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ARSTRACT

Coherent narrowband infrared radar returns from a rotating target mounted
on a fixed pedestal were analyzed. ‘T'he data were recorded using the l'ire-
pond radar facility with small-aperture transmitting and receiving aniennas,
the target was located at a range of 5 km. 'The amplitude distributions of the

target returns were compared with those from a spherical mirror,
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[ INTRODUCTION

The Firepond fntrared radar is o 10,6 -um witvelength monostatice radur that, in its normal
configuration, radiates and vrecoelves via o 4B«inc=din, stecrable antennd,. When obscerving tar-
gots at long range, the lranamission usually consists of a constant=frequency pulse of 4-msce
duration, with a pulse repetition period of 16 msee. ‘This duly cyele of one in four allows the
roturng to be received with the same antenng, during the teansmitl interpulse jnterval, and to be
separated from the transmitted signal by a votating multiplexcer disk, ‘T'his technigue cannot be
used for measurcment on models at short range (say 5 km), because of the short time delay
between transmission and reeeption,  For short range measurements, o bistatie radar config-
uration is preferrved since the tranamit and receive paths are geparate and require no multi-
plexing., Such a bistatic system was set up at the Firepond faeility and used on several occa-

sions to record the returnsg from modols,

A, Radar Configuration

The configuration of the radar transmitting and receiving systems for these measurements
wus as follows: The output of the 1«<kW transmitter amplificr (operating at reