penetrator in the vicinity
of the defense weapon with calculation of the radar-viewing aspect
angles at each simulated time increment.

Since the radar crnss section data are present in the model only
at discrete 10° intervals in azimuth and elevation angles in the
coordinate system about the aircraft, interpolation must be performed
in two dimvnsions tc obtaln the radar-cross-section value at each
calculated point along the flight path. Linear interpolation has
been used in all our past studies. Curve fitting to a higher degree
polynomial would be possible if additional complexity were warranted.
This increase in complexity has not been necessary in our past work.

The signal-to-noise ratio in the radar receiver is continually
calculated as a8 function of the range and aspect angles. This cal-
culation 1s made with the following standard radar equation:

S/N (am RéLxTAR® (1)

where

transmitted power
the slant range
rader cross aection
iosses as a function of range
galn of radar antenns

« wivelength of redar signal
xT/A R s aversge noise in receiver

wor9»-w
B v e W n

At each time increment, the average signai-to-noise ratio is compared
to the required threshold signal-to-noise ratios for detection and
tracking of the particular radar being considered. Two threosholds
ore useds ono for initisl detection and, the socond, 8 higher
threshold, for adequate tracking, The detection threshold is ohteined
by calculating the average signal-to-noise vatio required in a
receiver to obtain o« 50-percent probsbility of detection, The redar
detection problem e sssumed to be that as expleined by Mercum and
Swerling in References 1 and 2. When the cealculsted svarage algnal-
to-nolee 18tio exceeds this threshold, detection is asnsumed, This
calculation i admittedly & eimplificetion of the detection problem)
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however, since medlan cross-section values are used, this reasonably
indicates when detection is possible. The tracking threshold signal-

to-noise ratios are obtained primarily from empirical relationships
based on radar desian.

The effectiveness of various electronic-countermeasures techniques
are also considered. If a jammer is simulated on the penetrating
aircraft, the jamming-to-signal ratic at the radar receiver can be
calculated as a function of time and position of the penetrator.

The model is designed to handle constant-power or repeater-type
Jammers.

This basic model, using the radar crocs section pattern of the
penetrator, is used in connection with models that simulatet

l. Surface-to-air missile systems,
2. Interceptors with air-to-air missiles,

3. Antiaircraft guns.

The details of the individual defensive weapon models may be
found In the Synthesis and Analysis Division Technical Reports,
"(U) Analytical and Specific Simulation Models_for Determining
Penetration Effectiveness of Manned Aircraft,"J November 1963,
SECRET Report, 3nd "(U) An Approach to the Study of Satellite
Vulnerability,™  May 1962, SECRET Report. Each of these defensive
weapon simulations is designed to indicates

1. Detection and tracking ranges of the penetrator,
2. Number of shots attempted against the penetrator,
3+ Frobability of survival of the peneirator,

These three mesasures of the effectiveness of a peneatrater to survive
an encounter with a defensive weapon are usually plotiled ac functions
ol offset divtance of the penetrator with respect 1o the defensive
weapon, and for 8 Qliven speed and altitude of the penetrstor. If a
radar cross section pattern is conefdersa to heve the general form

85 shown In Flgure o for esch plane of conatant elavation angle 8,
Filgurev 3b, 3c, and 3d indicote typice] results from the deiensive
weapon simuletione., For 8 given offset distance, probsbility of
survival {» determined by the number of shote posuible and the singlo-
shot probablility of kill, An average probability of survivel §s

calculatod for an encounter with each detenvive woapon by the
following egquation

— L
P, " ‘,'_' ‘[ kg (x) dx (<)
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where

L = total offset coverage of the weapon
pg(x) = probability of survival function
x = offset distance

For the purposes of determining where emphasis should be placed
for reducing the radar reflectivity of ¢ penetrating aircrafi, the
penetration problem has been worked in reverse. That is, a require-
ment is set so that a weapon can get only a specified nimber of shots
at a penetrating vehicle. The required radar-cross-section pattern
is then determined for this vehicle as a function of aspect angles
to limit the defensive weapon to this capability. This pattern is :
compared with the actual reflectivity pattern of a vehicle to deter- ‘
mine where reduction is necessary. i

A number of criteria could be chosen to establish radar cross
section requirements. The cross section requirement could be such
that no shots are possible. However, this requirement usually leads
to unrealistic values for radar cross section. The number of shots
is a more definite criterion than survival probability since surwvival
probablility is a function of warhead yield, miss distance, and the
vulnerability of the aircraft. Because of the emphasi: on reduced
radar cross section in recent years, some new system designs consider

; low radar cross section as well as the other performance character-
i istics, which have dominated the picture in the past.

AIRBORNE DETECTION OF GROUND TARGETS

The prcblem of airborne detection of ground target is one of
_ determining the ratio of the signal reflected from the target to the
‘ signal reflected from the surrounding clutter. This ratio may be
i calculated by considering two adjacent resolution cellss one that
i contains a target and the other only clutter. Flgure 4 illustrates
‘ this situation. The signals received from the two cells are:

[ K r]‘#-g (gt¢) (3) !
“ |
R4

where the subscripts T+C and C apply to the target-plus-clutter
cell and clutter cell, respectively; and K is a constant to account
for the radar performance snd losses., Since both cells are essen-
tially at the same 18nge, the signal-to-clutter ratio is simply the
ratlo of the rader reflcctivisy of the cell with the target to the
radar reflectivity of tho cell whithout the target
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(5)

This resulting number can be interpreted as an average signal-to-
clutter ratio, which is a function only of the resolution cell size,
the type target and background, and the angle with which they are
viewed. Statistical analysis is required to determine the probability
of detecting the given ground target since both the target-plus-
clutter echo and clutter echo vary randomly in amplitude and phase.
For a2 given threshold in the radar receiver, the probability of
detection and the orobability of ftalse alarm can be cslculated
through standard techniques if the probability distribution functions
are known for the clutter echo and the target-plus-clutter echo.
Quite often the clutter return is assumed to be Rayleigh-distributed;
however, depending on the nature of the clytter producing sources,
this acsumption may prove to be incorrect. Alsc, quite often the
target and c¢lut’er returns together are assumed to be a Gaussizn
process combined with a fixed signal return, or simply a Gaussian
distribution with other than zero mean.

The statistical problem of determining the false alarm and
probability of detection ic illustrated in Figure 5. 1If the proba-
bility aensity functions and average reflectivitiec of the clutter
and target-plus-clutter are known, the probabilities can be calculated
by integration of the respective density functions:

oo

Py = '[ Prec {(x) dx (6)
ST
oD
Pey © f pe (x) dx (7)
St

where

PD = probability of detection
Pea = probabllity of false alarm

PT+C (x) = probability density function of target-plus~
clutter echo
Pe (x) = probability density funciion of clutter echo

ST = threshold level

Note that the return from the clutter and from the target must be
sufficiently above the nolse level, so that detecticn in noise is
nct the problem.,
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Again, for ease of calculation, digital programs were developed
for performing these calculations that simulate aircraft, target,
and background conditions, These models are presented in Counter-
insurgency Study, Volume IV - "Sensors."® In that report, a variety
of alrcraft, altitude, and speed combinations are presented for
typical tactical targets and backgrounds. Numerical integration is
performed on the digital computer to calculate the detection and
false alarm probabilities from the two prchability density functions.

INADEQUACY OF RADAR-REFLECTIVITY MEASUREMENT DATA

The most serious inadequacy of radar reflectivity data is that
data are not avallable on all of the targets and the background
clutter sources that must be considered in our systems analyses
and syntheses., The effectiveness of two different aircraft perform-
ing penetration missions cannot be compared if the complete radar-
cross-section pattern is not known for both aircraft. Likewise,
estimating the detection capability of the airborne radar is extremeiy
difficult if the cross section of a target on the ground and the
clutter surrounding the target are not known.

In most instances, when radar reflectivity measurement data are
avallable, only a restricted frequency range has been considered.
The very least consideration of the frequency dependence of the
reflectivity data should be with respect to measurements in the upper
frequency bands where specular reflection can be assumed, and in the
lower frequency region where the target dimensions are comparable to
the wavelength.

Although much experimentation has been done using the various
radar polarizations, there is still a lack of data lndicating the
effect of polarization of the radar signal on the reflectivities of
oround targets and clutter socurces. It may seem trite to say that
complete reflectivity patterns over all aspect angles are required
for both target and clutter sericsy however, especially in the case
of ground targets, we have been able to find reflectivity data only
for very restricted viewing angles of the target. Many clutter
sources may possibly be considered to have radar reflectivity,
which does not depend on viewing angle. There are also many clutter
sources that have a strong angular dependence and few data are avail-
able on these sources.

As an example of lack of reflectivity data, I refer to a situa-
tion that recently occurred in one of our studies. 1In a tactical
or counterinsurgency type operation, personnel are a primary target.
To determine the ability of airborne radars to detect a man on the
ground, one must know a man's radar cross section as a function of
viewing aspect angles, polarization, frequency, and position of the
man, We were able to find only very limited data on the radar
retlectivity of a man and these data were not from recent measure-
ments.
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FUTURE RADAR-REFLECTIVITY DATA REQUIREMENTS

Obviously, our first requirement is to have complete radar-
reflectivity patterns on the targets and backgrounds necessary to
perform a military systems analysis. These data should be at least
given at two frequencies that represent the two types of radar
reflectivity possible, Also, the effects of the polarization of the
radar signal should be indicated.

Beyond the point of having the data availiable, there are several
factors, which {f included in the measurement program, could greatly
increase the utility of the reflectivity data. I1f actual data
patterns were provided rather than just mediar values, our ability
tc handle the detection and tracking problem would be greatly
increased. The entire detection and tracking problem could be
simulated using a pulse-by-pulse simulation of the radar signal and
the aircraft motion and vibration. With present computer technology,
this simulation would probably be too detailed to include in the
over-all penetration or defense model. Yowever, such a detailed
radar simulation would provide extremely accurate signal-to-noise
threshold levels to be included in the over-all penetration model.

It appears that the problem of detecting targets that are
surrounded by clutter will be with us for many years to come. For
this reason, we wish to investigate in more detali the statistics
of the clutter signal and the statistics of the radar return that
include both clutter and target. Much measurement werk is necessary
to provide the data for such a statistical analysis. As radar
technology advances and resolution becomes better, targets that were
formerly considered point targets must now be considered as extended
targets. Clutter sources that were considered to be many randomly
oriented point scatterers must now be investigated from a different
point of view. For the purposes of our analyses, we would like to
see data on targets and clutter measured with radars with extremely
small resolution cells. S

SUMMARY

Much progress has been made toward effective use of radar
reflectivity data in military systems analyses. There is still
insufficlent data in many areasj however, steps are being taken to
remedy this situation.

The consideration of radar reflectivity in the initial design
of weapons systems is the primary area where increased emphasis is
necessary. Designing low radar reflectivity into a system would be
easier and more effective than modifying the system at some later
date after production,
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TARGET RECOGNITION AND DISCRIMINATION

R.F. Goodrich, O. Ruehr, Z. Akcasu, G. Rabson
Radiation Laboratory, The University of Michigan

ABSTRACT

We approach the problem of target recognition and discrimination from
the viewpoint that since we can make a previous determination of the response
of various classes of targets as a function of frequency we can devise frequency
filters which will accept only those which are characteristic of the target we
look for. In other words, for a given radar look we attempt to filter out all
but the signal characteristic of the target we are attempting to find during
that look.

The type of filter we consider is one which we have parameterized so as
to vary from an inverse filter to a matched filter. The inverse filter is best
for range discrimination; the matched filter is best for noise suppression.
Hence, we have gone to a "mixed" filter leaving the specific choice of the
parameter to the requirements of the system.

This recognition scheme depends critically on the prior classification
and characterization of the "interesting' targets. Briefly, this requires an
analysis of the return from various targets as a function of frequency, the
choosing of the parts of the returns svhich are best able to characterize the
targets with respect to one another and to the background clutter, and an
evaluation of these choices in terms of a discrimination criterion.

The above classification scheme is much simplified if a ""uniform"
method of comparing target signatures is devised. We do this making use
of a theorem of Wiener's on the representation of a given function by means
of the translates of another function.

The research reported in this paper was supported by the U.S. Army Electronics
Research and Development Laboratory, Fort Monmouth, New Jersey, under
Contract DA 36-039 SC-90733
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; INTRODUCTION

i In order to discriminate between targets we propose to make use of the
! property that sufficiently 'different’' targets scatter diffsrently as a function

i of frequency. Given an emitted pulse having a frequency spectrum F(w) a
given target will produce a return F(w) = Tof(w) which is modulated as a
function of frequency in a way which is characteristic for that target. Here,
T is the operator which takes the emitted frequency spectrum into the
received frequency spectrum. The operator T is then a method of describ-
ing the target, in fact, T is of the form

T o f{w) = t(w) f(w) , (1)

i where t(w) is the target return from a monochromatic signal of unit amplitude.

To elaborate, we suppose an experiment in which a group of targets
designated by the indices {a } is irradiated by a pulse f(t). The return
as a function of time will be of the form

R(t) = ZaAasa(t - Ta) + €(t) (2)

where Aa is an amplitude factor depending upon the target range, etc., Ty
is the time delay due to the range, and §a(t) is the transform of

]
S W=t (W fw), (3) i
(s a
and € is the noise. ,

On taking the Fourier transform with respect to time of both sides of
(2) we find

wr
Rlw) Z Ae U8 (W +e). ()
a

The information we would like to get from our experiment is whether
or not a given target, say the f'th. is present; how many are present and,
if present, what are their ranges. In terms of equation (4) we would like to
lnow how many A ,'s are above a certain threshold value and what are the
3 values of the 7 @o within some resolution requirement. We propose to

extract this 1 ation making use of filters constructed using our prior
knowledge of the frequency signatures, B8_(w), of the various targets of
interest. B
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We now present a very simplified case. Suppose there are targets of i
only one kind and there is no noise. The return as a function of time will be ]

of the form
R(t) =Z A S~ 1) (5) | 1

s e,

where the summation is over the identical targets. On transforming

If the inverse Fourier transform of (7) can be defined in some sense we
obtain

ih"k
Rw) = E AkS(w)e . (6) i
K k
%
If we have prior knowledge of the signature S(w) we can form §
b |
R(w) _ k i
"m -ZAke . (7) 3
i
|

f%)—e—wda=;zﬂk6(t-'rk). ®

The result (8) then will give just the information we sought. This scheme we
refer to as inverse filtering,

e a s nama il e’ s b

The above example of the inverse filter is so simplified that the objec-
tions to it are immediate. Since we use this example only to orient our
approach we need not be too concerned over the objections. However, a
critique of the inverse filter scheme will lead to the design criteria for an
effective implementation of our filter method. We now present g discusaion
of these objections and their resolution.

First we remark that in the above we have assumed an infinite band-
width in the inverse filtering operation. On limiting ourselves to a bandwidth
As we would get, rather than the é~-function of (8), distributions of the form

sin [% (t- -rﬂ

. 9
%“’- (t- 7

P S NP VU RVQUL TP P T R PO os

This is then an essential restriction on the resolution obtainable with the
inverse filter using a finite bandwidth. i
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Second, if there are other targets and noise present in the received
signal, the ratio R(w)/S(w) diverges at the zeros of S(w). This difficulty
can be circumvented by a further restriction on the effective bandwidth by
adopting the convention that we set

R{w) _
.S—(U)— =0, (10)
for those values of w such that
|S(w)! < € (11)

where € is a positive number which is to be determined from the system
requirements. The set of frequencies defined by (11) are removed from the
effective bandwidth.

Finally we come to the most important limitation on the inverse filter;
in the presence of noise or other targets the inverse filter tends to detect
spurious peaks. Because of this and because a matched filter is best in the
presence of these unwanted signals we propose a compromise between the
two which we refer to as a 'mixed’ filter.

THE MIXED FILTER

We parameterize a filter so that it varies continuously from the inverse
to the matched filter as a function of the parameter.

Although there are arbitrarily many ways of effecting the parameteri-
zation we have chosen one because it gives a simple representation of the
filter and also the specific form of the parameterization i8 not important
for our purposes.

We start with the return r(t) in the time domain:

T—w
rit)= /| 88 (t-taB)ﬂ)(t) (12)

a, B @

where the index a indicates the type of targets, and f distinguishes between
the targets of the same type. Furthermore, t _, is the time required for the
signal to return from the fS'th target of type aar', and a,q are constants de-
pending on relative distances. The function s (t) characterizes the return
signal from a target of type a, and n(t) is the noise (white, gaussian).
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{ Finite Fourier transform of r(t) gives: ; J
i P
4 : +T _M T‘t . E
t 1 - O' - . y
t : Rw) = j r{t)e l""tclt = a_ . @B j A 8 (u)e h'mdu.rlf(w), :
i ; 2 aff a .
E ! -T a, -(T-taB) .
E (13) ]
4 i 3
§ where | 3
' 1
i clw) = fT e-mn(t) dt . (14) 4
1 -T ; :’
Agsuming that the integration time 2T is large compared to taB‘ and defining ?
E b
: i
{ S (u)Ef s () o Mgy (15) C ]
. a @ |
i ’ T
|
| one obtains R(w) as follows: .
: : Rw) = a_e S ()+€(w) . (16) i
~ 4 Z; af o i
; i Qa, i
; *
: Note that R(-w) = R*(w), Sa(-w)=S (W) and €(-w) =€*(w). If we process R(w) i
i with the 'mixed’ filter using the fiffer function . i
i’ | S:(u) ] ]
; ' Xm(w) = 3 (17) ; :
: ‘ m+ |S (w)l i
i a 1 :
; we obtain a function D"o (t) as follows: ’, q
{ oo
: 0 :
E D (8= — f Rw) X_ (e (18) i
f a A m
o a mJ -Q '
o v
where A“o .m is the normalization factor-defined by ‘
2 ' i
Ag ,m= —_——dw, (19) '
’ : o -Q m2 +| 8 (w4 2 1
E o)

where 2 is a constant frequency determining the range of integration.
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The explicit form of D (t) is obtained by substituting R(w) from (16)
into (18): %

~iw(t-t )
f w S (w) S’" w)e B
D (t) = dw
o' 2 af L S (w) 2
%
jw(t-u)
. +T +Q S o(w)e dw
M — n(u) du 5 = - (20)
2 ,m -T Q2 m +‘Sa (w)
o

Obviously, Da(t) is a real quantity. The 'matched’ filter limit is obtained by
letting m-—e c0:

D (t)=— E E a S (WS (we dw
a A af a  a
(Y a, a v -0 )

+T 0
+ Xl_‘J’ n(u) du f s: (w)eiw(t—u) .
a -T -2 o {21)

o)

A = lim m?‘A :j"’ﬁ
Q a ,m
()] m- @ o -Q

The expected value of D, (t) is the first term on the right-hand side of
(20), because the mean value  a{u) of the noise is zero. Let Ly (f)

denote the expected (or mean) value of D, (t) One can express Daolt) as
follows:

where

(22)
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fult-ty o)
|s ()l "of

(t) Z’ YN Aq,, m]:m2+lsq°(w)ﬂdu
fu(t-t
Z\ e S*ao(w)sa(u)e QB)
+ , 8 dw . (23)
afe, B “ -Q Agg, m[m? +iSg (] ]

Before beginning to discuss the various aspects of this expression, it seems to be in
order to congider the variance of Dao(t) .

Noige-to-Signal Ratio: We define the noise-to-signal ratio po, a8

12
— 2
P = [D% () - D%(t)] ] . (24)

Using (20), one obtains
lSa (w)'
(25)
) +|S (u)lz_.]

e,

In obtaining (25), we have used the fact that the noise is white, viz., n(un(u')=c%s (u-u"),

and the approximation

T
f e—i(“"’w')t dt = 2 76 (wtrw")
-T

1t is noted that (pao/o) where ¢ is the effective value of the noise, depends on the
type of the target as well as on m. The variation of (p, /o) with m s of interest,
Qualitatively, this variation is expected to be as shown in Fig. 1.

For m=0, one has

2 +2
<pa0(0> I dw (26)
o 20N 2 p%(w)lz !

-
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which corresponds to the 'inverse' filter. When in -» , the 'matched' filter limit is

obtained:

pao(m ? 27
o = ) . . 27
f |S%(u)l dw
-0

The fact that the above value of the noise-to-signal ratio represents the smallest pos-

sible value is proven in the theory of matched filters,
Pulse Width: We now turn to the first term in (23), and investigate the quantity

1 %
A
aom -a
which is a typical term in the summation of 3, It represents a peaked function at
t=t, Bwith a height 1, The half~width W(m) of this peak is defined by
(¢]

d, Aty dw ,
aO

2
m? + |Sao(w)|

+0 2
|Saq iwWme , agm
———r e dw = — (28)
-0 m +'Sao(w)’

The dependence of W(m) on m is also of intcrest. TFig.2 depicts the predicted quali-

tative variation of W(m) with m, The minimum value of the width is obtained from
(28) as the root of

sin (W, Q2/2)=(QW, . /4) | (29)
which is approximately given by

L AL

Wmir* " q - (30)

This is the minimum width attainable by any filter,

The asymptotic value of W(m) as m < w follows from (28) as the solution of

+Q +Q Wmax
1 2 o iw 2
3 o ISQO(LJ)] dw = o ISQ,O(w)l e dw, (31)
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which caa be approximated by

A 1] 2
] |sa w)° &
2 : o 0
w ~

~ 4 . (32)
max Y] 2 2
s, w]? a
(o] (¢]

ounti e Numbe: ) ; When there is only ope type of
target, (23) reduces to

g Mg
D'E)-Zae[\ﬁ E“—“E{—-—— dw (33)
B R A M +'8(w)l!_]

where we have dropped the subsoriptl a, which {4 now necersary.

If one {8 luterested primarily in the number of turgets, and if the rangos deter-
mived by t, donot have to be detormined with the maximum possible acouracy,
one may chbose :n--pw, viz,, ‘matched' filter, since it providou the minimum
rolaw-to-aigiml ratio. The posnfbility of overlapping peaks can be handled by forming
the groduct of the pulse haight and the pulse width, When the two puloes representing
two different targete colucide complmoly, the hoight «f the rasultant peak is 3, and
the width iy just Wm“ gives by (1), Therefore the product

p = Mgt (34)

max

is also 2. On the other hand, {f the two pouke are adjacent and the tip of the
rosultant ourve is obsoured by the noiso, ono would interpret the result as one peak
of hatght 1, but with a width oW » Thus, agsin the product n wouldbe 3. It
followe that the viumber of u.nmp %rolpondlng to an observed peak oan be pre-
dictnd from the values of 7, U .5 <n < 1,5 there is one target, and if

1.5 <y <2,¢ there are two targets, ets., This proosdure can be applied, of courae,
to the finite valves of m, also, In that case, the n will be normalized to the width
W(m) which is Jstrined sy (28) {or the chosen valum of m, Whether one ocan
increase the acruracy in the determination of t,, and thus of the range, by
chook!ing a smailur m, will depend on the relative shupe of the vurves giving

tho m-deperdence of the pulse width and the noise-to-signal ratio. Therefore,

it 1s devirabie first to plot these ourves, for a few target types, by oomputing

(2h) and (28) swmerically.
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Buppoue that there are two different targets at the same distance. Then,
(23) gives

™

) «Q Bal(w) Baz(w)

D (t)=1+ &, (35)
% f-ﬂ Aa’.,m E"2+|sa.("))|2]

where we denoted the targets by o udaz. If one pre s8 the same return by the
mixed filter corresponding to the J.rm a,, one obtains

™
_ fm Baz(u) lal(w)
D (t)=1+ dw ., (38)
a 2 2
2 s, B ]

On the other hand, if the return is processed by the {ilter corresponding to a third
filter °3‘ the outoome will be

r *
a Ls"zws";(“ﬂ g

Ba (t)» 5 & . (37
3 - A ‘m +|8 (w)lzI
a,.m a
3 3
In the case of u matched filter, (35) takes the following form:
m L]
'a (w) ua (W) dw

1 1 2

D, (el = .
! [ s, W) &
- 9

#imilar expressions are obtained for (36) und (37) when m-— @,

The foregoing formulas fndicate that tho different targets can be identified by
using a matohed filter {f the [ollowing inequality is satisfied for all targat pairs;

) # 2
f 8, () 8 () dv << ls, |*a . (38)
S B I - 4
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The procedure to be followed is to process the roturn with the matched filters
corresponding to the various targets, one at a time, The targets which are present
in the return will be identifiedby a peak of a height greater than or equal to 1 if
the left-hand side of (38) is positive., Those that are not present in the return will
not give rise to a peak of any appreciable magnitude if (38) holds. Since the effective i
value of the noise at the output of the matched filter is given by (27) aa

1/2

02
2
,S (w)l w
_F:z |

one finds that the false peaks corresponding to the missing targets will be buried in the
noise if

1/2

N +2 2 1
5, W8 Wawsgo Js, i e | . (39) ’
! ) i N i [

|
f
;
i
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COMPUTER EXPERIMENTS
In order to demonstrate the filter scheme we have devised a means of experi-
menting using a digital computer,

Each target consists of a linear array of six point reflectors spaced .06 meters
apart at an angle of 30° to the wave front. These targets were simply intended as an
example to test the method,

Let; 6 = aspect; d = spacing; n = number of point reflectors, and ¢ = velocity of
light. For any pulse T(t) the response (except for noise) will be

R - K S T2 1228) |
a=0

where t=0 when the pulse returns from the first point and K is a constant,

The Fourier transform is
e} sing
P . = 2iwd < <«
R*(w)= R(tle “dt = KT (w) e .
- a=0

We call the factor

-1 210d 222,
e
a=

the unit response and denote it by I*(w). 1t depends only on the target and not on the
transmitted pulse.

We have, upon summing the geometric series

) e, e
I' (W)= e =

o=

-1
i2uwd sing ’
¢ A

e
and this may be put in the form

und sind fud 8ing
n == -

wd siné
sin "—c—

si (n-1)

e

r(w)=

II*(w)| is a periodic function of w, (27 x frequency), with period 2rc/deing and
(W) has a period of 7c/dsing . Interms of frequency the period of I*(w) is
5.108¢cps. Fig. 3 is a graph of the function|*(u)| as w varies from ¢ /2d sing to
37c/2dsind (or equivalently from 250 - 750 Mc) for n=6, 6=30°, and d=0. 6 meters.
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We consider a rectangular pulse of length 2T seconds. The Fourier transform
of the pulse is

T
T (W) f (sin ¢t)e"“’tdt m—-(ﬂ)—sm( T
T w-§)

where @ is the nominal frequency. For the experiment deacribed here the nominal
frequency should be irrelevant; however, if aspect is included as a variable, the
choice of nominal frequency will be important,

Fig. 4 illustrates | T (| as a function of (w-@) and a pulse of 10.4 meters
(T=1x10-88ec). Fig.5 fllustrates |T*(w)| for a pulse of 104 meters (T=1. 73x10~7sec).

The Fourier transform of the return is proporticnal to the product of the Fourier
transforms of the pulse and the unit impulse response, We have chosen our units so
that the constant of proportionality is 5x108. The returns for pulses of 10.4 and 104
meters at nominal frequency of 500 Mc are illustrated in Fige. 6 and 7,

We assume that the noise is Gaussian and independent at different frequencies,
that the mean is gero and that the standard deviation, o, 18 tndependent of frequency.
The average power of the noise is ¢ and the average power of the signal for one
period of | 1*(w)| 1s given by

R
b 4 1r/2

For convenience, K was set equal to 2c/d 8ing or 5x108. At the present time the
computer accepts a signal-to-noise ratio, R and computes o from the relation o =P/R.

This 18 unsatisfactory for two reasons., The computer's estimate of the value of
P 18 very inaccurate at present, and, since the value of P depends so much on the
size of the region of integration, it is felt that R as we have defined it does not have
much physical significance, However, the signal-to-noise ratio, R, is used only to
determine o, It is ¢ which is used in the subsequent computations, The value of ¢
1s the average power of the noise and can be interpreted by comparing it with the
signal given in Figs. 6 and 7,

In the original design signal-to-nofse ratio was used as the independent para-
meter, but it seems now that it would be better to use o.

2
sin(nyd sing/o)  sin(w-@)T
sin(wd sin 6/c) w9 d{(ud s1n ffc)

In interpreting the value of o it should be remembered that we are proceasing
only one pulse, 8Since the value of o may be reduced by a factor of 1/{n by taking
averages over n pulses, the value of o given here would correspond to a value{n
times as great when there are n pulses. For example, a value of 10 for ¢ in our
examples would correspond to 0=100 if we are procoseing 100 pulses.
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The bandwidth that the receiver must be capable of processing is not st the
present time an independent parameter; however, it is easily determined from the
values of m, 0, and Figs. 6 and 7. The return is considered only when the characteri-
stic return (given in 6 and 7) is above mg. Consequently, the bandwidth may be
estimated by laying & horizontal line at a height of mag across the curve and noting
the difference of the corresponding abscissae. We note that as the value of m de-
creases (holding everything else fixed) the bandwidth increases and we should expect l
improved resolution. However, as more noise is now processed we might expect to i
pay a price in spurious identifications, |

Although the receiver must be capable of processing frequencies through the
bandwidth the resolution is determined, not by the bandwidth itself, but by the '"effec-
tive bandwidth". That is, the sum of the lengths of the frequency intervals on which

the return is greater than mo. This will be roughly equal to half the bandwidth in
general.

| By means of these computer experiments we have determined the effect of the
i mixed-filter parameter on the range resolution. This is shown in Fig. 8. We note
that in the limit of the inverse filter the resolution approaches zero while in the
limit of the matched filter the resolution approaches the physical pulse length,

The above experiments on the resolution as a function of the filter parameter
were performed at a sensibly zero noise level. If there is noise present, however,
we find spurious peaks for the inverse or near inverse filter. To demonstrate this
we reproduce the results of three runs all at a signal-to-noise ratio of 10 and for the
filter parameter values of 2, 5, and 25. There are two of the array targets present;
one inclined at 30°, the other at 25°. The range of the 25° target is 1503 and that of
the 300 is 1500, We use the filter designed to detect the 30° target.

{
:
]
i
%j
|
:
i
1
i
]
1

e s e — o —

For the filter parameter m=2 we note two spurious peaks at ranges of 1495 and
1504. In the other cases, m=5 and m=25,there are no spurious peaks. Moreover, the
noise background in the m=25 case is very low,
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TARGET CLASSIFICATION

The most diffioult part of thie target recognition soheme is the construotion
of filters which, in fact, do make it possible to disoriminate between different tar-
gets. The problem is to find the frequency siguatures of the targets of interest
whioch both represent a suffioiently strong return ‘> be deteotable and are so different,
one {rom another, that disorimination is possible., If we denote the filter operation
by F, where a designates the ath type target. then we wish to construct the filter
operation so that 1! & represents the frequency speotrum of the return from a tar-
get of the fAth typs we would have the filter have the properties

Fo' 8a>M (40-a)

Fﬂ . Sp < n (40‘b)

whare M and n are positive numbera whioh must ultimately be determined from the
system requirements.

We note that in general the filter will not be constructed from the total signa-

ture 8, (u) sinoe for a ¢ B there may be suffioient overlap in 8,(w) and s[,(w) that the
uuquaruy (40-2) will not be satisfied, Rather we decompose 8,(w)

N
i
5, = ‘El: A% 1)

choose a sul)eot '{‘n} and form
( § ' I
sa(u) - C‘ sa (w {42)
ne n

The method of decomposition in (41) is in a sonse arbitrary, We have devised
two genc ral methods for effecting the decomposition, The first stems from the way
in whioh .he frequenocy signature of a given target is computod. 1 the target is com-
ylex we decompose it into simpier constituents, compute the signature for each of
these. and oombine the sigaatures of the constituonts into that of the whole target.
Now in the deoompoaition of the various targets wve would disoriminate between we
oan choose those oonstituents of each which best satisfy the inequalities (40).

{n order to satiafy (40).

A second approach we have taken is to make use of & theorem of N, Wiener
whioh states that oertain funotions may be represented by a series of translates of

a given funotion; that is, a signature Ba(w) may be represented in terms of a funo-
tion 8{w) by
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8,(w) = Z AT Slw+iy)

If we now determine the set of translations «f for all the targets of interest, we
have a set {Qk} which can be used for all o and the targets may be characterized by
the 'vectors a —a

(ﬁ‘) = A .

From the various X% we then need to choose the nearly orthogonal components to
construct the filters for the various targets,

In principle the representation and classification scheme using translates is
established, We would wish to go further and find a constructive method of realizing
the representations. This is a main area of our research effort.
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SUB-NANOSECOND PULSE METHODS
OF RADAR CROSS SECTION MEASUREMENT

Robert R. Hively, Vice President
Micronetics Incorporated

ABSTRACT

A description of the history of development, and the pre-
sent and projected uses of sub-nanosecond pulses in radar
cross section measurements is presented. Of particular in-
terest is the use of sub-nanosecond pulses as a diagnostic
tool for radar cross section reduction and for exact measure-
ment of creeping waves.

HISTORY

Early in 1959, the search for a sub-nanosecond pulsed
source led to the investigation of many modulation techniques.
These included direct pulsing of an oscillator tube, ferrite
switching of a CW signal, gating the grid and/or helix of a
traveling wave tube, and diode switching of a CW signal. It
soon became obvious that direct pulsing of the oscillator
and ferrite switching of CW would not produce sub-nanosecond
pulses, and they were discarded.

The interest then turned to switching with traveling vae
tubes. Beck and Mandeville of Bell Teleehone Laboratories
had achieved pulses of a few nanoseconds' duration by sweep-
ing the helix voltage of a TWT through its synchronous value,
while a CW signal was applied to the input of the TWT. During
the short time interval when the helix voltage was at or near
its synchronous value, the tube would amplify, thus forming

a short r.£f. pulse at its output. These results were not
difficult to repeat in the laboratory, but did not produce
pulses of less than six nanoseconds' duration.

The search then concentrated on diode switching of CW.
Valuable advice and references were obtained from Robert
Garver of Diamond Ordnance Fuze Laboratories?. Switching of
a CW signal with germanium diodes provided acceptable rise
and decay times, but the on-off ratio was not adequate to
perform scattering measurements since a substantial CW signal
was always present at the transmitting antenna even when the
diode was switched off. Several exotic crystal switch com-
binations were tried in an attempt to improve on the on-off
ratio, but diode burnout resulted. A brief study of the
literature on diode burnout revealed that the Sylvania Company
tests diodes for burnout by subjecting them to a very short
transient (about 2 nanoseconds duration) to simulate the spike
leakage through a TR tube3,
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In May 1959, it was decided to investigate the TR tube :
spike leakage as a source of short pulses, and immediate -
: success was achieved. PFigure 1 shows a 1959 photograph of ,

; the TR tube spike leaksge at X-band as viewed on a traveling - 1
! wave tube oscilloscope®. The sine wave is a timing signal

with a wavelength of 3 nanoseconds. PFigure 2 shows a 1963 ;
photograph of the spike from the game type of TR tube, as ! .
viewed on a sampling oscilloscope~. The sweep Bpeed of the 3
oscilloscope is 2 nanoseconds per centimeter, and the pulse .
duration is 0.7 nanosecond at the half power points. The

peak power is 100 watts and the pulse repetition rate is

1000 pulses per second. i

i A program of classified radar cross section measurements .
; was funded from June 1959 through September 1961 by the -
i Advanced Research Projects Agency through the Rome Air De- £
: velopment Center®. The formal reports resulting from this 3
funding are listed as References 7 through 12 in the Biblio- ¥
graphy. During the course of this funding, many improvements
were made in the transmitter and receiver, and the equipment
that evolved is shown in the block diagram of Pigure 3.

Another technique for generating sub-nanosecond pulsfs {
appeared in the literature in 1961. Pulfer and whitford 3 '
discovered that a very short video pulse fed into the r.f.

input of a TWT produced short r.f. pulses at the output of :
the TWT. This technique was easy to reproduce in the labora- [
tory, and produced pulses as_short at 0.4 nanosecond duration |
, at repetition rates up to 105 pulses per second. Of even :
i more interest was the fact that these pulses could easily be
produced in several frequency bands. Wwhen the video pulise -
was fed into an L-band (1-2 Gc.) TWT, a 0.4 nanosecond pulse B
was produced. This pulse is physically shorter than one r.f. ' :
cycle at the TWT center frequency. Micronetics' personnel :
have successfully generated sub-nanosecond pulses at L, 8, '

C, X and Ky-bands and have successfully amplified X-band .
pulses to more than 1/2 megawatt of peak power. L

RADAR CROSS SECTION MEASUREMENTS D

Reduction of Radar Cross Section

When a radar pulse is physically much shorter than
the target it is illuminating, each scattering point or
scatter-center on the target furnishes a discrete echo which
is separated in range from the other echoes. Consider the
composite photograph shown in Pigure 4. The oscilloscope
display is the short pulse radar echo from the model aircraft
superimposed above it with "nose-on" radar illumination of
the model. The sweep of the scope is from left to right at
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Pigure 1. Sub-Nanosecond
Pulse Viewed on TWT Scope

Figure 2. Ssul~-Nanosecond
‘Pulse Viewed on Sampling

<]

‘Q

in 1959 Scope in December 1963
Magnetron RP MI‘HCO ler Tee Dummy
Source g Shaping upP e Load
h r
Trigger TR
Detector| |Tube "
Sampling
cope
r_....__ §cop —a
Detector [9TwT TWT [ attenuntor
rigure 3. Block Diagram of Micronetics'

sub~Nanosecond Scattering Radar
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‘2 nanoseconds per centimeter. The model is a 6-foot-long

scale model of an P-102 fighter aircraft. The skin of the

-model is fiberglas and, therefore, the dominant contributors

to the radar cross section are metal structures inside the
alrcraft. Reading from left to right on the display, the
first pulse is from a battery inaide the radome, the second
and third pulses are from structural cross braces inside the
fuselage, the fourth pulse is from the main landing gear
struts, and the fifth pulse is from a control cable mechanism
inside the fuselage. It is cbvious that by shaping these
individual scatterers to eliminate specular returns, or by
covering each with radar absorber, the overall radar cross
section can be drastically reduced. Micronetics has utilized
{hls technique on several contracts to reduce radar cross
section and, in each case, the results have been extremely
gratifying. The technique used consists of measuring a con-
ventional radar cross section pattern and then repeating this
with a short pulse pattern to show the amplitudes and loca-
tions of all scatterers. A study of the conventional pattern
and the tactical use of the model determines what pattern
characteristics need to be minimized or modified. A study of
the short pulse pattern determines what portions of the model
must be treated to reduce or modify the radar cross section.
After modifications are made to the model, a conventional
pattern is then re-run to show that the desired results have
been achieved.

Plare Spot Determination

The determination of flare spots can sometimes be
made by comparing a conventional radar cross section pattern
to the physical shape of a model. In many cases, this tech-
nique has been successful because the source of the flare
spot was obvious; i.e., a flat wing or tail surface on an
aircraft or miasile model. In other cases where the flare
spot is caused by a more complex scattering center or com-
bination of scattering centers, the evaluation is tedious
and time-consuming and the results are subject to conjecture.

Consider again the data shown in Figure 4. The unusual
characteristic of this model 1is that its skin is fiberglas
and is essentially transparent to radar, so the radar echoes
are from internal structures. An intuitive approach to flare
spot reduction is not possible since the scattering centers
are not visible to the human eye. They are, however, visible
to the short pulse radar and can be measured precisely in
both location and magnitude.

Background Noise

The background clutter from the Micronetics' scat-
tering range is below 107 square meters when using pulses
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up to 250 nanoseconds duration. Since the Rackground clutter
is a direct function of the pulse durationl another 25 db
reduction in background is achieved by using pulses of 0.7
nanosecond duration. There is still the problem of the echo
from the model support, but for sub-nanosecond pulses, even
this echo can be resolved separately and thus ignored in many
cases. Consider the sketch shown in Pigure 5. The relative
amplitudes of echoes are not drawn to scale, but measurements
similar to this have been made at Micronetjics. A cylindrical
styrofoam column provides a radar echo at each air-styrofoam
interface and even though they may be of greater magnitude
than the model echo, they can be measured independently. To
confirm the results, the model can be shifted slightly on its
mount and the positions of the styrofoam echoes will remain
constant.

Anechoic Chamber Evaluation

sub-nanosecond radar pulses have been used as a
diagnostic tool to reduce the background scattering in the
Micronetics indoor range. With the three inch range resolu-
tion capablility of these short pulses, it is poseible to
determine the source and magnitude of any reflections within
the chamber. The short pulses can also be used to evaluate
individual pieces of absorber in order to choose those with
the lowest cross section for critical placement.

PROJECTED SHORT PULSE MEASUREMENTS

Creeping Waves

The measurement of creeping waves that have traversed
around the rear of a sphere or other scattering body is a
tedious and time-~consuming task, and requires a great dea). of
analysis of data since it can be measured only by its effect
on specular and traveling waves using conventional cadar
cross section techniques. Even with sub-nanosecond pulse
techniques at X-band, it has not been possible to measure
creeping waves at Micronetics. However, the magnitude of the
creeping wave increases exponentially with increasing wave-
length and the use of suh-nanozecond pulses at L-band should
make independent observation and measurement of creeping waves
possible. An attempt was made on the week of December 28,
1963, to obtain measurement of a creeping wave in time for
inclusion in this paper, but the peak power tranamitted was
less than one watt and another stage of TWT amplification
was not available. It is anticipated that data will be taken
in time to discuss it at the symposium in April.
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Pglses Can Mggsure a Low Cross Section Model in the Presence
of a High Cross Section Mount
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Plasma Diagnostics 1

Much can be learned about the basic physics of a
plasma by probing with short radar pulses. Some measurements
have been reported by H. J. Schmitt of Harvard Universityl

using the afterglow of a coaxial discharge tube as the plasma
medium.

If short radar pulses are transmitted transversely through
a plasma column in a large chamber, accurate scattering mea-
surements could be obtained by range gating the noise from
surrounding scatterers out of the display. In addition, it
i should be possible to measure the depth of penetration for
each radar frequency,and the amount of dispersion in a pulse

transmitted through the plasma could be related to the ion
concentration in the plasma.

Propagation Studies %

The use of sub-nanosecond radar pulses enables a
detail study of multipath propagation effects over long one-
way transmission paths. Multiple paths whose total path
length difference is as little as six inches can be resolved 1

simultaneously and the effects of atmospheric dispersion can
be measured and analyzed.

CONCLUSIONS

Sub-nanosecond radar pulses have proven to be an extremely
useful diagnostic tool in the measurement, analysis, modifica-
tion, and reduction of radar cross section. This usefulness
is due to the ability to resolve separate scatterers on a
single target and to ignore background clutter. It ic anti-
cipated that even more interesting results will be obtained

in the near future in studies of creeping waves and in plasma
diagnostics.
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CORTOUR CEARTS FOR RADAR CROBS~SECTION ANALYSES

Daniel Levine, Ph. D,
Lockheed Missiles aad Bpace Co., Bunnyvale, California

BUMMARY

Contour charts of radar cross section provide a nseful form of data ieduc=
tion for the set of patternm cuts required to mearmire the return at all angles
in space. The best configuration of tke coordinate grid on vhich the data are
plotted depends upon symmetries in the shape of the test model. 8everal equal=
area cartcgraphic projections are descridbed, and illustrations are given of
the type of body for which each projection is best suited. In addition, & new
projection based on the geometry of etabilized venicles atcove the spnerical
earth ig presented, which is especially pertinent for satellite measurements.

IRTRODUCTION

) Experinenial values of radar cross section generally are plotted in a set
of curves taken along great circle cuts through the model under test. This
form of dala presentation 48 difficult to interpret in terms of spatial (three~ !
dimensional} variati.n of reflectance. A contour map drawn on a curvilinear i
coordipate system has proven to be a preferable means of presenting the data

for many reflective bodies.

CONTOUR MAPB FOR JACKS *

T T O T T W Ty M:WMJ

The jJack drawn ip Fig. 1 has a rather complicated variation iu its backe
scattering pattern, as illusirated by a typical great circle cut, Fig. 2.
The angular variation of the cross secticn has 80 much structure that it is
impossible to visualize the spatial Aistribution of the lobes. Contour charts '
vere prepared from a complete set of patterns, with cuts spaced at 10-degree
intervals of tilt.

—— T

T

, The coordinate system employed in preparation of the cosntours appeare in
Fig. 3, vhere the coordinate axes are aligned with the legs of the jack. The
locus of angles in the first quadrant that are measured during a great circle
cut 1s illustrated in Fig. 4. By means of a routine coordinate transformation,
the pattern angles are converted to the coordinate angles ( 6,¢ ). The con~

. siatency of the data in each great circle cut is verified by the presence of

i a local maximum when the measurement is within one of the coordinate planes.
The ang.e at which this occurs is a function of the orientation of the great
circle plane, as plotted in Fig. 5.

l With the conversion of the pattern angles to the coordinate system of

# This s»action is adapted from Ref. 1. |
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Pigure 1. 5\ Jack.
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Figure 2. Typical Pattern Odbtained for S Jack.
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Figure 3. Spherical Coordinate Systenm.
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Fig. 3, we are in a position to construct a contour chart. Three criteria are
suggested for evaluating grid systems for plotting backscattering contours:

? 1. The coordinate system should be simple to construct, with curvie
i linear coordinates in the form of lines, circles, or other simple
shapes.

2. The colatitude and azimuth of points within the grid should be
readily associated with the geometry of the reflector. i

3. The area within an arbitrary boundary should be proporticnal to i
the solid angle subtended by the corresponding boundary in space.
(Projections that satisfy this condition are termed equal area.)

Three projections meet these conditions and are suitable for plotting the
return of the Jack within at least one octant. Since the backscattering from
the jJack is similar in each octant, the single octant is satisfactory for a
representation through all spacc. The first proéection is the Lambert azi-
muthal grid, vhich was used by Kennaugh in 1953." The curves of constant
colatitude are concentric circles, and the curves of coanstant azimuth are
radial straight lines, as {llustrated in Fig. 6. The colatitude represents
the angle measured from one leg of the jJack, and the azimuthal angle is measured
in the plane of the other two legs. The equal=area property is achieved in this

i projection by spacing the colatitude circles more closely with increasing dis-
tance from the pnle. *

' Collignon's projection, Fig. 7, represents both the colatitude and the ‘
*  azimutbhal circles as straight lines,** so that interpolation is precise and
preint plotting is rz?id. Also, for objects that show symmetry about the
hS-degree plane in ¥, such as the jack, the contours can be drawn up for
one=half of the pattern and then readily reflected in the 4S-degree line to
complete the representation throughout the octant.

The same data are plotted again in Fig. 8 on the Mercator simusoidal
projection, which has parallel, equally spaced colatitude lines and represeuts
the circles of constant azimuth by sine curves. The simisoidal shape of the
curves of constant azimuth provides the equal-area property. Both interpola=-
tion and reflection through the LS-degreec azimuth are somewhat more difficuit i
than with Collignon's projection, but the uniform spacing of the angular
intervals along the polar axis facilitates transfer of data from pattern cuts
that are run at constant @ angles.

A fourth projection, the lLambert cylindrical equal-area grid, is recom=
mended in Ref. 9, pp. 22-24. 8ince the cylindrical projection represents the
pole by means of an extended horizontal linme, it violates the second of the
properties initially specified: 1t is difficult to associate points on a pro-
jection with the corresponding angles in space about the reflector. Bince the
projection has no particularly attractive features of its own, it is not

i A0 St i b e 223, T BT i, . e A I B LM ARG bt ki Al 9 bt S kit 1" om0 ekl i sl Sl h s a9

# References 3 through 8 are listed for their pertinence to the cartographic
] aspects of this paper.

- . #* The equal-area characteristic is obtaired by spacing the colatitude lines
more closely with increasing distance from the equator.
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Figure 8. 5 A Jack Retwrn on Mercator Sinusoidal Projection.
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worthy of further consideration.®

To this point, no use has been made of the third property of the pro=
Jections described above == that the area within an arbitrary boundary be
proportional to the solid apgle subtended by the correspondiug boundary in
space. As a consequence of this quality, the probability of observing any level
of backscattering may be determined with a high degree of precision merely by
running & placimeter over a comtour. This procedure has been used to measure )
the area within the contours for the jack. The resulting curve, Fig. 9, gives !
the probability that the reflecting area exceeds ¢ for random orieuntation of C
the jack, where O 18 expressed along the abscissa relative tn its wmaxioum
value. The curve shows that the jJack provides a high level of return over only
a very small solid angle in space. It is virtually impossidle to gracp the
spatial distribution of the backscattering return in this manner by viewing i
the raw data in the forw of the patterms measured on the radar range.

et e e e e < st

FINITE CONE

The simplest way to plot and to observe the roll symmetry of bodies of
revolution is on a chart that projects the circles of constant cclatitude as
straight parallel lines == a requirement that excludes the Lambert azimuthal 3
y  grid. The finite right circular cone is an interesting exemple cf a body of )

revolution. The measured pattern for the backscattering from a 30e=degree ‘ i
cone, Fig. 10, having a diameter=to-wavelength ratic of 3.34, 1s given in
| Fig. 11. There 1s a peak at the apex (8 = O degrees), at the angle normel to
the generating element (@ = 60 degrees),and als> &' the base (6 = 180 degrees).
Examination of this pattern does not provide a good indicat*on of the spatial
extent of the lobes. !

W K i B 1

The ccntour chart of Fig. 12 shows clearly the very limited solid angle
occupied by the lobes at the apex and the base, where each cortuar level is
separated by 9 db in this plot. The lobe at 60 degrers is quite extensive,
occupying a rather sizeable solid angle. Measurement of the area furnishes
the cumulative probability that is given in Fig. 13. There is a very low
probability that the return from the cone will be within 10 db of the peak when
it 18 vieved at a random orientation. On one~half of the randcm sightings,
the backscattering level i1s less than 31 db below the peak.

et i s

MANUAL CORSTRUCTION

When the great circle cuts are taken in planesp of constant # about a
model, the routine for preparing a contour chart in color is quite straight-

e s e = e it

# If the return at the pole of the coordinate system varies with polarization,
then the reflectivity at the pols does not have a unique value. The cyllndri-
cal equal-area projection permits showing this effect in great detail, while
its representation would be lost on the first three grids. For this type
of body, a compromise based on the Eckert principle is recommended. (Eckert
represented the pole by a straight line half the length of the equatur. 8ee

l Ref. 4, pp. 183187, especially Pig. 51; also, Ref. 5, p. 10 ff.?u
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forward. The steps are as follows:*

the romplete set of patterns are noted, and a decision made as to
the nunber of intermediate contour steps, as well as their separa-
tion. The spacing between contour levels need aot be uniform,

especially at the lower levels, vhere there may be very deep, but
| DATTOW, mills.

i
i
1. The greatest maximum and the lowest minimum of interest throughout ’

2. A bhorizontal line is run across each of the pattern cuts at the i
level of the greatest maximum, even though this particular value
may not appear on all patterns of the set. This line is the level

0 db, and additional parallel lines are placed below it at the other
contour levels, as illustrated in Fig. 1k,

PP PVONT PIPRRICE PINEIL U mmm

3. Vertical lines are dropped f.om each intersection of the pattern
with one of the contour levels, The color assoclated with each

3
contour interval is run along the ordinate in the spaces between E
adjacent horizontal lines. In Fig. 14 the colors are represented 1
by pencil number®* along the absclissa, and both the name and the .
number associated with each contour interval are listed to the ]
right of the diagram.* ]

4, The abscissa is placed adjacent to the central meridian of a
Mercator equalearea grid that has the same scale for its polar
angle, as in Fig. 15, which shows only a portion of the base grid.
Each colored line segment is tramsferred vertically to the sinusoie~ !
dal curve of constant # at which the cut was made. For any of !
the other grids described in this paper the transfer of colors is
a more tedious process, since the polar angle scales do not matc::.

5. The final step is to connect regions of the same color on adjacent
® curves, thereby completing the contour plot.

PROJECTIONS FOR STABILIZED SATELLITES

When a satellite rotates about the earth, it remairs in its orbital plane,
which intersects the stationary earth in a great circle, as sbown in Fig. 16
i for the case of a polar orbit. A ground radar site, shown here on the equatcr,
observes only the lower side of a horizontally stabilized vehicle, and only
the forward region of one that is vertically stabilized in a nose=down attitude.
) It 1s obvious, therefore, that not all angles of observation are possible, let
5 alone equally likely in a probabilistic sense. The locus of angles that 1is
traversed as a function of the distance of nearest approach, desiggeted as 4, :
appears in Fig. 17. This graph 18 taken from & paper by Bredall, vho used :
the cylingrical equidistant projection recommended in IRIG standards for antenna
patterns.,” Contours can be placed on this chart, but the dest that can be said
in ite favor s that the grid is essy to construct; there is no ready associa-
tion of points within the grid to the geometry of the reflector, and there is

TSI, ¥ PR T SR FOTSTY Y PO YIVEPRON

* Computer programs have been develop:sd for plotting contours sutomatically,
as in Fig. 18 of Ref. 1. For surfaces of revolution that have only a few
. o lobes, however, it is more efficient to plot by hand.

#* Turquoise Prismacolor Pencils, Eagle Pencil Co., are in current use.
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Figure 6. Sstellite in Polar Orbit.
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Figure 18. Development of Equal-Area Projection for Stabilized Satellites
a
b
e

Locus of Angles on Cylindrical Equidistant Projlection.
Linear Scale for Distance of Rearest Approach.
Iineerized Locus of Angles. (d) BEqual Scales in x and y.
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e

; no relation to the probability of observing a given level of return.

g i el

The first conceptual step in deriving & suitable projection is to stretch
the horizontal scale of Fig. 17 (repeated in Fig. 18a) in a nonlinear fashion ;
so that the x value vhere it crosses the axis is proportional to the distance
of nearest approach to the ground station, as in Fig. 18b. The second step |
is to straighten each of the curved loei, so that a greatecircle orbital path

. plots as a straight line. The third step is to stretch the linear scale so

: that equal time intervals occupy equel y intervals (Fig. 18c). The fourth
step 18 to make the equivalent distance in y equal to the distance scale in
X, by taking the satellite Velocity intc account (Fig. 18d).

L V. S,

The sequence of steps listed above provides & basis for appreciating the
novel properties of the projection for satellite coordinates that is shown in
Fig. 19 for a horizontally stabilized body at an altitude of 125 nautical .
miles. The derivation of the equations for 8 ana ¢ in terms of x and y is '
not dependent on this listing, but follows from a parallel eet of characteris~ !
tics. Because of the utility of the resulting grid in data reduction for X

aerospace vehicles, the properties employed in its derivation are given in
full:

o a i R A st it I St et e - ok A

The distance of nearest approach, meapured alceng the surface of
the earth, is linear in x.

1. The locus of angles for a satellite in a circular orbit above a j
; stationary earth is a vertical line. ‘
é 2. Time (and distance along the suborbital track) are linear in y.
f 3.
i

4. The x and y distance scales are equsl.

JUPOUIRPWEI Y = TE T TR W ]

The data for the cone are plotted on this base grid in Fig. 20 for the
case that the cone axis 1s oriented along the fl'ght path. The time wariation
of the cross secticn for any orbital pass may be read off directly by follow=
ing a vertical line positioned by means of the distance scale which is 1 inch
to 50 pautical wmiles in the original chart. The time history is read from
top tn bottom if the cone is traveling apex first, and it is read from the
L-ttom up 1f the cone is travellng base~first along its orbit. This i{s illus=
trated in Fig. 21 for pesses at d = O (overhead) &nd at 4 = 375 nautical miles.
As 4 increuses, the angular scale spreads so that peaks become broader, and
adjacent maxima are separated by longer periods of time.

PrRur P

If the satellite is truveling in a vertical orientation, the coordinate !
grid appears as in Fig. 22, (Figure 22 is illustrative rather than precise, 3
although 1t 18 believed that exact computation would result in very little
change in the appearance of the grid.) The aame cone data are plotted on
this grid in Fig. 23. Fig. 24 shows the tims wvariation of return for the
first half of an overhead pass and one that 1s 175 nautical miles to the side. 3
Wheo d exceeds 370 nsutical miles, there is essentially no variation in return
a8 the cone travels through the zone of radar coverage represented on Fig. 23.
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Figure 20.

Contour Plot for Horizontally Stabilized Cone.
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The nev projections also possess an squal-area property that is of greet
importance in data reduction. The nature of the equal-area characteristics
follows from the considerstions below:

l. 7The satellite 1s equally likely to cross the ebscisss between x
and x 4 dx, vhatever the value of x may be.

2. The satellite spends equal time betveen y end y ¢+ dy, no mstter
vhat value is given to y.

3. As a counsequence, equal time 1s mtumyelmtotmcw
for a sufficiently large number of passes.

4. 8ince equal areas on the chert are occupied for equal periods of
time by the sstellite, the projection has en equal-area property.

S: Messurement of the total area vithin each contour level provides a
valus for the total time that the backscattering lies within the

bounds of the intsrval, vhen the observetions extend over a large
number of orbital psesses.

Cumuletive distributions for the horizontelly and vertically stabilized
cones axe given in Fig. 25, which shows the probability of exceeding the level
of the abscissa when vithin the bounding circle of tbe chart. The bounding
eirale, it asy be msntioned, has been placed arbitrarily at an elevation
about ﬂ degrees sbove the borizon. If the rader equipment of interest has a
ooverage oons that lies bigher sbove the horizon, vbich is ususlly the case,

then s different (smeller) bounding circle should be employed in evaluating
ths cumilative distridbutions.

LDATATIONS OF SATELLITE COORDINATE PROJECTIONS

The grid of Fig. 22 for a vertically stebilized body is simple to plot,
for 1t oonsists of circles snd straight lines to close approximation. The
oomplex ocoordinate grid im Fig. 19, however, is best generated dy an auto-
agtic plotter. The straight lines favored in the classical grids sre replaced
in Fig. 19 by straight-line flight paths so that the contours provide values
that are readily relsted to physically mesningful messurements. The result-
ing noo~linear variation of ons or both coordinates in these projections makes
interpolation & tedious process, end requires data processing of contours in
a coaputer for their practical utilisation, unless the body has roll symmetry
and a saall oumber of lodes in its longitudinal backscatter patterm.

The requirement that the orbit be circulsr may be relaxed slightly, so
that the projections may be used for orbits that are slightly elliptical.
Jor nearly circular orbits thers is only & small altitude change vithin the
limited coversge cons of a ground station, and the mean sltitude over the
station msy be used in prepering & chart.

Sarth rotation is small during a satellite pass over the coverage cone
of a ground station, and only samall error is introduced into the chart by
assuzing that the earth is stationery.
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The purely geometric derivation of the sstellite projections mekes no allow-
ence for atmospheric hending of the redar besm. The angular deviation becomes
significant for low elevation sngles and should be included in eany precise
treatment vhen within ebout 10 degrees of the horizon.

The time variation of the reflectivity read from the coatours of either
Pig. 20 or Fig. 23 loses small fluctuations that occur within a contouwr interval.
This loss is illustrated in Pigs. 21 and 24, where the dotted curves show the
complete time variation for an overhead pass, as computed directly from the
original pattern, Fig. 11. The contour interval should be small enough to
elirinats any significent errors of this type, vhere the level of vhat is signi-
ficant depends upon the applicetion of the snalysis. (In practice, a 1l-db
contour interval would be selected for the cone, but the resulting pstterns
would be eo difficult to reproduce in publicsticn that a Ledb interval vas
selected in preparing Figs. 20 and 23 for this paper.)

For general location of the radar site snd the orbital inclination, it is
not true that all distences of nearest spproach are equally likely. As an
obvious counterexsmple, vhen a ground station lies north of the maxdmm satel-
lite latitude, there can never be an overhesd psss. In particulesr, ve consider
a grownd station at 50° N. latitude that has a coversge circle of 600 nsutical
miles radius st the satellite altitude, sc that 1t obaserves any passes above
b0 degrees at the radar longitude. Then & satellite in orbit at an inclipation
of 45 degrees never comes closer than 300 nsuticel miles, so that the satellite
projection does not have an equaleares property for this specific radar site.

Even for a ground station located on the equator, +the satellite projection
mey not have sn equal-area character for a specifin orvit. Thus, any earth
synchrooous orbit passes over the same ground track each day. For example,
vhen there ere precisely 16 orbits per day, ths suborbital trascks are seperested
by exactly 22.5 degrees at the equator, end the identicel suborbital points
are retraced every day.

If interest is centered in a small number of radsar sites ané a small number
of orbital parsmeters, sny assumption that the satellite projection has an
equal-area property should be carefully tested. For a large mmber of ordital
altitudea snd inclinations, or for a large awmber of radar eites, tbe equale
area property becomes a powerful tocl for determining the cumulrtive distri-
bution of all radar observations.
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QEOMETRY AND INSTRUMENTATION CONSIDERATIONS
POR DYNAMIC REFLECTIVITY MEASUREMENTS

E. G. Mayer, Section Head
C. L. Mohre, Associate Principal Engineer
Radiation Incorporated
Melbourne, Florida

ABSTRACT

Dynamic reflectivity measurements require precise information about
the position and attitude of the airframe relative to the illuminating
radar, Four parametesrs of the airframe (heading, roll, pitch, and
altitude) and two ameters derived from a radar tracking the airframe
(azimuth and range) will serve to completely define the aspect of the
airframe relative to the illuminating radar. Dynamic reflectivity
neasurements can be made of the airframe using either the tracking radar
or radars in other frequency bands slaved to the tracking radar by making
measuroments of returned signal amplitude in a non-gain controlled re-
ceiving channel, The relations between measured parameters and target
aspect are derived. Considerations affecting data sampling rates are
discussed along with instrumentation and dats reduction oconfigurations,
The measurement and data reduction techniques and equipment are also
applicable to dynamic antenna testing of antennas mounted on an airframs.

GENERAL

Dynamic reflectivity is simply the determination of the reflectivity
of a vehicle while the vehicle is in flight. Successful dynamic reflec-
tivity measurements have been performed on beth atmospheric and exo-
atmosplieric vehicles at a number of facilities including the Atlantic
Missile Range, Chesapeake Bay Annex, White Sands Missile Range, and
Radiation Incorporated. Dynamic reflectivity measurements have beccme
increasingly importa't in the past few years dus to:

1. The need to determine the degree of correlation with static re-
flectivity measurements.

2, The difficulty of determining the extremely low cross section
data representative of present day nosc ccnes,

3. The inability of static measurements to provide dynsmic re-

flectivity effects, such as ion sheaths, that ocour during vehicle

re-entry.
4, The difficulty of scaling ablative materials, absorber materials,
and othor measurement parameters.

Dynamic measurements eliminate the need for target supports and their
associated errors, permit a wide enough separation of radar and target
t0 ensure essentially plane wave incidence at the target and receiving

antenna, and can minimize stray returns from the earth and nearby structures.
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The major disadvantages of dynamic measurements are the large number of
uncontrollable variables present, the difficulty of correcting the data
for propagation effects, and the relatively high cost of these measurements.

By proper instrumsntation, the effects of uncontrollable variables can
be measured and eliminated from the data. The most difficult effect to re-
move is that of the propagation medium. Howsver, only in the absolute
measurement situation does this become a real problem, For relative measure-
ments, the effect of the propagation medium can normally be neglected by
having the vehicle remain in the same general location during the measuremente.
Propagation medium effects are aggravated in the ballistic case due to
variations in the propagation path throughout the vehicle's trajectory.

From the ballistic viewpoint, reflectivity measurements must be made
dynamically or corrections for re-entry effects estimated and added to the
static values, . Reflectivity of a ballistic vehlicle is not only a function of
attitude, but of the position of the vehicle in its trajectory.

SYSTEM CONSIDERATIONS

The accuracy and the type of reflectivity data required dictates the
complexity and configuration of the overall measurement system. For instance,
system requirements for aircraft reflectivity measurements differ signifi-
cantly from the requiremsants imposed by bLallistic vehicle measurements.
Instrumentation requirements for absolute measurements are much more stringent
than those for relative measurements. Thus, a careful analysis of the in-
strumentation complex should be made in terms of possible future reflectivity
requirements to insure maximum measurement flexibility. A block diagram of
a dynamic reflectivity range for aircraft reflectivity measurements is shown
in Figure 1I.

As shown in the diagram, three instrumentation groupings are present, air-
craft instrumentation, ground instrumentation, and the data procsssing complex.
Data can either be recorded and time correlated at the aircraft and ground
installation or the data from the aircraft can be telemetered to the ground
station for recording purposes. The choice of system is primarily a function
of the instrumentation available on the aircraft, since modification of the
aircraft for measurement purposes is undesirable, Determination of the
vehicle aspect with respect to the illuminating radar is one of the primary
data problems involved with dynamic reflectiviiy measurements. Four para-
meters of the airfrume (heading, roll, pitch, and altitude) and two para-
meters of the airframe - radar geometry (range and atimuth) are required to
define this relationship., Development of the defining equations is given
in the Appendix I.

Adrcraft Instrumentation

There are two major subsystems in the aircraft instrumentation systea,
an attitude monitor and a recording or telemetry subsystem. The attitude
monitor determines the roll, pitch, and heading of the aircraft. Altitude
data is normally not required, since this information is supplied by the
ground tracking radar. If the data is recorded in the aircraft, the system
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Figure 1, Dynamic Reflectivity Range
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would time multiplex the analog signals, convart them to digital pulses,
and record them on tape. Digital time information is transmitted to the
aircraft via the communication link for time correlation purposes, If the
data is telemetered, the analog signals would bs the multiplexed, converted
to digital signals, and transmitted to the ground station.

Sam Rate <

An aircraft, due to its inertia, cannot change its attitude very
rapidly under normal weather conditions. In a full needle turn (15
degrees), for example, the asimuth of the aircraft is only changing at
the rate of 3 degrees per second. As anothar example, an aircraft div-
ing at 600 miles per hour at a 45 degree angle would be changing altitude
at a rate slightly in excess of 600 feat per second. Both of these ex-
amples are extreme cases and indicate that a sampling rate of a few times
& second will be adequate to desoribe the aircraft attitude as a functiocn
of tinme.

Attitude Monitoring

Two different approaches can be taken to obtain pitch and roll infor-
mation from the aircraft, The first approach involves deriving this data
from the autopilot's gyro stabilized vertical reference. This approach
raquires that the vertical reference be operational at all times regard-
less of whether the aircraft is being flown manually or by the auto-pilot,
In addition, the connections to the vertical reference would have to be
non-interfering with ancillary equipment. The primary advantage of this
approach is that a minimum of additional equipment is required. Dis-
advantages include probable loss of vertical reference during accelerated
maneuvers and possiv uaifficulty in establishing the true zero-pitch and
tero~roll references.

An alternative approach is to provide either a separate vertical
reference or a stable platform. However, most operational vertical
references suffer from acceleration errors, Stable platforms, although
considerably more expensive, provide accurate attitude information re-
gardless of vehicle mansuvers.

Heading information can be derived from a stable platform or from
a gyro stabilized directional compass system, Earth's rate effects and
other geophysical phenomena can be compensated for either by the measuring
device or by data corrections based on the aircraft's flight path,

Oround Instrumentation

The non-interfering tracking radar provides the aircraft coordinates
and positions the measurement radar on the target of interest. The measure-
ment radar is used to accurately determine the reflected power from the
target vehicle. By slaving several measurement radars each transmitting
at a different frequency, simultaneous reflectivity measurements at different
frequencies can be obtained,
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The non-interfering tracking rsdar could also provide the function
of the measurement radar. However, the basic requirements imposed upon
the two are different, That is, a narruw veamwidth is required for
ascurate tracking information, whila a broad beamwidth is desired to
minimize the effect of anterna modulation on the received signal, Also,
conical scan tracking systems introduce amplitude modulation on the re-
ceived signal that would have to be removed from the data.

I 1 tenna System

There are several consideraticns that should be observed regarde
ing the antenna system. These include:

i, Tests should be run so tune ground antennas are always
operating at elevation angles in excess of 10 to 15 degrees
to avoid ground bounce anc lobe breakup., This will not
limit the angles which can be measured on the airborne
antenna since tae aircraft can be flown with various pitch
and r.ll angles tu provide complete angle coverage.

2. The beamwidth of tne antenna should be wide enough to in-
sure that antenna pattern modulation will not affect the
results., Lobe widths of 59 or greater are desirable,

3. When making multiple frequency measurements, the measure-
ment antennas should be located close enough to the ground
tracking system. 8o they are essentially at the same point
in terms of the testing distances involved.

Measurement Receiver

Reflectivity data is obtained from the received power level in
a dynamic system in identically the same way as in a static configuration,
Howsver, there are certain tradeoffs and system considerations thal are
more important in the development of a dynamic system. These include
dvnamic range considerstions, sampling rates, and performance monitoring.

Dynamic range requirements are more stringent in dynamic measure-
ments, since the received powsr from the target is continually changing
as the fourth power of the runge. DLynamic renge requirements can be re-
duced by raestricting tue range over which target meacurements are made,

The required sampling rate is essentially determined by the maxi-
mum rate of change of attitude of the aircraft, tne size of the aircraft, und
the tranemit frequency, As stated previously, the maximum rate of change in
agimuth of an aircraf{t is normally on the order of 3 degrees per second,
Assuming a medium sized airoraft, on the order of six to eight lobes per
degree are generated at S-Band. With a 3 degree per second attitude change,
about 125 samples per second would be required to provide 5 data points per
lcbe. A sampling rate on the order of two hundred samples per secoru for
the received power would yleld tne fine structure pattern for this situation.
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This is about an order of magnitude less than the effective sampling rate

of a medium range radar, with a PRF of 1,000 pps, that could be used for these
typss of measurements, However, in order to obtain the fina structure of the
lobe pattern, very acourate attitude sensors would have to be employed.

Performance monitoring of transmitter parameters such as transmit power
and frequency is required to insure that if variations in these parameters
occur during a test, their effects can be removed from thic final data.

DYNAMIC ANTENNA TESTING

Airborne antenna testing can be rapidly and accurately accomplished with
only a few modifiocations on the basic system. One approach would involve
mounting transmitters in the airoraft connected to the antennas to be tested.
On the ground, receiving sntenngs are provided which are slaved to the ground
tracking radar. Thus, a direct measure of received signal as a function of
aircraft attitude can be derived. The antennas could pe constructed to pro-
vide botn vertical and horitontal polarization outputs. With the use of time

muitiplexing or parallel receiving channels, information could be obtained
on both polarigations simultaneously.

APPENDIX I - ASPECT GEOMETRY

Determination of the vehicle aspect with respect to the illuminating
radar is one of the primary data problems involved in dynamic reflectivity
measurements., The following analysis shows that six parameters are rsquired
to define the aspect of tne air frame relative to the illuminating radar, In
the derivation of the "aspect-radar geometry" an attempt was msde to develop

the equations such that the effect of attitude changes on the system para-
meters can be easily visualised.

By common usage the position of a point in space with respect to an
aircraft is defined in terms of R, 6 and § where

R = slant range

6 =~ depression angle

¢ = angle projected on the horizontal plane through the aircraft
a_asured from the nose

Figure 2a illustrates a general situation of an aircraft in level flight
being illuminated by a radar. Figure 2b shows this situation projected onto

a horizontal plane and serves to define @, heading angle, and radar atimuth
angle.

@ and @ can be defined for this simple case in terms of the other para-
meters as follows:

158

ek e an A0 e

L i o bbb bt A i s P il ot £

JUNRIY PO STV L

o s daaahsaad o -

P TR

A et AR e

i Bl K 1, Sl et bt cbhond —

L e et



" prE——— . rma i

ALTITUDE

GROUND RANGE

Figure 2a. Aircraft In Level Flight liluminatsd By Ground Rodar

T NORTHM ’ 3 NORTM

HEADING

AZINUTH HEADING-AZIMUTH

Figure 2b, Projection Of Figure 2a On A Horizontal Plane
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@ = 180 - (H-AZ) (1)

o = sin-! AL (2)
R

where: AZ = redar azimuth angle measured from north

=
ALT = altitude of aircraft with respect to the radar
H = heading angle of aircraft measured from north

Ffor aircraft measurements the distances involved are relatively small in
terms of earth dimengions, thus no currections for earth curvature are required,
However, for ballistic measurements earth curvature corrections are required,
This development is based on a flat earth condition,

Visualization of the changes in 6 and & brought about by pitch and roll
angles can bs aided by considering the aircraft to be located at the center
of a sphere and the radar on the surface of the sphere., Thus, the radius
of the sphere is mqual to the slant range, R, Figure 3 shows a side view
of the sphere with the radar at point A, Changes in aircraft attitude can
be considered as changes in the position of the radar with the aircraft re-
maining stationary. Thus, changes in aircraft heading can be represented as

movement of the radar on the heading circle BC. Roll of the aircraft can be

reprasented as movement of the radar on the roll circle DE, Pitch of the air-
ocraft can be rapresented as movement along the pitch circle which passes
through point A. A combination of roll and pitca, as an example, would be
represented by movement from A along the roll circle to F, followed by move-
ment along the new pitch circle to point G. The order of the movement ia
immaterial; t.e result could have been obtained by proceeding along the pitch
cirele to point H and then along the new roll circle to point G.

With the addition of roll, pitch, and heading circles to the sphere addi-
tional quantities may be defined as follows:

RR = radius of tha roll circle
Rp = radius of the pitch circle
Ry = radius of the heading circle = ground range

SR = separation of roll circle or the distance from the center of the
roll circle of the origin of the sphere,

S; = separation of t.e heading circle = altitude
Sp = separation of tne pitch circle

These may be definad in terms of R, ©, and § with the aid of Figure 4.
Thue,

Sy =ALT=Rsin® (3)

Ry =Rcos® (%)

Sp = Ry cos (§-90) = R cos © cos (§-90) (5)
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Figure 3. Side View Of A Sphere With The Radar At Point A
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1 =T

"

[42]
o
8

Ry sin (§-90) = R cos 0 sin ($~90) = R cos & cos § (6)

sz + SHZ e (R sin 8)% + (R cos © sin #)? (?)

;N

.+ R® l 8inl 6 + cos® © 8in? g ]
R? [l-coa2 8 cosl g ]

n

‘UW
[\M]
]

Sﬂz + SRZ = (R sin 8)% + (R cos © cos ¢)2 (8)

R? [einz 6 + cos? © cos® '} ]
R® [1-c032 o sin? ¢ ]

Since © and ff were defined in terms of H, AZ, ALT, and R, all of the
quantities are now defined in these terms.

Now consider the introduction of a roll angle. Figure 5a shows a portion
of the roll circle with a roll angle o< introduced, The roll angle moves
the relative position of the radar to new heading and pitch circles with new
heading and pitch separations SH' and S,y and a new pitch circle radius Rp,.

{ = sin X+ 81!\'1 -S—H- (9)
| SH‘ Rﬂ | R
|
Sp. = Ry cos u"'ﬂ + sin~! -ﬁs-;-l-] (10)
(Rp,)? = (53007 + 52 (11)

Now if a pitch angle [J 1s introduced as shown in Figure 5b, the pitch
angle moves the relative position of the radar to new heading and roll circles.
This results in new heading and roll separations S}l" and Sp,.

SH!
SH" = Rp, sin [,0 + sin-1 T] (12)

Pi

S [}
Sgo = Ry, cos [/0 + sin-1 -;3'-} (13)
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RADAR POSITION IN
ABSENCE OF ROLL ANGLE

AIRCRAFT

RAOAR POSITION AFTER
ADDING ROLL ANGLE

Figure 5a. Portion Of The Roll Circle

AIRCRAFT

¢

RADAR POSITION INK
ABSENCE OF PITCH ANGLE

Sw

L/RADAR POSITION AFTER
ADDING PITCH ANGLE

Figure 5b. Portion Of The Piteh Circle




5 Figure i4b may now be redrawn in terms of the new circles and
: separations as shown in Figure 6 and the resulting ©" and ¢#" determined.

cos (f"-90) = . singr = or ‘ .;'.':(15) ‘

V2 + (552

: S )

] sin 6" = 2 gren=an? - : : (14)
i R R

!

‘ Sps

|

!

g = -sin~! o
2 2
V (Sgi) + (Spy)

Thus, the resulting angles of the radar with respect to the aircraft
: nay b/eaobtai.ned in terms of the basic parameters of R, AZ, ALT, H, << ,
' and . = .

i
;
! 7 AIRCRAFT

mate e e —— —

8w S»

RELATIVE POSITION -
OF RADAR S

Figure 6. New Separations Showing 8" And @" Determined
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e A MULTI-BAND, POLARIZATION DIVERSITY SYSTEM
: FOR DYNAMIC RADAR CROSS-SECTION STUDIES

I. D. Olin, F. D. Queen

PR C U. S. Naval Research Laboratory

Washington, D. C. 20390

ABSTRACT A high-power, pulsed-radar system specially designed for cross-
section measurements of full-size targets, under dynamic conditions has
been completed and placed into operation. The system permits cimultunaous

‘measursmant and recording at L, S and X-band frequencies on a pulse-to-
pslse basis., The system, completely trailer mounted, uses magnetron trans-
"wmitters pulsed together and an antenna assembly mounted to a single-servo

contxolled director. Operation at L and S bands may be with either verti-

.¢&l or horizontal polarization. At X-band, tranemission may be selected
_at either vertical, horizontal, right-circular or left-circular polariza-

tion, while receiving components of all four simultaneously. The system
is currently being employed in studying & variety of target characteristics
ge1mans to radar crose-section and target identification.

INTRODUCTION A pulsed radar system designed specifically for cross-sec-
tion measurements at three frequencies was completed and placed into oper-
acion in the fall of 1963. The principal design objectives of the system

' were: to measuxe radar cross-section at L,S, and X-bands; provide for some

polarization flexibility; record returns on a pulse-to-pulse basis; col-

 lect data in a form which could be analyzed rapidly. In addition, the

‘syster was required to operate in the range interval of 2000 to 20,000
yards, 8o that optical tracking was possible.

The complete system is mounted on four trailers. An operations trailer
is used for the control aquipment, master timing circuitry, and automatic
range unit. A data trailer contains the pulse-to-pulse video recorder and
amplitude distribution recorder. In addition, the i-f and video sections
of the receivers and the amplidyne-drive units for the antenna désembly

. 2ars also accommodated. The director and antenna assembly are aounted on a

25-ton flat-bed trailer and lowerad for transit. An electrically driven
hydraulic system {8 provided to operate the erecting pistons and trailer-
leveling pistons. An additional manually operated hydraulic systew oper-
stes a servicer platform., When erected the overall traflar height is 22
feet. The tourth trailer mounts the optical handstand assembly usad for
tcarget tracking. Additional treilers for saparss, and trailar-mounted s-
quipment, air conditioners and generators, are used as required.

SYSTEM CHARACTERISTICS

Antenna Systsms The X-band system utilizes separate identical, circu-
larly symmetric antenna feed-reflector combinations. Each antenna assembly
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provides a 3-degree pencil beam. The receiver antenna terminates in the
NRL microwave polarimeter’. It provides simultaneous reception of ver-
tical, horizontal, right and left circularly polarized components of the
target-reflected lignnla. The transmitting antenna terminates in switch-
ing equipwent designed for remote designation of transmission polarica-
ticn. Present operation provides selection of vertical, horiszontal,
right or left circularly polarized transmission.

The L- and S-band antennas consist of & concentric horn assembly 1illu-
minating & single parabolic dish. These antennas are duplexed for trans-
wmission and reception and two polarization modes are provided, vertical
4and horisontal. Change-over is accomplished by uncoupling two coaxial
feed lines, rotating the fesd sssembly G0 degrees, and re-connecting two
coaxial components inside the rf box. In order to permit simultaneous
operation at high power, the primary feed uses separate waveguide horns.
To provide L- and S-band beams of the same boresight, the L-band horn was
split and the two sections proparly phased, with the S-band horn between
the two sections. The resulting E- and H-plane secondary pattern widths
are: 3.5 x 3 degrees for the beam at S-band and 7.5 X & degrees for the
beam at L-band. Owing to the high apsrture blocking, the sidelobe leval
is -15db at S-band and -13db at L-band. Impedance match is good, the in-
put VSWR being less than 1.1 for both systems.

Transmitters The transmitters are all msanval t(uned magnetrons,
pulsed simultaneously at 500 pulses per second and with pulse durations
of 1 microsecond sach. RNominal radiated power at all thres frequencies

is 250 kw. The complete system is presently operated at 3225, 2800, and
1300 megacycles.

Duplexers The system specification required measursments on targets
as close as 2000 yards, thus the receivers must be switched to the anten-
na within about 10 microseconds. Moreover, de-ioniszation of gas devica
switch tubes must be sufficiently rapid so that the attenuation remaining
at 10 microseconds is negligible. Conventional duplexers, using T-R
tubes and exhibiting such short recovery times, ware unavailsble st L-
and S-bands. The sclution was to split the magnetron power by means of s
hybrid. The power to the isolated arm is then down at least 30dd from
the generated power. The resulting 500-watt peak pulse excites & conven-
tional T-R tube. With the reduced ionization, so obtained, insertion
loss in the T-R tube was uncbservable aftsr 8 microseconds. On the
other side of the hybrid, one-half the generated power is radiated through
the antenna and the other half absorbed in a high~-powsr load. This scheme
results in a 6db overall loss; howsver, with the present maximum range
specification of 20,000 yards, this does not prove excessive. At X-band,
conventional T-R tubes are used as receiver protectors in all channels,.
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Receivers A block diagram of the entire system is shown in Figure 1.
The system uses six receiver channels, one sach for L- and S-band and
four for X-band (one for each polarization). Stable vacuum tube oscil-
lators with AFC are used in all channels. To wminimize the effect of
magnetron-local oscillator frequency variation, a broad i-f response is
smployed in the i-f system. A bandwidth of 5 megacycles, flat to within
0.5db, is maintained within all receivers.

In order to fulfill the pulse-to-pulse measurement capability, no au-
tomatic gein control (AGC) is usad in the receivers. Irstead, the recei-
vers opsrate linearly over a LOdb dynamic range. A manual gain control
is provided in each i-f strip to set tha level during system calibrationm.
Since a 10:1 range change is to bs accommodated, & given target can de
expected to exhibit a 4Odb chenge in signal reflectivity due solely to
its range. To prevent this change from occupying the linear portion of
the receiver characteristic, e unique servo-controlled attenuator circuit
is placed in the front end of each receiver. The circuit uses the rotary
attenuator in which the attencation varies as the tourth power of the co-
sine of the rotary vane angle. By deriving an error voltage between co-
sine potentiometer, coupled to the rotary attenuator, and a linear poten- i
tiometer, coupled tc automatic range unit, the servo motor drives thw at- i
tenuator to make the target appaar at a conetant range of 20,000 yards. ! ]
In the X-band recsiver, four commercial rotary attenuators ere mounted :
within the receiver box. In the S- and L-band receivers, rotary attenua-
tors were specially designed and fabricated to reduce their length (over
a ascaled X-band unit). The rotary attenuators are arranged so that ths
0-db insertion loss point, which will correapond to the meximum target ,
range, can be set at 5000, 10,000, or 20,00C yards, This will permit ob- ;
sarvation of smeller targets at closer ranges without neediess sacrifice
in receiver sensitivity, but still retaining the renge compensation fea- :
ture. Additionzl attenuators are placed in all channels to provide a |
fixed O-db, 10-db, or 20-db insertion loss, depending upon target size. i
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Detacted video from the six i{-f channels is connectad to the six chan-
nel video recorder. Four of the six outputs are selected for presentation
on vhe gray wedgs pulsa-height analyzer and for recording on a chart ve-
corder. In thes present system, L- and S-bands ere always included to-
gether with two X-band channels, depanding upon the tronswmitted polarize-
tion. After the video in the four gray wadge channels {& stretched, cut-
puts are provided for a4 single cathode-ray tube visual display of tha re-
turn signal levels. This display is the basis on which the target size
attenustors are controlled.
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Data Recording Data is recorded in the form of pulse-tc-pulse video,
amplitude distribution density plots, and stretched, filtered video on a
multichannel chart recorder. Voltage time information from each of the
receivers is processed and displayed on a cathode-ray tube. The image
consists of a line with a fixed base position and length which vary in
i accordance with the received signal. One line is written at a constant
velocity for each transmitter echo. The starting point of this display
is controlled and always occurs at the same time after the transmitter
is triggered. An assembly of six tubes is then photographed by a film
strip camera. The traces are aligned for time coincidence for channel-
to-channel comparison. Additional film space is used to record a data
box which is flash illuminated.

The strip camera uses 400 feet of unperforated 35-mm filr. The drive
system consists of a closed loop servo-controlled capstan and a servo-
controlled supply and take-up reels arranged to provide constant film
tension. All friction trains are used to prevent any short time speed
variations. Film travel may be adjuscted from 0.1 to 1.0 inch per second.
Figure 2 shows an enlargement of one channel.

s

The second type of recorded data is the amplitude distribution densi-
ty of the echo pulses. The precent instrument records only four channels,
80 that not all the available data is processed and recorded in this man-
ner. This instrument, a pulse-height analyzer which uses photographic
techniques, has been described previously®. Processed data from the radar
is suitably displayed and photographed for a presst interval. The re-

: sult shows the logarithm of the number of pulsus versus the received echo
voltage for the duration of the expasure,

The video channels selected for presentation on the gray wedge are
also displayed in the form of voltaze time plots on the chart recorder.
The video is stretched and filtered for this recording. aAn additional 16-
mm boresight camera is used to aid in correlating the data with ths target.
Timing pulses, synchronized with the amplitude distribution analyzer, are
used to mark the fiim,.
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i SYSTEM OPERATION

] Calibration Calibracion of the system is accomplished by use of free-
: flight balloons, fabricated 5rum metalized Mylar. Balloons presently in
use are 4 feet in diameter and providc a reasonable calibration at all
three frequencies. Performance cheeks on the system are required prior to
calibration. Remotely triggered rf sources and an antenna assembly are

] used to set receiver sensitivity, provide polarization reference signals
for the X-band receiver, and aid in radar collimation.
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Target Tracking The director containing the rf boxes and antenna, is
rotated by amplidyne and motor drives mounted within the director. The
system is presently ti~d in & servo loop with an optical means for target
tracking. Range tracking is accomplished by a cunventional unit operat-
ing frcn any of the 8ix recalver: used.

Torget Aspect Determination The radar range, elevation and azimuth
angles are displayed and photographed on the video 1ecorder presentation. s
A computer prograr is used to determine the angles of the beam incident P
on the aircraft. For the program, the longitudinal axis of the aircraft
is assumed to coincide vith the flight path and the wings assumed paral-
lel to the ground. Boresight films provide an approximate verification
of the assumptions.

RREY R Y

EXPERIMENTAL DATA

Interim X-Band System Heasurements wera made in late 1960 with an
X-band polarization radar s/milar to the present syatex. Video from the
' four channels was stratched, filtered, and modulated for recording on
magnetic tape. The output of the tape recorder was detected and played
into a chart recorder for analysis. Data was taken on targets of oppor-
tunity, except for extensive tests on dihedral-corner radar navigationsl
buoys supplied by the Coast Guard. Results of these teats are described
in references 4 and 5.

e e A i g ot P S S 4 |t

Calibration of the radar for this series of tests was accomplished by '
use of & 6-inch aluminum sphere. A Kytoon was employed to lkfL the
sphers 250 feet above ths water at 2000 yards range., To minimire inter-
action of the Kytoon &nd aphere, ths Kytoon was tethered at an altituds
of 500 feet. The arrangament proved very satisfactory during calm
westher, and optical tracking of the sphere provided a steady reliable
radar calibration,

Voltage Time Plots sSamples of the data from the radar buoys are
shown in Figs. D and 4. Each chart is & complete run taken with a single
transmitter polarization. The componen’:s are from top to buttom in each
chert V,K,K,L. The voltage calibration is the same for the four returns
on each run, but varies from gun Lo run to make use of the dynamic range
of the four-channel recorder. Ome large division from the bottom corre-
sponds to xero vclts on all recordings. Por convenience, the calibraced
ochc area o i{n square foet is given for each chart.

1

A goneral property shown by the data i¢ that transmitting either ver~ i
tical oo horisontal polarization results {n a return i{n vhich no crose- '
polarised component is generated, wherear transmitting circulsr polar-
ization results in a return in which the cross-polarized component is
present.
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Run 47L (Fig. 3) is an example of almost ideal cond¢itions f£x observa-
tion of a buoy and follows patterns made on a m2del buoy. Simce sach re-
flection (bounce) reverses the sense of circular polarization, the oroad
psaks in the left circular return indicate that @ dihedral corner is ba-
ing observed for most of the run. At this point it ig not known which
dihedral, that is, the one formed by two vertical pletes or one vertical
plate and the bottom plate. The opposite sense or right circular return
shows sharp peaks at the times the broad peaks decay, indicating a single
or triple bounce. The manner in which they cccur in time would describe
a slow oscillatory motion.

Pun 48R (Fig. 4) shows the same oscillatory rotation as shown in L7L.
The angle through which the buoy rotates appears to be decreasing; simi-
larly, the angular velocity is decreasing. These conclusions are drawn
from the flat plate response in the left circular return which is broad
and more ciosely spacad in time than for run 47L, indicacing the buoy
stopped turning with the flat plate roughly perpendicular to the radar.
Figura S is the return from a large tanker (range approximately 16,000
yards). Transmitter polarization is right circular. Since the same
sense compontnt (right circular) as transmitted contains significant am-
plitudes, the double-bounce mechanism, producing two polarization sense
reversals, is prominent. Assuming that the ship was in continuous
motion, a possible explanation is the large corner formed by the dack
and superstructure, which was visible from the cbserved aspect angle.
The power-density spectrum for both circular componente in the 80 to 85
second interval contains components to 10 cps.

PRESENT SYSTEM Data recording presently uses 35-mm unpsrforated photo-
graphic film to facilitate pulse-to-pulse anmalysis and permit s ready
comparison between the six receiver output channels. An enlargement of
a 1% second interval of this film is shown in Fig. 6. The image tones
have been reverssd from & normal printing to permit better reproduction.
The data box at the top containe radar poi. ting and range information
together with step attenuator positions and a run number identification.
In the particular format used, the receiver outputs from top to bottom
are: XL, §,L, Xy, Xy, Xg. Horizontally polarized transmission was used
on all bands. The target was & twin engine transport nsar a broadside
aspect. A greater enlargement of & section from one channel, during a
different run, is shown in Fig. 2. The particular section chosen 1llus-
trates the propeller modulation clearly. The detailed resolution pro-
vided by film, couplad with the channel-to-channel pulse alignment, pro-
vide a valusable tool in the study of target return. In addition, since
data is recorded on relatively short lengths of film, a direct qualita-
tive look at an entire run is readily available.
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CONCLUSION The 3-band system described is currently in operation and be-
ing employed to examine a variety of aircraft. Each run consists of a
straight course flown so that & pre-designated cross-over range is attain-

. ed. Precision in flying the planned courses is a problem, since siall
arror® in initial sighting of landmarks result in large errors at cross-
over and departures from the planned aspect intarvals.

In order to improve the accuracy of the courses, a TACAN System is be-
ing {nstalled near the radar site. Sinca the ranges between the aircraft
and TACAN are relatively small, close course control is possible.
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i A NEW METHOD OF CORREIATICN JF DOWN-RANCE RADAR MEASUREMENTS
! WITHE STATIC RARAR CROSS SECTION MEASUREMERTS
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ABSTRACT

Methods have been devised whersry re-entry vehicle dynanmics : f
during nidcouree and early re-entry are directly correlated with | 4
static radar cross section raturns of the vehicle. At present, |
only scai® model measuraments are used. Strong emphbasis is placed ’
on the statistical methods vhivia are employed to obtain useful
information. Nigh speed computer technigues are used to provide
this inforwation in A ghort times and in a format wvhich is easily
interpre’ed. The procedures require the knowlecge of radar cross
section as a functiocn cf sspect and polarization angles, the various
aerodynamic coefficienta and Aynamical constarts for the vehicle,
the statiatics of ihe various thrust mechanisms, and the location
and polarization of the radar. ’

b el o A s

INTRODUCTLON S i

An important problem i the fieid of electromagnetic scattering
has been ‘the time and expeuse which are required to obtain experimental !
free space rader cross section data in quantities which are sufficiend
: for the interpretation of actual in-flight data on various re-entry
i vehicles and natellites. 1n addition, the Zormat of data readout in
i present radar cross section mrasuraments facilities lsaves much to

be desired wiieu 1t L& pecessary to correlate static radar cros: sec-
tion measurtments with in-flight daxa. Tt is the purpose of this
paper to deam-ite experimental methods vhich are being develnped iun
‘ the Rescarch jirectorate at Aveu/RAD to cvercoms & mumber of these
t

difZiculties. The gnusTal areas of aprlicatiocn of the facllity are:
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ls The study of the overall scattering characterietica of
various classes of scatterers, such as cone-spheres, etc., |
taking polarization effects into account. !

| 2. The prediction of radar cross section signatures of re-

: entry bodies during midcourse and early re-entry. This

! includes most probable scattering cross section, scintilla- |
i tion frequency and scintiliation amplitude, as well as the

standard deviatious of these quantities. These parameters are
all given as a function of altitude and/or tiws. Cross :
polarization effects can also be studied. ‘

ek Ko i 9% e e B 1
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The study of bistatic (or miltistatic) scattering character-
igtice of various types of gscatterers.

Due to the fact that the facility presently operstes at 35 kilo-
megacycles, it is best suited for the measurement of dimensionally

scaled targets which are composed of combinations of good conductors
and/or non-lossy dielectrics.

The target orientation scheme is arrangnd in such a way that an
axi-sympatric body can be positioned to simulate any combination of
aspect angle and polarization angle of the incident electromagnetic
field vectors with respect to the target. This is accomplished by
rotation of the target about two mutually orthogonal axes. The
extra angular degree of freedom, i.e. polar-ization, allows for the
accumilaetion of data at a rate which is at icast an order of magnitude
faster than can be accomplished vith conventional mathods. This
greater gpeed considerably broadens the functional capabilities of
the laboratory, especielly when ths IEM 7094 digital computer at Avco/
RAD is included as an integral part of the approach.

PN AT 7 A e, S = o R " - A £ 1 M
7
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APPARATUS

The main geometrical features of the system are ghovu in Flgure 1.
. The dasic system has been in operation since Pabruary, 1961. A
i machined aluminum ring of 3 feet diameter is rutated by means of a
; servo motor which is mounted belov the vabls. A 5-slip ring assembdly
i is mounted on the rear of the ring which provides control power to
the two synchro motors which are sttached alocg a diameter of the
ring. Rotations about these two axes are tiLus independently con-
trolleble. The microwve transmitter normully points down the axis
of the ring. The axi-symmstric target is mounted at the center of j
the ring, vith its symmetry axis perpendiculsr tu the (monofilament {
nylon) target suspension lines. It can be easily seen that this ;
F geomstry makes possible any orientation of the target exis vith . ;
respect to the incident electric field vector. The receiver aperture
can be positioned for any bistatic angle up to 90° by meens of a
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rotary joint located below the ring. A similar Joint can be used in
the transmitter line for cross section measurements at bistatic
angles up to nearly 180°, the maximum bistatic angle.

Algo shown in Pigure 1l is a microwave bridge arrangement wvhich is
uged to null out the microwave background. In this bridge, a portion
of the signal in the transmitter line 1s adjusted for the proper phase
and amplitude, and 18 combined vectorially with the received background
signal to produce a null wvhen no target is present.

Figure 2 is & photograph of the portion of the laboratory vwhich

containg the microwave system. The microwsve apparatus is muntedo

n a table which can be positioned at any elevation angle up to 30 .
A large windov in the lsboratory wvas replaced by a pair of doors waich,
when opened, provide a large aperture through which the transmitter
and receiver horns are directed. This feature of the scattering range
affords the convenience of an indoor facility but retains the advantages
of an outdoor slant range.

A late model Scientific Atlanta microwave receiver is used. This
device has a basie accuracy of + 0.2 db over a 60 db range. The
receiver output can be used to drive either the (60 db) pattern re-
corder or it can be recorded on tape by means of the T-channel Ampex
tape recorder. This device has a frequency response of DC-10 KC in
the M mode, and cen handle the entire dynamic range of signal level
from the receiver. The pattern recorder, capable of recording in bcth
rectangular and polar coordinates, hus linear, square root, 40 db and
60 db plotting ranges. A radiation distribution printer is also used.
This device has a basic accuracy of + 3 db and + 3/4 db in the 4O db
and &0 db ranges respectively. It will print a matrix of radar cross
secticn as a functicn of both aspect and polarization. The microwvave
source is & Litton Industries, type 8TFK2 klystron. This tube, which
provides 20 watts of cw power, is operated by a speclally designed
Litton power supply. The above combination has proved to be excep-
tionally sestable. The microwave back and level has been measured to
be consistently beicw -0 db below 1 w“. This is equivalent to less
than -50 db belov ) m? at “~band, for example, which compares favorably
with the present state of the art. This backcround level is determined
through the use of calibration spheres, which is the usual method.

BXPERIMENTAL AND COMPUTATIONAL METHODS
It is the purpose of this section to describe asthods and procedures

which are being used, or can be used, to obtain quantitative predict.onas
of scattering parametsars for in-flight re¢-entry vehicles or satsllites.
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The dynamic radar cross section simulation techniques to be described
belov were conceived et Avco/RAD in October, 1952, and work was
immediately begun tc¢ implement these ideas.

Although a great deal of in-flight radar information has been and
is being obtained, there is in general insufficient information from
static (range) measurements to correlate the measured down-range data
with meaningful predictions. It is a purpose of this work to provide
such predictions. A second objective is to provide radar cross section

‘information in a form which permits comprehensive analyeis of the
7 prrectivanesa of an overall penetration aids syscem or a satellite decoy
-‘gystem. ‘The accomplishment of these objectives i1s dependent upon:

1. A mathematical description of the in-flight vehicle dynamics,
' which depends upon the various forces (and the time of
application) which are applied to the vehicle during the
early part of its flight, as well as the various static
parapeters, such as moments of inertia, mass, static,
margin, etc.

2. The above forces and times are subject to known statigtical
variations from flight to flight. A knowledge of these
probabilities leads to a well defined atatistical distribu-
tion of vehicle motions.

3. A complete definition of scattering cross section as a
" function of aspect and polarization. This data must be

avallable in a form vhich lends itself to a large number
of separate trajectory "runs". The simulated down-range
redar cross section information is then directly related
to the above statistical probabilities for vehicle dynamics,
and leads to well defined statistical probability distri-
butions for the various scattering cross section parameters
as a function of altitude or time.

This procedure appears rather formidable. However, the combination
of already developed computer calculational techniques and the ability
to rapidly measure cross section as e function of aspect and polariea-
tion makes it pogsible to do the job in a strsightforward mmnner, at
relstively small cogt, and (most important) in a time short enough oo
that the results are still of value.

Use of the Asrodynamics 6-Degree-of-Freedom Code

The Aerodynamics group at Avco/RAD has developed over the
Jears a computer code {(code 967) which predicts, for a re-entry
vehicle, its entire angle of attack histoiy as a function of altitude
and time. This code has been extremely usetul in the development of
re-entry vehicles as well ag decoys. The inputs to the code are the
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various moments of inertis, static margin, and other aerodynamic
characteristics of the re-entry vehicle. The initisl conditions are
the altitude, latitude, and longitude which fix the location of :he
body in space; the flight path angle and aximuth angle which orient
the velocity vector, three Eulerian angles which fix the orientation
of the body in space, and three components of the angular velocity
vector along the body axis which oriert the angular momentum vector.

One of the authors (H. Aaleey) has derived the mathematical re-
lationships between the angular cutputs from Code $967 (the 6-degree-
of-freedom code), and the laboratory coordinates (which are the aspect
and polarization angles at which s radar "gees™ the target as it
proceeds along its trajectory). ‘he position of the radar with respect
to the impact point is adjustable; the rotation of the cartu is even
taken into account. If sufficient RCS data is taken in the laboratory
and is stored in the computer memory. it is clear that the output of
the modified 6-degree-of-freedom code (# 1410) can be used to genesrate
an RCS va time or altitude profile for each run. 0f course, thesge
cross section profiles are generated as a direct consequence of the
initial conditions which are used as inputs to the 6-degree-of-freedom
code. Therefore, before too much significance can be given to indi-
vidual RCS profiles, sn understanding mst be gained as to the proba-
bilities of occurrence of the geta of initial coaditions.*

The initial conditions for the 6-degree-of-freedom code are
governed by the thrusts of the booster, spin, pitch and retro-pitch
rockets, and the time durations over vhich thege thruats opurate.

The statistical fluctustions of the initlal conditions for the 6-degree~
of-freedom code are obviously the result of the astatistical fluctuations
of the various thrust parameters. It is very important to recognize
that, although the thrust parameters and their statistical fluctuations
are completely independant of each other, the initial conditions for
the 6-degree-of-freedom code are rot independent of each other. For
exaxzple, &0 error in timing or th: Just of the pitch retro-rocket will
£irally (after tze gpin rocket Las beex fired) result ia errors ino

both pitch and yaw. This obviously involves more than one of the
initial conditions. As pointed out above, one or several RCS profilcs
are of little value unless we know how likely is the occurrence of a
given profile. What is really needed is a "most probable" RCS vs
altitude (or time) profile, as well as the standard devistion of the
RCS as & function of altitude or time. Similarly, the game type of
informetion is needed in the case of scintillation amplituds and

# If the vehicle dQynamics are specified (by telemstry, for example),
at any point on the trajectory, only one RCS ve altitude profile
would be necessary.
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rrequencyt cross polarization, etc. Thegse gquantities must be
obtained through appropr-iate averaging methods. The averaging

can best be done with a high speed ccmputer, using standerd Monte
Carlo methods. However, such methods are uscable only if the
variables (the initial conditions in our csse) are either independent,
or if their tunctional relationship i1s known. At the moment,neither
case applies. Therefore, it is necessary to go back in time to the
case vhere the variables and their statistical fluctuations are truly
indepenéent. This 18, of courge, the time period during which the
various forces are being applied. A computer code hag been developed
at Avco (Code #1570) which calculates all vehicle motions during

this time period and provides the initial conditions for tbe 6-degree-
o0f freedom code as a function of the completely independent set of
variables each of whuse statistical variations is well known.

The procedure, then, is to first generate a large number of sets
of initial conditions by the Monte Carlo method. Each se¢t ras a
known relative probability. Secondly, a radar cross section profile
is generated r'rom each set of initisl conditions. Third, since the
relative probabilities of occurrence of the various sets of initial
conditions is known, the relative probabilities of occurrence of the
various RC3 ve altitude profiles is also known. These results can
then be appropriately weighted and averaged to yield most protable
values a8 well as standard deviations, both as a funcilon of altitude
or time. The procedure is outlined achematically in Figure 3. It
should be noted that, in this case, the vehicle motions are not
prograuzmed. Ianstead, aspect angle data is taken over 3(X0° for each
increment of a few degrees in polarization. The entire matrix of
RCS data is then stored in the (rardom acceas) memory of the TOGk
computer. Linear interpolstion provides RCS for any ©, y. This
makes possible an entire run every rew minutes. The c¢cnly real way
to know if encugh runs have been made is to observe the convergence
of the averaged results and their standard deviations as more and
more runs are made., Obviously, the shapes of the individual RCS ve
@ patterns wvill be a strong factor in determining the rate of con-
vergence. Also, the ranges of fluctuations of the various initisl
conditions will also be important. For cxample, if the target were
a homogeneousg sphere, its RCS profile would be a constant and would
be completely indeperdent of the initial conditions and of number of
runs mde. Conversely, if the vehicle were not spherical but if the
initial conditions were precisely defined (only one set allowed), only
one RCS profile would result,

# 8cintillation amplitude and scintillation frequency would both de
averaged to nearly zerc in the most probable RCS profile.
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OTHER APFLICATIONS

One immediate application of the methods which were described in the
last section is the prediction of RCS signatures of satellites and/or
satellite decoys., In cases where frictionul drag effects the body
dynamics, the identical procedures which have been outlined would be used.
when drag can be neglected, the problem is simplified in that a simpler
code could be substituted for the 6-degree-of-freedom code. The satellite
application can be broadened to include the bistatic case. 1In this case,
we woula provide a separate nCS matrix for each of a number of closely

spaced bistatic angles (say 5° apart). This would amount to a 3-dimensional

RCS matrix, The bistatic angle as well as @ and ¢ would be computed as a
function of time, and linear interpolation would be used to predict the bi-
static cross section of an orbiting object as a function of time.

In the case of one transmitter and a number of receivers (the multi-
static case), the relative phases of the various received signals is of
importance., The problem of phase could probebly be handled in as complete
a manner as the bistatic cross section case. Two receiver apertures would
be used, They would be indepenaently adjustable regarding bistatic aigle,
and an automatic phase comparator would be employed. Both receiver lines
would be independently nulled. A three dimensional matrix of relative
phase vs time would be provided and put into the computer memory, and tra-
jectories run as described above, The result would be profiles of relative
phase vs time.

It should be noted that three dimensional R3S matrices are required
in the bistatic or multistatic cases since the bistatic angle(s) itself
is a function of time.

DISCUSSIOI,

The methods described above have been developed to the point where
meaningful predictions are now being provided for certain vehicles., It
is hoped that in the near future these methoas will be used to correlate
down range radar data on actual vehicle flight. Unfortunately, the re-
entry vehicles wnich are actually flown do not have the same scattering
characteristics as do the scale models. This is dus to the presence of
mechanical discontinuities, non-uniformities in the heat shields, etc,
This problem can be dealt with by corducting a series of RCS measurements
and an analysis on a scale model. The differences bet.een the production
vehicle and the scale model can be tnen taken into account by perturbation
methods applied to the final scale model results., Of course, the effec-
tiveness of such a procedure w11l be dependent upon how great is the de-
viation between the ree-entry vehicle and its scale model, An alternative
approach is t o make many pattern measurements on the re-entry vehicle
1tse]-fc
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* INSTRUMENTATION OF A TRACKING RADAR FOR DIRECT RECORDING >'
OF BRADAR CROSS SECTION s

Donald C, Watson, Senior Aerosystems Engineer _
General Dynamics /Fort Worth i

ABSTRACT

This paper contains a description of a technique for obtaining a
capability of real time, dynamic radar cross section mcasurement by
: adding an attachment to a tracking radar. The AN/MPS-9 tracking radar
i i8 used as an example to show the adaptability of the attachment. The 0
3 dynamic measurement instrumentation is shown in block disgrum form, and
a functional description of each block is presented in terms of signal
flow. A procedure for calibration and operatior is described for use
with the instrumentation tc enable direct calibration through the
measurement of the backscatter from a sphere. Several of the possible
error sources are discussed, and a brief analysis of instrumentation
error is presented.

INSTRUMENTATION SCHEME

Dynamic radar cross section measurements can be effected with a
tracking radar, i{f the various parameters in the radar range equation
are known or may be measured. Several of the large tracking radars in
existence today record the various parameters so that radar cross sec-
tion may be calculated. However, in some cases, there appears to be
added advantages in the use of a direct recording of cross section in
decibels above one square meter (dbm?).

The attachment presented in this paper is basically the receiving E :
system developed and used by General Dynamics /Fort Worth for static :
radar cross section measurements with the provision added to compensate
for target range variation. An accurate measurement is made possible
through the use of a reference signal injection technique st the RF
level, s

System Operation

The measurement system to be discussed is essentially a large
servo loop. A reference pulse is injected at the RF level. The system
then maintains the reference pulse at che same level as that of the v
carget pulse which is being measured. A varisble BF attenuator is used .-
as the sensor to convert signal level to radar cross section in decibels. L,

An understanding of syatem operation can be obtained by tracing a
received signal through the block diagram stown in Figure 1, The re-
ceived target signal to be measured travels through a variable RF atten-
uator and directional coupler which have been added to the basic radar

*Patent rights reserved
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values obtained to a numerical ratio and subtracting 1.0 to obtain an
error value, the following calculation may be made:

Maximum error = V0.242 4+ 0,262 + 0.26% + 0,262
+ 0.5]1 or approximately 1.8 db

Therefore, the system RMS error is less than 1.0 db,

SUMMARY

The radar cross section measurement attachment presented in this 5
paper will provide real time recording of the radar cross section of :
targets in flight, It is readily adaptable to must existing tracking ;
radars and can be added without degrading the performance of the radar. j ;
The range normalization scheme can be used to provide an accurate and 3

convenient weans of removing range variations from the returned signal,
Through proper system calibration and operation, measurement errors of
less than 2.0 db are realizable.
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between the duplexer and the mixer. The RF attenuator allows a scale
change to be made when a large cross section target is being measured.
The reference pulse is injected just prior to the system trigger signal.

The injected reference pulse and the target pulse are converted to
30-megacycle pulses in the radar mixer. These two pulses are then
picked up in the radar IF amplifier and are amplified in the system IF
amplifier. The latter amplifier is gated on only during the time that
these pulses are present., The gate used for the target signal is the
tracking radar range gate. The gate for the reference pulse is obtained
by using the radar pretrigger to trigger a gate circuit. The automatic
gain control (AGC) is implemented so that it controls the IF amplifier
gain as a function of maximum target signal strength. The AGC attempts
to hold the amplitude of the target signal out of the IF amplifier at a
constant level for imsertion into the boxcar detector.

The signal waveform which enters the boxcar detector is composed of
two 30-megacycle pulses. On a pulse-to-pulse basi{s, the first (target)
pulse will be very nearly constant, and the following reference pulse
will vary with target radar cross section changes. The boxcar detector,
also called a recycling peak detector, is used to detect the peak signal
level of an incoming pulse and to hold this value as an output until
the next pulse is received. When the next pulse is received, the output
level 18 first reduced to zero and is then iwmediately raised to the new
peak signal level. Therefore, the output of the boxcar detector is a
string of square pulses. Any difference in level between adjacent
pulses is an indication ot an error.

During each interpulse period, the demodulator sequentially semples
the target signal level and then the reference signal level, each for
a 20-microsecond time interval. These values are then stored in
capacitors. A chopper and filter convert these values into a 400-cycle
per second error signal. This error signal 1is a function of the differ-
ence in the signal level between the target pulse and reference pulse.
The servo amplifisr then amplifies the error signal to drive the servo
motor. The motor in turn positions the RF-reference artenuator as a
function of the error signal.

The reference signal {s generated in a stable S-band oscillator
which {8 gated on only at the reference time. The frequency of the
reference oscillater is controlled by an automatic frequency control
(AFC) circuit, The frequency of the reference oscillator 1s held at
the radar transmitter frequency by mixing the radar local oscillator
signal and reference oscillator signal and maintaining this difference
frequency at 30 megacycles. The pulsed output of the RF reference
oscillator is passed through a variable RF attenuvator and is then in-
Jected as the reference pulse at the directionsl coupler ahead of the
radar oixer. The attenuation produced by use of the variable RF atten-
uator is controlled by means of shaft positioning. The shaft {is driven
by the se:rvo motor as explained above. This action closes the servo
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loop. arnd the servo maintains the reference gsignal at the same level as

the target signal by controlling the reference signal level logarith-
mically.

The RF attenuator 18 used as the sensor in obtaining a logarithmic
function of radar cross section. It converts a linear rotational input
to a logarithmic attenuation. The shaft position {s a true logarithmic
functian of the reference signal level if the attenuator is logarithmic.
Since the reference signal level 18 maintained equal to the target aig-
nal level, the shaft position may be converted to radar cross section

at a given range by calibrating the position against a known value of
radar cross section,

11 e - c—— ———— - ——

A true logarithmic attenuation, by the use of linear shaft rotation,
cannot be ohrained from commercial RF attenuators; the shaft position
must be corrected to obtain a linear output in decibels. This correction
1s effected by matching the resistance curve of a potentiometer to tha
attenuatinn curve of the RF attenuator. Then, when the attenuator ana
potentiometer are mechanically coupled, the potentiometer resistance at
the wiper arm is a true logarithmic function of radar cross section,
i.e,, it is linear in decibels,

A dc level i3 placed on the potentiometer, and the wiper arm voltage
is recorded for static radar cross section measurements, However, since
the target range is changing constantly in dynamic measurements, the
range variable must be removed., This action is effected in the range
normalization circuitry,

P IR b LD, AR

Range Normalization

The removal of range from the output of the measurement system
involves normalizing the ocutput so that ell data is related tc a par-
ticular range. In terms of the radar range equation, the signal re-
turned from a target varies Lnversely as the fourth power of range, or
received power decreases by 12 db per octave of increase in target range.

©rm e e A b ¢
bt St A s it

The normalfzation of the radar cross section of the target may be
accomplished at the input of the measurement device by attenuating the l
tncoming signal. If a variable RF attenuator is placed ahead of the
mixer and the attenuator 18 controlled as a function of range, the '
range variable can be removed., When this method is used, the attenua-
tion must be zero at the chosen maximum measurement range (normslization
to maximum range). Then, as target runge decreases from the chosen
maximum, the attenuation must increase so that the signal strength ob- i
tained at the output of the attenuator remains constant for a constant §
radar cross section target, However, in such & scheme, the receiver
must aiways be operated in an enviroument of near minimum signal level
since the target appears to remain at the chcsen maximum range insofar
as the amplitude measurement i8 concerned.
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An increased signal level may be used in the receiver at shorter
ranges, provided range normalization can be accomplished at the output
of the device, This is the approach presented in this paper, and it
can be implemented by biasing the output from the servo loop described
above by use of a function that varies logar{thmically with range to
compensate for signal variations which result from changes in target
range. However, when this technique is used, the mixer and IF ampli-
fier must be capable of handling a dynamic range of 100 db to allow for :

‘ signal strength variation whi:h results from range and radar cross sec- i

: tion variations. The AGC allows the IF amplifier to handle the large i
dynamic range. The crystal detector is not linear throughout the full
100 db; however, since it is within the compensating servo loop non-
linearities which exist at the uppar and lower end of the range tend to
be removed. Nevertheless, the nonlinearities do reduce the system
response and should be avoided where possible.
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The range compensation scheme is shown in Figure 2. The signal from
the sigma potentiometer consists of radar cross section information
mixed with range information. All thig data is summed, along with a
logarithmic bias, to remove the range information. This bias level is
controlled by use of the radar tracking range normalization circuitry.

A potentiometer shaft is attached to the tracking range servo motor in
the radar through the proper gear ratio to allow the use of the full
potentiometer range over the radar tracking range. A dc signal, which
varies linearily with tracking range, is then obtained from the poten-
tiometer. This linear function is changed to a logarithmic function in
the operational amplifier. The necessary output logarithmic function

is 40 log (target range/minimum range). This function is used to con- i
verr the range information to the proper form to be summed with the '
sigma potentiometer output. The operational amplifier tnput and output
functions are shown in Figure 3.

Integration with AN/MPS-9 Tracking Radar

The subject radar cross section measurement system may be attach-
ed to the AN/MPS-9 tracking radar without changing any existing circuitry,
A variable attenuator and directional coupler must be added between the
duplexer and the mixer, The remainder of the attachment involves the :
use of signals which are pregent in the radar. !

. -t

The range gate and system prerrigger are obtained from the AN/MPS-9
synchronizer unit. Range information is avesilable as a shaft position
. in the range computer unit. The radar local oscillator output must be
! brought out to the mixer i{n the attachment. The IF signal must be
obtained in the radar IF prior to range gating.

Target azimuth angle information is needed to allow the recorder
papet position to vary with target azimuth. If the radar antenna is
referenced 50 that zero degree is north, the target azimuth angle (9) 1sa
defined by use of
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© = antenna angle + 180 degrees - target heading.

This equation may be implemented by obtaining antenna azimuth information
frow the azimuth synchro. This is used as one i{nput to a differential
synchro, The second input to the differential i{s target heading which

1s inserted as a shafct position. Target heading may then be inserted
manually or automatically (a data link f{s needed for automatic azimuth
positioning). The differencial output then is target azimuth angle,

The maximum range at which a specific cross section target wmay be
tracked with the AN/MPS-9 can be calculated by using the radar range
equation. This calculation indicates that a one-square meter target
may be tracked to approximately 35 miles, Ground return and high side
lobe return prevent the use of this radar below approximately 5 miles
for cross section measurements. Therefore the AN/MPS-9 radar with
the subject attachment will provide a dynamic radar cross section meas-

urement capability of 5 to 35 miles in range on a one-square meter
- target.

OPERATION PROCEDURE

The radar cross section attachment discussed thus far can be used to
measure the radar cross section of a target which igs being tracked by
the radar, in dbm2, provided the device is calibrated against a known
standard radar cross section. In order to eliminate unnecessary errors :
and obtain maximum utiiity, the following calibration and equipment 3
setup is suggested. '

Calibration

e b adea b

A helium-filled, metallic-coated, spherical mylar balloon can
be used as the calibration standard. The balloon is put into the air
by permitting it ¢o rise on a striug to several hundred or possibly to
several thousand feet at a range dictated by radar ground clutter,

The balloon should be high enough to raise the antenna beam above the
ground and far enough in range to avoid the ground clutter. The opera-
tion amplifier for range normalization is set for O db output, and

the recorder gain 1s adjusted to obtain a 100-dbm2 plotting scale,

PRI

The cadar is then allowed to track the balloon., The value of radar
cross section obtained from the balloon is plotted on the recorder, and
the tracking range 18 recorded., From the recorded range and the cal-
culated balloon radar cross section, it may be determined what re-
corder value corresponds to the radar cross section value of the sphere
when the range is normalized to one nautical mile. It will be necessary f
to vary the balloon height through sevaral altitude positions to insure ;
that there is no interference fior a ground-reflected wave. [

SPRPUPR PUVERE TN
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Once the radar has been calibrated in this manner, it is highly
advantageous to establish a tranafer standard so that the calibration )
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may be checked periodically without putting the balloon up each time.
This calibration is effected by picking a prominent but izolated target
(water tower, smoke stack, TV tower, or other convenient, permanent
target) in the area at a range of several miles. Tha radar is directed
onto tnis target immediately after the balloon radar cross section is
plotted. By plotting the value of the transfer standard, the radar

' cross section of this latter standard will be established with respect
: to the spherical balloon. If the transfer standard and weather con-
dicions do not change, this standard will be available to check the

' calibration before and after each plot, It should not be necessary to
1 check calibration by use of the spherical balloon wmore than once or

twice a day, provided there are no drastic weather changes, !

Operation

Upon establishment of a transfer standard, the attachment is set
up to measure radar cross section; however, a plotting scale should be
established on the basis of the approximate radar cross section value
of the target to be plotted. For example, it may be assumed that a
target with an average radar cross section of 100 square meters is to
be plottel and that the variation of cross section of the target with
azimuth angle will be 50 db, (This variation wili cover the range of
variation of radar cross section of most aircrafc and missiles.) 1If
the AN/MPS-9 radar is used with the attachment set for a minimum plot-
ting range of 4 miles, the radar and attachment should be capable of
detacting a -40-dbm? target at & miles. Therefore, to preserve :his ;
sensitivity, the 100-db RF attenuator should be adjusted to 40 db of :
attenuation for a 20-dbm? value at & miles., This adjustment allows i
the attenuator to reach its maximum attenuation of 100 db at the ap-
proximate minimum digscernible signal (MDS) for the system on a 20-dbm
target, The adjustmeant i3 made by locking the rader on the secondary
standard and adjusting the RF reference oscillator output until the
following equation is satisfied:

b I e . = i

e e L eee
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Ref. Attn. Value = (MDS in dbm2 at range of transfar std.
- target cross section + 100 db).

The recorder bias should then be adjusted to place 20 dbnz at the center
of the recording scale. The attachment is then ready to plot a 20-dbom?
target with maximum utilization of system dynamic range.

1f the 20-dbm? target is approaching the radar site, it should be
detected at approximately 130 miles, However, at this range, if the
radar cross section varias below 20 dbm“, track will be lost. The
attachment has been set up so that the 100-db attenuator will be near
its maxioum lim{t of attenuatior when radar track {s lost. As the
target range is decreased from maximum range, the received signal
strength will i{ncrease at the rate of 12 db per octave of decrease in
range. The attenuation provided by the 100-db attenuator will decreass,
and the functioning of the attenuator will not involve operation near
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the 100-db limit. Conasequently, the minimum radar cross section needed
to produce a detectable raturn is also decreased. Over the range of

30 miles to minimum range (4 miles), the target radar cross section may
vary by plus or minus 25 db without forcing the 100-db attenuator to
either limit, If a target to ba plotted has a very large radar cross
section, it may be necessary to attenuate the incoming signal in order
to be able to plot over a specific range increment without being
limited by maximum plotting range. Nothing can be done to shift the
lower plotting limit short of increasing the sensitivity of the radar.

INSTRUMENTATION ERROR ANALYSIS

There are several possible sources of error in the combined system
of a tracking vadar with the subject attachment. These error sources
include interference from a ground reflected wave, radar tracking errors,
and calibration errors which result from a change in weather conditions.
Most of these errors may be detected and avoided througn proper system
analysis. The errors encotatered in the attachment and its calibration
device are considered the instrumentation errors and will be present
in measurements made with the attachment.

Ra Po t r Erxr

If it {s assumed that a precision 10-turn potentiometer f{s used
for the range potentiometer, a reasonable expected accuracy i{s 0.025
per cent linearity with a resolution of 1 part in 10,000, 1f the poten-
tiometer {s adjusted to use the best linearity over a 200-nautical mile
range, the maximum linearity error i{s (200) (.00025) = 0.05 miles. The
maximvm error which results from potentiometer resolution {s 200 =

10,000

0.02 mile., If it is aseumed that these independent errors are normally
discributed and are not exceeded 99 per cent of the time, the maximum
potentiometer error way be obtained by use of the equation for the
stapndard error of a sum,

V0.052 + 0.022 = 0.056 mile maximum.

This value may be considered three standard deviations or tbe maximum
srror. However, the potentiomater output is the input to en operational
amplifier with a transfer function defined by

y = 40 log <k
Rain

vhare y is the output, R {is the measured range, and Buin is 4 miles, as
proposed sarlier, Therefore, the maximum error in y resulting from an
srror in R may be obtained by taking the differential,

dy = (40) (4) (0,434) dr
R

195

TR et € S DI, G 0l - NMRPUARITR. (2] T T dse en




m Y. TS . e N M hd
= . e, on e = mmrm —

By using dR = 0.054 miles, as obtained above, then

dy:lalﬂ

Therefore, the maximum resultant potentiometer error occurs at the mini-
aum range of 4 miles. This maximum error is 0.935 db and decreases
rapidly with range,

Operational Amplifjer Error

It is possible to build a dc operational amplifier with the out-
put shown in Figure 3 with an accuracy of 0.5 db without a great deal

of difficulty. In order to allow for slight drift and aging, a maximum
ervor of 1.0 db is assumed.

j
Servo Loop Error i

Error in the servo loop, which is used to measure radar cross
section and range variation, is attributable primarily to the linearity
of the attenuator. Any bias errors in the loop are a result of errors
in calibration. Through proper matching of the sigma potentiometer
netwcerk curve to the RF attenuator curve, it i{s possible to obtain the
100-db range with an error in linearity of less than 1,0 db.

o

: adedbiial

dintitn il

The servo loop has a response ot 120 db per second through the mid- : 1
range of the system. It is impossible to determins the maximum rate
of change which will be encountered in measurements; however, 120 db

per second appears adequate to plot target scintillation without
appreciable error.

) « .

Ca:ibratfon Errors

In addition to the eleactronic {nstrumentation errurs, the other
ingtrumentation errors encountered in calibrating the system consist
of errors which result from the use of an imperfect sphere and from
variation in the return from the transfer standard. Experience at the
General Dynamics /Fort Worth static radar cross section range indicates
that this composite error is less than 0.5 db when approximately per-
fect spheres are used. The sphere proposed for use with this system {
will not be as perfect a sphere as those used on the static range. 3
However, the average backscatter from the ephere should not vary from
that of a perfect sphere by more than 0.5 db, and the average value ; ]
is used for calibration purposes. In view of the posgibility of slight ’ i
error from interference and transfer of the standard, a maximum cali-
bration error of 1.0 db seems realistic.

s T Sk b W

System Errors

The i{nstrumentation system maximum errcr may now be calculated
by using the maximum errors determined above. By converting the db
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THE UNIVERSITY OF CALIFORNIA
IMAGE~-PLAI{E REFLECTIVITY RANGE

D, J. Angelakos and F. D. Clapp
Electronics Research Lab., U. of Celifornia
Berkeley 4, California

The scheme used in reflectivity measurements at the University
of California consists of an image-plane range in conJjunction
with a magic-tee circuit. The mechanical and electrical chara-
cteristics of the range are described.

GENERAL

The reasons for constructing an image-plane range instead of other
tyres were as follows: (1) The projected use of the equipment involved
mainly the experimental verification of theoretical results so that the
shapes of the scatterers to be measured could be chosen with a synmetry
sultable for measurements with this type of apparatus. Of course, this
limits the choice of objects by excluding such models of aircraft
fuselages for example. (2) The presence of the ground plane provides
a fleld-free region for placement of auxiliary equipment and the operator
where their presence will not disturb the experiment. (3) The use of
the equipment for near-zone measurements is made possible by permitting
the protrusion of field probes through the plane.

The procedure followed in obtaining back-scattering measurements is
straightforward and makes use of a simple concept. Referring to the
block diegram of Figure 1, the procedure is as follows. AdJjustment of
the tuner will allow a null to be obtained at the detector with no target
on the plane. Placement of the target will now produce an output at the
detector proportioral to the backscatter from the target. By placing
first an object of known cross-section and noting its scattering, the
cross-section of the unknown target can be deduced by comparison.

Accurate measurement by this method requires that the depth of the
initial null must be considerably below the signals which are to be
observed. If it is not, destructive interference results between the
desired signal and the residual at the output, being affected bty the
position of the target. For targets of small scattering, initial nulls
of from 90 to 100 db below incident fields are required.

Reflections off of the wall facing the illuminating horn and 15 feet
avay are reduced by 20 db using absorbing materisl. The phase effect
mentioned in the previous paragraph can be effectively circumvented by
pulling the scattering object along the image-plane on the centerline
avay from the horn while making a graph of the backscattered signal
versus distance. Vith a linear detector this should ideally result in a
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curve proportional to l/R2 - in practice the desired curve will have
superimposed on it a more or less sinusoidal variation. The magnitude of
the sinusoidal variation is generally small for most scatterers so that
the required averaging process can easily be performed.

MECHANICAL DESIGN

The image-plane is 12' by 12' designed for use at X-’ It 1is
constructed of several sheets of honeycomb sandwich side de, each
comprising an epoxy-glued aluminum core about one inch th. +ith thin
aluminum skins glued on the core. This construction results in a very
strong, but light, surface, and one which can be held quite flat over the
entire area. The joints between pleces are made by molding in a piece of
1" by 2" aluminum bar along the edges to be Jjoined and machining a lap
Joint. The underside of the lap is made a few thousandtls of an inch
narrover than the top side, so that the latter can be pulled up as
tightly as possible. Similarly, the thickness of the top lap is made
slightly thinner than the bottom lap so that a series of adjusting screws
tlaced al intervals along the underside will allow the surlaces to be
ad justed to a perfectly smooth joint, avoiding any step in the plane
which might otherwise occur due to bending or imperfect machining.

A detail of the Joint is shown in Figure 2.

Two concentric turntables are supported in an appropriate position
about two thirds of the distance from the driving end. The outer table
(actually 2 rotating ring) is about 30" in diameter and contains the
irner table of about 12" diameter. The two may be driven as a unit, or
either independently. The outer ring also has a radial slot 8" long
with a drive carrisge underneath which can carry ar electric field probe.
Thus it is possible to rotate an object on the inner table to the correct
aspect relative to the transmitting horn, lock it in place, and to rotate
the probe to any point outside of it on the surtace occupied by the outer
ring.

Contact between table rims and the remaining surface is obtained by
u specially designed wiping-finger contact. This is shaped to the turn-
tatle edge and held in place by a slightly corrugated metal band which
acts as B spring to keep tension on the finger stock. The latter has an
elevation of only 0.003" above the image-plane surface, causing very
small reflections.

The inner table is geared to a selsyn transmitter which conveys
angular information to a polar recorder used for recording polar back-
scatter patterns when required.

In making backscatter measurements of the type described, one of the

principal problems is that of placing and removing targets from the ground
plane surface without mechanical Jarring vwhich may upset the null baslence.
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To accomplish this, a rotating platform supported by & column secured at
both floor and ceiling and completely independent of the image-plane
support structure has been built to carry the operator over any portion
of the image-plane. The platform is swung away during the time the
actual measuremenis are made.

ELECTRICAL CIRCUIT

The electrical circuit is shown in Figure 3. Presently, the signal
source consists of a Dymec type 2650A synchronizer which synchronizes the
output of a Varian V58 oscillator to a microwave signal derived fraw a
crystal controlled standard. An HP type 716A power supply is used since
it hes superior regulation on all voltages and supplies well-filtered
d-c to the klystron heater. The klystron is forced air cooled by a
blower with a mechanical filter to remove vibration. Stability runs
using a frequency counter have indicated a stability of - 200 cps in
the 9330 mc?s output frequency over several hours. Residual hum and Fl4
are extremely low as is amplitude moduletion.

The tuner is a specially constructed item with coarse and vernier
adjustments in order to obtain the high balance required. Three screws
are mounted along the center of the wide side on a waveguide section
pachined from an aluminum block--these serve as the coarse adjustment.
The vernier adjustment is obtained fram three screws along the center
line of the narrow side of the guide. Spacing between screvws in each set
is about 240, LBO and 720 electrical degrees at 9330 mc/s. The vernier
screws are located midvay between the coarse screws to save space.

The magic tee is machined from a solid aluminum block. Matching
post and iris give a separation of about 70 db between the E and H arms.

The present detecting system is a homodyne type (a superheterodyne in
which the local oscillator (LO) signal is derived by frequency shifting
the original signal by means of a rotating phase shifter) somewhat similar
to one described by Bell Labs. workers some years ago. The phase shifter
is a modified Hewlett-Packard type X-885A provided with high-speed ball
bearings end driven by a synchronous motor at about 8250 rpm. This
results in a change in frequency of about 275 cps. Figure 3 shows the
detecting scheme. The output of the balanced detector is a signal of
275 cps proportional to the desired microwave signal. This is amplified
by en HP-415B amplifier which has hed the internal filters adapted to the
275 cps frequency.

The detection law is linear so that the 10 db sceles on the VSWR meter
become 20 db steps. Using IN23E crystals with a LO current of about 1.0
ma, the noise level of this detector system is about -100 dbm. Lower noise
level performence is possible using the new Junction detectors specifically
designed for low i-f superheterodynes.
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AVIONICS LABORATORY KRADAR CROSS SECTICN
MEASURENSNTS FACILITY

W.F. Bahret, clectronics Physicist
ALr Force Avionics Laboratory
Research and Technology Division
wright-Patterson Alr Force Base, Ohlo

The facility to be described is physically locatei in building 821, Area
B, wright-Patterson Air Force Base, This bullding has an unobstructed floor
space which is 100 feet wide and 200 feet long and a parabolic-arched roof
whose peak is about 90 feet above the floor. The urea used for cross section
measurements is bounded by movable panels of radar absorber material and is
65 feet long by 30 feet wide, However, the arrangement is flexible and may be
adjusted to suit the needs of any particular target, At the times of this writ-
ing the absorber panels on the aides of the chamber are each 8 fest high by 8
feet wide and are tilted 10° back from vertical. The backwall (that viewed
directly by the measurements eyuipment) is 12 feet high x 20 feet wide, and is
also tilted 10° from vertical. wWork is underway to increase the height of the
side panels to 12 feet and the size of the backwall to 20 feet high by 30 feet
wide,

Targets are supported either by thin nylon line (8 1b test) or shaped
styrofoam colunmns as appropriate for the size, weight and radar cross section
of the body., The strings, if used, are suspended from an overhead bar, 16
feet above the floor, and are tied to a rotatable platform on the floor for
rigidity and control of target azimuth,

The bulk of our instrumentation is conventionaul C4 apparatus typified in
Figuresl and 2 of a companion paper.® currently S band (2600 -~ 3900 mc), ¢
band (4000 -5800 mc) and X band (8200 - 11,000 mc) systems are in operation
while L band (1120 - 1700 mc) and X, band (5850 - 8200 m¢) are being added,
All systems are tunable over the freguency ranges indicated to permit evalua-
tion of such things as radar absorber materials. _All have or will have the
capability to detect target ciross sections of 10~3 square wavelengths or less
at a range of 25 feet, Aill have antennas with beamwidths in the order of 10°
to 12° in both E and H planes. Transmitted power levels are in the 0,25 to

1,0 watt range. Receiver sensitivity is approximately -85 IBM to -90 DBM over
the frequency range.

Because of anterna size, all systems except X band use a single anteanna
with a hybrid tes junction and tunable load for "nulling" the received signal
in the absence of target. The X banu system uses separate hcrns for transmis-
sion and reception and a background nulling technique that involves movement
of the cnamber backwall (see referenced paper.) The C band, X band and the
new band systems use "tunnel" antennas which have low sidolobe levels and,
for the dual-antenna arrangement, very low crosa talk. The "tunnel" section,

*"Comments on Static ltadar Reflectivity Measurementy Technigues" by “./.F, Bahret,
published elsewhere in thase proceedings.
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an absorber-lined extension of the sides of the normal horns, does not influence
main lobe amplitude or beamwidth but diminishes side lobe levels by more than
an order of magnitude. Figure 3 of the referenced paper presents patterns on

an X band horn with and without absorber extensions and demonstrates typical
performance. Lenkage between the i band tunnel antennas when side by side is
down by more than 100 DB below transmitted power,

Our facill.y also includes a short pulse (10 nanoseconds) X band radar

which was obtained from Harry Diamond Fuze lLaboratory. This fixed frequency
(9325 mc) radar has a pulse repetition rate of 25 kc and a peck output power of ‘
approximately 50 watts. The block diagram of the system is shown in Figure 4 '
of the companion paper. The superheterodyne receiver uses a balanced crystal j
mixer and an IF amplifier tuned to 450 .ic with a bandwidth of 100 mc, A sam=- I
pling oscilloscope provides a conventional pulse amplitude versus range dis- |
pPlay. At the time of this writing, targst cross sections are determined by a
manual read-out technique in which an attenuator in the HF 1line to the receiver

: is adjusted to reduce all target signals to a standard height on the oscillo-

: scope, Receiver noise figure, which is not particularly good in this radar

' (apgroiimntely 20 DB), 1imits minimum measurable target cross sections to 8 x

107/ M™ at a range of 15 feet., A parametric amplifier now on order is expected

i to improve performance by almost two orders of magnitude, The beauty of this

: pulse system is the autcmatic elimination of all chamber influence upon the

measured echo from a target - a situation which cannot be obtained for low cross

section targets with a CW system,
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In addition to the improvements mentioned above for this facility, we are
obtaining a short pulse system which will operate at 3000 mc and will be capable
of automatic recording of target echo., This automatic recording capability is
also to be added to our X band system and should reduce the time for recording
a target pattern by a factor of 10. The technique to be used for recording,
which involves long time integration of received pulses, is expgcted to improve i
the sensitivity of the systems such that the echo from a 10-7 N° target at 25
feet will have a 20 B signal-to-noise ratio.

1t is important to note that the minimum detectable target cross sections
mentioned earlier for the JW systems are not necessarily the same as the minimum l
sizes which can be measured accurately. &s pointed out in the referenced paper,
the effect of ciianges of background level due to introduction of a target may !
be so large that only targsots with cross sections several orders of magnitude !
larger than minimum detectable may be measured with any assurance of accuracy.
This effect is a function of the target parametsrs, so no single number can
be specified for "minimum measurable," For the short pulse systems, minimum
detectable and minimum measurable are easentially the same,
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RADAR CROSS SECTION MEASURING EQUIPMENT AND RANGE

P. Blacksmith and R. Mack
Air Force Cambridge Research Laboratories

Introduction

This report was written to describe in detail the model radar cross section §
measuring system which has been developed at the Microwave Physics Labora-
tory of the Air Force Cambridge Research Laboratories, Bedford, Mass., for
making dynamic measurements of radar reflection characieristics of targets, i
such as missile configurations and aircraft,

Site i
The system used at the Air Force Cambridge Research Laboratories is :

located at Ipswich, Mass., and operates on X-band (9302, 4 Mcps) and S-band

(3100.8 Mcps). It can be used for measuring either monostatic or bistatic

cross sections, The site is located on a hill overlooking the ocean and is ideal

for measurement work since reflections from extraneous objects are reduced

to & minimum, The measurement ramp extends 90 ft from a penthouse in which

the transmitting horn and receiving equipment are located. The lower level of

the structure contains the frequency generating equipment,

Electronic Equipment

Fig. 1 is a block diagram of the complete systcm, During bistatic opera-
tion the hybrid junction is dispensed with, and separate horns are used for
transmitting and receiving. To balance out the equipment for bistatic operation,
power is extracted from the transmitter chain through a directional coupler,
and fed to the receiving antenna through a precision phase shifter and attenuator,

The basic system consists of three units which generate the proper fre-
quencies, Fig.1 designates these units as the Transmitter Chain, the Local-
Oscillator Chain, and the Adder-Multiplier Chain, A 100 Kcps cw signal is fed
from a General Radio Secondary Frequency Standard to the transmitter chain
and the adder-multiplier chain,

Multiplication in the transmitter chain by 35 or 243 in the multiplier cir-
cuits yields a frequency of 24.3 Mcps. This frequency is added to a frequency i
of 6.4 Mcps (obtained from the adder-multiplier chain) in the adder unit to i
obtain a resulting frequency of 30.7 Mcps.. Proceeding through another adder !
a frequency of 1.6 Mcps (obtained from the adder-multiplier chain) is added to ‘
|

the 30. 7 Mcps to obtain a frequency of 32. 3 Mcps. This frequency of 32. 3 Mcps
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is then fed to a multiplier resulting in an output of 258, 4 Mcps, Depending on f
the band of operation required, this output can be used in the appropriate cir-
cuits. Operation in L-band (4(258.4)= 1033.6 Mcps) can be obtained through
the conventional cavity lighthouse-tube circuits. Operation in S-band
(12(258.4)= 3100.8 Mcps) is available by feeding the 258.4 Mcps into a 2K47
| amplifier-multiplier klystron. Operation in X-band (3(3100.8)= 9302.4 Mcps)
can be realized by taking the output from the 2K47 and feeding it into a 2K46
amplifier-multiplier klystron. All measurements made with this equipment

at the Air Force Cambridge Research Labcratories have been done at X- and
S-bands,

e M i bt i 1.2 i, o8 HE s, et vkl

The local-oscillator chain is similar in operation and construction to the
transmitter chain for the purpose of identification. The major difference be-
tween the local-oscillator chain and transmitter chain is that three different
frequencies can be obtained in the former chain, The purpose of these frequencies
is to maintain a frequency difference of 28.8 Mcps between the transmitter : ]
i chain and local oscillator chain, regardless of whether L-, S-, or X-band is '

used, This is done by choosing the proper adder frequency to be fed to the
oscillator chain,

UGS P TP
JUURPIRRY W PPNV UL Y

F

i The adder-multiplier chain supplies the nec=ssary low frequencies needed
in the transmitter and local-oscillator chain,

The klystron-multiplier assembly consists of four klystron multiplier-

; amplifier tubes (2K47's and 2K46's). These klystrons are immersed in a con- :
] stant temperature- controlled oil bath, The temperature of the oil is kept at ' !
140° by a thermistor-type temperature~regulating system, a heat exchanger and
oil circulating pump, Temperature control of the oil bath was found to be an
important factor ir maintaining a stable output. A change of a few degrees will
cause the output from the klystrons to decrease requiring retuning of the klystrons
v for maximum output, At present the equipment is operating at X-band (9302. 4
i Mcps) and S-band (3100. 8 Mcps). All the circuits and equipment, therefore,

have been tuned to X- and S-band for maximum efficiency at these frequencies,

PP N
.

Antenna System

T, - e & ————

The antenna consists mainly of the horn, hybrid tee, stub tuners, crystal
mixer, and load. Fig,2 is a block diagram of the X-band antenna system,
The horn being used is made of Invar and measures 25, 5 inches in length with
an E-plane flare of 10° and an H-plane flare of 13°, The measured gain of the
horn was found to be 24,5 db,

o ohw

The hybrid-tee junction is also constructed of Invar. The use of Invar !
for the whole antenna system is preferable, since this material tends to reduce
instability caused by the thermal expansion and contraction,
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The stub tuners are precision machined and consist of 1/16 inch poly-
styrene rods and brass rods. Micrometers are used on the stubs.

The load used in the antenna system is a mixture of sand and graphite,
The mixer is a standard commercial tunable X-band crystal mixer, Since the
complete antenna system is not constructed of Invar, additional insulation is
used over the load, stub tuners, hybrid tee, and crystal mixer to ensure mini-
mum discontinuities due to expansicn and contraction.

The transmitter frequency (9302. 4 Mcps) is fed into the A arm of the
junction through a directional coupler. Arm B contains the matched dummy load
and five-stub tuner, This five-stub tuner can be replaced by a three-stub tuner
if necessary. The tuner has three metallic posts and two polyrod posts for fine
tuning. With the setup, it is possible to balance the equipment down to the
noise of the receiver (greater than 90 db from the maximum return).

Receiver and Recorder

The echo or return signal is mixed in Arm D with the local-oscillator
signal. The difference (28.8 Mcps) is then fed to a preamplifier which in turn
feeds the signal into a piston attenuator. The position of this attenuator is
plotted on a graph. The signal is then fed to the receiver which in turn drives
the servoamplifier, In the servoamplifier the amplitude of the signal is com-~
pared with a fixed reference (set at the receiver), and if a change in amplitude
results, the servoamplifier readjusts the piston attenuator until the signal
level returns to its prescribed level. Thus, the input to the receiver is main-
tained at a fixed level, and the received-signal strength is indicated by the
amount of attenuation necessary to achieve this condition,

Targets are generally mounted on a polyfoam tapered column so that
interaction between mount and target is a minimum,
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THE HUGHES BACK SCATTER MEASUREMENT RANGE

R. E. Boucher
Head, Electronic Studies Section
Don E. Ludwig
Head, Circuit Studies Group
Hughes Aircraft Company
Radar Division
Fullerton, California

INTRODUCTION

This paper describes the outdoor, ultra-short pulse, back scatter
measurement range which has been constructed at Hughes Ground Systems.
An oblique type range layout is used in conjunction with dielectric line
test object suspension and positioning. The measurement radar antenna-
test object separation (500 feet) is sufficient to permit valid radar
cross section measurements of full scale test objects. Excellent short
pulse measurement sensitivity has been maintained with this antenna-test
cbject range separation,

Since the majority of the background interference return can be
gated out at the radar receiver when performing short pulse back scatter
measurements, a low background interference level is obtained which is
invariant with environmental conditions. At C-band, the measurement sen-
sitivity is currently a -0 dbsm (decibels below 1 square meter) cross
section with a 10 db signul-to-noise ratio. The C-band interference
background level is below the return from a -60 dbam radar crcss section
target.

Range calibration tests which were performed are described in this
paver, and examples are given of the measurement data obtained from
several types of test objects.

RANGE GEOMETRY

The range geometry vhich was used is shown in Figure 1. Test objects
were suspended midway between two telephone poles on a dielectric line.
These telephone poles are iocated in the first nulls of the radar
antenna's azimuth radiation pattern, and are displaced in range from the
test object suspension point by £25 feet. A 50-foot range sector is
thereby provided which is free from any major reflective obstructions.
Test obJjects are suspended at a height such that the first null of the
antenna's elevation radiation pattern intercepts the ground at the
same range 28 the test object suspension point. At this height,
approximately 20 feet from the ground, the suspension line connected
between the telephcne poles makes acute angles of 25 degrees with
respect to the horizontal plane. The suspension line thereby assumes
a completely oblique geometry with respect to the incident radiation
wavefront from the radar antenna.
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Test obJects are positioned by means of four thin dielectric lines,
two attached to the forward portion of the test object and two to the
aft portion. These rour lines are then fastened to a large tiedown
circle which is centered about the test object suspension pcint. Tie
points are located 1 degree epart on the circle. Test object orientation
relative to the incident radiation wavefront is determined through use
of two plumb lines attached to the test object, one at the forward por-
tion and one at the aft portion, and a 6-fcot diameter reference table
which is centered about the test ovbject suspension point. This table
has been surveyed to lie in a plane parallel to the azimuth plane of the
boresighted radar artenna. Positioning and plumb lines are always
maintained at oblique angles relative to the incident radiation wavefront
when performing cross section measurements.

Microvave-absorbent fences have been placed between the test object
suspension srea and the radar antenna in order to reduce any interference
return reflected from the reference table and tie circle area, as well
as to reduce any forward scatter ground reflection interference. 1
Microwave-absorbent material has also been wrapped around the telephone
pole closest to the radar antenna in order to eliminate any possible low
level reflections between the pole and a test obJect. These types of
interference return cannot be removed by range gating at the radar
receiver, since the differential time delay between these returns and
the back scatter return from a test otject is not sufficient. Proper
range geometry and the use of microwave-absorbent fences must therefore
be relied upon.

s

Plans have been made 10 automate the test object rotation system.
The large tie circle will be replaced with a motor-driven rotating tie
ring, and a low redar cross section dielectric rotary Jjoint will be used
in attaching a test object to the suspension line. The test object will
ther. be free to rotate continuously in an azimuth plane. Pickoff con-
tacts located on the tie ring will be used to provide test object azimuth
aspect angle infcrmation once & test object has reached rotational
equilidbrium. Incorporation of this automated rotational system will
greatly reduce the measurement times required and, correspondingly, the
effects of wind motion. With the present manual rotation system, approx-
imately 3 hours is required to cover a 180-degree azimuth sector in
5-degree increments, vhereas approximately 1 minute will be required
with the automated system.

c Ak e
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DIELECTRIC LINES

After a thorough investigation intc the possibdle types ¢f dielectric
and metellic materials available for use as test object suspension lines,
polypropylene was selected. This choice wvas based upon its low dlelectric
constant (€. » 2.25 at 50 mc/s), elongation (8% when used 20% below its
maximum breaking strength), and excellenti tensile strength. Three sizes
of line are used for test object suspension: 1/8-inch diameter for
su.spending test objiacts weighing up to 70 pounds, 3/8-1nch diameter for
suspending test objects weighing up to 490 pounds, and 1/2-inch diameter
for suspending targets weighing up to 900 pounds. Dacron line of 0.03 inch

—
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diameter, is used for test object positioning because of its strength, ?
elongation, and availability. Positioning using these lines is suffi-

ciently stable that only very minor adjustment is required after three

or four hours of test object suspension.

A series of back scatter measurements of the Dacron and polypropylene
lines was made to determine their radar cross section as a function of
orientation. A measurement radar with & range resclution capability cof
less than 1 foot was used. The measured radar cross sections are shown
in Figure 2. All of the lines were measured at a 90-degree angle of
incidence (vhere the angle of incidence is defined as the angle between
the dielectric line and the antenna boresight axis) and one of the lines,
1/b-inch diameter polypropylane, was measured as & function of the angle
incidence. The range geometry is shown in Figure 3. At the time this g
data were taken, the measurement redar had a sensitivity threshold of ;
-43 dbsm, which is indicated on the plot. The radar sensivitity thresh-

0ld has since been increased to -60 dbam, but additional data have not ;
been taken. 3

The m.asured radar cross section at a 90-degree angle of incidence
was -6 dbsm for a 3/8-inch diameter polypropylene line, -29 dbsm for a
1/b-inch diameter polypropylene line, and -4O dbsm for a 0.03-inch :
diameter Dacron line. The radar cross section of the 1/4-inch diameter ! 3
polypropylene line decreased rapidly as the angle of incidence was : F
decreased, reaching a cross section of -4l dbsm at approximately 87
degrees, where the back scatter return fell below the radar sensitivity
threshold end never reappeared over a 45-degree measurement sector. As : !
is evidenced from this mnasurement data and the range calibration tests g
wvhich were performed, a suspension and rotation system using dielectric !
lines will produce a minimum amount of interference back scatter return
when a reasonably oblique geometry is maintained. !

MEASUREMENT RADAR AND DATA SECORDING SYSTEM

A general block disgram and photcgraph of the measurement radar and
data recording system are shown in Figure 4. The pulse has & range am-
biguity level -30 db below its peak value. A photograph of the display
for the point gource radar return from a calibration sphere is shown in
Figure 5 to illustrate the measurement pulse waveform. The recording
system will accommodate a 30 db dynamic range of radar return amplitudes.
This range of displey can be shifted on a relative basis by means of the
precision microvave attenuator at the input to the receiver,

e i ——— o ———_— -~ —

A sampling type oscilloscope is used as the primary display for the
radar system. Outputs are derived from this prime display for digital
data recording, as X-Y analog plots, or as oscilloscope display photographs.
Because the video on the prime oscilloscope display has a nonlinear ampli-
tude scale factor, the outputs derived from this display are passed
through a log shaper to provide, for recording purposes, an amplitude
scale fuctor which is linear in decibels. Correlation between the ac-
tual target scattering points and the radar returns displayed is
provided by means of an ultra-stable synchronization trigger derived
from the transmitter leakage. The estimated accuracy of correlation
by this method is £1.5 inches.
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RANGE CALIERATION

A series of range calibreation tests was performed at C-band using
spherical and cylindrical test objects. The back scatter return from
each of a family of conductive spheres ranging in diameter from 0.312
inch to 24,00 inches was measured. Good agreement was found between
the theoretical radar cross sections and the measured radar cross sec-
tions based upon a 9 500-inch diameter reference sphere. The calculated
and measured radar cross section values are tabulated below:

Sphere Diameter Calculated Radar Cross Measured Radar Cross
(Inches) Section (Square Meters) Section (Square Meters)#
24.00 0.293 0.32.
9.500 0.0457 0.04sT
3.00 4,1(10-3) 5.86(10-3)
1.00 1.2(10-3) 1.1(10-3;
0.312 1.2(10°%) 0.1k (10-2)

rEstimated accuracy in obtaining the tabled measurement values is 1 db.

Based upon the radar return from the smallest sphere (-53 dbsm radar
cross section), the interference background from the range was checked
with the suspension and positioning lines present. The measured back-
ground interference level at C-band was found to be below the return
from a target of -60 dbsm radar cross section. At this level the radar
receiver noise level became s limitation, and the background interference
return was never actually observed. In the near future the radar sensi-
tivity will be increased to a point where the background return can be
measured. Display photographs for this interference background test are
shown in Figure 6. The same results were obtained regardless of antenna
polarization and suspension line diameter (0.5-inch diameter line was
the largest tested).

Tests were made to determine whether proper phase and amplitude
relationships exist between a given test cbject and the measurement
radar antenna at the 500-foct range separation used. These tests were
performed using & series of S-inch diameter cylinders with lengths vary-
ing from 3 to 10 feet. The broadside (specular) radar return from
each of the cylinders was measured, and & curve was plotted of this
measured radar cross section versus the cylinder lengths squared. This
curve vas a8 straight line to within the :1 db measurement accuracy,
indicating proper phase and amplitude relationships for radar cross
section measurement of targets up to 10 feet in length. Targets consist-
ing primarily of conicsl sectlons and having overall lengths up to 15
feet have been measured at their specular positions, and good agreement
wvas found to exist between the measured radar cross sections and the
predicted values based upon a mean cylinder approximation. These results
tend to invalidate the commynly used test object-radar antenna separation

criteria, R = 2(Dy + Dp)?
N
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vhen a measurement accuracy of the order of +1 db is desired. Based
upon this quoted range separation criterion, test objects longer than
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1 foot in length coula not be measured in their specular aspect position
at the Hughes facility.

Symmetry tests were also perfo.med as & check on forward scatter,
ground-reflected interference. Several test objects were checked for
radar return symmetry in the azimuth plane, and a truncated cone target
(rotationally symnetrical abo.t its longitudinal axis) was checked for
radar return symmetry between the azimuth and elevation planes by
recording the return for both vertical and horizontal antenns
polarizations. In all cases good correlation was found between the
appropriate radar return data, indicating that a minimum amount of ground
reflection interference exists as a result of the absorbent fences and
geometry used for the range.

MEASUREMENTS PERFORMED

A wide variety of test object types has been measured at the Hughes
facility using a C-band measurement radar with a range resolution capa-
bility of better than 1 foot. Among the objects which have been measured
are spheres, cylinders, flat plates, truncated cones, and cone-spheres.
Included in this list of test objects are some bodies which were measured
with various radar-absortent and dielectric coatings. In general, good
agreement was found between the measurement data and the predicted major
scattering point contributions to the radar return. As might be expscted,
some unpredictable surface wave and dispersed returns were noted for tar-
gets with dielectric coastings, as well as those fabricated from a dielec-
tric material. Surface wave contributions to the radar return from several
of the test object geometries were noted., Some short pulse radar return
data tahen for two of the test objects, & truncated cone and A cone-sphere,
are shown in Figures 7 and 8.

Two short pulse radar return signatures from a truncated cone target
are shown in Figure 7. An experimental investigation was performed to
determine the origin of the extended return noted for a basic truncated
cone target. This extended return occurs in time beyond the last
geometrical target discontinuity which could produce a radar return.
After extensive experimental investigation, it was found that a piece
of hairflex microwave-absorbent material placed on the hidden back flat
plate surface would greatly reduce the magultude of this extended return.
An explanation for this return, which correlates well with the relative
time (range) displacement between the extended return and the target
geometry, is as follows: A surface wave is launched across the back
Tlat plate surface from the leading cone-flat plate interface. This
vave is then relaunched back toward the radar from the diametrically
opposite flat plate-cone interface. Placement of the hairflex on the
flat plete surface then has the effect of attenuating this surface wave.

The short pulse return from a full scale cone-sphere target at a
nose-on aspect is shown in Figure 8. Three radar returns are noted.
The middle return, as noted on the plot, is from a slurt vertical tie
member which was used in suspending the target. Thc¢ leading return is
from the cone tip and corresponds in magnitude to the return from a sphere
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with the same radius. The trailing return corresponds in time to the
return from a surlace wave vhich completely traverses the rear hemisphere
and is reradiated back toward the radar at either the cone-sphere
matching surface or is reradiated from the cone tip after traversing the
length of the cone. Since no return is initially noted from the cone-
sphere matching Jjunction (first-order matching was used), and assuming
reciprocity, the second explanation(wherein the surface wave traverses
the entire bcdy before re-radiation at the tip) appears the most plau-
sible. When the target's azmuth aspect angle is varied from nose-on,
the tip return remeins constant over a TO degree change in aspect angle,
vhereas tail return rapidly diminishes until it falls below a -50 dbasm
level at a l5-degree aspect angle.

15° FROM NOSE-.ON
0 ‘L

INCIDENCE, VERTICAL —ao~=w TRUNCATED CONE TARGET
ANTENNA POLARIZATION T .
) —~
ANTENNA BORESICHT AXIS |

i : HAIRF LEX
|
'
[}

/ RETURN WITH HAIRF LEX
—

sm)

-30

-50
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RALAR CROSS SECTION (&
a
=
-
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RELATIVE RANGE (FEET
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Figure 7. Truncated Cone Extended Return Experiments
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Figure 8. (one-Sphere Target Returm




RANGE FACILITIES FOR MEASURING RADAR CROSS
SECTIGNS OF LOW DENSITY SUPERSONIC PLASMA STREAMS

Allan I. Carswell ]

RCA Victor Research Laboratories i
RCA Victor Company, Ltd. ,
Montreal, Canada ‘

Redar measurements of bodies travelling at very high velocities in
the earth's atmoaphere are complicated by the plasma sheath and wake
whi~h are generated at the hypersonic aspeed. Since, in many oases, the
suav.ering from the plasma can be predominant in the radar return, it is
necessary {o understand the scattering charaoteristics of such a plasma E
flow-field if any meaningful information concerning the body itself 1s
to be extracted from the information conteined in the radar return. To
simulate such plasma systems for laboratory type range studies, it is, 1
in general, necessary to develop a facility which will provide an :
accessible and controllable supersonic plasma flow-field having para-
meters in the range of interest.

PPN Yrere]

s M.

A schematic view of a radio-frequency excited plasma tunnel con- k
structed for this purpose'’? is shown in Pig. 1. The system was ;
designed to provide supersonic, free-jet plasma flow streams with statio
pressures in the range from about 0.1 to 10 Torr. With the present
pumping system (approximately 2k0cfhnoapaoity) the lower portion of the
: pressure range is attained over a limited time Interval by using the
i system as a blow-down tunnel, At test-section pressures above about
' 0.3 Torr it is possible to run the system continuously, and operation
times up to several hours have introduced no major difficulties.

"y

bt mma kK

In order toc ensure gas purity (and to minimige stray microvave
reflections) the entire flow system, with the exception of the large tank,
- was conatructed of pyrex gless. Necessary metal flangea and couplings
were kept well removed from the region of the electrical discharge and
were left ungrounded to float at the plasma potential. 1In this way
contamination of the plasma stream by contact with metal surfaces waa
avoided.,

o Lot s s ik

In the present system a six-arm "cross" of standard pyrex tubing is
used for the test-section to provide a large and easily accessible test
region. There are two 4-inch, two 6-inch and two 9-inch diameter arms
as shown in Pig. 2. One of the 6=inch diameter arms is connected to a
6-inch diameter flow-pipe leading to the evacuation system. The remain-
ing five arms may be used for a variety of arrangements of nozzle
assemblies and diagnostic instrumentation, (e.g. optical and microwave
apparatus, probes and obstacles).
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The hizh-frequency rf field used for the plasma generation is
capacitively coupled® to the gas stream with two external oylindrical
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Figure 1. Schematic Diagram of the )'lasma Tupnel
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Figure 2. Side View of the Test-Section
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electrodes which are both located "upstream" from a protruding noszle
(Fig. 2)« The capacitive coupling provides a uniform excitation
across the gas stream and allows the size and position of the region
of exoitation to be easily controlled by the relative positions of the
two elesctrodes, By placing the electrodes as shown in Fig. 2, the
slectrical discharge is forced to pass through the nozgle and this
provides maximum excitation at the throat of the nogszle vhere the
oross~-section area is smallest. In addition, since both electrodes
are "unstream" from the exit of the protruding nogzle there is no
extraneous excitation of the ambient sas in the test section®.

Using this method of rf coupling, a rotatable nozgzls assembly has
been developed for the apparatus. With this assembly it is pcssible
to rotate the nozzle while the gas i3 flowing so that the plasma stream
can easily be positioned at any desired angle (about the axis of rota-
tion) with respect to the stationary -test-section.

In Fig. 2 the arrangement used for many recent back-scattering
meesurements is illustrated. 1In this diagram two nozzles are shown.
One of these (No. 2) is fixed in position and the other (No., 1) is free
to rotate about a vertical axis centred in the test-section. The gas
flow can be directed through either nozzle by external valves (not
shown) and the rf power can be applied through the appropriate pair of
electrodes (Ty and Tg, or T; and Tg)e. The rotational motion of the
noggle indicated in Fig. 2 is limited to an angle of approximately
40 degrees but other assemblies have been used which provide up to a
full 360 degrees rotation of the nozzle. The ability to rotate the
plasma stream within the fixed apparatus has proved to be of great
value in the microwave study of the plasma stream properties since the
aspect angle dependence of the “ack-scattering cross section of the
jet can be measured very readily with stationary microwave apparatus.

In addition to an unmodulated signal tho rf pl.sma generator can
be used to supply a signal which is amplitude modulated at audio
frequencies. The present unit can apply one hundred percent amplitude
modulation to the carrier signal over a frequency range from about
50c/sec to 4.5Ko/sec. In this way the intensity of ionization in
the plasma stream can be modulated at audio frequencies. This feature
has proved to be particularly useful for examining the microwave
scattering properties of the plasma stream. By modulating the plasma
(while using c.w. microwaves) and using detectors tuned to the same
frequency, it is possible to measure the microwave scattering from the

stream acourately even in the presence of stray scattering from the
apparatus (tunnel walls etc.).

Langmuir~type probes can be introduced from the bottom or end of
the test-section through vacuum seals in the metal plates as shomn in
Fig. 2. The O-ring seals permit both translation and rotation of the
probes so that any point in the plasma stream can be reachedq, 1In this
way a simultaneous comparison of the microwave acattering and probe
measurements can be made., The two 9~inch diametar ports in the test
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section are covered with transparent polystyrene plates and are util-
ized for microwave reflection and transmission studies of the plasma
stream. For the back-scattering (reflection) measurements, layers

; of microvwave absorber are inserted in the test=section as shown in

; Fig. 3.

Because of the many parameters involved in the desoription of the
partially ionized sas strean it is difficult to state "typical"
! conditions for the facility but in Table I a summary is given for
sample operating conditions for argon gas using a rotatsble nozzle
such as that shown in Fig. 2.

TABLE I - SAMPLE ARGON PL\SL.Y STRZAM PRODIRTIES

Discharge supply 1kw at 13,56 me/sec

Hozzle exit diameter 1.7cm

Mass flow rate 2.5cm/min

Test-section pressure 1.0Torr

Stream velocity ~ Jach 2

Degree of ionization 0.045

Gas temperature 750°K ’
Slectron temperature 6.5x 10* %k i
Electron density 1.5x 10'*/cc '

In addition to the system described above a two-phase (liquid- g
vapour) mercury plasma tunnel? of similar design has also been used to

i provide supersonic plasma jets with properties suitable for the
; scattering measurements.

Using these flow facilities microwave back-scattering measurements
have been carried out at 9.5, 24 and 35Gc. In all cases c.w. signals
(with and without audio frequency square wave modulation) have been
employed. A single horn transmitter-receiver configuration has been
used with directional couplers to sample the transmitted and reflected
signals, Measurements have been made with and without dielectric
(polystyrene) lenses to "shape" the microwave beam. For some investi-
gations the multiple probe system' developed in our laboratory has been
used to supply simultaneous measurements of both the amplitude and
phase of the back-scattered return. The design of the plasma tunnel
allows for the insertion of metal and dielectric cylinders (and spheres)
in place oI the plasma stream so that direct calibration and assessment

. of the microwave system can be affected using scatterers of known radar
¢ross section.
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Figure 3. Top View of the Teat-Section Showing
the Apparatus Arrangemeut Used for the Micro-
wave Back-Scattering Studies
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THE AVCO RAD VERTICAL RANGE

Joseph F. Clougherty, Group Leader
Avco RAD
Wilmington, Mass.

ABSTRACT

Presently existing radar cross-section measurement facilities are,
for the most part, of the horizontal range type. There are several
problems associated with the operation of a horizontal range which are
especially bothersome when making low radar cross-section measure-
menta. They are: (i) variation in illumination of the vehicle because of
the presence of ground reflections; (2) the possibility of illumination by
multiple scattering; (3) the '""background' problem, i.e., the level of the
return from the target support when the target is not present. In rmany
cases, the radar cross-section of the target support can equal or exceed
the return from the target whose ragar cross-section is to be measured.
The Avco RAD full-ecale vertical radar cross-section range which will
be described is felt to offer the solution to these problems.

1. DESCRIPTION OF FACILiTY (MECHANICAL)

An aerial photograph of the Avco RAD vertical range is shown in
figure 1. The facility consists of three 400 foot towers equiangularly
spaced on the circumference of a circle of 388 foot radius. The trian-
gular platform from which the target is suspended is supported by means
of three steel cables extending from the vertices of the triangle to the
tops of the towers. An allowable cable sag of 50 feet is required in order
to accommodate the combined w.ight of the platform and vehicle which can
be as great as 4,800 lbs. The weight of the triangular platform is 2, 300
lbs. which permits the handling of a vehicle weighing up to 2,500 1bs. The
triangular platform is equilateral, being 60 feet on a side. The vehicle
whose radar cross-section is to be measured is supported by means of
three dacron cords extending from the vertices of the triangle to the rear
of the vehicle. The length of these cords is 65 feet, permitting the vehicle
to be suspended 50 feet below the level of the platform, 300 feet in the air.
These ropes, when under tension, are at an angle of 55.3 degrees with
respect to the plane of the incident wavefront. The diameter of the dacron
cords is determined by the weight of the vehicle whose radar cross-section
18 to be measured. Five sixteenths of an inch diameter rope can be used
to support a 1,000 pound vehicle with a safety factor of 7. Tbe triangular
platform from which the vehicle is suspended is raised and lowered by

means of a hydraulic lift located immediately adjacent to the tower shown
in the left side of the photograph.
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Angular rotation of the vehicle whose radar cross-section is to be
measured is accomplished by means of a remotely controlled motorized
winch assembly located within the platform structure. When making radar
cross-section measurements with experimental vehicles, two small holes,
diametrically opposed, are drilled well forward of the center of gravity of
the vehicle. A unique type of plastic collet permits ''"quick-connect'' and ‘!

' quick-disconnect '‘‘operation without having to go inside the vehicle. l
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Figure A-1 AVCO RAD FULL-SCALE RADAR CROSS SECTION RANGCE
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In this type of suspension system the rope knots are internal to the
vehicle. For those vehicles which do not permit the drilling of holes,

it is necessary to use a plastic strap around the vehicle. The strap is
restrained from slipping from the nose by means of two loops around

the strap which are extended to the rear of the vehicle and tied. In
either case, the two front ropes extend from the vehicle to two pulleys
located at the midpoints of two adjacent sides of the large (60 feet on a
side) equilateral triangle. These two ropes then extend parallel to the
sides (30 feet in length) of an inner triangle used for mechanical support.
The ropes are then joined at the midpoint of the third side of the platform
whereupon they are drawn in by means of the motorized winch assembly.

The originally conceived method of obtaining angular information was
to mount a pendulum box within the vehicle. Angular information is fed
from the rear of the vehicle by means of a cable extending verticzlly to
the platform, along one of the steel cables used to support the platform,
down the tower, and finally along the ground to the recorder. Subsequent
radar cross-section measurements made at UHF and lL.-band frequencies
both with and without the cable indicate that the presence of the cable has
no measurable effect upon the pattern. At C- and X-band frequencies,
however, the return from this '""messenger'' cable is extremely high and
a different approach must be used. The presently used method of obtain-
ind data at C- and X-band frequencies is to use the aystern to obtain an
analog plot of aspect angle versus time. Next, the cable is disconnected
and a radar cross-section measurement is made as a function of time.
Finally the time is eliminzted to obtain the plot of radar cross-scction
versus aspect angle. This method of obtaining the data is tedious and
time-consuming. Present plans call for the incorporation of a function
generator and a curve follower into the system. The output of the curve
follower will be used to drive the servo which in turn drives the x-axis
of the recorder.

With regard to the effect of the wind velocity on model stability, cal-
culations show that stability is dependent upon the vehicle weight and
shape in addition to the wind velocity. These calculations show that a
500 1b. vehicle will remain stable to within a quarter of a degree when
subjected to 15 m.p.h. winds.

2. DESCRIPTION OF FACILITY (ELECTRONIC)
When ''looking'' vertically at the target with a narrow pulse width radar
atilizing 2 range-gated receiver, it is possible to obtain return from any

object located within a hemispherical shell whose width is equal to :he range
gate and whose effective radius is the distance from the antenna to the target.
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Included in this problem is the possibility of ground return from a circ :lar
annulus of the same dimensions as the hemispherical shell being pick:d
up on antenna side lobes. This problem has been eliminated by the er« .-
tion of a circular cylinder of screening of 70 feet radius and 15 feet height.
The radius of the cylinder is great enough to prevent improper illumination
of the target, e.g., reflection of antenna side-lobe energy from the screen
to the target, since the range-gate used is only 50 nanoseconds wide. Also,
the fence height is great enough to ''mask-out'’ any ground return from the
annulus which might occur during the range gate. There is some return
from the screening but it can be separated from the target return in time.
Thus, th= only return that can occur during the range gate is that from the
target plus support cords which make an angle of 55.3° with respect to the
plane of the incident wave front.

Background measurements have been made. The vehicle support system
was simulated by running three ropes from the vertices of the platform to
tie points on the round so located that the support lines would intersect at a
point 50 feet below the level of the platform. Measurements made at UHF,
L, and C-band frequencies indicate that the background is better than 60 db
below a square meter.

Radar operation ie the same at all four frequencieg. In order to obtain
truly monostatic radar cross-section data only one antenna is used. The
output of the transmitter is fed to a horn antenna by way of a four port cir-
culator. The return signal enters the same horn and travels to the receiver
arm of the circulator. A horn antenna is used in preference to a paraboloid
for two reasons: (1) it is possible to obtain a better broadband VSWR with a
horn, thereby minimizing transmission line ringing problems; (2) if a para-
boloid were used there would be a great deal of '"'spillover' illuminating the
ground and various objects in the vicinity of the antenna, thereby causing
unwanied clutter.

All of the existing systems operate over a 160 db dynamic range, i.e.,
the minimum detectable signal level is approximately 160 db below the

level of the transmitter output. Since the return signal occurs approximately

650 nanoseconds after transmisseion, it is imperative that a TR tube with
extremely rapid recovery time be used both to protect the receiver during
the period of transmission and to be ''wide-open'' during the time of recep-
tion of the return signal. This is accomplished at L-band by the use of a
solid state self-biasing limiter used in conjunction with a tunnel diode amp-
lifier. At UHF only the tunnel diode amplifier is used. At C- and X-bands

TWT pre-amplifiers are used. In addition to their performance as TR tubes,

these low noise pre-amplifiers essentially "mask’' the conversion losses
associated with the various mixers, thereby yielding a low overall system
noise figure.
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In the original design of the range, primary emphasis was placed on a
low background range employing an L.-band radar. At the time considera-
tion was given to the possibility of making radar cross-section measure-
ments with a pulse width as narrow as 10 nanoseconds which requires a
receiver bandwidth of 190 mc/s. For this reason, it was decided to am-
plify the return signal at the RF frequency rather than to use the standard
superheterodyne technique where the RF signal is converted to a signal in
the intermediate frequency range, usually 30 to 60 mc/s. In order to
obtain full utilization of this receiver, mixers are incorporated into the
UHF, C-, and X-band radars to convert the return signal to the L-band
frequencies.

The system capabilities are tabulated below.

A. Mechanical Characteristics

1. Maximum target weight - 2,500 pounds

2. Maximum target length - There is no physical limitation other
than satisfying far-field requirements and the pulse width problem.

3. Antenna - target separation - 300 feet.

4. Angular coverage - 120° from nose-on. In order to obtain this
coverage, one measurement is made from nose-on to 120° from nose-on.
The vehicle is then rotated 180° about its roll-axis and the measurement
is repeated.

5. Transmitted polarization - any linear.

6. Received polarization - any linear.

7. Target aspect angle accuracy - 1° with servo system; 2° when
using the independent calibration prior to radar cross-section measure-

ment.

B. Electrical Characteristics

1. Frequency - 300 to 500 mc/s (tunable)
1.32 to 1.44 Gc /s (tunable)
5.4 Gec/s (fixed)
9.375 Ge/s (fixed)




oul

2. Transmitter pulse width - 40 nanoseconds.

3. Range gate width - 50 nanoseconds.

4. Pulse repetition frequency - 1,000 pps.

5. Antenna gain - 15 db at UHF. i
23 db at L-band. ' |
23 db at C-band. |
23 db at ."-band.

6. Calibration accuracy - 1 db.
7. Equivalent noise level of the receiver at 300 feet range

1078 square meters at UHF

10-8 square metcre at L-band
10~7 square meters at C-band
107" square meters at X-band.

8. Measured vaiue of background (with support ropes)

10°% square meters at UHF (-60 dbsm)

3x10-7 square metere at L.-band (-65 dbem)
3x10”7 square meters at C-band (-65 dbsm)
2.5x10"7 square meters at X-band (~66 dbsm)




; THE RADAR REFLECTIVITY MEASUREMENT FACILITY AT
; ELECTRONIC SPACE STRUCTURES CORPORATION

i Albert Cohen, Senior Engineer
; Adam P, Smolski, Engineer

Eluctronic Space Structuces Corporation
West Concord, Massachusetts

GENERAL DESCRIPTION

Introduction

The Electronic Space Structures Corporation's antenna and radar
refiectivity measurement facility is located on a 20 acre tract of land
in West Concord, Massachusetts, The dominating feature of the ESSCO
facility is the ground plane range. This range is approximately 2000
feet long, 400 feet wide, and is graded to a true plane, The ground- :
plane technique essentially eliminates the deleterious effect of random '
reflections commonly observed in the general antenna test facilityl. i
For the ground level case, the transmit-receive antennas and targets !
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are located proximate to ground at that height where the direct ray and
: : reflected ray combine to produce the maximum of the interference

: i pattern. With '"free-space'" conditions thus simulated and terrain !
problems either eliminated or under direct control, advantageous in- ’
strumentation techniques can be applied and excellent measurements can
be made.
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General Characteristics

The large area of the test site makes it especially attractive
for the measurement of full scale targets as well as frequency scaled
models. The length of the range is variable with a maximum length of ]
approximately 1800 feet. A 100 nanosecond transmitter pulse width is
presently employed in conjunction with a 100 nanosecond variable range
gate pulse width, The range of the receiver gate is adjustable from
300 feet to over 2000 feet. Targets and target support columns are
fastened to an azimuth rotator which is recessed into the ground so
that the turntable top can be at or below the ground plane level, This
recessed rotator is another important and desirable feature of this type
of range in that minimizing the reflections from the target support
column 18 the only primary concern, Tapered styrofoam columns are
used as the target supports and at present reflections from these i
columns are the limiting component of background return. This i{s in '
contrast to attempting to eliminate the reflections from the combina-
tion of tower, pedestal, azimuth rotator and target support columns
as would be experienced on a so-called "high level" range.
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The measuring system is presently monostatic, although bi-static
measurements could be readily instrumented. Target positioning and




rotation are remotely controlled from the reflectivity instrumentation
congole located adjaceat to the transmit-receive parabolic antennas.
These antennas are housed in a cubicle adjacent to the transmit-
receive control room. One side of the cubicle is a metal "roll-up"
door which is automatically raised when measurements are in process.
Particulars of the overall facility are as follows:

: 1, Frequency Range -- Typical Band 8,2 - 12,4 gc. Tane
: equipment is designed so that only the RF sections of the reflectivity
congole need be changed if operation at other frequencies is desired,
2. Background Level -- 107 - 107% 2%, ac present the
background return is limited by target support considerations, Without
target supports, the return from the ground plane, over the area com-
parable to the pulse width, cannot be observed because of power limi-
tations., If and when the return from the ground-plane becomes limiting,
special grading or paving techniques over the area comparable tec the
pulse, in conjunction with naErow pulse widths, can be employed to
furcther reduce the background<,

3. Pulse Width -- 100 nanoseconds.
4., Pulse Repetition Frequency -- 24 kc,
5. Power -- 500 m w peak.

6. Polarization -- Linear horizontal, linear vertical,
circular for grazing angles of approximately 1° or less.

X 7. Receiver Sensitivity -- -110 dbm.
8. Receiver Bandwidth -- 10 mc.
9. Dynamic Range -- 60 db,
10. Receiver Range Gate -- variable 300 feet to > 2000 feet,
11, Max{imum Target Weight -- 2000 lbs,
12, Target Support -- For light targets a tapered styrofoam
column is used, For heavy targets a metal support is ugsed with a
specially designed baffle of absorbing material,

13, Azimuth Resolution -- ,05° (aynchro readout)

14, Data Forms -- Analog rectangular plot and/or data may
be recorded on magnetic tape using an FM recording process.

Measurement Technique

The measurement technique adhered to in all reflectivity
measurements is outlined below,
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l. A standard reference splere is positioned on a tapered
styrofoam column attached to the ground flush-mounted rotator. The
tranemit-receive antenna is then adjusted to the proper height and the
cross section data recorded,

2, The entire 60 db dymamic range is calibrated in 5 db
steps.

3. If magnetic tape recordings are required, the recorder
is calibrated so that its + 1.5 vdc input will coincide with the input

to the chart recorder with respect to target aspect angle and signal
levels,

\ e G e . TP A B e Y R

4. The target is revolved through at least two complete
revolutions (720°) in order to demonstrate the data repeatability.

5. The standard reference sphere is again measured as in
(1) above as a check cn long term stability of the measuring system,

MEASUREMENT PROGRAMS

Range Evaluation

Initially a comprehensive range evaluation program was con-
ducted to determine background levels and also to see 1if there were
any undesirable effects in using e ground plaie range for cross sec=
tion measurements. Upon completion of this program it was evident
that the advantages of a ground-plane range as used in measuring con-
ventional antenna parameters were also applicable to radar reflecti=
vity measurements,

"j
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1. Sphere Measurements. Spheres varying in size from
approximately .05m% to .3m were measured. All of the measured
values were in excellent agreement with calculated values,

2. Cylinder Measurements. In order to check the effects .
of the separation distance between the transmit-receive antenna and !
targets, a series of measurements were conducted using eight inch
diameter cylinders. The lengths measured were 5, 10, 15, 20, 25, and
30 feet., The measurements were taken at X-Band at a range of approxi-
mately 1800 feet. The results indicated that if a minimum separation
of 1.6 D“/A 1s used, the measured values will have excellent agree-
ment with calculated values. As the separation distance decreases
below this limit, the target return decreases. For example, thg
broadside return of the cylinder target 30 feet in length (0.2D“/A)
measured 7.5 db lower than the calculated value,

i b ks W e 3P T A e an e

Typical Measurement Project

The cross section return as a function of aspect angle of
various full scale satellite models such as the Tiros, Nimbus, Sputnik,
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lunik, and Vostok II, were measured, The measurements were performed at
the X-Band frequency for both vertical and horizontal polarization. The
range length was approximately 1800 Zeet. Target sizes varied from a

few feet in diameter (Tiros) to approximately eight feet in diameter and
thirty feet long (Vostok II). Target weights averaged about 300 lbs,
Analog rectangular and magnetic tape recordings of the target cross
section returns as a function of aspect angle were compiled. The dynamic
range was 60 db. At various aspect angles where the target configuration
was such as to allow approximate calculatione, the measured cross section
return agreed very closely with the calculated values.

CONCLUDING COMMENT

The experience gained on the Electronic Space Structures Corporation
i ground-plane reflectivity range reinforces the high performance expecta-
tion for this type of facility. Within the range's physical limitationms, !

excellent measurements can be made for full scale as well as model tar-
gets. A carefully conducted experimental program is needed to determine
the ultimste utility of the ground-plane range technique,
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AERONUTRONIC MICROWAVE REFLECTIVITY FACILITY

Harold G. Collins, Research and Development Engineer
Aeronutronic Division of Philco Corporation
Newport Beach, California

ABSTRACT

This paper describes an indoor anechoi. chamber measurement site and
accompanying instrumentation. A microwave system, its measurement
accuracy, and results of facility performance are also presented.

INTRODUCTION

In the following discussion, the Aeronutronic Microwave Reflectivity
Faci'ity is described which features an integrated instrumentation system
and microwave anechoic chamber. Measurement instrumentation presently
includes L- and C-bands. Included is the predicted accuracy of the
measurement facility.

The facility is concerned primarily with the monostatic type of
cross section measurement. Investigations involve measurements of
scale models as well as full scale targets. Targets, however, are
limited in physical size and weight. Some results of performance are
also illustrated.

THE MEASUREMENT SITE

The site for radar cross section measurements is a microwave anechoic
chamber, 18 ft. wide x 18 ft. high x 70 ft. long! combined with an
adjoining operations room. The chamber utilizes the longitudinal baffle
concept. The canted surfaces of the overhead, deck and three walls are
covered with a lightweight artificial dielectric loaded flexible foam
material.2 The transmitter end wall is covered with lightweight rigid
foam block absorber material.? The flexible foam exhibits a power
reflectivity of about 0.01 percent or -40 db through Kz band, and
gradually diminishing to -30 db at L band. The rigid foam absorber
functions over a broad frequency range with nominal power reflectivity
of 1.0 percent or -20 db. Figure 1 shows an internal view of the chamber
looking toward the transmitter end wall, as technicians position a
precision calibration sphere atop an electrically rotated styrofoam
column. The chamber is designed to exhibit low reflectivity.

The design of the chamber 1is such as to produce a cylindrical
quiet zone about the longitudinal axis of the chamber. Tests conducted
in evaluating its performance indicate an overall quiet-zone reflectivity
level of nearly -~55 db within a three and one-half foot diameter cylindrical
zone at 2.6 Kmc. This level was measured using the pattern comparison
technique.4 The technique is one of several methods of evaluating a
microwave anechoic chamber. Quiet-zone reflectivity is defined as the

233




S aaadi e

FIGURE 1. INTERNAL VIEW OF THE ANECHOIC CHAMBER.
TECHNICIANS POSITION A PRECISION CALIBRATION SPHERE

ATOP AN ELECTRICALLY ROTATEOD STYROFOAM COLUMN.



ratio of reflected power density to direct transmitted power density in
é the specified zone under a condition of one way energy propagation between
transmitting and receiving antennas.> In addition, the chamber equivalent ’ 3
radar cross section is exceedingly small. The measured value is .00l M2 ;
at a target distance of 50 feet, which is8 equivalent to 0.00006 M2 at a 1
target distance of 25 feet. The chamber equivalent radar cross section
is defined as the apparent 'background" cross section in square meters at
a specified target distance. Typical transmitting and receiving antennas
are arranged as for the measurement of a target, but no target is in
position. Thus, use of a microwave darkroom for measurement of radar
cross section characteristics of a target implies two-way propagation.

o vl
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i MEASUREMENT INSTRUMENTATION

The adjoining operations room houses the instrumentation equipment
and provides personnel work areas. The facility is presently instrumented
for CW operation at C- and L-bands. Instrumentation at other bands is
planned and will be carried out in the future.

o sl et

The limit of measurement of cross section is determined by the
transmitter power ocutput and the detection sensitivity of the device
employed as the r-f detector. The detection sensitivity is ultimately
limited at the level of the equivalent input noise of the receiving device.
A receiver-recorder combination is provided as the r-f detector. Hence,
for a given transmitter-receiver combination, the lower limit is determined

by the resultant equivalent radar cross section of the receiving system
noise.

To achieve the greatest capability from the measurement facility,
some means must be incorporated to provida maximum signal isolation
between the transmitter and receiver. The tranumitter signal as well as
an extraneous reflected background signal from the target environment into
the receiver must be reduced to below the equivalent input noise of the
receiver. There are two conventional wave guide configurations employed
for this purpose: (1) the two-antenna wave guide system, (2) the single-
antenna wave guide system. Either miy be employed in measurement of
monostatic radar cross section.

Trangmitting and Receiving Equipment

The transmitter output power generally will range from 100 mw
to perhaps 10 watts depending on frequency of operation, system losses
encountered, minimum cross section requirements, antenna gain, target
distance, and error limitations. For C-band ogeration, the signal source
provides 100 mw output power at a frequency of 5.6 Kme.

The r-f detector is a receiving bystem which includes a wide range
superheterodyne receiver and rectangular coordinate pattern recorder. The
receiver cperates over a dynamic range of 40 db with linear deviation of
less than ! db, and fulfills all requirements of a receiver in a measuremeat
system over an operating range of 30 Mc - 75 Kmc. The receiver-recorder
combination provides a detection sensitivity of -100 dbm at 5.6 Kmc.
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ACCURACY OF THE MEASUREMENT FACILITY SYSTEM

Recorder error and receiver non-linearity in combination is shown
to be less than 0.25 db over the operating range. This test is performed
with precision step attenuators in the receiver i-f. Additional uncertainty
is allowed due to errors within the instrumentation equipment. Thus, a
value of 0.5 db is taken in addition to the error that arises from measurement
of a target in the presence of residual background g@7.

Figure 2 illustrates the error for levels of cross section with a
random noise (incoherent) background ¢~,. This indicates the expected
accuracy in which the described C-band system can measure target radar
cross section with receiving system noise as the residual background.

It is interesting to note the decrease in measurement accuracy of a
given target level with increase in residual background level. Figure 3
illustrates the error for levels of cross section & with single frequency
coherent residual background J7%. Hence, if the residual background changes
from the initial incoherent to coherent state with a 10 db change in
level, then the error for a given target cross section can be expected to
lie within the values given in Figures 2 and 3. One can see the
desirability of reducing the coherent signal into the receiver noise and
maintaining this condition during the measurement period. This shows the
necessity for good signal source frequency stability and controlled
environment of wave guide circuits in regard to temperature and mechanical
stability.

FACILITY PERFORMANCE

The dynamic recorded range of received signal power is calibrated by
a target of known radar cross section which provides an absolute reference
calibration. Various precision spheres ranging in size up to 24 {nches in
diameter are used to establish the absolute response of recorded patterns
for both horizontal and vertical polarizations. The values of radar cross
section are expressed in square meters (M2) . Recorded patterns are scaled
linearly in db.

Targets evalnated to date have shown that cross sections can be
measured to within the predicted accuracies indicated in Figure 2. For
example, a cross section of 0.001 M2 can be measured with an uncertainty
of less than 1 db. A current program includes effort to produce measurements
of 0.0001 M? targets with an accuracy of 1 db. The success of techniques
used is demonstrated by the mirror symmetry of the cylinder response
pattern shown in Figure 4, The cylinder, 16 inches long by 0.5 inches in
diameter, was illuminated by horizontally polarized C-band energy at a
range of 25 feet., The response of a 2.02 inch diameter flat plate shown
in Figure 5 was measured at a range of 15 feet at C-band.

236




Cr e e e ——————

t
, P 0.0 EXPECTED ERROR
: ' /0, ERROR DUE TO O, TN
‘ i
: ! 0.015 M2 0.0001 0.1 db 0.5 db
i
. : 0.001 M2 0.0015 0.2db 0.7 db
¥
' i
: 0.00025 M2 0.006 0.5 db 1.04db
!
: 0.00005 M2 0.03 1.0 db 1.5 db
t
0.00002 M2 0.08 1.5 2.0 db

\ FIGURE 2. OVERALL ERROR OF C-BAND SYSTEM FOR GIVEN LEVELS OF 0'
: WITH A RANDOM NOISE RESIOUAL BACKGROUND

’ o a. /0 R EXPECTED ERROR

4 0.15 M2 0.0001 0.1 db 0.5 dv

é

. 0.005 M2 0.003 0.5 db 1.0db
0.0015 M2 0.01 1.0 db 1.5 db

;

i 0.0005 M2 0.028 1.5 db 2.0 db
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FIGURE 3. OVERALL ERROR OF C-BAND SYSTEM FOR GIVEN LEVELS OF O,
WITH A SINGLE FREQUENCY RESIDUAL BACKGROUND
5 10 db ABOVE RECEIVER-RECORDER EQUIVALENT INPUT NOISE.
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FIGURE 4. RESPONSE PATTERN OF CYLINDER 16 IN. LONG x 0.5 IN. IN DIAMETER. CYLINDER
IS HORIZONTALLY MOUNTED AT A DISTANCE OF 25 FEET AND ROTATED THRU ASPECT OF 360° i
FREQUENCY - 5650 mc.; POLARIZATION - HORIZONTAL; CALIBRATION STANDARD - 12 IN. SPHERE. i
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FIGURE 5. RESPONSE PATTERN OF CYRCULAR FLATPLATE 2.02 IN, IN DIAMETER. DISC IS
MEASURED AT A DISTANCE OF 15 FT. AND ROTATED THRU ASPECT OF 350° FREQUENCY
- 5650 mc.; POLAR. - YERTICAL; CALIBRATION STANDARD - 12 IN. SPHERE.
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MILLIMETRE WAVE SHORT PULSE RADARS FOR
INDOOR ECHOING AREA MEASUREMENTS

L. A. Cram
E.M.1. Electronics Ltd.

Hayes, Middx, England
ABSTRACT
A brief description is given of equipment used for measuring radar echoing area by
modelling methods. Pulse radars at 8.6 mm. and 2t 4.3 mm. are used indoors to measure
echoes from models up to 10 feet in excent. Nylon strings support the model from a
gantry structure by means of which che reflector may be rotated. Bistatic and monostatic

measuremcnts are possible. Calibrstion is against a sphere. Seasitivity is to 1/30 square
wavelengths at 8.6 mm. and 6 square wavelengths at 4.3 om.

INTRODUCTION

Model radar equipments have been made at wavelengths of 8.6 mm. and 4.3 mm These
are pulse radars and use 250S R.F. pulses to illuminate a volume of about 10 feet cude
ac a range of about 45 feet. With the 8.6 mm. equipment a minimum detectable reflecting
arca of 0.03 A° has been achieved in this volume of 1,000 cu. feet. Reflecting models
have included simple geometrical shapes as well as models of aircrafe made from metal
or metalised wood. Nylon strings are used for model suppore and facilities are available
for varying a model's attitude and for rotating it on a vertical axis. Some data has been
obtained on reflections from suspension strings.

The equipment is used indoors and interfering reflections from the building are avoided
by the comtination of aerial polar diagrams and range gating.

8.6 mm. RADAR SYSTEMS

The radar operotes at 35 Gc/s and uses 25nS pulses at 500 p.p.s. Separate lens

aerials are used for transmission und reception so that bistatic measurements are possible.

However, the receiver can be used quite adjacent to the transmitter so as o0 effectively
simulate monostatic operation.

TRANSNITTER

A Q-band magnetron type VX 5027 made by E.M.1. is used and delivers 20k¥ peak
power. A Blumlein modulacor was originally used with a thyratron but this has now been
replaced by a hard valve modulator using two tetrodes in parallel (Type C 1149 by Eaglish
Electric). This produces an R.F. pulse with 1%4nS rise time, 25nS flat top, sad 1208
fall time.

RECEIVER

The receiver usee a supetheterodyne circuit with 4,000 Mc/s LLF. frequeacy. The
focal oscillator is & klystron (E.N.I. R 9521) and is wned to 39 Gc/s. The high
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intermediate frequency was chosen to simplify the avoidance of gating pulse transients.
Two travelling wave tubes comprise the I.F. amplifier. These sre W 9/2 E (9dB noise
factor) aad W 7/4 G - both by S.T.C. Range gating is applied at the first TWA with a
5005 pulse on its anode. This provides 80dB attenuation outside the gating period aad
some compensation for R4 within the gate. Pandwiddh is limited to 50 Mc/s by a 3 sec-
tion post filter in waveguide. The detected output is displayed on a travelling wave
oscilloscope for monitoring. It is also fed to a pulse stretching amplifier and feeds

both a roll chare recorder and a pulse heighe analyser with dekawron display. The dekatron
display is photographed ac intervals to simplify the plotting of echoing area probability
curves.

AERIALS

Sepacate aerials are used for transmission and for reception and these consist of
identical lenses illuminated by the main lobe and by part of the first side lobes of the
feed horns. This provides a flat pactern with less than 1%dB change over a region 12°
2 12° thus giving less than 3dB change in radar response over a region 9 ft. x 9 fe. at
45 ft. runge. The patcem falls off fairly rapidly at greater angles so that at 12° off axis
the return signal is 40dB down. Since the radar homs are mounted about 4% feec from the
floor and are aimed 10° upwards at the target this sharp cut off protects against reflec-
tions fiom the concrete floor or from the roof. Reflections from the gantry which suppores
the mode] and from the back walls and most of the roof are prevented by the range gating
which provides a working region 12 feet in length along the beam axis in which the sen-
sitivity changes by only 1dB.

CALIBRATION

The output signal level is recorded with a range of only 12dB. For greater excursions
than this the experiment is repeated with a different setting of micrcwave artenuation to
permit examination of che troughs or the peaks of the pattem. Repetitions without
attcenvacion change give identical records. The microwave attenuacor is of the rotating
type and is highly reliable. Consequently, calibtation is done with a single sphere of
20 square cms. echoing area which is suspended in the centre of the radar beam and
range gate. A number of attenuator setsings at 14B intervals are then used to wark the
record with different equivalent echoing areas. A very convenient secondary calibration
is also available in the form of a fraction of power bled from the transmitter by a 33dB
directionsl coupler and fed via a 90nS microwave delay line (60 feet of WG 22). This
signal then couples through a calibrated attenuator to a microwave switca. The mechani-
cal operation of this switch substitutes the secondery calibration signal for the signal
from the acrial to the receiver. This secondary siandard is used ac intervals throughout
an experiment.
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NODEL CONTROL

The model is supported on nylon striags from pulleys in the eads of a craciform. A
string from one point of the model passes over the pulley and down to the opposite ex-
tremity of the model. The pulleys are motorised and may be opetated from the ground to
set the model at any attitude without altering its height. The cruciform can be rotated
coatinuously on & vertical axis to rotate the model. Translation of the model in a hori-
zoatal plane is alsc possible because the cruciform is mounted on a railway which is
itself mounted on an orthogonal railway in the roof. Provision has been made on the
main translational control for smooth acceleration and deceleration so that smovth model
motion can be obtained for projected coherent work. All control is done from the ground.
In rotational trials, marker signals are previded for the records at 5° intervals. In trans-
lational motion, markers are available at 1 ft. intervals.

NYLON STRINGS

H-plane and E-plane reflections from nylon strings of different breaking strains were
measured. For the 1mm. diameter 60 lbs. swing the E-plane echo was 40 sq. cms. but
this was mainly specular and could be reduced 20dB by ensuring thac the first normal
Fresnel zone did not lie in the string. Stringing with this angular restriction has proved
satisfactory for much of the work and permits a fairly rigid mounting with negligible os-
cillation of the model during rotation. If horizontal polarization is permissible then some
6dB furcher reduction is achievable while a string of half the breaking straia gives yet
another 6dB reduction in reflection.

PERFORMANCE

The radar loop loss is 140dB and provides a detectivity of 1.6 square millimetres at
14 metres range. This is equivalent to 1/30 square wavelengths. No attempt has been
made to improve on this. In rotating a model to plot its radar cross section one rotation
takes 150 seconds. The chart recorder usually used has 50 ¢/s bandwidth 2nd conse-
quently gives data every 3 minutes of arc representing the integration of 10 echo pulses
from che 500 p.p.s. radar.

4.3 mm. RADAR SYSTEMNS

The 70 Gc/s radar has similar specifications to the 35 Gc/s radar and uses the same
modulation and aerial diagram.

The 4 Ge/s LLF. is retained and to provide this the 8 mm. klystron is tuned to 38Gc/s
and is used to drive a harmonic mixer. A loop loss of 114dB is achieved with 1k¥
radiaced from the transmitter and this provides a detectivity of 6 square wavelengths or

104 sq metres.  This detectivity is ample for some purposes but it is proposed to in-
crease the Joop loss by 20dB for other applications, by increasing the transmitier power
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and by using a 74 Gc/s klystron with direce mixing.
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THE LINCOLN LABORATORY MODEL BACKSCATTIER RANGE

P. C. Fritsch, D. F. Sedivec, A. J. Yakutis
M.I.T. Lincoln laboratory

ABSTRACT
The Lincoln Laboratory Range houses two major equipments in a room a lictle over
100 feet long, viz., a K, band C. W. radar and a K, band short pulse radar. Special
emphasis has been givea to the development of precise methods of measuring very low
values of radar cross sectioa.

e 0 00

The Lincoln Iaboratory model backscatter range was set up in 1961
under the aegis of the BMRS (Ballist‘c Missile Re-entry Systems) program
in order to supply that program with valid data on the radar scattering
cross section (RCS) of a variety of objects. Its main interests have
been in the measurement of low cross section obJects and in the develop-
ment of cross section measuring techniques.

The lsboratory operation to date has been a complete success in
acquainting us with the complexities of RCS measurement and related
problems, such as operation of a specialized machine shop, optical tool-
ing and aligmment techniques, and digital computer data processing. Al-
though only a modest effort, (at least in terms of man power) we feel
that in addition our range has already made some novel contribution to
RCS measurements techaiques; many new concepts remain to be explored.

While the LKCS range itself constitutes a more or less conventional
indoor model facility, the personnel involved have also been called upon
to carry out logically related tasks on behalf of the U. S. Air Force.
These have included technical consultations for Project RATSCAT (a full
scale RCS range), and periodic surveys of RCS facilities in the U. S.
and abroad. Sponsorship by Lincoln laboratory of this Symposium is also
a consequence of the experiences with our RCS laborsatory.

Despite the attraction of other sites, such as penthouse areas and
qQuiet field stations, it was decided early to locate the RCS laboratory
vithin the main complex of Lincoln Laboratory for easy access from and
to the many other liaboratory facilities. Located in a high-bay basement
area, the laboratory is 113 feet long, by about 20 feet wide and 12 feet
high. Anechoic chambers have been constructed at each emd (Fig. 1), while
work benches, desks, and test equipment are located along the side walls.
Operationally, the area is divided into a 35 foot long Ky band C.W. radar
range, and a 70 foot long K, band pulsed radar range.

To date, virtually all measurement work has been carried out by means

of the C.W. radar. Operating at a fixed frequency near 35 Ge¢, this equip-

*Operated with support fram the U. S. Air Force.
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ment consists of a 1 watt transmitting tube and a local oscillator. These
two sources are offset 30 megacycles above and below the nominal operating
frequency, respectively; thus, on mixing, they result in an intermediate
frequency, of 60 mc. Both the r.f. and i.f. are derived from and con-
tinually compared to a 5 me crystal controlled oscillator by means of

a series of phase-locked multiplier circuits. The 5 mc oscillator and
most of the multiplier circuits up to 1000 mc are commercial equipment;

a "times 35" crystal multiplier mounted in K, band waveguide and all

other waveguide circuitry were comstructed at our laboratory.

The 35.03 Gc signal from the transmitter tube is radiated via a lens-
corrected conical horn, and received, after reflection fram a target, by
a near-by receiving antenna of similar construction. Mixing with the
34.97 Ge local oscillator signal produces a 60 me i.f., which is divided
into two parts. One portion forms the input to a logarithmic amplifier
(successive detection type) for amplitude measurement, the other portion
is clipped in a limiting amplifier for subsequent processing by a phase
detector. Particular attention is drawn to the "balancing branch”, by
weans of which a small portion of the transmitter signal can be withdrawn
before it reaches the antenns, modified in amplitude und phase, and in-
Jected at the receiver input in parallel with the signal received from
the target through the receiving antenna. This device is used to "cancel
the background": in the absence of the test target, the radar still re-
ceives a certain signal due principally to reflections from the anechoic
chamber, the target support, and the rest of the enviromment. The balanc-
ing branch is then used to generate a signal of equal amplitude but opposite
phase to cancel the background signal as seen at the recelver input terminals.
Since the target is many wavelengths distant, it 1s easy to see that any
frequency cdrift on the part of the transmitter would make the cancellaticn
& very phase sensitive operation, which is the main reason for phase locking
both transmitter and local oscillator. With a two antenne system as described
above, we have succeeded in cancelling the background signal to below the
noise level of the receiver for fractions of an hour at a time (amounting,
in other temms, t< -irtual isolation between receiver and transmitter in
excess of 11C db).

Ordinarily, the targets meagsured by use of the Ka band radar are placed
on s styrofoam column S5 to 10 feet in front of the antennas. Typical targets
have been up to 6 inches loug and weighing a faw pounds. The column stands
on a rotator which permits control of the azimuth angle of the target. Both
that angle and the corresponding emplitude are recorded using Scientifice
Atlanta antenna pattern recorders. More sophisticated support and data re-
cording systems are described elsewhere in this Symposium Record.

The two antennas, being conical horns, are inheremtly capaeble of supporting
any polarization. Duale-linear and dual-circular polarization transducers,
which can be coupled directly to the horms, have been constructed to take
advantage of this flexibility.

The primary reason for constructing the second major equipment in the
RCS lsboratory (the K, band pulsed radar) was to extend the limitation on
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Fig. 2. Schemadc of K, Band C.W. Radar
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target sizes imposed by the relatively low semsitivity of the C.W. radar.
At a distance of TO feet, it should be possible to examine 2 foot long
targets at K, tand. In order to avoid having to convert the entire labo-
ratory into an anechoic chamber, and also in order to avoid interference
from the back wall, 1t was decided to pulse the transmitter and gate the
receiver. Because of the limitations of size, pulses and gates must be
quite short, of course: our equipment was therefore designed to radiate
pulses as short as 10 nanoseconds. In order to exploit the maximum Quty
factor permissible, pulse repetition rates of to 50 kc can be obtained.

The basic block dlagram is shown in Fig. 3. It can be seen that the
transmitter consists of a chain of two grid-pulsed TWT amplifier tubes
excited from a C.W. klystron. Tuning the latter can produce any frequency
between 14 and 18 Gc. The final amplifier is capable of delivering 1 kw
peak pulses into the antenna; a nearby receiving antenna picks up the
target reflection, which at present is converted to an i.f. of 30 m¢c. An
experiment has been performed in which the driver klystron was phase locked
much in the manner of the K, radar; by means of a balancing branch, it was
then shown, it was possible to perform background cancellation within the
region encompassed by the range gete.
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A small machine shop supporting the RCS laboratory exclusively ccntains
three pieces of equipment worth mentioning. A Hendey 16 inch lathe with a
Mimic hydrgulic tracer attachment has been found very useful for the fabri-
cation and reproduction of rotetionally symmetrical models; an FC-1hk Jones
& lemson 1k inch optical comparator is invalusble for inspecting models and
other critical parts; end a MU-6 Mizro-Balancing Corporation (Division of
Giannini Scientific) balancing machine which,as 1s pointed out elsewhere,
is indispensable for drop-spin measurements.

rmash e -t LA ek

-
-

The entire installation is staffed by two to three professional engineers 3
and a like number of electronic and electro-mechanical technicians. Besides 1
the authors, Mr. F. B. Magurn has made notable contributions to the operation k
of the laboratory.
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EXPERIMENTAL REFLECTIVITY FACILITIES

Robert J. Garbacz
Antenna Laboratory
Department of Electrical Engincering
The Ohio State University
Columbus, Ohio 43210

INTRODUCTION

The Ohio State University Antenna lL.aboratory has had various
radar reflectivity facilities in continuous operation since the end of
the Second World War and its staff has been instrumental in developing
equipment and techniques for echo study. Today, reflectivity facilities
1t the Laboratory include two pulse ranges at 24 and 35.1 Gc¢, amplitude
CVW ranges in S» and X~band, a CW amplitude and phase range in X~
band, and mobile terrain equipment., These facilities are used prima«
rily for experimental verification of theoretical anzlyses and to provide
graduate students in Electrical Engineering, Mathematics, and Physics
data for the completion of modern theses and dissertatione. Since 1947,
14 thesis, 15 dissertations, and 68 published and oral papers on the
subject of radar cross section have been completed by the staff of the
Laboratory,

Before describing The Ohio State University facilities in detail,
some prelimirary discussion is necessary concerning range measuring
capability, It is our opinion that to quote some "magic number' for
the lowest measurable cross section or background level within a
particular accuracy is naive and misleading. So many variables enter
into the problem that it is unrealistic to think that their varying effects
can be compressed into one number, Such variables as polarization,
transmitter and receiver locations, range, target support, size, shape,
and location of target, all influence the measurement accuracy and so
should be specified. Consequently, the capabilities of The OLio State
University ranges are given here in terms of measurements actually
recorded on particular targets. No attempt has been made to extrapo-
late these results to some optimum minimum cross~section,

Brief descriptions of each range are given and all pertinent
specifications are summarized in table form.
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ANECHOIC CHAMBER

The Ohio State University Antenna Laboratory has one anechoic
chamber in operation at present, This air conditioned chamber is 50
feet long, 20 feet wide, 20 feet high, and has walls and celling covered ,
with Goodrich hairflex. In addition three large movable panels, each ‘
6 feet wide, 14 feet high of Goodrich VHP~3 material have been pro-
vided for fle:dble room arrangements. A fourth panel of Emerson and |
Cuming material is being constructed. The floor is uncovered. l
Targets are supported by nylon strings whose rotation is synched to :

i

strip chart pen recorders. Transits are used for accurate positioning
of targets. The target site is approximately at the geometric center
of the room, provided a working circle of about 7 feet radius for
bistatic arrangements of transmitter and receiver antennas. Bistatic
angles to 180° are possible, but only those to 140° have been found

T practical, In the monostatic configuration a range of about 7 feet is

maintained, although this can be increased to about 13 feet if necessary.
The microwave system,! sketched in block form in Fig. 1, is mounted
within a stez2] tower supporting a 5 inch square horn antenna at a height
of 9 feet above the floor, An L.F.E. cavity-stabilized klystron,
continuovsly variable in frequency from 8.5 to 10,0 Gc. and with a
maximum output power of §00 MW, is used as the microwave source.
In bistatic operation, the receiver horn, and ferrite modulator are
mounted compactly on a movable stauchion, i

In both the monostatic and bistatic cases as shown in Figs 1 and 2
the echo signal is combined in a hybrid tee with a coherent reference
eignal such that the amplified and filtered output is groportional toa
time~quadrature component of the echo signal; a 90~ phase change of
the reference yieids the other quadrature component, thereby per-
mitting a resolution of the phase as well as the amplitude of the scat-
tered field, In this phase sensitive mode a linear, zerc~centering
strip chart is the output format; if the amplitude mode is desired, it
is a simple matter to short the reference loop and use a logarithmic
Btrip chart output format, A provision has been mwzde using a 90°
sidewall coupler to permit simultzaneous recording of quadrature
patterns but this is not shown on the diagram becauvse instrumentation
is incomplete, In addition, an alternative stringing arrangement
has been provided for use with the phase~sensitive system which per=
mits a slow motion of the target along the line=of~gight. Such a
technique? reduces background problems and allows quite low cross=-
sections to be measured.?® Provision is also made for a slow, smooth
line~of-sight motion of the entire steel tower supporting the microwave
transmitter for use in evaluating integrated room performance,
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Additional points which require cornment are as follows. i

3

{

'

|

! All polarizations may be transmitted by use of a square horn

l in tandem with a dielectric plate polarization transformer section, :
Only linear polarization may be received bistatically. !

1

|

!

L]

f

i

At a 7 foot range, the amplitude of the wavefront varies less
than 1 db within a circular disk 6 inches in diameter. The phase
variation at this range over a 4 inch diameter disk is almost exactly
that of a point source located at the throat of the transmitter horn,
i,e,, less than 15 variation over this disk at 10 Kmc.

Typical minimum measurable echo areas: In the amplitude
mode metallic spheroid echoes as low as 0,03\? have been
measured to within + 0.5 db at a 3 foot range. This level

| was about 20 db above the null level,

Employing target motion, echoes of the order 0,01\ 2 have
been measured to within + 1 db on cone-spheres and spheres
at a 7 foot range., Data recorded by this method on metallic
| spheroids check those taken in the amplitude mode to within
! 1 0.5 db when the echo exceeds ~ 0.03\2

Employing the phase sensitive system, echoes measured on
metallic spheroids check within + 0,5 db those measured in :
the amplitude mode when the echo exceeds 0,03\%, Phase
error is estimated at about + 5° under ideal measuring
conditions, Echoes as low as 0.003\% have been measured
with an estimated error of +1 db, Verification at such low
levels is difficult,

All the above measurements were taken with horizontal
polarization .0 minimize string return, Return from room
reflection was considered satisfactory if the null varied less than
2 db py beating with a known leak~through signal) when the trans-
mitter tower was moved slowly along the line~of~sight. Such a
ngtable null" was found necessary for accurate low cross=sections,

i K- AND KA=BAND RADAR ECHO RECORDING SYSTEMS*:%,¢

Both the K~ and XA~band pulsed radar echo recording systems
are basically the same, The description which follows applies to both;
the transmitting and receiving characteristics for the individual
systems are presented in table form.
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i Both systems make use of the same pedestal and A-frame for

: supporting and rotating strings and styrofoam columns. An absorbing
fence,placed in {front of the pedestal as a shield, can be positioned to
improve background level. Coupling between the separate receiving
and transmitting antennas limits the minimum range of operation, i

The receiver input is maintained at a constant level by a servo~
controlled resistive card attenuator located between the receiver an-
tenna and the receiver input (see Fig. 3). The linear~logarithmic
movement of the attenuator is a measure of the gignal strength and is
recorded in synchronism with rotation of the target on strip chart,

The signal from the gated amplifier is observed on an oscilloscope
enabling gating of the correct signal return from the target. \

ek el b

PP

A portion of the transmitted signal is applied to the receiver
AFC circuits which control the frequency of the local oscillator to
remain in the passband of the IF's.

=

OUTDOOR CW FACILITIES

A permanent outdoor CW amplitude range is maintained by the
Laboratory in X~-band. In addition, the sources, antennas, and
auxiliary equipment for operation in K-, Ky~, Kz~, S=, and L~bands
are available, Only the X~band facility will be described here. The
basic working site is 50 feet by 400 feet, with a building at one end
of the plot to house the microwave equipment. The terrain is flat ;
in all directions. Targets are supported by nylon strings from an
A frame similar to the one used with the pulse ranges. Target
rotation is synched to a strip chart pen recorder, At the usual
operating range (25 feet to 40 feet) the A frame and pedestal rest }
on a cement pad, The basic operation is quasimonostatic; bistatic
measurements are possible, the range in this case being limited to
50 feet or less., The target site is 9, 5 feet above the ground., The
antennasg are 2 foot parabolic dishes with standard waveguide~dipole
feeds. A metal-sheet between the antennas provides ® 25 db of
isolation. The microwave system sketched in Fig. 4 is the standard
null loop configuration. Details of the range are given in Table A,

e o e S o ie T iadve A b i e

maks o N PR

Background level of the system with 20 pound test strings at
25 feet is approximately 0.08\% for horizontal polarization. f
Seasonal variations of 3 to 5 db above this figure due to foliage,
winds, etc, are common. The amplitude and phase of the incident
field vary no more than 1.0 db and 40° respectively over a 1 foot
cube centered at the target site. The backgrouand levels with
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Figure 4. Diagram of X-Band QOutdoor CW Range,
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horizontal polarization are approximately 0.01\? without motion
(rotation) of the target support and 0.08\% when the pedestal and
associated strings (20 lb test) are rotated. Thus cross sections

of the order of 1002 may be measured with an accuracy of +1db

e b —— A~ r—— Y

T v et e

when motion is required,

TABLE A

Frequency Gc
Stability
Range
Polarization
Orientation

Source

Peak output
power

Pulse width

Pulse repetition
rate

Modulation

Target support

Target Motion

Max, target
dimension

Antennas

I'eed

Data

Output forra
Dynamic range
Background limit

Target height

K =~band pulse

K=band pulse

34.512 to 35.208

250t to 400!

Any linear

Quasimonostatic
M. A,

5789

25 KW
1/6 p sec

1520 cps

Pulse

Strings or
styrofoam column
A~Frame
O0tol/3rev/min

3t at 250!

2t parabolic
dishes

Waveguide=dipole

Analog

Strip chart-Pen

35 db

Target support
strirgs

9. 5!

24, 00

270! to 4001

Any linear

Quasimonostatic
BOMAC

6551

40 KW
1/4 n sec

3750 cps

Pulse

Strings or
styrofoam column
A~Frame

0to l/3 rev/min

3t at 250¢

3t parabuolic
dishes

Waveguide~dipole

Analog

Etrip chart-Pen

50 db

Target support
strings

9.5¢

———
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TABLE A (Contd.)

Frequency Gc¢
Stability

Range
Polarization
QOrientation

Source

Avyg. output power
Pulse width
Pulse repetition
rate
Modulation

Target support
Targei motion
Max. target
dimension
Antennas

Feed

Data

Output form
Dynarnic range
Background limit

Target height

Anechoic chamber

Qutdoor CW

8.5to 10.00

5 parts ir. 10
short term

3'to 15!

All

Monostatic bistatic

0 - 140°

L. F.E. Cavity
stabilized

Varian X-13

250 mw

-, cm s mcam-ee

Receive arm,
ferrite 500,750,
1000 c.p. s.
Strings

0 to 2 rev/mih

5" at 7*

5'"" x 5" square
horn

Analog

Strip Chart-Pen
40 db

..............

8.50to 12.40

1 part in 108
short term

20" to 400

Any linear

Quasimonostatic

bistatic 0 - 120°

Varian X~13
klystron

Varian V=23

250 mw - 5 watts

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

Receive arm,
ferrite 500, 750,
1000 c.p. s.
A-Frame strings
0 to 2 rev/min

15" at 40!
2' parabolic dishes

Waveguide dipole
Analog

Strip Chart-Pen

40 db

20 1b test sirings,
H. P, at 25' &4 0, 8\3
9. 5¢

" e e 4 g
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RADAR SYSTEMS FOR TERRAIN
SCATTERING MEASUREMENTS

Two radar reflection measuring facilities for terrain investigations
have been developed and currently are being used by this laboratory,
The two systems, one monostatic and one bistatic, will be discussed
separately in the following paragraphs.

The backscattering radar is a mobile CW Doppler asystem utilizing
a single antenna as shown in Fig. 5. The system operates at frequen~
cies of 10, 15.5, and 35 KMC by interchanging the RF section of the
transmitter-receiver. The reference signal is applied to the crystal
detector by unbalancing the hybrid tee, introducing a emall amount of
transmitted power into the receiver arm., Because of the relative
velocity of the terrain with respect to the antenna, the terrain return
signal of constantly changing phase, beats in the crystal mixer with
the fixed-level signal purposely introduced, producing an audio
frequency signal. This audio frequency signal is amplified by a
narrow band amplifier and integrated electronically to obtain an
average reflection coefficient from the terrain. The antenna used in
the three frequency bands are high-gain pyramidal horns with die-
lectric lenses designed to give an optimum pattern at the operating
range of 20 feet. The entire radar system is mounted in a truck,
The transmitter and receiver are mounted in a specially designed
enclosure at the end of a 40 foot boom controlled from the truck.
The angle of incidence can be varied from 10° to 80° (90° being
normal incidence) and slant range to the terrain is maintained at
20 feet. The Doppler shift in frequency is obtained by driving the
truck at a predetermined speed across the terrain so that the Doppler
shift in frequency is an audio signal within the pass band of the
amplifier, The calibration of the system is accomplished by measuring
the return from a standard target such as 2 corner reflector, rotating
on a 4=foot arm at a predetermined speed, The system can be '
operated using vertical, horizontal, or circular polarization. Echo
areas of 55 db below 1 sq. ft. have been measured within an accuracy
of +1db.
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The bistatic radar is a modulated CV system as shown in Fig. 6.
The system operates al a frzquency of 10 KMC and transmits and
creceives either right or left circular polarization. The antennas
and data processing equipment are identical to that contained in the
backscattering radar. The angle of incidence can be varied from
10° to 80° (90° being normal incidence) and the bistatic angle
varied from 10° tc 1830° (180° being the forward scattering direction).
The terrain or surface to be measured is placed in a flat bed rail-
road car and moved slowly through the beam of ire antennas, A
continuous measurement of the radar scattering is made allowirg
an integrated average scattering coefflicient io be evaluated. The
aystem is calibrated by the use of a standard sphere. Echo areas

of 45 db below 1 sq. ft. have been measured within an accuracy of
+ 2 db.
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Fig. 6 Block diagrarn of X-band bistatic radar,
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SCATT:RING RANGE - THE BOEING CCMPANY

AERO-SPACE DIVISION
W. P. HANSEN, JR.

SUMJARY — A dezcadiption of tne scattering range facilities at the
Aero~Space Division of The Boeing Company in Seattle is presented.
The facility includes image-plane renges, an indoor range in an
anechoic charber and outdoor ranges. Frequenci~ss of operation are
from 1 to 10 g¢ in vezrious bands, CW operation is used for all
facili“ies. PFn> accurate meessuremnents, max.imum mode)l dimensions
are limited to between 10 and 20 wavelengths, depending on free
quen’.-‘y .

I. INTRODUCTION

Ti:e purpoce of the scettering facilities is to obtain, b+ exper-
imental means, information regarding th:e electromagnetic scatteraing
characteristics of various objects. The particular equipment and
runge configuration are selected on the basis of the desired infor-
mation, sensitivity and accuracy required,

Twe image-plane renfes are in operation, both at X-band frequenci:s,
Dne 18 covered with a liquid Aielectric and is used for plasmu sinm-
ulation measurements; tie other is a standard image plsne. An an-
echoic chamber 1¢ used for indoor measurements at frequencies of 2
to 10 gco Two outdnor ranges are avai.able, One 1is locaced on the
roof of » building and operates at X-band frequencies. The other is
i1, the side of a building overlooking a river a=d operates at fre-
quercies of 1 to 10 ge in several bands., The scattering data is us=-
vally Jdisplayed wjth a pattern recorder. If desired, however, the
data may also be digitalized and stored on magnetic tape for subse-~
quent computer analysis., Transmitting and receiving eguipment usged
for most of the ranges consists of LPE Ultra Stable Microwave QCacill=-
tors and a 3cicnvific-Atlanta Series 402 Wide Range Receiving Unit_4
0.C? to 75 pec). Maximum range sensitivities are on th.e order of 10
square wavelengths,

II. IMACE PLANES

The imare plane, shown in Pig. 1, cperntes at X-tand frequencies and
is true monostatic with a hulf-horn beirys uzed as both the transmitting
and receiving antenns. Operation is CW with -cparation between the
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received and transmitted signal being accomplished by a magic-tee
armancement; a precision five-stub tuner is used for balancing the
tee. A tumteble near the center of the image plane is used for
rotating the modeis under test, Measurement of near-field scattered
and di®fracted waves is accomplishe.ij by insertirg coaxial-fed probes
into the tuimtable near the model. Coaxial cable connections are also

i made to the nodel under tesi for anienna scattering and current dis-

tribution measurements. The surface of the imarge plane is aluminum

i and is 8 by 16 feet in size,

A second image plane, shown in Fig. ¢, is used for plasma simulation,
It is similar to the image plane described above except that it is
physically smaller. Plexiglass side walls are used for co:ntaining a
liquid dielectric in which the model under test is immersed. Por
plasra simulation, the model is coated with a dielectric of desired
shap. and with a dielectric constant less than that of the liquid
dielectric. The image plane is 30 by 40 inches in size, Present
operation is at X-band frequencies. The dielectric used is a solution
of titanium dioxide powder and transformer 0il, A mixture of 55 per-
cent oil, 40 percent titanium dioxide and 5 percent vaseline (by
volume) has produced a liquid with a dielectric constant Of 4,3 with
a loss tangent of 0,004. This solution is similar to that proposed
by Peters’, In Fig. 2, the plane is covered only with oil. Addition
of titanium dioxide yields a non-trangparent liquid.

ITI. ANECHOIC CHAMBZR

The anechoic chamber was designed and built by Emerson and Cuming. ;
It is 36 feet wide, 21 fcet hich, 56 feet long and contains four :
screen rooms which open into the chamber. Equipment for scattering '
measurements i3 located in two of the screen rooms as shown in Fig.

3. Prequencies of operation are from 2 to 10 gc with polyurethane

foam towers, 5 to 6 feet in height, being used for model sunports.

Two range conficurations are in general use, One consists of a tower
mounted on a stand 10 feet high and fixed in lccation near the rear
of the room, The antenna svsterm is composed o0f two 2-fo0t diameter
paraboloidal antennae for use at X-bend., A phase cancellation system
is used for antenna icolation and cancellation of room reflections,
The upper screen room is used as shown in Pig. 3.

it e vt il B ra e etk et il Kol L

T.A. Brackey, L, Peters Jr,, W,G, Swarmer, and D,T. Thomas,

"A Proposed Scattering Range For Simulated Echo Area Measurements
of Plasra Coated Objects," Anterna Lab., The Ohio State University
Research Foundation, Report 1116-17, 27 January 1962,
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The other configuration consists of a lower tower, which is readily
movable about the room, and a single~horn antenna system. Frequencies
of operation are from 2 to 10 gc. A magic tee arrangement, the samne
type as described for the imase plane, is used for signal separation
and cancellrtion of room reflections. High gain horns with relatively
small apertures are used to insure proper amplitude and phase distri-
bution across tre model under test, 1S, C, and X-band horns are used,
The C-band horn is shown in Fig. 3} it has a 13- by 15-inch aperture
and is 6 feet long.
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! 1V. OUTDOOR RANGES
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§ Two outdoor ranges are available, one located on the roof of a build- 3
ing and the other located in the side of a building overlooking a :
river. These ranges are shown in Fig. 4,

) In Pige. 4a, the roof range is shown. It is an X-band facility using

! two 2-foot diameter paraboloidal antennas. A phase cancellation
syctem is used for anterna isolation and cancellation of background
reflections. Eoth string and polyurethane foam tower supports are

. used. Antenna-to-target distances of up to 240 feet are available.

. The oth:r outdoor range is shown in Pig. 4b., It is used primarily at

; L- and LS-band (1.12 to 1.7 gc and 1.7 to 2.6 gc) and at higher fre-

. quencies for large models which camnot be conveniently handled in the
anechoic chamber. A stand containing antennas and other equipment is
placed at the end of the track behind the tower for measurement of for-
ward scatters The I-band antenna (6-toot diameter) 1s shown in the
figure. Antenna-to-target iistances of up to 175 feet are available.

V. DATA READOUT, RDUCTION AND ANALYSIS

[ nar
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The scattering data is usually read out and displayed on rectangular
chart paper by means of a pattern recorder. Analysir of the data is
then a visual and manual process. Provision, howewer, is provided for
data reduction (analog to digital) and atorage on magnetic tape for
computer (7094) analysis.

A particular espplication for which the program was setup was that of
comparing signature characteristics from two different objects. Actual
body motion is simalated and backscatter measurementd are taken as a |
function of time. The data so obtained from the different bodies are ]
read into the computer where they are cross correlatcd to obtain a
similarity factore
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Fig. 2 - Image Plane
For Plasma Simulation.

Fig. 3 - Anechoic Chamber.
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Fig. 4 - Outdoor Ranges.
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RCA DYNAMIC BACKSCATTER TESTING RANGE*

M. H. Hellman
J- M. Jarema
RCA
Burlington, Mass.

1, Origin and Use of Raixg_a_

The RCA "Dynamic Testing™ range was designed and constructed
for use in evaluating the performance of radar systems under dynamic
conditions, This is in contradistinction to the usual backscatter
range which is designed to measure the cross-section characteristics
of targets, Target characteristics are determined indirectly from
the radar performance., It is the only range known to have this
capability.

Typical of the parameters measured on the range are the angle
tracking variations of a pulse type fire contrel radar and range
output signal of an FM=CW type radar when performing against full
scale models of satellites, Both the translation and rotation
dynamics of the satellite targets are controllable,

2. Range Characteristics

The range configuration ia shown in Figure 1 with a typical
target. A cable which supports the target is approximately 200 feet
long and makes an angle of approximately 30 degrees with the horisontal,
The target can be translated up and down this cable by means of a
hauling cable and electric motor drive located on the ground near
the radar, A motor suspended from the cable can rotate the target
while it is stationary in range or as it is being translated alo
ths cable, The system has a translation speed capability up to X
feet per second and a rotatiocnal velocity up to 10 revolutions per
minute. Target range can be varied a maximum of 200 feet,

The upper end of the cable is attached to the midpoint of a
bridle cable whose ends are anchored to the top of two 150 foot high
vertical towers. These towers are 100 feet apart and are 215 feet
from the test radar at ground elevation,

Radars to be tested are mounted on a platform which makes an
angle of appraximately 3O degrees with the horisontal so that the
boreaight axis of the radar is parallel to the messenger cable,

The radar is surrounded by adequate anechoic baffling to minimise side
lobe offects, Background noise is sufficiently low so that radar
calibration is performed with an .033 squars meter cross-section
target (sphore).

»

The Range is located at RCA, Asrospace Systems Division, Burlinge
ton, Massachusetts, It was built with funds supplied under a
contract with the USAP Space Systems Division,
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RCA Dynamic Backscatter Range

Figure 1.
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3. Range Operation

As stated above, the primary purpose of the RCA range is to
determine the performance of radar systems designed to operate on
space missiona, In this environment, the radar would acquire,
angle track and measure range to the target. The target may be
cooperative or non-cooperative, In particular, if a non-cooperative
target is in the near field of the radar the ability of the radar
to maintain track when the target is rotating and translating relative
to the radar is difficult to predict from theory alone, This is
even more exaggerated when targets are physically large., It is the
latter situation for which the range is particularly useful,

In order to check predicted radar performance under conditions
vhich closely simulate space operating environment the range
vas deaigned for use of full scale model satellites whose dynamics
relative to the radar can be simulated over a wide range of conditions.

The radar tracking performance is determined with the aid of a
camera mounted on the radar antenna. Range is determined and
simultansously recorded by measuring the length of cable from the
target to the radar,

L. Typiecal Measurements

A typical record of radar performance measured on the range is
shown in Figure C, The target was a 28 inch diameter aluminum sphere
suspended by a nylon rope, For this test, the target started from
rest at an actual range of 30 feet., It was accelerated rapidly to
15 feet per second at which speed it traveled out to a range of
approximately 200 feet where it decelerated to zero velocity. At
this range, the target accelerated from rest to a closing velncity
of 15 feet per second and came to rest at a range of 30 feet.

The second channel from the top shows the actual target range
(coarse range) as measured by & potentiometer geared to the hauling
cable, A recording of fine range which has a sensitivity of about
9 to one compared to coarse range is shown on the top recording. This
was obtained by using the appropriate gear ratio with the coarse range
drive., The radar measured range is recorded on the third channel,

Tn addition tc¢ range, the radar azimuth and elevation angles are
recorded on the fourth and fifth channels, respectively. It is
obvious that large variations in tracking angle and range occur with
the target at the shorter ranges, This is so because during this
interval the rope-suspended target is accelerating and/or decelerating
and its motion is erratic and does not follow the rope suspension
point, A motion picture camera attached to the radar antenna and
synchronited in time with the pen recordings verify this phenomenon
and can be used to account for it,
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OUTDOOR PULSED RADAR REFLECTIVITY RAMGE

Robert E. Honer, President
Wm. D. Portner, Sernior Electronics Bngineer
Micronetics Incorporated

INTRODUCTION

There are several types of facilities presently empluyed
in the measurement of radar cross-section. These include
both outdoor ranges and anechoi: chambers employing a vuariet
of instrumentation such as CW, pulse, and llnear ramp (chirp¥
radars.

Indoor Ranges

The indoor range is severely limited in its applica-
tion due to the far-field criteria of measuring the target
in a relative plane wave region. This poses a very real re-
striction on both target size and frequencies of measurement.

Outdoor Ranges

Conventional outdoor scittering cross-section rangec
have several inherent drawbacks i.e., weather, temperature
and humidity variations, a signif*cant specular contribution
to the background, and a variety of non-specular paths. Sup-
port structures present a particularly perplexing problem for
all ranges.

CW Radars

CW systems endeavor t¢ balance out background effects
by introducing a signal at the receiver which is equal in
amplitude but in counterphase with the backgrouvnd signal.
This balance is a function of the stability of the trans-
mitter frequency, the stability of the environment, and the
mechanical stability of the components of the radar. Adverse
effects result from even the gentlest breezes as well as from
the slightest varlations of temperature and humidity. Even
after the background has been balanced out, skip path effects,
multi-path effects, and shadowing can result in a change in
backgrcund level when the target is placed in the field.
These target-induced effects depend on target orientation
and vary as the target is rotated when complex models are
involved.

Pulsed Radars

Pulsed systems employ time discrimination to minimize
background effect. They are not seriously affected by
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temperature and humidity variation. The problems of specular
and non-specular background contributions, though reduced by
range gating, are not entirely solved. The weather problem
also remains. .

Micronetics' Pacility

Micronetics has developed a unigque outdoor scattering
cross-section range in which these drawbacks have been largely
eliminated, or minimized to the point at which they are neg-
ligible for most purposes.

Weather

The environnental problem was minimized by lo-
cating the facility in San Diego, California. The weather
in San Diego is nearly ideal for an outdoor range; the annual
rainfall is very light, humidity is low, and the wind is
seldom stronger than 2-knot breezes. There is, normally,
an absolute calm fcr at least 10 hours a day; this calm
being from 6 in the morning until 12 noon and again extending
in the early evening hours after 6 p.m.

Background Minimization

Minimization of the background problem is par- 3.
tially achieved through the use of a stable, accurately
calibrated, pulsed radar system with 200 nanosecond range
gating. Of equal importance 1is the geometry of the earth
within the confines of the antenna beamwidth as well as other
external conditions that can affect measurement accuracy. The
use of range gating and radar pulses of 200 nanoseconds or -
less permits the radar receiver to look only at that section R
of range in which it is interested, and completely ignore re-
flections from outside the range gate. The non-specular
ground reflection and skip path problem was minimized Yy
shaping and paving the range surface in an inverted "V" shape
so that the skip path reflections are diverted away from the
path of propagatiorn.. The real estate adjacent to the range 4
is controlled to the extent that any significant extraneous : B |
reflections are outside the maximum range gate.

ghort Pulse Radar

Micronetics has alsc developed instrumentation
for exact _measurement of flare spots in both location and
magnitude<. This technique uses very short pulses and real
range resolution. It is referred to throughout the remainder
of tnis paper as the "short pulse” technigque. This is in
distinction from the "long pulse” (200 nanosecond) technique X B

LAY

R T A

275

e
P PR




oW 3

referred to above with which the target is immersed in an
essentially CW field.

GEOMETRY

Inverted "V" Range

The Micrcnetics' facility is shown in Pigure 1 with
a 1000-foot range in front of the radar trailer and a 600-
foot range extending out from the 10-foot antenna tower. Each
range is paved along its full length with an inverted "“V*
shape. The 600-foot range is used for measurementa at L-band
and lower frequencies. The 1000-foot range is used for fre-
quencies above L-band. The paved strip between the inverted
*V" ranges provides access for positioning targets and their
support structures.

Pads

e Tt -t AR St i .

Slots are cut at 150, 300, 500 and 1000 feet on the
1000-foot range, and at 125 and 600 feet on the 600-foot
range. EBach slot is provided with a concrete pad for mount-
ing turntables. The edges of the slots are inclined so that
if any sidelobe energy from the illuminating antenna does
strike them, it is scattered specularly away from both the
target and the radar. The turntable, being positioned on
the pad within the slot, is below the line-of-sight and out
of the radar field-of-view.

s T v e v o e

© L s

Barrier

A metal barrier having an inclined "V" geometry is
positioned ahead of the tower and turntable. This barrier,
positinned between the 500-foot and 1000-foot stations in
Pigure 1, enhances the shadowing of the turntable and tower
base. The barrier is always well below the antenna beamwidth
to prevent diffraction effects and is outside the range gate.
The pad positions have been evalvated and for all operational
frequency and position combinations, the background level in
the absence of any target or model support structure is less
than 10-7 sqiare meters. In each case, the turntable was
poeitioned on the pad within the appropriate slot, and the i
barrier was in place. :

et o ¢ et 4 47 S B § el L PRI MRS mee . e o oS e

Bistatic Range

[}

In addition to the monostatic ranges of 600 and 1000 i

feet, a 300-foot bistatic range is provided at X-band, which i
permits evaluatior. of bistatic angles at 2.5, 5, 7.5 and 10 l
degrees.
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Pigure 1. Aerial View of Micronetics
Outdoor Reflectivity Range
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LONG PULSE RADARS

The concept of the long pulse radars employed by Micro-
netics is depicted in Figure 2.

Transmitter

Pulses having typical amplitudes of 50 KW and dura-
tions of 200 nanoseconds are formed by a magnetron driven by
: a line type or hard tube modulator. These pulses are genera-
: ted at a prf of 1000 pps. A oupler graws off sample pulses
i having peak powers between 10 and 104 watts for transmission.

Receiver

The receiver consists of a low noise front end, tun-
able bandpass filter, medium power traveling wave tube post-
amplifier, diode gating element, and bolometer detector
cascaded in that order. The low noise front end provides an
optimum signal-to-noise ratio and some preamplification. The
bandpass filter limits the receiver's noise bandwidth to the
information bandwidth of the transmitted pulse. The medium
power TWT amplifies the signal pulses to a level adequate for
¢ video detection. A high degree of rejection of out-of-gate
signals is provided by the limiting characteristic of the
traveling wave tubes in conjunction with the 80 db on-off
ratio of the p.i.n. dlode r.f. gating element.

et e

Range Gating

A sample of the transmitted pulse is used to feed a
variable delay line for triggering a gate pulse generator.
The gate pulse generator drives the p.i.n. diode r.f. switch
mentioned above. Range is proportionual to the delay in the
trigger-gate network and is adjusted via the variable delay
line.

Signal Detection H

e A————s v s Tt "

py

The return signal from the target passes through the
p-i.n. diode r.f. awitch to a bolometer detector. The bolo-
meter detector, which has a square law characteristic and
acts as an average power detector and integrator, drives a
standard antenna pattern recorder.

Recorcding

P

The antenna pattern recorder records data on a
rectangular chart. This instrument records signal level on
a decibel scale as a function of target aspect. It has an
r.f. dynamic range of 40 db and a response time of 40 db per
second. The recorder chart drive is synchronized, via an
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electromechanical servo loop, with the turntable used to
rotate targets so that radar cross-section versus target
aspect is recorded automatically.

LONG PULSE CAPABILITIES

The present capabilities of the Micronetics radar reflec-
tivity range are detailed as follows:

R.F.Frequencies: L, C, X, Ky, and K, bands
Modulation: 230 nanosecond pulses at all frequencies

10 nanosecond pulses at X-band
1 nanosecond pulses at X, L, and

K, bands
Polarizations: Linear (any orientation) at all fre-

quencies; circular at ¢ and X bands
Sensitivities: L-band = 105 m? at 600 feet

C-band = 1073 22 at 500 feet

X-band = 1075 m?2 at 500 feet

Ky-band = 1072 m2 at 500 feet

Ka-band = 1074 m2 at 1000 feet
Background: Below 10-7 at all frequencies*
Geometry: Monostatic at all frequencies; bistatic

at X-band to 10 degrees

Data Recording: Rectangqular chart recording, strip
chart recording, or oscilloscope
photographs

Range Length: 1000 feet maximum

Model Handling: Great circle cuts on models up to 2500
pounds. Conic cuts on lighter models.
Crane and fork 1lift used for hoisting.

Model Supports: Shaped styrofoam columns or nylon cord
suspension*

* Background levels of less than 10~7 square meters are

achieved in the absence of any model support. Therefore, the
major contribution to background, in all cases, 1s the model
support. The level of this contribution depends on the par-

ticular model support beingy used and on the frequency. Cases
are discussed in the section on model supports.
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SHBORT PULSE RADAR
Two methods are used for generating short pulses:

1. sSpike leakage from a T.R. tube.

2. Direct amplification of the high frequency components

of a video pulse by a traveling wave tube.

The spike leakage technique is described briefly in the
following paragraphs. A functional block diagram of the
Micronetics' X-band short pulse mechanization is shown in
Figure 3.

Transmitter

The basic X-band pulses are formed by a magnetron
driven by a hard tube modulator. The resulting r.f. pulses
at this point have a duration of 100 nanoseconds. These
pulses are then fed through an r.f. pulse shaping network
and finally to a T.R. tube. The spike leakage from the T.R.
tube then becomes the source of the nanosecond pulses and
the balance of the r.f. power is absorbed in a dummy load.

Range Gating"

A sample of the transmitted pulse is used to feed a
variable delay line for triggering the display device in the
receiver.

Receiver

The backscattered signal is fed from the receiving
antenna, through a precision variable attenuator, through
two stages of traveling wave amplifiers, to . short pulse
video detector, and finally to a sampling oscilloscope.

Recording

The short pulse train which is backscattered from
the target and amplified by the receiver is displayed on a
sampling oscilloscope.

Data 1s either tabulated or photographed depending on
the quantity and intended use. A photograph or table entry
is made for each aspect angle of interest.

TARGET MOUNTS

As noted in the section which describes Micronetics' Long

Pulse Capabiiities, the background level contributed by the
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range in the absence of any mcdel support is less than 10'7
square meters. The only significant undesirable signal
originates from the model mount. The subnanosecond pulses
used on the range for radar cross-section reduction studies
were utilized to study model mounts. Figure 4 shows an ex-
ample of the short pulse measurement of the echo from a
cylindrical styrofoam column.

Shaped Foam Columns3

Columns were then shaped by different techniques to
eliminate the long specular surface of the right clrcular
cylinder. Pigure 5 shows three column configurations, all
of which exhibit cross-sections of less than 10-4 square
meters at X-band. In general, the number and depth of
circumferential grooves should be varied with frequency,
i.e., more and shallower grooves at higher frequencies.

FPor very small models, small tapered columns have shown
cross-sections of less than 10-5 square meters.

Styrofoam shapes with wavelength sensitive characteristics
are now being investigated. It is hoped that the cross-sgsection
of large columns can be reduced by 20 db using this technique.

Nylon Ccrd Suspension

A nylon cord suspension system has recently been in-
stalled and is under evaluation. This system consists of a
pair cf telephone poles positioned within the first null of
the illuminating antenna. The two poles are inclined 20
degrees away from the radar and are positioned at slightly
different ranges from the radar. The target is suspended
from the poles and attached to a turntable via a system of
nylon strings. Care has been taken to insure that no part
of this system is perpendicular to the radar line-of-sight.

At this writing, the string suspension system has been
evaluated at 9.37 Gc. The background contribution due to

this target support structure is less than -€0 dbsm at 9.37
Ge.

FLARE SPOT MEASUREMENT TECHNIQUE

The short pulse radar described above is a powerful tool
for measuring both position and amplitude of flare spots.
The spike leakage from the T.R. tube provides a pulse having
a nominal one nanosecond duration. This pulse is triangular
in shape. A target having a length greater than a few inches
is larger than the spatial extent of the r.f. pulse. Scattering
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centers displaced along the line-of-sight by three or more
inches are resolvable by this system. This topic is pursued
at greater length in two papers by Robert R. Hively, "Nano-
second Pulse Scattering Systems" to be presented in Session
I1I and "Nanosecond Pulse Methods of RCS Measurement" to be
presented in Session VI,

Incidence :

3
CRare s e o o

i Figure 4. Bchoes from a Styrofoam Cylinder
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Figure 5. Shaped Styrofoam Columns
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CROSS-SECTION RANGE RADARS
AT CORNELL AERONAUTICAL LABORATORY

¢ . ——r A I

John E. Hopkins
Cornell Aeronautical Laboratory, Inc.
Buffalo, New York 14221

INTRODUCTION

There are four separate radars used for radar cross-section
measurement in the current Cornell Aeronautical Laboratory range
program. These are conveniently distinguished by frequency and type,
as in the following list:

1. Ka -band pulsed radar
2. Ka-band Ccw 'radar

3. X-band CW radar

4. X-band FM/CW high resolution radar

The principal features and capabilities of each of these radars
will be described in this paper.

Ka -BAND PULSED RADAR

A functional block diagram for the Ka—band pulsed radar system
is shown in Figure 1. This radar operates in a quasi-monostatic mode
with a bistatic angle of approximately 1~. Distances of 100 feet and
165 feet are available for target to antenna separation. Measurements
can be made using linear polarization (vertical or horizontal, parallel
or crossed) or circular polarization,

The operating frequency is adjustable b_egtween the limits of 34.2
Gc and 35.5 Gec. The pulse length is 50 x l_Q; sec. and the prf is 2000
pps. Range gate width is normally 30 x 10 7 sec. although a smaller
gate has been used at a slight sacrifice in sensitivity,

In this system, a master timer determines the pulse recurrence
frequency of the modulator which, in turn, causes the magnetron to
generate an equispaced series of rf pulses for illumination of the target.
The scattered energy captured by the receiving antenna passes through
a K_-band mixer to produce an S-band IF signal. The IF signal is
amplified by two travelling wave tubes and then range gated. Control
signal for the range gate is derived from the transmitter modulator.

er——

The output of the range gate goes to a second detector. The
resulting video is amplified and then stretched in a box-car circuit,
The amplified output of the box-car circuit is used as a feedback AGC
voltage which is applied to the IF section of the receiver, The AGC
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voltage is nearly proportional to the logarithm of the received power,
and these are the basic output data which are recorded to represent
target cross section,

Calibration of this range is normally accomplished using a stand-
ard sphere for an absolute reference. The precision attenuator in the
receiver antenna line is varied incrementally while observing return
from a bright target (e. g., corner reflector) in order to obtain relative
calibration and to determine the dynamic range over which the AGC
voltage will be essentially logarithmic,

The practical measurement sensitivity of this range is limited
by the transmitter power and receiver sensitivity to approximately 45
db below & 2 at the 165 foot target distance. The room backgrouad is
at least 55 db below A 2.

Ka -BAND CW RADAR

A functional block diagram for the Ka -band CW radar system is
shown in Figure 2,

This radar is normally operated in ghe qua si-monostatic mode
with a bistatic angle of approximately 3.5 and an antenna-to-target
distance of 6 feet. Measurements can be made using linear polariza-
tion (horizontal or vertical, parallel or crossed) and circular

polarization. The operating frequency is adjustable between the limits
of 33,5 Gc¢ and 36.0 Ge.,

As shown in kigure 2, a small amount of transmitter power is
mixed directly with the received signal in order that, by proper adjust-
ment of amplitude and phase of the injected signal, residual background
return can be canceled. Another path between the transmitter and
receiver contains precision variable attenuators which can be used to
obtain a relative calibration of the system when the waveguide switch
is properly positioned. Absolute calibration may be accomplished
using a series of spheres although one single sphere together with the
pPrecision attenuators generally suffices,

The local oscillator for this system is a klystron which is modu-
lated linearly in frequency over a range somewhat greater than the
bandwidth of the logarithmic amplifier which follows the mixer. The
center frequency of the mixer output is approximately 30 mc. The
logarithmic amplifier output is applied to a peak detector whose output
is then proportional to the logarithm of power received as a result of
target backscatter, hence proportional to target cross section.

Data readout is in the form of an analog strip chart and/or
punched digital paper tape. The recorders are synchronized with tar-
get aspect angle. The maximum sensitivity of this range, which is,
limited by darkroom background, is approximately 35 db below A°,
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X-BAND CW RADAR

A simplified functional diagram of the X-band CW radar is shown
in Figure 3. The usual mode of operation employs separate transmit-
ting and receiving antennas in a quasi-g’nonostatic configuration which
has a bistatic angle of approximately 5°. Monostatic operation with a
magic Tee is possible; this mode of operation is infrequently used
because the system remains balanced for longer time intervals in the
quasi-monostatic mode.

Commonly used antenna-to-target distances are 8.5 feet, 13.5
feet and 18,5 feet, Polarization can be either linear (vertical or hori-
zontal, parallel or crossed) or circular. The operational frequency is
fixed at 9.2 Gec.

As shown in Figure 1, a directional coupler transfers a small
percentage of the power from the transmitter into the receiver through
an adjustable attenuator and a phase shifter. By proper adjustment of
the amplitude and the phase of this energy in the absence of a target,
the room background signal can be essentially canceled.

Signal reflected from a target into the receiver antenna first
passes through a servo-controlled attenuator and then is combined with
energy from a local oscillator to yield a 30 mc IF signal. This signal
is amplified, rectified, and compared to a fixed d. c. reference voltage.
The servo controlled attenuator maintains the output of the d.c. com-
parator very close to zero.

Coupled to the servo driven attcnuator is a compensated nonlinear
potentiometer. Its output voltage is directly proportional to the loga-
rithm of the attenuation. Thus the output of this potentiometer when
properly calibrated furnishes a measure of target cross section directly
in decibels,

A complete calibration for this range is accomplished by record-
ing potentiometer reading for each of a series of graded spheres of
known cross section. The full calibration procedure is unnecessary
except as an occasional check; stability of this equipment is such that
a one point check with a single sphere normally suffices.

The target aspect angle is determined by a remotely controlled
turntable, Data readout is synchronized with the latter so that the
resulting data records present radar cross section as a function of
aspect angle. Data are recorded both on analog strip chart and on
punched digital paper tape. In the latter instance, sampling at either
each degree or at each quarter degree may be chosen by the operator.

The maximum sensitivity for this range is limited by the mini-
mum background interference. In the fresent configuration, background
is approximately 25 to 30 db below A Target backscatter 10 db
below ) ¢ can be observed with about 1.0 db maximum error.
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X-BAND FM/CW HIGH RESOLUTION RADAR

The X-band FM/CW high resolution radar is designed to provide
the capability ot measuring the radar cross section of separate scat-
terers on complex targets with a resolution equal to a small fraction

of the target's length, A functional block diagram of the equipment is
shown in Figure 4.

This system gperates quasi-monostatically with a bistatic angle
of approximately 3°. Linear polarization, either horizontal or vertical,

is used. The center frequency is 10 Gc¢, and the swept bandwidth is
usualiy adjusted to be 3500 Me/sec.

The target is illuminated by rf energy from the transmitter which
is modulated linearly 1n frequency. The modulation is repeated cycli-
cally. A portion of the transmitted energy is fed directly through a
fixed delay line to the mixer. This energy comprises a local oscillator
sigual which is combined with the received signal. The product con-
tains A low-frequency component with frequency proportional to range
of the target. Although in principle this low audio beat frequency could
be used as the target signal, phase modulation is used to impose an
additional constant frequency shift which translates the target signal
from the audio frequency region to approximately 465 Kc/sec, and thus
minimizes a noise problem otherwise inherent in the low frequency
cperation. The desired low frequency signal, which is recovered by
means of a synchronous detector, consisis of a set of harmonics of the
sweep recurrence frequency with spectral distribution maximizing at
a frequency corresponding to target range and frequency sweep rate.
inspection of the spectral distribution then permits determining the

relativve separation in range of several scatterers by the positions of
their corresponding spectral maxima,

If the ar-plitude of the low frequency beat note were constant dur-
ing each sweep, the spe-trum for a point target vvould have undesirably
large range sidelobes. To suppress these unwanted sidelobes, the
amplitude is modulated during the sweep by an approximation to Taylor
weighting. Experimental evidence demonstrates that this weighting

process recduces the range sidelotemagnitude to below -20 db relative
to the central response maximum,

The basic data of scattering amplitude (square root of radar cross-
section) versus range lie in the amplitudes of the individual recurrence
rate harmonics which appear in the low frequency waveform. Two
techniques are used to obtain the data. In one technique, the radar
signal is connected to conventional panoramic spectrum analyzer and
photographic records are made of the spectrum analyzer screen. In
the second technique, a special 16-channel filier bank is used to sepa-
rate the amplitudes of the individual harmonics. The a-c signal in
each filter is rectified separately, then each rectified signal is sampled
1n turn to scan the radar output in range. The sequentially sampled
signal is recorded both in digital and anclog form.
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The FM/CW high resolution radar is usually calibrated with a
standard target -- either a small flat plate at normal incidence, or a
small corner reflector.

The measured resolution of this radar (at 3 db points) is approxi-
i mately three inches. The present sensitivity lies between 35 and 40

db below a square wavelength, with room background at least 55 db
below a square wavelength.
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AN INDOOR RADAR SCATTERING RANGE ‘

E. F. Knott
Radiation Laboratory, The University of Michigan

The Radiation 1 aboratory operates an anechoic chamber located in Build-
ing 2602 at the Willow Run Ajrport near Ypsilanti, Michigan. The chamber is
part of a room 28' wide, 15' high and 148' long; the chamber itself occupies 105'
of the lengti. *he remaining 43' forming a work and test bench area. The two
parts of the rooin are separated by a pair of 8'x8' sliding panels which can be
brought near each other to form an aperture through which the antenna may be
directed.

The walls of the room and the sliding panels are covered with a layer of
2-inch thick hairflex absorber manufactured by B. F, Goodrich. Most of the
rear wall is covered with VHP-18, another Goodrich product, and a layer of
hairflex covers the concrete floor. The equivalent room cross section at 25°'
is -18 dbm? at S-band and -31 dbm? at X~-band. At this range typical sensitivity
for a 10db §N ratio is of the order of 1079 at X-band and 1074 m? at S-band.
Figures are not available for other frequencies.

A steel track made of pipe extends some 30' into the room and a carriage
bearing the pedestal turntable can be positioned anywhere along the track. A
shield which hides the carriage and turntable is clamped to the track just for-
ward (on the antenna side) of the carriage and is covered with VHP-18 and VHP-8,
A rocking mechanism is affixed to the carriage making it possible to cause the
carriage to oscillate a few wavelengths along the track. This operation is per-
formed electro-mechanically and is given the name 'rocking' . All portions of
the track except near the carriage are shielded with hairflex. Styrofoam
columns are generally used for model support, but for certain low cross section
shapes a nylon cord or cotton thread suspension has been found to be advantageous, :

The microwave circuitry is exclusively a balanced bridge CW system em- !
ploying a hybrid tee, The waveguide items are mounted on rolling equipment
stands, one each for L-, S- and X-bands, and are mounted such that any linear
polarization can be selected. With the exception of L-band, where a paraboloidal
dish is used, all the radiating elements are pyramidal horns with gains in excess
of 24 db. The receiver, recorder, and turntable are standard items manufactured
by Scientific-Atlanta.

Phase locked klystrons and crystal excited multiplier chains are used as |
mjicrowave sources from L- through S-band. At X-band, an LFE cavity-
stabilized source, 8.5 Ge to 10,0 Gc, is used as well as phase locked kiystrons,
and beyond X-band klystrons are used. Much of the work done at The University
of Michigan is at X-band and the LFE oscillator, which is continuously variable
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in frequency, is one of the important sources, !

The operation of the Radiation Laboratory chamber is & flexible one for
several reasons, Firstly, because each band has its own equipment stand, ‘
large changes in frequency (say from S- to X-band) can be made rapidly by
merely wheeling one stand into position and wheeling the other out of the way.
Secondly, because of the design of the polarization equipment, any desired
polarization may be selected and set up in a matter of seconds. Thirdly, by
virtue of the track and carriage design, any range from 3' to 30' can be set up
in a few minutes; ranges exceeding 30' are possible but require more time.

1 Finally, because of the versatility of the X-band LFE source, detailed investi-

y gations can be made to study the behavior of radar cross sections as a function
‘ of frequency.
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1 Frequency scanning is a useful diagnostic tool that can be used to study
bcdies whose scattering arises from two or more effective sources. From a

] plot of cross section versus frequency one can deduce not only the electrical

] separation of the scattering centers but their relative amplitudes as well. In

r most cases, the model is specified in terms of d/A» , where d is some charac-

3 teristic dimension of the body. Either d or A may be varied, but for fixed

E frequency, one must vary d, and this is accoinplished by the use of a series of

similar models, each different from the other by a scaling factor. Thereis a i

possibility that imperfect machining or imperfect scaling will cause inaccuracies :

in the o ve d/a plot., In addition, fabrication costs can run very high for several

models, especially if they have complex shapes, When these considerations

are compared with frequency scanning, the utility of the latt«r becomes apparent.

In the radar cross section measurements field, the point has been reached
where the cross sections to be determined are of the order of the interference

effects of the room and even the support mechanism can mask the true cross
section one seeks to measure,
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The Radiation Laboratory has devised a scheme to separate and account
for these effects in the event they cannot be further decreased or suppressed.
The method makes use of model 'rocking' as described above. The rocking
motion cauges the signal from the model and pedestal to change phase with
respect to the stationary background signal, producing & periodic variation
in the received power which is recorded. Although the background effect may
be removed by noting the extremes of this variation, the result still contains
a pedestal contribution of some unknown phase and amplitude. This effect
can be separated from the desired model return by causing a model-to-pedestal
pbage variation which would yield the same kind of information derived from
a model-to-background variation. However, the two phase variations cannot

be performed independently and some care is required to extract the desired
information,
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The phase between the model and pedestal is varied by placing the model
on the pedestal in different positions, but always such that the model is viewed
from the same aspect, If the positions are separated by small enough intervals,
at least one position will correspond to a phase of zero and another will corres-
pond to 180° . The model and pedestal are rocked for each position and this
permits the separation of the cross sections due to model, pedestal, and room
contribution, This scheme is described in detail in a Radiation Laboratory
rcport1 aud has been used to separate a model cross section as low as
3.1x10"5m? from a room contribution of 1.5x10-5m? and a pedestal return of
1.7x10"6m?. The method is customarily used for fixed azimuth, and coupling
effects between pedestal and model are neglected,

In applying the method, it is helpful to relate the effective cross sections
by the phace angles o, @ and @ as shown in Figure 1, where § and 0 are varied
as described above. The cross sections are real, as required by definition,
but they lie in the complex plane by virtue of the phase relations. Both a, #

and 6 are constant for a given frequency but # and ¢ vary with pedestal
distance.

2
o =Re [:v/o- eja+ /Ep eJ(a*'¢)+ fc?m eJ(We)] .

r

One may now analyze the effect of V'a, and /g being perfectly in or out of
pharce; when model and pedestal are rocked together there obtain four equations
in terms of only three unknowns, (The redundancy is helpful in cstablishing the
relative value of the unknowns since it is not known at the beginning which is the
largest ¢cr smallest.) The four measured values are:

0): the maximum signal which occurs wi.er 0=0° and ¢=0°
o4: the maximum signal which occurs when 6=180° and #=0°(or 180°)
09: the minimum signal which occurs when 9=0° and $-180°

04: the minimum signal which occurs when 9=180% and $=180°(or C°),

It can be seen that o, > a3 > o4 and g, >0g .

The roots of the four equations are extracted but since this is accompanied
by plus and minus sign options, one ™ust consider the effect of the relative
values of vGp,, vOy , and /T, . Iu can be shown that these fall into six cases
and the four equations must be solved for each case. Because of the redundancy
each unknown may be expressed in terms of one pair of the measured quantities
while a check of this value is given in terms of the other pair. The solutions
for the six cases may be listed as indicated in ‘[able I and the correct case must
be separated from the other five. This is done by first inspecting the solutions
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for /G and it will be found that four of the cases may be eliminated immediately
since the alternate solutions within a given case will agree for only one pair of ,
cases., The correct case of the remaining pair may be isolated by repeating f ‘
the measurements at another frequency, preferably several. Usually the i
pedestal effects vary more slowly with frequency than the model cross section 5
and the correct case may be isolated. Other ways to effect the isolation are
to repeat the measurements at a different range (this changes v6 but not G,
or ./&'I; ) or to measure the pedestal itself.

]
I 4 ;
|
/¥, model crose section ]
‘ @pedennlcrouuouon
i
: 9 Vo, room cross section :
|
! r
f _.Re
{ !
g Figure 1 :
( TABLE 1- SOLUTIONS FOR THE SIX POSSIBLE CASES
, Case 2 o 2 o 2 o, |
| i
; T y+ 7 - 0 i
! a 07 - By )+ Oy B3 -
b 1 03 -5 a3t Ay
b 2" O A3 - 0 O+ O i
¢ i+t o3 07 - O3 o] - g :
AR - -
d ﬂl_"’ﬂg 1~ Y02 vﬂi-\b—s
¢ e G - -
e 1° o3 VUt A3 o -7,
e oy o - 0 RA
f ﬂf‘ﬂs ﬁl'-JUE .ﬂé*ﬂ;
{ Gyt Ay My + g o) - A
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STATIC RADAR REFLECTIVITY MEASUREMENT FACILITIES
AT RADIATION INCORPORATED

J. E, Landfried and W, L, Williamson
Radiation Incorporated, Melbourne, Florida

ABSTRACT

The static radar reflectivity measurement facilities at Radiation
Incorporated are described with details of system parameters, range
layout, and target support techniques. The facility provides measure-
ment capabilities for (1) frequency coverage from 0.3 to 24 kmc with
selectable polarizations (2) a wide range of target sizes and weights
(3) operating ranges up to 2000 feet for monostatic and bistatic
neasurements (4) and simultaneous operation at several frequencies
on separate ranges, The systems have been designed to meet a wide
variety of measurement requirements,

INTRODUCTION

The static radar reflectivity measurement facilities at Radiation
Incorporated have been in almost continuous operation for the past ten
years, The facility was originally established to provide scale model
measurements of ailrcraft, It has since been expanded to include full
scale measurements on a wide variety of current targets of interest,
including re-entry vehicles and penetration aids., Available systems
provide frequency coverage in all bands from UHF to K-band with a

system being completed to provide continuous coverage from 300 to 1000 me.

Ranges up to 2000 feet are available for both monostatic and bistatic
measurements,

The site consists of 165 acres of cleared, level ground which may
be used with essentially no restrictions, Two buildings with 13,000
feet of floor space provides adequate office, laboratory and storage
space, The facility and personnel are cleared to handle and store
classified materials, and 24 hour guard service is maintained,

SYSTEMS

Pressnt systems cover f{requencies from UHF to 24 imc. The Ku band,
X-band, C-band and UHF pulse systems are tunable and the others are
fixed frequency systems, Many of these systems can be modified for
operation at other frequencies by acquiring signal sources and other RF
components whers required. The UHF pulse system was designed for con-
tinuous tuning from 300 to 1000 mec, but will be capable of operation at

somewhat lower frequencies, Table I describes the characteristics of the
systens,
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TABLE I CHARACTERISTICS OF REFLECTIVITY MEASUREMENT SYSTEMS

Recelver Systom |
Frequenc Rongs Sechground ) Puise Width  Semitivity  Sersitivity  Antenmo ;
o _&d . 0 lewilbm) Petfoew  _faec)  _m) _fbe)  Peleiaetien |
. - -50 Unsar- ¢
'3 24,000 450-2,000 3 10 43 10 kew 0.28 9 Linear. |
13 16,0000 450-2,000 =35 o 43 &0 kw 0.23 -% «40 Lineor ! ;
17,000 :
. - ) Lingor- 3
. X :,:: ) 350-2, 000 =40 10 ~33 80 lew 0.28 0 bineor- 3
: ' 1
L ¢ 53,4000  500-1,000 401085 175 kw 0.25 -%0 -0 Liseor
; 3,000 ]
s 18 500 “w0r3 R 0.2 -% <0 Linear ;
[ ’ .
f L 1,200 450 ~40 to 48 1 kw 0.10 -90 30 Lineor
v 1,450
; i
! t 1,338 500-1,000  «30 o 80 10 kew 0.10 -85 -0 Linear
: UHE 550 28100 40100 10w cw -108 S0 Liner {
. H
UHE UL $00-1,000 40 to 43 1 dew 0.10 -%0 A3 Linear ,
UHF* 30010 1,000 500-1,000 -50t0-60 230w 0.0 -%0 -80 Lineor -}
b * Operationgl Soon !
: {
1 The systems are range-gated pulse systems with the exception of one
UHF CW system, All measurements are performed on outdoor ranges. The
systems from S- to K-bands use magnetrone for sources and develop an ]
error signal from the AGC loop to drive the psn recorder. The L-band
systems use cavity oscillators as sources and the 1335 mc system has a

linear RF attenuator connected to the pen—drive ssrvo, The 300 - 1000 mo :
system uses continuously tunable TWT amplifiers as sources and has a '
linear IF attenuator connected to the pen-drive servo. The systems pro- !

vide a rectangular chart output, with digital output on punched paper
tape to be implemented soon,

The systems are of conventional design except for the UHF pulse
system which features 300 - 1000 mc continuous tuning and auto-calibration.
(A separate paper is presented on the, dual-channel technique being utilig-

ed in this system.) This system is compatible with modification for phase
measurements,

Separate transmit-receive antennas are used in all systems except
the UHF systems to increase transmitter-receiver isolation. The polarita-
tions of the antennas are indopendently selectable, thus permitting crussed
or other combinations of transmit-receive polarizations. The inherent
} bistatic angle is negligible (on the order of 1 degree) at the higher
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frequencies, It is anticipated that cross-mode or other duplexers
will be employed at UHF, rather than separate antennas, if separate
transmit-receive polarization are required, Circular polarization is
available at X~ and K-bands and can be made available on any of the
other systems.

OPERATION

Table 1 describes the ranges typically used at the various fre-
quencies., While the 2000 foot range is the longest of the six ranges
presently cleared and in use, up to 2800 feet can be made available,
Range roads are provided for bistatic operation at all frequencies up
to 90 degrees at a range of 2000 feet, Bistatic measursments have been
made up to 140 degrees bistatic angle at shorter ranges, The range lay-
out further affords simultaneous operations of different ranges as well
as permitting measurements and range preparation concurrently.

Free space techniques, ground level (sometimes called ground plane)
techniques, and a combination of these are used to provide a plane wave
front over the target aperture. Microwave absorber fences are employed
to eliminate ground reflections completely in some cases and to control
a portion of the ground reflections in other cases. As opposed to the
method of minimizing the effects of reflections by limiting their magni-
tude, the ground-level technique is a method for controlling reflections
and utilizing them to obtain a sufficiently uniform field over the target
aperture, Detailed field probes are taken during range preparation to
document field conditions over the target aperture. The antennas sre
mounted at various heights up to fifteen feet and the target height is
normally held from 15 to 20 feet to facilitate mounting. The small tilt

angle of the beam can in most cases be compensated for by adjusting the
axis of target rotation.

Table I lists the background levels normally obtainable with the
various systems., Background level is, of course, dependent on target
sire and weight. The values listed in the table are maintained nominal
values with the lower background levels pertaining to the smaller targets.

Styrofoam columns tailored for the specific target are normally
used for target support during measurements. Cylindrical columns about 18
inches in diameter have been used to support targets of 400 pounds. Load
tests indicate thet weights of at least 500 pounds can be supported,
Dual column support has been used on large models (15 to 20 feet) and
mcdels weighing in excess of 400 pounds with some degradation in back-
ground levels, Column shaping and cancellation techniques are used to
maintain optimum target signal to background signal separation, The
columns are tapered according to target weipght to preclude normal inci-
dence illumination of the column. The background contribution of Styro.
foam generally decreases with frequency. At L.band and lower frequencies,
background contribution of Styrofoas columns is quite low, As bonding
or adhesion techniques are devised to allow fabrication of larger eize
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Styrofoam columns (or if larger logs become available), this support
technique should be applicable for supporting much heavier weights at
the lower frequencies,

Suspension techniques using a mobile crane have been used on larger
targets weighing up to 4000 pounds. Results obtained indicate that the
particular technique used is limited to targets with responses on the
order of 0.1 square meter or larger. A suspernsion technique has besn
devised and proposed which should show substantisl improvement over the
moblle crane in the areas of background level and aspect accuracy. The
proposed technique provides an approach for large, heavy targets (in
order of 40 feet in dimension). The limitation of suspension techniques
for measurements of low radar cross section is anticipated to be the
inherent return of the sling which is dependent on target shape ¢ 3
weight. The support fixture, excluding sling, is expected to pro.ide
background levels on order of S0 db usirg cancellation techriques.

The data is recorded on rectangular charts with a linewsas dynamic
range of 50 db or greater. Chart coordinates corresponding to azimuth
aspsct are varied according to the complexity of response to faclilitate
data reduction and analysis. The recorded data is often reduced to
median or average values or presented in probability distribution plots.
Computer facilities are available for the more complex data reduction.
Plans have been made to implement concurrent digital outputs on the
systems. Data will be multiplexed on punched paper tape in incremental
values on the order of 0,1 db and 0.1 degree.

SUMMARY

The systems in operation at Radiation are designed for handling a
wide range of targets including full scale re-entry and orbital vehicles,
RV panetration aids, scale model RVs and OVs, scale model airframes, and
various other targets., The systems cover frequencies from UHF and below
to 24 kmc with capahilities for simultaneous operation and for bistatic
operation, As previously indicated, changes can be made in many areas to
meet specific requirements not currently satisfied.
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A RADAR BACKSCATTER RANGE FOR
MBASUREMENT OF LARGE MODELS

e ———— T

Wesley G. Louie, Research Engineer
and
Charles W. Matthis, Jr., Research Engineer
The Boeing Company, Airplane Division-Wichita Branch

An outdoor, monostatic, continuous wave, oblique type radar
cross sectlon range is utilized by the Airplane Division of
The Boeing Company at Wichita, Kamsas, for the measurement
of large scaled aircraft models.

RANGE DESCRIPTION

The range, located on a portion of an eleven acre microwave
facility, consists of & mobile transmitter-receiver-recorder station
housed in a trailer and a fixed radar absorber covered platform for
target mounting. The mobile trailer can be positioned along a roadway
to obtein separation distances up to 800 feet between transmitter
and target. A series of equipments including several ultra-gtable
signal sources and parabolic antennas of from one to ten foot diameters
are available to obtain reflection measurements from 300 to 40,000
megacyzles. The transmitting and receiving antennas can be indepen-
dently adjusted in azimuth and elevation for focusing on the target.
The separate transmitting and receiving antennas result in measure-
ments which are made at a bistatic angle of one-sixth of one degree
to six degrees depending on the selection of antennas and the
antenna-target spacing for the particular measurement. This small ,
bistatic angle can nommally be neglected ip establishing the i
monostatic return of a model. “

A 20 foot hizh fixed platform, positioned diagonally with the
trailer roadway, is utilized for mounting the components for model
target positioning. The model to be measured is placed on top of
a circular symmetrical 12 foot high foam tower or a foam and
fiberglass tower which is mounted on an azimuth over elevation
turntable. Towers are avallable for supporting models up to 500
pounds. The towers can be tilted in elevation to obtein proper
alignment depending on antenna-target separation and rotated in
azimuth through 360 degrees. For aircraft models, roll angles can
be obtained by placing the model on the tower at the desired angle.

RANGE CAPABILITY

The minimum radar crosg section that can be measured consistently
is in the order of -30 4 for a target-antenna separation of 300
feet. The minimum radar cross section measurements achievable are
dependent upon wind, the radar abeorber material used on the tower
structure, and also upon the effectiveness of the background
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cancellation system. Weather conditions also govern operating time;
an average utilization factor of about 0.5 has been experienced during
the three years the range has been in opersation.

RANGE EQUIPMENT

Signal Sources

Ultra=stable signal sources are used that have a frequency
stability of 1 part in 10° or better for each of the principal radar
vands of interest (S, X and Kgq). Lover and intermediate frequencies
are obtained from low power klystron oscillator signal geperators
having frequency stabilities in the order of 1 part in 10" or better.

Amplifiers
Several TWT amplifiers, covering a frequency range of 2.0
to 11.0 Ge, are employed when required. The power output of these
tubes ranges from 3 to 15 watts,

Antennas

Four sets of two parabolic dish antennas are used to cover
the freguency range of 0.2 to 40 Ge.

Receiver-Recorder-Control Console

Scientific-Atlanta receiving-recording equipment is employed
wvith a model positiomer and control comsole, The receiver provides
a dynamic range of up to 60 db over a frequency range of 0.3 to 75 Gc.
Sensitivity varies from -90 dbm at 0.3 Gec to -70 dtm at 65 Ge. A
precision attenuator permits insertion of up to 41 db I.F. attenuation
in 1.0 4b increments. A rectangular type recorder with selectable
lipnear, logarithmic, or square root pen response is used to plot the
received instantaneous radar cross section.

Ave e Field Voltage Integretor
rage Age lntezre

A gpecially designed average field voltage integrator and
recordcr is employed to eliminate the task of mapually reducing
instantaneous radar cross section data obteined frcm the conventional

pen function amplifier and recorder to average values of radar cross
section.

The dynamic range of this equipment is 40 db over the
previously quoted frequency range. Averaging is available {n incre-
ments of 2, 5, or 10 degrees of target aspect.
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MEASUREMENT METHODS

A significant factor contributing to error in the radar croses
section measurement is the proximity of target reflected signal to
the background signal which is composed of reflected return from
surrounding objects including the foam support column and the
microwave absorber used to shield the platform and turntable. To
reduce the static background aignal to a minimum, & portion of the
tranamitted eignal is coupled to the receiving circuits and adjusted
in amplitude and phase to cancel the stable background return. This
cancellation is accomplished immediately before the model is placed
on the tover for messureme-t and the remaining background signel is
recorded before and after each measurement.

Normally, several measurements are taken of a particular target
copfiguration at identical freqQuencies and target attitudes and
these plots averaged together to achie'e as high a degree of accuracy
as poesible. This procedure minimizes the errors introduced in the
measurements by any changes in background noise level, phasing, and
wipnd conditions.
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AN ULTRA-HKIGM FREQUENCY REFLECTION
MEASURING SYSTRY

Sjegfried Fikuteit
Research Associate
Antenna laboratory
Department of Electrical Engineering
The Ohio State University
Columbus, Ohio 43212

ABSTRACT

For the study of echo-area control a CW radar facility overating
at a frequency of 472 lc with a variable range from 20 to 103 feet and
the capability to vary the polarization of the transmitting and receiving
antennas continuously through 90 degrees has been constructed and
calibrated. The system has a linear dynamic range of 50 db with accu-
rate calibration possible over a range of 80 db if necessary. Presently
the minimum measurable cross section of a target supported on a steel
tower at a range of 48 feet is one square wavelength with an accuracy
of one db. WWith further mechanical stabilization of the transmitting
and receiving antennas it would be possible to measure radar cross
sections anoroximately 20 db below one square wavelength. The null
denth 1is about 75 db below a direct connection. Closed system stability
evaluated over an 8-hour period is + 1/2 db. The frequency stability is
+ 1 ke, resulting in a sufficiently small nhase error in the nulling
circuit so as not to affect the null depth significantly. Measurements
with flat nlates and a hybrid T-bar slot antennafier agree with theoret-
1cal values to within the system accuracy.

DESCRIPTION OF UHF ECHO-
AREA VEASURING SYSTRY

This naner describes the construction, calibration, and overation
of a C4 reflection measuring system used for automatic recording of
backscattering radiation patterns of unified systems at a radiated
frequency of 422 Mc. The ultimate use of the system to be described
is to investigate the feasibility of using antennafierls? techniques.

The research remorted in this paner was sponsored in part under
Contract AF 33(657)-10386 between The Ohio State Univeraity Research

Foundation and Research Technology Division, Wright-Patterson Air
Force Base, Ohio.

306

e e i s e 0 e iR

[PWERESPPR- SO

+ aant b o e Ok B



" e n e

-

Wy

BTy

Ay Yep— o

L ke s

(antennafier is a term used to describe the combination of an antenna
and an amolifier into a single unit), as develoved at this laboratory,
to control the echo area of body-antenna systems,

A block diagram of the system is shown in Fig. 1.

Transmitter

The signal source for the radar system is a crystal-controlled
144 ¥c transmitter bv Tecraft (model TR 20/144) onerating with an
inout nower between 5.0 and 7.0 watts, For CY overation the
modulator outout transformer is disconnected, but the modulation
camability is retained through a jumper connection, The transmitter
is overated with a Tecraft PTR-2 power sunnly. By the addition of

a trinler amnlifier the outmut nower has been increased to 10 watts at
420 Me,

Receiver

The accuracy of the echo-area recordings is orincimally determined
by the celibration of the receiver AGC voltage against the RF signal
power delivered to the receiver. The Collins 515-1 laboratory receiver
has nroven to be very stable and also noss=2sses very good AGC
characteristics. Excellent logarithmic resvonse is obtained over a
50 db ranpe, which is normally adequate for a C'7 gystem. However,

if need he, it is mnssible to obtain a dynamic range in excess of 80 db
with calibration.

Converter

The energy scattered by the target and collected by the receiving
antenna vasses through a directional counler to a Tapetone Model 100A
converter which has an inout frequency of 422 V¢ and a bandwidth of
1.5 Ye. The intermediate-frequency is 22 Me. The gain of the
converter is 20 db with a noise figure of 8 db, The local oscillator is
crystal controlled at a frequency of L4 LULO Me, A crvstal oven is
used to insure maximum frequency stability. During initial tests, it
was noted that the cryetal oven vrovided good average (long-time)
frequency control. There was, howevar, always a considerable
amount cf frequency hunting caused by the oven heating cycle. The
racording of echo-arca nmattern requires a high order of stability
during the nrocess of measurement therefore the temperature sensing
switch was inactivated by inserting a series resistor in the heater
circuit. With this arrangement the current is limited and the oven
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temverature stays below the maximum temnerature of 85°C where
i normally the oven heating is interruoted.

ANTENNA SYSTEM AND RADAR RANGE

The transmitting as well as the receiving antenna is a 15-element
. Yagl array with a bonm length of 1) feet. The measured gain of these
: antennas at 420 1c is 17 db with resmect to an isotronic source. The
% antennas and the tarpet are mounted on towers as shown in Fig., 2, The
] antennas are connected to the tower through mounting brackets which
! nrovide for continuous changes in linear nolarization through 90 degrees.
! It is nossible to aim the beam in the vertical nlane from 5 degrees below
' the horizontal nlane to 45 degrees above it. The target was mounted
slightly higher than the radar transmitting and receiving antenna to
{ reduce background csignal from the structures behind the target tower.
The radar range can be varied from 30 feet to 103 feet.

AUTOMATIC RECORDING SYSTENM

The recording sysiem consists of a Speedomax Tyne G recorder,
the target selsyn geneiator and the recorder selsyn motor. The !
tarret is rotated at a rate of one revolution ner 90 seconds. For
automatic recording of reflection nmatterns as a function of target
] asovact, the recorder selsyn motor is connected to the recorder
through a shaft which drives the recording varmer at a speed of .2
inches ner minute, thus nroviding an asoect coverage of 20 degrees H
per inch of namer.

-

SIGNAL ANALYSIS

The stability oroblem that arises because of frequency changes has '
been substantially reduced by inserting in the nulling circuit an amount f
of transmission line such that the length of the nulling circuit is equal to
the free-snace distance between antennas plus the lengths of transmission
line from the antennas to the nulling circuit connections. With the present
arrangement of the antenna system it is possible to achieve isolation I
between antennas in excess of B0 dh for over an hour,

Since it must be assumed that there is some drift in the transmitter
frequency. it hecomes necessary to get an eatimate of the phase lag at
the receiver, caused by the signal reflected hack from the target tower
with respect to the sipnal through the nulling loop. This was found to
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Fig. 1. Block Diagrem of 420 Mc Reflection Measuring Installation
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be 7.55 x 10~ der/cvcle/sec. and since the maximum frequency drift
measured over an S<hour neriod does not exceed 1 kc the system is
quite insensitive to small frequency changes.

The electirical stability of the radar observed with the transmitter
outout connected to the receiver inmut through a suitable attenuator
indicated 0.5 db variation which corresmonds to an amnlitude stability
of better than 5¢ relative to the initial amnlitude, observed over an
8-hour period. “hen the antennas are connected to the radar system,
such long-term stability cannot be obtained because of the relative
motion of the antennas induced by the wind. Arnother factor influencing
the stability of the null is a change in temperature, This causes the
transmission lines to the antennas to change in electrical length,
which results in a substantial nhase change affecting the null. With
verfect weather conditions the depth of the null has been measured to
be 35 db below a direct connection. The calibration and measure-
ments are usually made with a null denth of anoroximately 75 db.

CALIBRATION AND MEASUREMENTS

Calibration of this system is most readily achieved by using targets
whose echo areas are known and which can therefore be used as standards.
The echo areas for souare flat nlates of different sizes have been calcu.
lated ard measured by Kouvoumjian and Mentzer.3 Using their results,
several flat nlates were built to rrovide calibration over the desired
dynamic ranee nf reflection levels. Comnarative measurements on an
X-band ranpe at The Ohio State Universitv using a scaled flat nlate
shows close apreement hetween patterns.

One tarret structure that has been tested consists of two T-bar
comnensated slot antennas mounted orthogonally in a ground olane.
VIith the antennas connected to the input and outmut norts of a hybrid
narametric amnlifier, the echo-areas for three different cases of
transmitting and receiving antenna polarization were considered as
i1lustrated in Fig. 3. Because of the biliteral nature of the hybrid
amnlifier, the signal received by either antenna is amolified and
radiated from the other, with the orthoronal nolarization. Antenna
orvhogonality vermits discrimination between the antennafier
scattering and the ground-rlane scattering. Figure 4 shows the echo
mattern of the T.bar slot antennafier alone, using the nolarization
nroverties to sunwnress the flat-nlate echo. The mattern is considered
reljable only near the broadside region (+ 4#5°) becanse the supnression
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of the flat-plate echo becomes noor near the edge.on asvects. Shown

in the same figure is the echo mattern of the ground plane alone, taken
with the antenna inomerative hut located in the ground plane. Figure 5
shows the combination vattern of the ground plane with the operating
hybrid T-bar slot antennafier. The main lobe of the ground plane

nattern is virtually unaffected by the nresence of the antennafier, while
the nulls are filled in and the first sidelobes are considerably enhanced.

.

) 1/
INEWAVIA!
/ M

Echo Areo  db Over 122

-0
=100 -80 -60 -40 -20 0 20 40 60 80 100
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Fig. 5. Echo Area of the Combined Ground Plane ond
Hybrid T-Bar Slot Antennafier

RESULTS AND CONCLUSION

The two most difficult problems of operating the reflection measuring
system are the random component of background oower, and drift in the
null of the system., Either effect results in received power which conse-

quently adds to the desired signal according to the relative phases of the
two.

Since the nrime ohjective is to measure changes in echo area, a
number of measurements were made with flat nlates: these measure-
ments show agreement with calculated values to within less than one
dt. MNo measurable effects on the nmattern due to reflections from the
psround were obgerved.
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In general the stability nroblems associated with the transmitting
and receiving antennas htecause of wind indicate that a good solution
would be to use marabnlic dishes securely mounted against the wall.
This would also solve the nroblem of null stability, since at the
rresent time mechanical instability in the Yagi antennas is the first
cause of null fluctuation. With increased mechanical stability it is
expected that a null in the order of 100 db below a direct connection
could be obtained. It would then be possible to measure echo areas
approximately 20 db below one square wavelength.
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RADAR ECHOING AREA RANGES AT ROYAL AIRCRAFT ESTABLISHMENT

J.G.W.Miller, B.Sc., and J.Edwards, B.Sc,

SUMMARY

This paper describes the layout and limitations of two outdoor radar model
ranges in use at the Royal Aircraft Establishment, Farnborough, England, These ;
work at frequencies in S- and X-bands. Both are capable of measuring very !
small radar echoes (10-4 square metres at S-band and 10-5 metres at X-band), :
and can accommodate models up to 300 lbs in weight and 10 ft in length., Echoes !
can be measured to within about * 12 db, and aspects to within ¥ 19,

INTRODUCTION

Two measurement systems will be described. These are cutdoor S- and
X-band ranges designed andbuiltat R. A. E. Farnborough in early 1958, Both
systems are able to measure very small radar cross sections, of the order of
10-4 and 10~5 square metres at S- and X-bands respectively. The smallest
objects measured on the X-band range have had cross sections equivaleat to that
of a 1/8 in diameter ball bearing. At the other end of the scale the largest echoes

measured have been several hundreds of square metres arising from a parabolic
antenna viewed along its axis.

The upper limit to the physical size of model which can be measured
depends on the linear beamwidth at the target, considerations of the Rayleigh
criterion, and the weight carrying capacity of the suspension mechanism. In
practice models are restricted to having a maximum dimension, normal to the
beam, of 3 ft and a weight not more than 300 ibs.

A similar range of rader cross sections canbe accommodated on the S-band
equipment. Since the suspension system used here is the same as that used at
X-band the weight limitations are identical. However the maximum target dimen-
sion normal to the radar beam can be increased to 7 ft.

e e e T e s i W% e i 4

As the above conditions are the only physical limitations imposed on the
systems, the shape of the target is immaterial, and models varying from simple
geometric shapes, such as spheres, cones, etc., to more complicated structures,

such as finned missiles, radar antennae, birds, etc., have been successfully
measured,

There is also a separate receiver system on X-band which allows bistatic
measurements to be made. This facility enables results to be obtained for bi- ;
static angles up to about 120°, A recent series of measurements has been made !
on models of certain civil aircraft in connection with the development of an :
instrument landing system,
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It should be mentioned that both radars are trailer mounted and therefore
mobjle, This mobility allows them to be moved to other sites where they have been
used to measure large echoes from targets on the ground: - for example vehicles,
jet-flames, full size missiles and the principal sources of echo from aircraft.

There are two main advantages of the outdoor systems to be described.
These are (1) the buckground echo can be kept small equivalent to 10-6 and 5x10~°
square metres at x-band and S-bands respectively), and (2) the Rayleigh criterion
for a plane wave front can be satisfied with reasonably large modela, The pri-
mary disadvantage of outdoor systems is that accurate measurements depend on
reasonable weather conditions.

In addition to these equipments it may be noted that there are facilities at
R.A.E. for measuring S- and X-band echoes from full scale aircraft in flight,
There are also facilities for monostatic and bistatic measurements by optical
simulation, Since these equipments do not form a part of the subject of this
paper they will not be described.

MEASURING EQUIPMENT
Model Suspension System

For those mndels with small radar echoes, where it is necessary to mini-
mize the background echo, a suspension system for the model is used, This
consists of a main terylene cord stretching between two towers 400 ft apart. The
model is hung 6 ft below the main cord at a height of about 50 ft above the ground.
The reason for suspending the model so far below the main cord is that at X-band
the chief source of background echo, namely that from the knot on the main cord,
is then outside the radar beam, This knot echo can reach a value as much as
5x10~5 square metres, when large models, requiring thicker suspension cords,
are being measured,

The length of the main cord makes an angle of about 45° with the direction
of the radar beam, This ensures that the reflections from the cord are directed
away from the radar receiver,

X-band Radar

The radar system itself is straightforward, It cousists of a unit producing
a 1/20 usec pulse at a p.r.f. of 1000 pulses/sec., peak power of 10 KW, and at
a wavelength of 3, 2 cms. Adequate sensitivity has been obtained by working at a
range of 150 ft, The main difficulty encountered on this range was in avoiding
excessive direct breakthrough from transmitter to receiver (for the receiver
recovery time). This was largely overcome by using separate transmitting and
receiving antennge, suitably decoupled and employing a short range gate in the
receiving system, In addition, when extremely small targets have been measured
(below 10-5 square metres), provision has been made to feed back a proportion of
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the transmitted power to the receiver dish to cancel the direct breakthrough signal.
This facility is occasionally used and improves the situation by some 6 db,

Both transmitting and receiving antennae are 3 ft diameter paraboloids
giving beams 20 wide at the half power points resulting in beams about 6 ft wide at
the target. The primary feeds are arranged to keep the sidelobes to a minimum.
The polarizations of transmitter and receiver are independently variable. When
plane polarized they are continuously variable from horizontal to vertical, and
when circularly polarized either the same or opposite hands can be selected,

The received signal, after amplification to a suitable level, is detected and
fed into a box-car detector and squarer, This produces long pulses of amplitude
proportional to echoing area. The output of this circuit is integrated (with a time

constant of 1/25 second), and fed via a logarithmic D. C. amplifier to a pen
recorder,

S-band Radar

This is a C. W. frequency modulated radar operating at a wavelength of about
10cms and radiating 11/2 watts, The frequency deviation is 300 Mc/s, or 10 per
cent which results in measured echoes being averaged over this band. Separate
3 ft diameter transmitting and receiving antennae are used which give 6° beams
at the half power points with either horizontal or vertical plane polarization. The
working range from radar to target is normally 300 ft but is sometimes twice this

figure when very large models are measured, in order to keep within the Rayleigh
criterion.

The system has a theoretical range resolution to 2 ft, This can be achieved
in practice only when the adjacent sources of echo are of comparable magnitude,
The range gate can be adjusted so that the echo from various portions along the
length of a target can be individually investigated.

The echoing area is recorded as a function of aspect angle as in the X-band
radar, In addition, there is a direct record of the ranges of the individual sources.

EXPERIMENTAL PROCEDURE

Since the models are hung at a height of 50 ft above the ground the radar
antennge in both cases must look up at an angle of 20° to thehorizontal to ensure
that the model 11es in the centre of the beam,

The model is allowed to rotate slowly under the action of the torsion in its
supporting cord, With the recorder running continuously the echoing area polar
diagram is traced directly onto the paper. It is clear that only * 140° of aspect
will be seen for one complete revolution of the model, However, the method is
quick and continuous., Depending on the detail and accuracies required, a com-

plete polar diagram drawn on standard graph paper takes from 1/2 hour to 1 hour
to produce,
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To obtain a 360° polar diagram the model has to be rehung. To investigate
one particular aspect the model must be hung such that this aspect makes an angle of
20° with the horizontal.

A recent addition to the equipment has been a large boom, some 56 ft long,
pivoted at its centre. This is sited immediately under the model. Strings running
from the model to the extremities of this boom form a 30° equilateral triangle
with the boom as base. As the boom is rotated in a horizontal plane there is suf-
ficient torque in the strings to cause the model to follow closely the motion of the
beam., This arrangement enables very low rates of rotation to be achieved with
models which would normally tend to turn stably into the wind under the normal
free method of turning.

Aspect angles are estimated from the symmetry uf the polar diagram about
an axis of symmetry in the target and the known anguiar positions of recognized
lobes, e.g. broadside flashes.

Calibration is achieved by comparison with a standard sphere 3 3/4 in. in
diameter at X-band, and a 1 ft diameter sphere at S-band.

It may be noted that when the X-band system was first constructed its operation
was checked by measuring a series of spheres which vuried in size from a
standard 3 3/4 in diameter sphere down to a 1/3 in diameter ball bearing. Good
agreement with the theoretical curve was observed (see Fig. 1).

ERRORS

Because of the simplicity and speed of operation of the systems a penalty
is paid in terms of measurement accuracy. A thorough investigation of the
limitations of the X-band system has been carried out and is summarized here.
Parts of this investigation are directly applicable to the S-hand systcm; for example,
those concerning the hoisting arrangements,

Angular Errors

There are two fundamental sources ot inaccuracy in the equipments which
introduce errors into estimates of aspect angle. The first, which can be attri-
buted to the accuracy with which the target axis is set at 20° to the horizontal,
contributes an error which varies with aspect in a complicated manner, A very
rough estimate of the average error encountered from this source over a range of
aspects from 0° to * agv is 1 0.3°,

The oecond source of error is purely experimental arising from random
causes. Its average value for the X-band system is approximately % 0, 6°. Unlike
the former error it is independent of aspect angle. It depends mainly on the pre-
vailing weather conditions at the time of measurement; in particular wind which
must be less than about 4 knots, The error will therefore be similar in size
on the S-band system.
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Thus aspect angles can be determined to an accuracy within *1° |
Magnitude Errors

. Echoing area magnitudes depend for their accuracy of measurement pri-
marily on the speed with which the target rotates relative to the time constant of
the equipment. The extent to which the angular velocity remains constant is un-
important provided it is very low (less than 16 seconds/ revolution). An experi-
mental estimate of the size of this error shows that the vast majority of readings
are accurate to ¥ 2 db, while 75 per cent of readings are accurate to about ¥ 12 db,

Polarization Effects

The above errors assume that polarization effects are neglected. If the
target axis of symmetry does not lie in the plane of polarization of the radar the
polarization seen by the target will rotate through 90° as the target rotates
through 180° about & veitical axis. Since polarization effects are normally neg-
lected an error of about 8 per cent (less than 0, 4 db) is introduced into the experi-
mental values of echo magnitudes at 90° aspect. At greater aspects the error is
larger, and vice versa.

CONCLUSIONS

The radars described allow echoing areas to be measured with * 1 /2 db
down to values below 10-9 square metres at X=band, and 1074 square metres at
S-band. The upper limits of measurement can be extended to some hundreds
of square metres by inserting microwave atienuation, The accuracy with which
target aspect can be measured is about ¥ 1°,

In addition to their use on a fixed range the radars, being mobile, can be
employed to investigate the detailed echoing structure of targets on the ground. |

As an example of a typical polar diagram obtained on the X-band radar,
Fig.2, is attached., The target was 20" long and consisted of two equal 8°
apex-angle right-circular cones joined base to base,
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RADAR TARGET SCATTER (RATSCAT) SITE

Donald Montana, Program Manager
Rome Alr Development Center
Griffiss Air Force Base, New York

ABSTRACT

This report describes the design and operation of a Radar Target Scat-
ter Site (RAT SCAT) radar cross-section measurement range presently being
implemented al Holloman Air Force Base, New Mexicc. Briefly described
are RAT SCAT site characteristics and capabilities, including a descrip-
tion of a ground plane range, the frequency coverage, data recording, cali-
bration and target size. Measurement rate is treated only briefly. The
initial capability is compared with the advanced capability build-up in
terms of target size, minimum cross sectlon, and measurement accuracy.

INTRODUCTION

This report is provided to acquaint potential users with the existence
and capabilities of the hadar Target Scatter Site located at Alkali Flats,
Holloman Air Force Base, New Mexico. The RAT SCAT Site 1s being developed
under the direction of the Rome Air Development Center, Griffiss Air Force
Base, New York. The prime contractor is General Dynamics/Fort Worth, a
division of the General Dynamics Corporation.

Operation of the site will meet a current and future need for making
static radar cross-section meuasurements of advanced full-scale re-entry
vehicle designs and uf certain other selected targets. The site will rep-
resent an appreciable extension of the state of the art of radaz croas-
section measurement. The contract, AF30(602)-2831, was let on 1 July 1962.
The initial site capability was operational on 1 April 19€3; it will build
up to full operation by 1 March 1964,

The RAT SCAT Site is a pulsed radar, range-gated, ground plane range.
Target rotators are installed at ranges of 500, 1200, arnd 2500 feet from
the radar building., Other distances are available through use of a mobile
van. Frequency coverage is continuous between 0.1 and 12 kilomegacycles
at 1 kilowatt peak power. Spot high power coverage is provided between 1
and 12 kilomegacycles at 100 kilowatts peak power. Receiver sensitivity
is -94 dbm and the linear dynamic range of the receiver is 50 db, The re-
celver 1s preceded by a variable attenuator of 50 db in 10 db steps ex-~
tending the measurement range to 100 db., Bistatic as well as monostatic
measurements are available, Target weights up to 8000 pounds and target
lengths up to 12 fest can be accommodated. Target lengths up to 28 feet
may be handled but may involve a compromise in performance.

MISSION OF THE RAT SCAT SITE

The purpcse of the RAT SCAT Site is to measure the static radar cross
section of re-entry vehicles and other aerospace craft. The use of the
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facility will be available to all DOD ard National Agencies, It is antl i-

: pated that these measurements can be used to establish the magnitude and

! characteristics of vehicle radar cross section which can be used to deter-

‘ mine probability of detection, recognition, and interception. Data gath-

; ered cculd provide a means for developing small radar cross-section targets.

: The site will also be used to establish ard validate aerospace vehicle

: design criteria. Theoretical vehicle design results will be checked and
the data produced will be used to evaluate various theories, criteria, and
techniques. A standard for future design criteria will result from the
analysis of test results and the comparison of such results with theoreti- !
cal caleulations. The development of advanced measuring techniques will
improve range capability.

LOCATION AND ACCESS

The RAT SCAT Site is located on the "Alkali Flats" area west of Hollo-
man AFB, New Mexico. The location of the site is shown in Figure 1. Rail-
way access to the site is provided by a spurline of the Southern Pacific
Rallroad located at the main base of Holloman AFB. This spurline connects
with a branch line of the Southern Pacific Railroad from El Paso, Texas,
that passes through Alamogordo. Commercial air access is provided by the
Alamogordo Municipal Airport located approximately three miles southwest
of Alamogordo south of US Highway 70. Daily service is provided by Conti-
nental Airlines, In addition, a military air facility is located at Hollo
man AFB. A graded runway is located on the Alkali Flats near the site, )
but no control facilities are available., Security and proprietary safe- ;
guards at the site are provided on a 24-hour, 7-day-a-week basis. These
are supplied in the form of secure bullding construction and a guard dur-
ing working and nonworking hours, Fire protection is provided in the form
of fireproof building construction and fire extinguishers (chemical, Coz,
and water), located at strategic points conforming to FIA regulations.

CAPABILITIES { ?

The operation of the RAT SCAT o
Site is controlled from the Opera- : (
tions Building shown in Figure 2. In
addition, there is a 40 x 40 x 15 ft ‘
warehouse for storing targets. A
discussion of the fundamentals of
operation, frequency coverage, data
recording, calibration, and target g‘_

siae follows. '//j

F enta £
Figure 1. RAT SCAT Site Location

Ground plane range opera-
tion is based on the addition of the ground-reflected wave and the direct
wave from an antenna as shown in Figure 3. Interaction between the two
waves causes the original radiation pattern of the source to be broken up
into & vertical lobe structure, The result of combining the direct wave
and reflected wave at the targei depends on the relative intensity and

322

R P O POy S it oot o e F——r v e < .

P 8 Azt 4 EP PETEE A SUMASENLS TSP CVL” CUOVETHUAY 97 U ST Y A NAS et nt o4 20 18/ SRR TIAIY D FA0 L SR SRS SRS 10 BASTII T 1 TAMS A AR PR G PETEIR A p T IR SR SR, SR AW T LS SIS, IR TRRBANLE.




P I

SECOND FIRST
FLOOR
AREA &
o z s STORAGE

W b
IR
o- g
OPERATIONS

« Machine shop Ror making farge? suaporls
* Reprogetion room Aor furning out reports Quickky

* Maintenarve room Por reaairing & calibrating &/l equipment

* Room large enough 10 do van maintenance
» Operstions room is sepsrate Prom transmitter & recerver room
o OPfice space Por GOIFW, PADC & contractor personné/
o Freght elevators o service bott Abars & roo’

|

p e i v nmn

Figure 2. Operations Bullding

DIRECT PATH
\ ——————_————=
he \\\ mo’m - ’
NS , /

Ca\sfmchvea\dchs?ruch»emfaﬁmbmmndumrpa?hwgu:umﬂecfed

energy produce a lobe structure in the radiation pettern of the source - The taret !
is located in the first lobe when hght s AR/,

PHASE FRONT CURWATURE
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phase of the two waves., In turn, relative phase and intensity depend on
the difference in length between the two paths and upon the change of
phase and intensity introduced by the process of reflection. On a ground
plane radar cross section range, the antenna and model are located at
the proper positions in space so that the direct wave and the ground-
raflected wave add at the target to produce a maximum lobe. For a per-
fectly conducting plane earth and point source, the relationship between
antenna height, target height, range length, and frequency is expressed
by the equation hzhy = AR/4, where hy, is antenna height, hy is target
height, R is the range between the antenna and target, and A is the wave-

length. Tests set up in accordance with this equation yield low back-
ground lsvels.

The range R, used in the preceding equatlon, is also constrained by
the allowable error due to phase front curvature at the target. Errors
due to phase front. curvature are not peculiar to a ground plane range
but are primarily a function of tne distance between the target and the
transmitter/receiver, If the phase front incident on a target is curved
as shown in Figure 3, the returms from scatterers located on variocus por-
tions of the target will not be in the proper phase relationship. The
required range is R s kDZ/A where D is the maximum dimension of the tar-
get perpendicular to the beam. The nature of the target and the toler-
able error determine the value of k to be used. A value of 1 is suit-
able for many situations.

Freguency Coverage

The RAT SCTAT system 1s designed to measure radar cross section
at frequencies of 0.1 to 12 kilomegacycles. Transmitters for frequencles
below 0.5 kilomegacycle will incorporate conventional tuned-line pulsed
oscillators with 1 kilowatt of peak power output. A TWT transmitting
capability is provided from 0.5 to 11.5 kilomegacycles with a peak output

power of 1 kilowatt. For these systems, frequency coverage is continuous.

Distatic operation is available at all frequencies. Transmitter and re-
ceiver characteristics are shown in Figure 4.

—( OHRRACTERISTIOS |
o Pulse Repetition Frequency ___ 500 5000pps (variabie)
o Puise Width 0.1 - 1.0 psec (variabie)
« Range Gate 01 - 1.0 psec (variabie)
¢ Dynamic Range. 60db
« Receiver Bandwidth 10 mc or 2 mc(selectabie)

Figure 4, Transmitters and Receivers

A large number of transmitters operate on the White Sands Missile
Range. It is therefore necessary to schedule operation at certain fre-
quencies to prevent mutual interference., It is desirable that measure-
menit frequencies be known as far in advance of actual use as possible,
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Data Recording

The system is designed to record cross section over any 50 db
dynamic range. Polar recorders, Scientific-Atlantc APR-31-536, capable
of making 13-inch diameter plots, are provided. Azimuth position of the
target is changed by the rotation of the table; the received signal
strength causes a radial pen motion. Thus, a polar plot of cross section
() vs. azimuth angle is obtained. Rectangular (X-Y) recorders, Scien-
tific-Atlanta APR-21, capsble of making 10 by 20-inch plots are also
available. Azimuth target position is plotted along the abscissa, and
cross section on the ordinate., Equipment for duplicating records is
avallable at the site.

.

In addition to analog recorders, digital recorders and printer are
also avallable. The digital recording interval 1s selectable in 0.1, 0.2,
0.4, 1, 2, and 4-degree steps. The recording medium is punched paper tape
in 5-level taletyps format. A typewriter is provided for tape identifi-
cation and the insertion of calibration data. Tape duplication equipment
is alsc available. Typical data outputs are shown in Figure 5,

? RECTILINEAR
! r T 1 1,iqﬂ_ Fap = =
‘ F : S e e s
; e ST E S ——
. SEaNayESe: +
+ YT H ' .I:
- —t- [ a2
1 -
11 ‘T Hey
1 '
(. 4+ HHit 1 -
'L ! DIGITA
[ ! Figure 5. Measurad Data Formats

Normally, calibration of cross-section measuring equipment is
accomplished by the measurement of spheres, Calibration spheres from
] 36-inch diameter to small ball bearings are available. A retractable
L corner reflector is positioned at a specific distance in frcnt of the
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target and is used as a secondary standard. In typical operation, a
sphere will be mounted on the target mount and the equipment calibrated.
The range gate is then positiorned at the range of the corner reflector,
and a calibration is made by using the cormer reflector as the secondary
standard. The cornsr reflector is then used as a working standard for
sach plot. Disurimination between the turgei and the secondary standand
1s accomplished by moving the range gate to the appropriate distance.
Other calibration methods will be investigated, particularly for bistatic
operation.

Target Size

Targets up to 8000 pounds may be measured at RAT SCAT. A primary
consideration is the target mount since it must be designed to reflect a
substantially smaller cross section than the target to be measured. Usu-
ally, the mount must be especially tailored to the target. If the target
is designed to reflect a particularly low cross section at certain aspect
angles, this information is used in the fabrication of the mount. Fre-
quently, mounts can be fabricated to reflect extremely low cross section
over a portion of total azimuth coverage. Therefore, information as to
expected cross section will be helpful in designing a mount.

For the initial period, styrofoam mounts will be used. Although sty-
rofoam mounts offer a low cross section, the weight loading capacity is
limited. A hydraulic cylinder (used in conjunction with a RAM shield)
will alsc be available for the heaviest targets. Other mounting tech-
nigues are being investigated.

CAPACITY

The range is designed to measure both monostatic and bistatic cross
section. Bistatic operation is limited to O to 120 degrees. Simultane-
ous monostatic and bistatic operation and recording are possible on any
range. The range at which a target is measured will depend on frequency,
target size, and required sensitivity. The RAT SCAT Site has been de-
signed with three target pits at ranges of 500, 1200, and 2500 feet as
shown in Figure 6, Any two ranges may be operated simultanscusly. Nor-
mally, transmitters and receivers are located in the operaticns bullding.
where the fixed ranges are not satisfactory, transmitting and receiving
equipment can be located in a mobile van which can be positioned at inter-
mediate ranges.

Handling Equipment

Avalilable support equipment is shown in Figure 7. Targets are
normally handled by use of a mobile crane. Any special handling equip-
ment, such as jiges slings, etc., must be furnished by the customer. Lim-
ited storage is available for targets in a warehouse adjacent to the oper-
ations building.

Moblle target shelters are alsc provided. These shelters are provided

326

e stmans o

RV STV & - R THFreAnLT A AT 3 ]

bt A S a0 G, 50k R btk il I i i

gl

FERPRUT} SrOT PSSR SR SRRl 4 P Y

[PUNSRPRAVT IR T NG SR S AN P WRPTED o W - T WSO U

PN e YV P VRSN RIPY - A



v | e larget rofators at 3 ranges

* Monoslatic van capabke of
accommuodaling il bands of equip.
e Bistatic capability on all
3 larget stations

o 30 Pt hyaravikc ram & rotator
for heavy targers

o Mobike equipment FPor trans -
porling & placing fargels
on rorators
* Figt bed trucks & rravkers
* 30 feet- 10 fon crane

® Warehouse for storage of
contractors fargels

. fusm:c“(
/ ROADS
ROTATOR

Figure 6. Site Physical Capability

with wheels so that they can be moved over target rotators to protect a
target. Two mcvable hoists (longitudinal and lateral) are provided in the
mobile shelter. Additionally, a truck-mounted aerostand is provided to
allow personnel to work around the target while it is mounted.

PRIME EQUIPMENT NECESSARY FOR SUPPORT OF SITE

1
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Measurement Rate

A measurement of radar cross section is defined as the recording
in analog (polar and rectangular) and digital form of radar cross section
of one target for all aspect angles in a plane for a fixed target eleva-
tion angle at one frequency, one polarization, and one bistatic angle.

The exact cholce of these parameters for a measurement will be made by the
PAT SCAT Site customer as coordinated by RADC. The number of measurements
which can be made in any time period will depend on the complexity of the
instrumentation, target size, bistatic considerations, etc. Other sig-
nificant factors are the number of personnel assigned to the site, the
number of shifts worked, and the use of overtime., For further information
concerning measurement rate, refer to General Dynamice Secret Report,

TRAT SCAT Measurement Rate Capability" (title unclassified), MRE 375,

14 December 1962,

CAPABILITY BUILD-UP

in terms of frequency coverage and cross-section values, the initial
capability and the advanced capability of the site must be considered sep-
arately. For the initial capability, available 1 April 1963, the range
frequernicy was 0.5 to 2.0 kilomegacycles. The speclially designed styrofoam
columns or air bags can accommodate target weights up to 350 pcunds. The
attitude of the target on th- colum can be manually adjusted. The amount
of adjustment will depend on the shape of the t{arget. The table which
supports the column permits tilting the target from O tc 15 degrees. In
order to make a measurement, the target mounted on the table is rotated
from O tc 390 degrees, The radar cross section is recorded as a function
of azimuth. Special handling techniques are required on targets over 12
feet in length., Targets with radar cross secticns (o~) as low as 10~
square meter can be measured with an accuracy of + 2 db (1.0 - 2.0 kilo-
megacycles). For targets with cross sections greater than 10~% square
meter, the accuracy is improved to » 1 db.

The advanced capability will be available on 1 March 1964, Additional
frequency coverage, larger target weight capability, and better system
accuracy will be provided. The frequency range will then ke 0.1 to 12.0
kilomegacycles and weights up to 800U pounds can be accommodated. The
anticipatﬁd accuracy for 1.0 to 12.0-kilomegacycle measurements is « 1 db
for a 1077 square meter target. Measurements may be made prior to comple-
tion of tho initial capability and advanced capability phases., In addi-
tion, range improvements will be incorporated after attaimment of the ad-
vanced capabillity.

IMPROVEMENT PROGRAM

The range improvement program consists of research and development of
improved radar cross section measurement cepabilities, The following
areas are being considered in the research and development effort: develop-
ment of advanced target support, background reduction, frequency stepping,
range geometry, improved calibration techniques, circular polarization,
scattering matrix and cancollation techniques.
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The application of the results of the Research and Development Pro-
gram will facilitate measurements of low cross section targets. In addi-
tion, these results will bs utllized in the diagnostic investigation of
range performance, flare spot location, mount discrimination, and fre-
quency analysis. These results will also be used in meeting current and
future measurement rsquirements and in improving measurement accuracies
and techniques.
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INVESTIGATION TC DESIGN A METHOD FOR
THE ANALYSIS OF RADAR CROSS~SECTION MEASUREMENT DATA

M. L, Parish
The Martin Company
Denver, Colorado

Early in 1963 !&artin-Denver completed an entirely new microwave
anecnoic chamber to be used for antenna pattern measurement and radar
cross section measurenent., ESecause of the radar cress section require-
nents, it was hoped that the ctate-of-the-art in chamnber performance
could at least be equaled and perhaps even be extended, Several companies
proposed state—of-the-art chambers equal to the best known facilities in
the world, The 3. r. Goodrich Company, Shelton, Connecticut, however,
proposed a new innovation that upon investigation showed a good probability
of extending this performance by 10 to 20 db,

The 20 x 20 x 50 foot structure is located in a new builoing at the
Martin Anterna dange, One end of the chamber is equipped with a draw
bridge trre mechanism which allows the entire wall to be lowered to ground
level to converi Jhe chamber to an outdoor range terminal. The opposite

end of the chamber borders oan a two-story room which is used for instru-
mentation of the chamber,

In view of the '"beyond the state-of-the-art" performance desired,
B. F. Goodrich very high performance material was used in a flat well
design. In addition, a motor driven mechanism was incorporated to vary
the tilt angle of the wzll behind the odject or antenns under measurement,
This novel arrangement offers the opportunity to conveniently direct the
best null in the wall diffraction pattern back down axis., VHP-26 was used
on the tiltable back wall and VHP-18 was used on the remainder of the
chamber, The usual welk arcas of rigid absorbing material were omitted
with the thought that these lower performance materials might adversely
affect performance, Ventilation ducts were covered with porous CV-18
absorbing material, All materials (except the floor) were mounted with
B. F. Goodrich "Absorba-grip'" olastic zipper fasteners,

Ample evidence has been presented by 2. r. Goodrich test engineers in
conjunction with Fartin engineers to show that the new Martin chamber, when
used at X Band with a favorable oack wall tilt angle, will give the
following performance:

(1) Reflection for pattern measurements in excess of 70 db down at
worst aspect angles and (2) an equivalent radar cross section of approx-
imately 1 x 10~° square meters at 25 fect. Vhile the original design goal
of a 90 db down chamber was not fully attained, the measured cross section
value can be used to calculate that the chamber is aown 83 db, This figure
is 23 db better than the guaranteed characteristics,

The B. F. Goodrich Company believes that this performance is signifi=-
cantly above that previously attained in any other chamber and is to be
attributed to the use of very high perfurmance materials in conjunction
with the tiltable back-wall feature,
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At present the back-scatter range is fully equipped for both bi-static
and mono-static measurements at X-band. Two sources of stable signals are
being used, One is a LrE ultra-stable signal generator. The other is a
X~13 Kklystron using the Dymec oscillator-synchronizer, Data is obtained
in two ways. A Scientific Atlanta 60 db dynamic range receiver feeds a
resorder for a visual presentation. In addition, the returned signal
fed through the receiver to a digital voltmeter ana then to a punched
tape presentation for a permanent record. This punched tape data may
then be converted to cards in the Martin-Denver computer facility,

Tests are being run to determine errors involved in various methods
of model suspension and rotation. Foam columns, concentric colums and
nylon string suspension are being evaluated,

Scale models of proposed re-antry vehicles have been measured to
determine the effect of configuration on the radar back-scattering
pattern. The re-entry vehicle modeis have been varied by changing
cone half-angles and base configurations, Tests will continue on the
effect of shaping and will include the effect of using various absorber
materials for reducing the returned signals,

S0E Wart | pAck waL o
l AbL ACK WALL |
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!
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Test AnTENNA AspecT AnGLE
Fig. 2. Level of Reflected Energy vs Aspect Angle
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AN ANECHOIC CHAMBER FOR LiZASUREMENT OF BACKSCATTER
AMPLITUDE AND PHASE AT MULTIPLE POLARIZATICKS

R. W, Roop and S. M. Sherman
Missile and Surface Radar Division
Radio Corporation of America
Moorestown, New Jersey

Ry

INTRODUCTION

i diiota s st e bekidad L

In making tarcet backscatter measurements, it is sufficient for many
applications to measure only backacatter amplitude (or radar cross-section).
For other applications the requirements are more sophisticated, and the

complate scattering matrix (including amplitudes and phases) must be
measured.

As part of a continuing study of the relation between radar signatures
, and the targets which produce them, the Radio Corporation of America is
; operating an anechoic chamber at X-band at its Moorestown, New Jersey
i plant. Models of radar targets are designed by scaling the body dimen-
: sions to the wavelength used and are mounted on a pedestal in the

chamber. The target is illuminated alternately with orthogonally

_ polarized waves by means of a LOO c¢ps switch which directs the r.f.
i energy into one of two possible microwave channels,

e ki i bk

o e Ak ke s

By means of a synchronized set of awitches in the receiving system,
the amplitude and phase of two orthogonal polarizations can be measured
and recorded during each period of transmission. As a result, the
amplitude and phase of each possible combination of polarizations in

the scattering matrix of the target can be obtained exper‘mentally as
a function of the aspect angle,

The phase meacured is not merely of one polarization relative to
another, but of each polarization relative to a fixed reference phase.

GEOMETRICAL ARWANGEMENTS

o et At ———— o = S

The interior dimensions of the RCA anechoic chamber are 10 ft by
10 ft by 36 ft. As shown in Figure 1, the target is mounted on top
of a foam pedestal at a height of about L} feet above the absorbing
flov=. The upper half of the foam pedestal is a cylinder 1} inches in
diameter, with a V nctch cut in the top surface, for holding the target.
The lowe: half of the foam pedestal is conical, with a base diameter
of 10 inches. The entire pedestal can be rotated about a vertical axis
: by a geared motor with an external indicator which shows the angular
: positiun of the pedestal. 'The angular position of tho target on the
pedestal is determined by nbserving a fiducial mark on the target with
& theodolite located outside the chamber and poirting through a window.

The accuracy of measurement of the angular vosition of a turget 3 inches
long is approximately * 1°.
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In one end of the chamber, two square horns are located at the
same heipht as the terpet. The open end of each horn is 5 inches on a
side, and the horn positions are offset both horizontally and vertically.
The total bi-static angle between the centers of tue two horns for a
target on the pedestal is 2.1°. Each horn can be rotated sbout its
lonpgitudinal axis to produce an adjustable anpgular displacement of the
i sides of the horn away from the vertical. In normal operation, botn
the illuminatine horn and the raceivine horn are aligned with one side
vertical. Under these circumstances, the illuminating field can be
linearly polarized in either the vertical or the horizontal direction,
and the receiving system analyzes the backscatiered radiation into
vertically and horizontally polarized linear components.

INSTRUMENTA TION

A simplified block diapgram of the instrumentation for the anechoic
chamber is shown in ipgure 2. The system operates at 9905 Mc. Diode
switches in the r.f. feed are used to direct the illuminating energy
first into a waveruide which radiates a horizontally polarized field,
and then into a guide which radiates a vertically polarized field from
the same horn. The switching rate between these two orthorgonal poleri-
zations is LOO cps.

A simiiar switching arrangement is used in the receiving waveguides,
except that the diode switches in the receiving channel operate in
quadrature with “hose in the £1lluminatinpg channels. This timing is
shown in Ficure 3. UDuring the first half of the H illumination period,
the receiver is connected to the V receiver channel, and during the
second half of the Y illumination period, tne receiver is connected to
the H channel. Similarly, during the V illumination period, the
receiver is connected first to the V channel, and then w the H
channel, In this way, the r.f., sipnal at the first detector consists
of a time shared sampling of fowr simals, i.e, HV, HH, VV, VH, where
the first letter indicates ‘he polarization of the illumination, and
the second letter indicates the polarization of tne receiver channel.

. o A W ¢ AV VEARTR NS ST S PV Wt 1A T S Sl o . oo+ it e e 1
B SRRV W ST TRVt b e SRS L LU I

v At s

The local osdllator frequancy is pencrated {rom the basic r.f,
by mixing a 30 Mc osciilator with the X-band sienal and using a narrow
filter to reject all frequencies except the desired sideband 30 Mc
above the illuminstion frequency. An IF phase refersnce siznal at
30 Mc is pemsrated by mixing the eingle side bund sipnal with the
original r.f.

|

' In the IF stage, the received sional is d&ivided into tw> channels.

! The amplitude channel passee throuph a log amplifier so tlist the detected
IF will have a linear characteristic on a decibel scale. The phase

A T B Y i I T e e e i

channel is peszed throurh a linesr IF amplifier, then limited and
vassed to a specially designsd phase detector. The ‘etected outpmt of
the log amplifier and the output of the phase detector ere decommitated
by a synchronous switch, and passed to a conventional multd -channol
oscillogreph for low frequency emmlification and recording. Four
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phase simmals are available, i.e. iy, #uv, fn, Pvv, together with

the four arplitude signals, iﬁm, JHVs JVHs ZVv. All the phase
detector outputs make use of a single phase reference signal,

TYPICAL OPERATIONS

For the 1 Mc, 50 ohm IF input, themmal noise has a power level of
=114 dbm. The operating level of tie system is determined by adding
the system losses and the desired dynamic range to this figure, as
shown in the following table.

Thermal Noise Level -11) dbm
Path loss for typical target 71 db
(3 inch diameter sphere)
Wave guide losses 1 db
Allowance for converter noise figure 17 db
Dynamic range LO db
Total 142 db = level of

transmitter
above noise

The absolute level of the r.f. source is +28 dim.

In normal operation, the stationary return from the empty chamber
occurs at a level about 95 db below the sowce level. This return is
cancelled by adjustment of the phase and ettemuation of neutralizing
channels which feed signals from the illumination channel into selected
points in the r.f. receiver channels. Typically, adjustment of the
first neutralization channel (between the throats of the horns) can
reduce the stationary return from the room to a level about 120 db below
the level of the r.f. sowrce. Further adjustments of other neutralization
paths, coupled to the receiver channel near the detector, are used to
reduce residual spurious signals at the detector to s lavel only a few
db above the thermal rnoise level at the detector. The actual dynamic
range svailable on a particular run depends on the si2e of the target
and the care with which neutralization is carried out.

Using the system described, it is possible to achisv measurement
accuracies of £ 0.5 db in cross section and £ 3° in phase for each of
the elements in the scattering matrix. The absolute accuracy of the
eligmment of the terpet relative to the pedsstal is bettar than 2 mils,
and the relative accuracy of the meeasurement of the aspect angle of the
target is t 0.19,

The performance characteristics of the RCA anachoic clamber are
summarized in Table 1I.
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TABLE I

SUMMARY OF ANECHOIC
CHAMBER CHARACTERISTICS

Dimensions Approx. 36'L, 10'W, 10'H
Frequency (cw) 9.905 ge
i Transmitter output power +28 dbm

Level of spurious room
reflections 95 db below radiated level

; Neutralization of spurious
' signal 125 db or more

Polarizations Transmi* H and V or L45° and 135°
raceive H and V

(Circular polarizations available with minor modi-
fication)

- oy EPTTIRTPTLY

Cross-polarization isolation 30 db

Amplitude calibration ac-
curacy +0.5db

! Amplitude stability + 0.5 db/hour
| Phase measurement acouracy  + 3°
Recorder 6-channel Sanborn transistorized
Pedestal Scientific-Atlanta, remote control
0.1° readout on remote indicator

2,5° electrical pulse output to recorder from
photoelectric system,

Pedestal table turned in place to give max,
accuracy of center of rotation,

Hethod of target aligmment Theodolite
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THE SCALE GROUND PLANE RANGE

R. A, Ross, Associate Engineer
Cornell Aeronautical Laboratory, Inc.

ABSTRACT

This paper reports on a simulation of the full-scale ground plane ‘
{ range (Rat Scat) being built at White Sande Proving Grounds. Prove-in

measurements obtained on the simulation range agree with the theory
upon which the concept of a ground plane range is based. The effects |
of environmental variations on the performance >f the Rat Scat range
constituted one of the studies investigated using the scale range. Some
results are presented in this paper.

INTRODUCTION i

Quantitative descriptions of the cross sections of reclevant opera-
tional targets are ersential to the radar systern designer, and thesge ' 2
descriptions must be derived from experimental measurements. A : .
E radar cross-section range is normally used as a computer to estimate P

the cross-section values that would occur in free space. _

] The radar cross section may be obtained on a full-scale range,
in which case the actual target is studied at the frequency of interest.
Measurement difficult.es attendant upon the physical size of a full-
scale range include environmental effects, associated with outdoor
operation, and the presence of undesired fields at the target area due
to spurious ground reflections. These two factors are controlled by
employing a scale facility, providing, of course, that all of the scaling } b
requireinents can be satisfied. !

In certain instances full-scale measurements are necessary. |
(This situation arises when the scaling requirements cannot be met
\ or when acceptance measurernents are desired.) In order that random
: reflections from the intervening ground not preclude accurate measure-
ments, it has been suggested that the ground plane concept be applied. ]
The Cornell Aeronautical Laboratory, as a part of its investigation of
Rat Scat design possibilities on subcontract P.O. 902568-X to General
Dynamics, has constructed a scale-model ground plane range. A
description of the scale ground plane range, along wita some of the
experimental results, is the subject of this paper.

BACKGROUND MATERIAL

A short discussion of the ground plane concept, followed by treat-
ment of the scaling requirements. is presented next.
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The Ground Plane Concept

The ground plane range, used successfully for antenna pattern
measurements, has been proposed as a technique for radar cross-
section measurement. In such a ground plane range the ground is
made flat and smooth with respect to A , the operating wavelength.
The antenna and scatterer are located in that region of space where
the direct ray and the reflected ray produce reinforcement (Figure 1).

In Figure 1, the height of the =radar antenna A above
the grourd plane is 4, , the height of the target T is 4, . Both
he and 4, are several wavelengths or more, and 7y , the
separation between 4 and 7 , is 8o large that the field at the ,
target falls off as //r‘ . The image of the antenna A is at A4 ,
a distance A, below the reflecting ground plane. The length of the
ray from A4’ to the target T is r . Reflection of the energy
transmitted at A occurs at the ground plane position 0 at the
grazing angle ¥ . The coefficient of reflectionis & , and the
phase shift at reflectionis & . The electric field strength due to
the combined direct and reflected waves at the target may be
written

£, (wtrkra) RE, J(wtrkr+@)

—-_—e b—g

% 7 (1)
J’(Ia?rkrg) '_/__ & e J(kr-—k’r,( r")

72 r

E=

=fe

where the difference ( r - r4) is important in the exponent and 7¢g~7r
is valid in the denorninator. Substituting J'-(zqr//\)(r-m). we have

, _ i
Es [/er /(iri)]é g/ @Witrkr) (2)

Range geometry is chosen so that the target 7 is located in the maxi-
mum of the first lobe. The amplitude pattern implied in equation (2)
is of the form

\//rxlfzkcoa(;&fd') (3)

The polarization dependence of fields above the ground plane is evident
in the expression of the reflection coefficient in terms of the ground
constants. For horizontal polarization of the transmitting antenna 4

( £ field parallel to the ground plane) we have

iU o Sin pVk /K ) — cos*y
‘/?lle ) .’l':,y* kK] -cos”y (4)
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Similarly, for vertical polarization we have

1 2 Gk [he) Sinp - Vk/k 4 oost
Rye't - Guleelont SOl ot (5)

where ¥ 1is the grazing angle and (‘k, /'A',,\" ig the complex dielectric
constant of the ground. In the following analysis it will ke convenient to
use the notation

3o < o]

r et < [lﬁkve".(""”]

[ 4

(6)

In the ideal case Me’® would be independent of polarization and real
with magnitude 2 . In actual practice /7 approximates the value 2 ,
¢ is some small angle, and the polarization dependence must be
retained.

The fundamental requirement for the measurement of cross
section is that the phase and amplitude structure of the field encom-
passing the target approach the uniformity associated with the long
range at which an operational target would be observed. While this
requirement applies to ranges in general, the ground plane range
introduces additional constraints. A ground plane range will be calied
well behaved if it satisfies the following conditions:

(i) Vertical Coverage Diagram Overlap

There must exist a common volume (the target location)
of overlap at the first-lobe maximums for both vertical- and hori-
zontal-polarization field patterns. It is the field in this cormmon
volume that should satiefy the uniformity requirement. The resultant
amplitude and phase of the field for horizontal polar;:.i.on need not
be equal to those for vertical polarization. (In practice, the hori-
zontal-polarization field strength at the first-lobe maximum is greater
than the vertical-polarization field strength.) The overlap condition
must be satisfied if cross-section measurements employing polariza-
tions other than the princigpal polarizations are anticipated.

(ii) Constancy of Ground Parameters

The electrical properties of the ground are influenced by
weather and seasonal growth. The physical configuration of the ground
plane is subject to winds, etc. It is necessary that ground parameters
which affect the range field pattern remain essentially constant over
the time interval between range calibrations.
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Scaling Requirements

The following two equations relate the dimensions and cross
sections of the full-scale range and the scale range,
DM/AM - o/’qo (7)
2 2
S/ Am = 0/, (8)
where O, is any dimension of the full-scale range

Op is the corresponding dimension of the scale range
6, is the full-scale cross section

Gp is the scale-range cross section

A, is the full-scale wavelength

Apm i8 the scale-range wavelength

If the ground plane at the White Sands site were of such high
conductivity that there were negligible losses due to surface currents,
it would be necessary only that the scale ground plane should have
| similarly high conductivity. Decause the full-scale ground plane has
i neither extremely high conductivity nor unity permittivity, scaling is |
exact only if: :

(a) The finite conductivity of the full-scale range soil is
reproduced in the scale range with a material having thie conductivity
multiplied by the ratio Zc//"l/., .

i (b) The permittivity or permeability of the full-scale range
! soil is reproduced in the scale range with material having equivalent
electrical properties at the test frequency.

While it proved feasible to implement a scale range which provided
valid data when applied to the Rat Scat range, an exact simulation was not
possible because the required electrical properties of the Rat Scat soil
(at 200 Mc) were not available.

THE SCALE GROUND PLANE RANGE '

Desciiption of the Scale Ground Plane Range

In order to provide experimental verification of theoretical results,
i and to provide data thatare best obtained by direct measurement, a scale
f ground plane range was implemented to simulate the Rat Scat low-
frequency complex.2 The range uses the CAL K, CW radar (35 Gg¢) and
was designed to represent operations at 200 Mc.

Although the scale ground plane range must be finite in éxtent, it was

possible to scale a 1400 ft x 700 ft area of the Rat Scat low-frequency range
using a 8 {ft x 4 ft area in the scale model range. Subsequent expe rimental
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results have verified that the restriction in dimensions should not play
a serious role in ground plane performance, since the ground plane
area is much greater than a Fresnel zone,

Actual ground plane material was extremely fine-grain bonding
sand, held ina 8 x4 x 1/2 ft. waterproof container lined with radar
absorber. Although it is not known whether a complete electrical
match was obtained between Rat Scat soil and the sand (200 Mc data on
Rat Scat soil was not available), excellent agreement in field strengths
was obtained between full-scale and scale-model measurements.

Normal operation involved the scale ground plane range in the
smooth sand condition with the target (a 1-inch-square flat plate)
placed 34 inches from the antennas (full-scale ceparation is 500 ft.).
Rectangular transmitting and receiving horns, approximately 1 inch
square, scale to 15 foot horns, about the size of the Rat Scat low-
frequency dishes. These linear-polarization horns were employed to
obtain cross sections having the following transmitting-receiving
antenna polarization combinations: vertical-vertical, horizontal-
horizontal, 7/4 -m/4 and vertical-horizontal. A variable-tilt

- turntable was provided to allow target rotation about an axis perpen-

dicular to the first lobe of the ground plane field pattern. Sand was
dammed away from this turntable by means of a plaster of paris
cylinder placed flush with the sand surface and extending through the
bottom of the table.

A program was carried out to provide field-strength data abeve
the scale ground plane range. A sphere was used to probe field mag-
nitude across the target area in azimuth and elevation; the phase of
the field was not obtained. (This technique is identical to that em-
ployed on the full-scale Rat Scat range.) Figure 2 illustrates field-
strength measurement data in elevation at the control-pit azimuth
angle, using dry sand. The magnitudes of the first lobe peaks match
to within 1 db for the two principal polarizations, the horizontal
polarization peak being larger as expected. Field distributions pre-
dicted by theory are observed at the surface of the ground plane; for
vertical polarization the surface wave contribution lies about 20 db
below the first lobe maximum. The elevation of the first lobe
maximum corresponds to a full-scale height of 33 ft, at 200 Mc.

Figure 3 provides gross characteristics of the field above the
ground plane, again using dry sand. While contours of constant field
strength vary irregularly in the second lobe above the ground plane,
the first lobe characteristics are regular for both vertical and hori-
zontal polarizations. An anomaly common to the field-strength
patterns for both polarizations is a deep null, symmetrically distrib-
uted in azimuth off to the sides of the target area, at the same
elevation as the upper null of the first lobe directly above the target
location.

Reference measurements on the scale grcund plane range were
based upon flat plate cross section. Free-space (anechoic chamber)
measurements of a reference 1-inch-square flat-plate were com-
pared to ground-plane-range measurements for the principal
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polarization antenna combinations. (It should be noted that the tilt of
the resultant ground plane field requires a target rotation axis slightly
inclined towards the antenna position. The proper rotation-axis
inclination for the scale ground plane range was about 2 degrees.)
Results for vertical and horizontal polarization are shown in Figures
4 and 5, for dry sand. Agreement is excellent. Differences between
free space and ground plane cross sections, existing only at the lower
cross-section levels, are considered acceptable.

Comparison of measuremente indicated that the power returned
from a spherical target in the scale ground plane range was only 9 db
greater than a free space range, using the same antennas, instead of
the 12 db predicted for ideal conditions. The loss in array gain for
vertical polarization was directly attributable to a less-than-unity
reflection coefficient; the minimum at the ground plane surface corre-
sponded to a reflection coefficient of 0. 68 and agreed with the observed
3 db decrease from the ideal case,

Circular Polarization Investigation

The standard configuration of the scale ground plane range has
been outlined. A linear polarization configuration employed in pre-
liminary studies involved large three-inch horns capable of c¢ircular-
polarization operations. Same-sense and opposite-sense circular-
polarization cross sections of a three-inch-diameter sphere were
measured in those studies. The results stated below illustrate the
polarization dependcnce of the grouad plane.

The three-inch horns were aligned such that the antenna center
line was 1-1/2 inches above the sand and parallel with the sand surface.
Transrmission of a right-sense circularly polarized wave produced a
first lobe maximum 2-1/2 inches above the sand at a location 70 inches
from the antennas. The resgultant grazing angle was 3.5 degrees. The
measurement program allowed evaluation of the polarization dependence
of the scale ground plane for this grazing angle.

The ratio of same-sense tc opposite-sense circular-polarization
cross sections of a sphere, 03 /% (sphere), is theoretically zero. Free
space (anechoic chamber) measurements on the three-inch diameter
sphere gave 0;/0; (sphere) = -32 db. This variance between theoretical
and experimental values was largely due to the inability to achieve
zerop ellipticity in a practical antenna.

Corresponding measurements performed over the scale ground

plane produced o;/0; (sphere) g¢. o = -13.5db, The 18.5 db variation
in experimental results can be attributed to the polarization dependence

of the ground plane.
7% .”/"He”"j‘- re*
(70.(5/"’"')?',‘" ue 4] Py fLe' v (9)
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In the present analysis the righthand side is equated to -18.5 db.
Additional linear-polarization cross-section measurernents of the
sphere were performed on the scale ground plane range. Principal
poelarization measurements provided the ratio g; /o; (ephere) g¢. p. ‘-1 db
or [l", Y&y = -1 db. Substitution of this value in equation 9 gives

€y < Pu =+ 8 degrees. Consideration of the reflecticn process
shows that the minus sign is correct here and that A4 and #» are
opposite in sign. It is not pogsible to interpret the above resy ts
direct.l; in terms of the primary reflection coefficients £, @’%  and

ce’'Fr. However, results of previous measurements at linear
polarization gave £, =0.68, hence X, =0.8.

Investigation of the Disturbed Groand Plane Range

Operation of the scaie ground plane in an anechoic chamber
assured measurements on the well-behaved ground plane range defined
previously. The following rneasurement programs were directed
toward evaluation of certain disturbances associated with full-scale
ground plane range operation. '

The Effects of Surface Irre_gLularities

The smooth sand was deliberately disturbed tn provide hills
and valleys in the region of the first Fresnel zone (between the antenna
and target locations). Principal polarization measurements on the
reference flat plate were performed. Comparison of rough-gand and
smooth-sand cross sections indicated the validity of the Rayleigh
criterion for surface irregularities.

lzm,"' < A/rs,ﬂ (10)
where hirreq i® the allowable height irregularity of the surface.
A is the operating wavelength.

¥ is the grazing angle (in radians).

Even larger irregularities may exist beyond the target location without
disturbing measured cross sections.

Variable-Moisture:- Content Effects

Soil formaticns at the Rat Scat site result in a natural water
basin. The presence of varying depths of water beneath the measure-
ment site could complicate the basic ground plane concept, since the
ground plane will exhibit the characteristics of a layered dielectric.

A layered dielectric was simulated on the scale ground plane
range by placing a flat base of wet sand beneath a surface of dry sand.
Seerage betwzen the wet sand (16% water by weight) and the dry sand (a
fraction of one percent) interface was not observed. Dry-sand surface
thicknesses of 3,2, 1 and 0 inches were examined. Using the 3-wave-
length-square flat plate as a target for both vertical and hourizontal
polarizations, layered-dielectric ¢ffects became noticeable when the dry




surface thickness was reduced ¢to one inch (corresponding to 15 feet in
the full-scale range). Even for the all-wet-sand case, the measured
cross sections are within 0.5 db of their free space counterparts,

. The all-wet-sand configuration approximates an appreciably
conducting ground plane. Investigation of the surface wave for vertical
polarization involved raising a sphere through the field to provide a
vertical coverage cdiagram. No increase over the small surface-wave
component existing in the dry ground plane case was observed.

SUMMARY

This paper containe the description of a model ground plane range,
along with certain prove-in measurements. A study of the effects of
surface roughness indicates the validity of the Rayleigh criterion, Cross-
section measurements were essentially independent of the moisture |
content of the scale range ground plane. [

I
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U, S, NAVAL MISSILE CENTER
RADAR REFLECTIVITY MEASUREMENT
FACILITIRS AND TERCHNIQUES

John K, Rozendal
U, S, Naval Missile Center
Point Mugu, California

ABSTRACT

The radar reflectivity measurement facilities utilized at the U, §,
Naval Migsile Center include & microwave anecheic chamber, an optical
simulation facility, and AN/FPS=16 instrumentation radars, A brief
description of each of these facilities is included in the paper,

Techniques utilized ir the anechoic chamber are presently continuouse
wave measurement methods, Optical techniques are utilized in the optical
simulation facility to obtain mean radar cross section data, Conventional
radar techniques are utilized in the AN/FPS=16 radar installations
which are instrumented to obtain radar cross section data,

INTRODUCTION

The radar reflectivity measurement faciiilties utilized at the
U, S, Naval Missile Center (NMC) to determine experimentally the radar
crogs section characteristics of targets include a microwave anechoic
chamber, an optical simulation facility, and AN/FPSel6 instrumentation
radars,

MICROWAVE ANECHOLIC CHAMBER

The NMC microwave anechoic chamber built by Emerson and Cuming, Inc,
provides an electromagnetic enviromment which approximates that of free
space, The outside dimensions of the chamber are 72 feet long, 26 feet
wide and 18 feet high, The chamber surfaces are shaped and lined with
microwave absorbent material (20 db on the side=walls, ceilling, and
floor and 40 db on the end walls) to minimize internal refleztions,
Targets whose radar cross section is to be measured are mounted (8 feet
above the floor) on a styrofoam column on top of an azimuthwover=elevation
positioner located near one end of the chamber, An overhead crane
located above the ceiling may be used for handling and supporting
targets weighing up to 10 tons, Heavy targets are suspended from the
crane by nylon ropes through a hole in the ceiling, The transmitting
and receiving antennas are located at the oupposite end of the chamber,
The transmitter, receiver, recording equipment, and poeitionmer contreol
equipment are normally located outside the chamber,
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Instrumentation systems for frequencies between 940 mc and 50,000 mc
have been used in the chamber, The continuous=wave output of a frequency=
stabilized microwave oscillator is connected through a directional
coupler to the transmitting antenna which illuminates the target, Energy
reflected from the target is received in the other antenna, The received
energy and the output of the local oscillator in the Scientific=-Atlanta
(SA) model 402A receiver are mixed in the crystal mixer to produce the
receiver intermediate frequency (LF), The local oscillator frequency
i8 swept several megacycles at a frequency of 1000 cycles per second
(cps) thereby producing an IF that is amplitude modulated at 1000 cps,
The modulation is detected in the receiver and then amplified in the SA
recorder, The pen drive system of the recorder is used to record
relative, received signal strength with linear, squareeroot, or
logarithmic (40 db dynamic range) response, The chart paper position is
driven in synchronism with the positioner on which the target is mounted,
Polar or rectangular recordings of received signal strength versus
aspect angle may be recorded,

Because a twoeantenna system ls used, a signal due to "crossetalk"
between the antennas is introduczd into the receiver, Another signal
due to reflections from the chamber surfaces 1s also introducec into the
receiver, A variable phase shifter and variable attenuator between
transmitting and receiving systems are used to eliminate these signals, !

The measurement procedurcs are couventional for this type of
! reflectivity measurement system, The transmitting and receiving antennas ]
: are positioned for the polerization (vertical, horizontal, crossepolarized,
or circular) and bistatic angle (0 degree to 18 degrees at the normal
operating range of 57 fee:) required for the measurements, The antennas
ugsed are determined by the size of the target whose radar cross section

is to be measured, The beamewidth of the antennas used is sucli that

the variation in amplitude across the major dimension of the target is
constant within +0,75 db, Since a two~-antenna system is used, true
monostatic measurements are not made, Measurements at bistatic angles

less than 1 degree can be trecated as monostatic measurements with
negligible error for most targets,

Prior to mounting the target on the styrofoam column, the phase
; shifter and attenuator are adjusted to cancel the signal due to crcese
i talk and reflections from the chamber, The target is then mointed on
i the column and aspect angle is varied while the amplitude of the reflected
energy ia recorded as a function of aspect angle, The target is then
removed and the received signal strength noted to ensure that the signsals
due to crossetalk and reflections remained cancelled during the recording,
The target is then mounted at a different roll angle or pitch angle and
the procedure is repeated,

Alter isecurdlng the patterns for a particular polarization and
bistatic angle, the received signal strength from several standard
reflectors (circular flat plates) is recorded in order to obtain a
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calibration of received signal strength versus radar cross sectiomn,
This calibration is used to determine the radar cross section of the
target,

For complex targets, the recorded data are reduced to obtain median
values of radar cross section within small angular interva's (usually
10 degrees), The data are reduced in this manner for two reasons:

1, The median values of radar cross section can be presented
concisely,

2, When radar cross section measurements are conducted in the
near zone, an error is introduced into the amplitude of the peaks and
nulls, If data obtained by the near=zone measurements are reduced to
median values, these values can be treated as far~=zone median values
with little error,

OPTICAL SIMULATION FACILITY !

The NMC optical simulation facility is a room 40 feet long, 20 feet
: wide, and 12 feet high, The surfaces of the room (except the celling)
i are flat black to minimize intermal reflections, Models of targets with
; mirror=like surfaces are mounted on an elevation=overw=azimuth positioner
! located in the room, A light source, collecting system, recording
equipment, and positioner control equipment are also located in the room,

The light source is a standard, whiteelight projection lamp with an !
adjustable filament voltage to provide different light intensities, i
The light beam is amplitude modulated at 540 cps by a mechanical chopper,
The light is directed through a lens system (which partially collimates
the beam) toward a flat mirror, The mirror is used as a means of
effectively increasing the dimensions of the optical facility, A sheet
of plate glass 18 placed at an angle of 45 degrees to the light beam
reflected from the flat mirror, The plate glass serves as a beam gplitter
for monostatic measurements, For bistatic measurements, the beam splitter i
is not used, The light passing through the plate glass illuminates the :
model, The light reflected from the model is reflected from the plate
glass and directed toward a parabolic mirrur with a photomultiplier at
the focal point, A mask i{n fron: of the photomultiplier determines the
resolution angle (normally 4 degrees total) of the collecting system,

A camera can replace the collecting aystem in order to photograph the

D AATE e e bk et sahannd sinh o s Ol b
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i sources of reflections from the model, The modulation on the light : i
‘ reflected from the model is detected by the photomultlplier and then 3
amplified i{n the SA recorder, ThLe pen drive syatem of the recorder is :

used to record relative, recelved signal ctrength with linear, square=
root, or logarithmic (40 db dynamic range) response, The chart paper
position 1s driven in synchronism with the positioner on which the
target is mounted, Polar or rectangular recording of received signal
s strength versus aspect angle may be recorded,

-
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Bxtraneous light 1s directed away from the model and the receiving
system by flat=black baffles, Any stray light (reflectione from the
baffles, model positioner, and the beam splitter) that is detected by
the photomultiplier is eliminated by sampling the source of light with
a photo cell and adjusting the phase and amplitude of the signal from
the photo cell to eliminate the signal due to stray light,
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The measurement procedures are similar to those used in the microwave
anechoic chamber, The light source and collecting system are positioned
for the bistatic angle (0 to 90 degrees) required for the measurements,
Prior to mounting the scalcemodel of the target (with a mirror=like
surface) on the positfioner, the azimuth positioner is set to the asgpect
anglc to be used for the measurement, The phase shifter and attenuator
are then adjusted to cancel the signal due to reflections from objects
in the room, The target is mounted on the positioner and the aspect
angle of the elevation positioner is varied while the amplitude of the
reflected light 18 recorded as a function of aspect angle, The model
target is then removed from the positioner and the received signal
strength is noted to ensure that the signals due to stray reflections
remained cancelled duiing the recording, The procedure is then repeated
for a different azimuth positionexr aspect angle,
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After recording the patterns for a particular bistatic angle, the
amplitude of the light reflected from several standard reflectors
(sections of spheres with mirror~l{ke surfaces) 1s recorded in order
to obtain a calibration of amplitude of reflected light versus mean
radar cross sectlon (after scaling formulas have been applied to the

standard reflectors), This calibration is used to determine the mean
radar cross section of the target,
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No reduction of the recorded data 1is required because t:he instrumenta~
tion system is designed to record mean radar cross section directly.

‘ AN/FPS«16 INSTRUMENTATION RADARS

The Cmsband AN/FPSal6 radars at Point Mugu are used primarily to
obtain accurate target position data (azimuth angle, elevation angle,

i and range) by automatically tracking targets during flight testing in
| the vea test ranges,
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Tke instrumentation of these radars provides permanent records of
azimuth angle, elevation angle, range, tracking error voltages (azimuth,
elevation, and range), rangeegated, automatic gain control (AGC) voltage, 3
and range timing, Boresight towers are used to calibrate the angular ]

tracking error voltages and to determine relative receiver response
utilizing a variable=output, signal gencrator,

Meagurement procedures are to track the desired target automatically
_ ; vhile recording position information, AGC voltages, and range timing,
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The relative, receiver~AGC~voltage response is then determined by locking=
on the borsesight tower and varying the output of the signal generator in
discret.e steps and recording the AGC voltage, A standard target (s
sphere) can then be tracked to obtain AGC voltage for a target of kmown
radar cross section at given ranges,
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; The recorded data are reduced to obtain radar cross section by

using appropriate corrections for range differences and atmospheric
absorption,

o wng e

The radar cross section data obtained from the radars is used to
spot=check data obtained by other techniques as qualitative verification
of the validity of dat« obtaimed by the other techmiques,
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CONDUCTRON CORPORATION'S RADAR CROSS SECTION RANGE

A. W. Wren, Jr.
Conductron Corporation
Ann Arbor, Michigan

INTRODUCTION

The Conductron Corporation radar cross section range is located on
sixty-two acres of flat farm land near Ann Arbor, Michigan. Although
the facility was originally developed for the measurement of low cross-
section full-scale vehicles, measurement activity now extends from the
measurement of small models and decoys in an anechoic chamber to bi-
static measurements of the Echo II passive satellite, In all cases,

CW measurement systems are used., There are two separate and distinct
measurement areas, Measurements are made on full-scale vehicles
weighing up to twenty-five hundred pounds on an outdoor range facility,
Small models are measured in the indoor anechoic chamber,

OUTDOOR SYSTEM

General Description

Describing the outdoor facility first, we have the frequency
coverage as follows: In the UHF region, 200 mc through 600 me in SO
me increments; in the L-band region, 1300 and 1350 mc; in the S-band
region, continuous tuning between 2,95 and 3.60 gc; in the C-band
region, continuous tuning between 5,42 and 5.94 gc; and in the X-band
region, continucus tuning between 8.5 and 1C.0 gc. Average power on
all of these systems is of the order of one watt. The microwave sys-
tems are used in conjunction with a Scientific-Atlanta Series 402
wide-range receiving system which operates between 30 mc and 100 gc.

The receiver output is fed into a Scientific-Atlanta Model APR 23
linear, logarithmic rectangular recorder. The overall dynamic range
of the system is 40 db., The chart drive of the racorder gperates in
synchronization with an azimuth positioner capable of 360 azimuth
rotation. Recourding accuracy is + 0,25 db in power and 0,05" in angle.

In addition to the above analog output, digital output is available
on punched paper tape or cards. The digital output resolutiog is
4+ 0.25 db in amplitude with angular resolution of either 0.18" or 0. 36°.

For the most part, parabolic reflector anternas are used, To date,
measurements ave been made using both a true monostatic system and a
pseudo monostatic system, Bi-static measurements with a separation of
as much as 20 are possible at this time, Antenna polarizatilons are
lirear and are arranged so that the electric vector can be oriented at
any angle,
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Taxget Support

In general, targets are supported on pellaspan foam or poly-

’ styrene columns, These columns are placed on She azimuth positioner
and, with the target in place, are rotated 360 while the target
return is measuxed. Present equipment allows the target to be as high '
as fourteen feet off the ground. Considerable effort has been expended i
in development of techniques for construction of symmetrical columns i
capable of supporting twenty-five-hundred-pound vehicles without inter-
fering with the measurement of the vehicles. In genegal, we strive for
and achieve columns with cross sections less than 10 ° square meters

for use with these heavy vehicles,

Range Criteria

The sensitivity of the CW systems used at Conductron'!s range
is such that complete freedom in selecting range is not possible, A
"safe" criteria generally involves selecting a range greater than 202/k
where D is the largest dimension of the target. Such a selection gener-
ally gives a phase flatness criteria that is unnecessarily stringent at
some other agpect of the vehicle, It is fortunate that the regions,
such as + 45~ about nose-on for re-entry vehicles, where low signal
levels occur present dimensions which allow a substantial reduction in
range without a large sacrifice in phase criteria., Conversely, in
those regions where the maximum dimension of the vehicle must be con- i
sidered the return is at a level that permits the use of a greater |
range, For these reagons a composite range criteria is used in our
measurements when 360  coverage is required. In many cases the nose-on
region is the only region of interest, It is certainly true in most
cases that a physical optics solution is accurate near broad-side
aspect,
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Field Probe

To determine the exact field distribution, a device constructed
at Conductron is used, This device consists of a small cart which tra-
vels on small rails attached to a standard TV antenna tower. The cart
is driven by remote control and is provided with synchro take-off which
permits connection to the SA chart drive. In use, the tower is posi-
tioned at discrete increments on a line perpendicular to the direction
of propagation and adjusted to lie in a vertical plane. Use of a small
pick-up horn or dipole on the cart permits continuous plots of vertical
field strength to be made,

ltbite e o iy it o AR Wi e dn bl . A itnbidang e i Lt e sl

System Background

With heavy vehicles or mcdels, the background levels are lim- .
ited by the coluan or target support contribution to approximately 10~ °
square meters, With lighter models (weights less than five hundred
pounds) the background levels can be improved, The degree of improve-
ment depends on the model weight and shape, However, system sensitivity
limits the achievable background to about 5 x 10 / square meters,
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As an aid in determining background problems Conductron uses a
special "nmose rock" cart which pexmits continuous linear motion of the
target support and model over several wave leagths in the direction of
propagation. This device permits a quantitative measure of the effect
of background contributors other than the column,

Calibration

The primary standards used for calibration by Conductron are
precision ball bearings. These spheres, which are eavailable in diame-
ters up to twelve inches ct moderate prices, are very precise in
tolerance on diameter anrd sphericity. In addition to spheres, flat
plates are used in certain tests to eliminate ground and turntable
coupling problems, Alignment of antennas is accomplished using the
field probe discussed above,
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Ground Handling Equipment

To facilitate the measurement of heavy models, special ground ;
handling equipment has been developed by Conductron Corporation, This ‘ i
equipment permits fast, safe, efficient handling of heavy models, ' 1
Standard run time with full-scale models (where a run consists of ‘ ]
transporting the model to the measurement area, setting the model on
the column, remoyal of ground handling equipment, measurement of the
model over a 360  interval, and removal of the model from the test
area) is five minutes or less.
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INDOCR SYSTEM
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Conductron's indoor facility is an anechoic chamber approximately
twenty feet wide by thirty-eight feet long. The chamber utilizes VHP-18
' absorber on the ceiling and walls, The floor utilizes a special vinyl-
; covered ferrite tile developed by Conductron, The chamber is used
j primarily at S, C, and X bands. A similar system is used on the indoor
range as is used outdoors. The indoor facility again uses the ;
Scientific~Atlanta Series 402 wide-range receiver and the background ;
cancellation technique. The lowest background achieved to date is of {
the order of 10~8 square meters. This figure was obtaired in the X-band
frequency region with the tazget positioner at a distance of seven and
a half feet from the transmitting antenna,
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SPECIAL FEATURES

Although soveral aspects of Conductron's range mentioned above can
be considered special features, the main aspect of our facility which we
feel permits accurate and consistent measurements is our data quality
control, Each vehicle measured is considered as a separate and dis-
tinct measurement problem, Through cthe use of experieaced thecretical
and experimental personnel, the vehicle is measuced and the data is
tested in several ways to determine the validity of the measurements.

If theoretical considerations indicate an anomalous response, additional
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neasuremsnts ave made, Errors in measurements are always present., It
\ is therefore necessary that one thoroughly understand the error sources
and estimate the error magnitudes fur tiie measurement data to be useful.
Through the proper combination of thecretical and expeximental talent,
we attempt te obtoin maxinuwn ucility and dccuracy in cross section
easuremets.

SUMMARY OF RANGL CHARACTLRISTICS

Freq. Freq. Polarization Back- Mono—- Pseudo Bi- Target
Band Cov., ground static Mono- static Weight
' Level static
UHF 200 mc to Lipear, 0°~ 1077 Yes No Yes Up to i
000 mc in 500-45 -00 - sqm. 2500 lbs.
S0 rc steps 20
3
R -’
L 1300 mc Lincag, 0” 12077 Yes Yes Yag Up to .
1350 mc to Y0 cont, sqme 2500 1bs,. ]
:
S 2,958 to 3,60 Lincar, 0" (10-5 Yes Yes Yes Up to j
ge cont, to 207 coule. sqm, 2500 lbs, K
- i
C S¢42 to 5.9 Luneay, (1) (1o s Yis Yes Yes Up to i
yc cont, to 90" cunt, sgn, 2500 lbe. ,1
. o <
X 8.5 to 10.0 Lincag, o 1077 Yec Yes Yes Up to !
fc ocont, ‘0 90 cont,  Syn. 2500 lbs, -4
. -7 ' o
) 2,95 to 2,60 Llncag, oY {10 Yis Yes No Un to g
gc conte to 90" cont. sqm. 50 lbs, 4
" 5.42 to .94 Lireag, 0° (107" Yes  Yes  No Up to %
ge cont, to Y0 conte sun. 50 1lbs, i
. . . : o AT e 1
X Bed to 10,0 Llnvu{, 0 \10 Tes Yes No Up to
gEC Conl, to UUT conts  sgm, 50 1lbs, '
K
lata output:  Andley output 0” to 360 , accuracy + 0.25 db an pever, i
) 0,00 iun angles Digital output on punchwd paper tape,
; + 0,25 db i, power, O.lu” or 0.36° in angle. ]
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DESCRIPTION AND OPERATION CHARACTERISTICS OF A SHORT-PULSE,

OBLIQUZ RADAR CR3S=-SECTION RANGE

Malcolm Yaffe
General Electric Coinpany
Missile and Space Division
cabot, Cabot and Forbes Bldg. 1
Post Office Box 8661
Philadelphia 1, Pennsylvania

1 Physical Design

A, The General Electric Company's Missile and Space Division has designed
and buil. an outdoor radar cross-section measurements facility for taking
monostatic (or quasi monostatic) radar cross-section patterns of full
scale nose cones and space vehicles, The olysical layout of this facility
is shown schematically in Pigures 1 and 2 and photographically in Figures
3 and 4, A block diagram of the electronics is shown in Figure S.

B. As depicted in Figures 1 and 2, most substantial sources of reflection
lie both out of the beamwidth of the antennas and out of range gate, The
turntebie, however, for most measurements is in the sidelobes of the
antenna but is not outside the range gate. For this reason an sbsorbing
baffle is used in front of it.

C. Since it may be required to support a 2000 pound target 50 feet above
the ground, it 1is pometimes necessary to use a main support rope, between
the 65-foot high towers of 2 1/8 inch nylon. A portion of this rcpe will
be in both the range gate and the beamwidths. However, this rope is tilted
at a large angle with respect to the wave fronts, so that direct reflections
from the rope are negligible and only a slight amount of energy scattered
from the forwardmost parts of the target can posgibly be again scattered

by the rope in the direction of the receiving antenna. The same is essen-
tially true of the mylar tile dovnoropes which are uearly vertical while

the beam directfon is at about 11 with respect to the horizontal.

D. The model shuown i{n the photographs weighs several hundred pounds and §t
is deing held in a harness of 1/32 inch thick by 1 inch wide nylon strap
sewn together with nylon thread. It has no noticeable effect on tlw radar
cross-gsection for frequencies at C band and below. )se has also been made
of a stocking which fits snugly about a model and {s drawn together at the
back with a device like & pajama string. Such a stocking, made of nylon

no thicker than shirt material, was load tested at 2700 pounds.

E. The tie down cords ere usually nf pre-stretched mylar, which has
almost no elasticity. They may be attached to the turntable, which con-
sists of an azimuth - over - elcvation wount, in one of several ways
dapending on the tradeoff between model characterigtices and asasurement
requiremente,
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b F. The model characteristics include:

1. Weight

2. Shape. This characteristic is very important, as it involves
harnessing requirements and wind effects as well as maximum bistatic
scattering.

; - 3. Strength. This determines how "hard" you can hold the model
against wind forces etc,

4. Surface hardness. 1f the model has soft or breakable surface
material, a nylon stocking may be required for harnessing.

G. The measuremert requirements include:

: 1. Frequency. The facility has been in operation at 1350 + 5% mc,
550 + 5% mc, 425 + S% mc, and 5500 + 5% mc. Equipment is now on hand
for operation at 3000 + S% mc and 36 kme (fixed frequency) .

2, Polarization, Except at 550 mc and 425 mc where there is omnly

one antenna, any linear polarization may be chosen for transmission
or reception.

3. Angular accuracy. Angular accuracy can be held to better than
+ 0. s° (depending on the model characteristics vs, the wind velocity).

4. Plane of patterns, Patterns can be taken where any axis of the
model remains in the plane of the direction of incidence and a hori-
zontal line perpendicular to the direction of incidence {main plane
patterns) by a suitable arvangement of the turntable, Larness, and

|
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tie downs. 4
5. Minioum radar cross-gection. The minimum radar cross-section 1
that must be measured accurately dete¢rmines the background level :
necessary, 4

6, Meximum radar crcss-section.

Frome

7. The speed and cost. If speed and cost are unimportant, the other
8six measurement requirements can all be adjustec to the optimm values.

. However, any compromise in requirements 3, 4 or 5 can result im great
savings in time and cost of measurement.

e,

.II Electrical Design

A, A block diagram of the electronic system for the Cross Section Range
is shown {n Figure 5. The basic timing for the range 1s set by a 2200
cycle per second tuning fork oscillator which synchroniges a narrow pulse
generator, This generator provides both a +20 volt 50 nanosecond syanchro-
nizing pulse to trigger the transmitter modulator and a delayed pulse which !
15 uted to open the sulid state gate. 1In this discusaion the gate 1s asaid H
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to be open whenr energy is permitted to reach the recording system and closed
when it is not.

B. The modulator prouduces two pulses to operate microwave triode oscilla-
tors mounted in re-entrant coaxial cavities. The first pulse is a large
positive one with a very fast rise time (about 20 nanoseconds). It is
uged on the plate of the triode to start it oscillating. The second pulse,
which has a variable delay with respect to the first pulse, is negative

and also has a very steep leading edge. This pulse {s applied to the grid
of the triode and turns it off. Thus by varying the delay of the grid pulse
with respect to the plate pulse, an R.F. output pulse from the triode can
be obtained of any pulse width (measured at the base of the pulse) between
40 and 150 nandseconds. At 36 kmc a conventional narrow pulse magnetron
and modulator are used.

C. With exception of UHF the transmitting and receiving antenna are two
identical parabolic dishes for each frequency band. At UHF, because the
required dish size 18 19 feet, it is not feasible to use two dishes, and
a hybrid junction separates the transmitted signal from the received signal.

A theodolite located at the antenna site is used to set up the model rota-
tion.

D. The signal from the receiving antenna (or hybrid output) is then fed
into a calibrated R.F. attenuator designed for the appropriate £frequency.
At L-band and UHF fixed coaxial pads, variable couplers, "Arra pli limes,"
and cutoff attenuators are used, At S-band A rotating vane attenuator is
used, and at C and Ky bands movable resistance card attenuators are usged.

E. From the calibrated attenuator the signal goes {nto the traveling wave
tube amplifier system (TWTA). This system takes one of two forms depending
on the operating frequency. At L-band the system is a low noise TWT ampli-
fier followed by an attenuator and a high power (about 4 watts peak power)
TWT amplifier, At C-band the system is a low nolse TWT amplifier and a

C to L-band mixer feeding the high power L-band TWT amplifier. Figure 6
sunmarizes the low noise TWT system for each frequency band. At other
frequencies a low noise TWTA will be used and mixers to L-band will be
employed as at C-band, Traveling wave tube amplifiers are used in the
receiving system for the following reasons:

1. Low noise figures, (6-11 db) are obtainable which are superior to
conventional receivers.

2, The TWT can provide the lsrge bandwidth necessery to amplify the
narrow R,F. pulse without distortion so that the gate can be used

after R.F. amplification., This is necessary because the switching pulse
applied to the gate has harmonics at the R.F. frequency which would

be appreciable 1f amplified through the entire receiving system.

3. The characteristics of a IWTA are asuch that the higher level signsl
which comes from the direct coupling between the antenna dishes will
overgaturate it so that its output is even less than the input signal.
Thus the 60 db of isolation provided by the gate is more than adequate
even for the lowest digcernible target return,
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4, The linear dynamic range which can be obtained in this application
is much greater with converntional receivers.

F. From the high power TWTA the signal passes through a reversed direc-
tional coupler (i.e. one which samples the power being reflected back
towards the TWTA's) and into an L-band solid state gate (that is, a
crystal switch)., Signals which are reflected from this gate when it is
closed are sampled by means of the directional coupler and detected by an
L-band crystal detector, The detected signal sample is fed into the
vertical amplifier of a high speed oscilloscopc (upper 1 db frequency limit
of 40 megacycles with a sweep of 100 nanoseconds per centimeter). This
oscilloscope provides a picture (amplitude vs. range) of all the signals
which are being received which are not passing through the range gate
(L.,e. everything except the target when measurements ars being made)., It
enables the range gute to be rapidly and accurately set on the target as
well as showing all undesirable "background" at other than the target
range which the range gate can be carefully set to avoid,

| e e RAPETE TR

- ————p b

AR e -

: G. The solid state R.F, range gate is biased to be nominally closed. In ;
' the closed position it affords more than 60 db of isolation between the
input and the output ports. When the delayed pulse from the pulse generator
opens the gate for 50 nanoseconds the R.F. signal which 12 passing through
the gate during that interval ig attenuated by less than 2 db.

~— AT TN

—

H. The output from thes gate feeds into a bolometer detector which is used
to drive a pattern recotder tuned to the 2200 cps pulse repetition rate,
The pattern recorder may be operated with either a 4 or a 35 cycle band-
width. It has a 40 db signal dynamic range and makes a rectilinear plot
of signal level in db vs. azimuth angle of the turntable.

T e - o A R P T

111 Performance

AT TS
e, L

: A, ormally, measurements are made with a background of about =35 to =40
, db . However, with great care and attention to details, backgrounds of
! 50 db can be (and have been) obtained, even with the 2 1/8 inch

: support rope, It should be emphasized that no-phase-cancellation-of-
background technique i{s used and the background with the model present is
the same as with it abseni, (except for a small possible double scatter
coniribution from a part of the rope suspension system and the front of
the model). All other multiple acatter situations will fall outside the
beamwidths and/or the range gate.

/

IV Conclusion

A. The General Electric short-pulse, oblique radar cross-section range ‘
can measure large, heavy, targets with low values of radar cross-secticn
accurately and rapidly (and safely in inclement weather).

»

B. Measurements can now be made at UHF, L and C bands and soon wiil be
possible through K, band at sll linear polarizations.
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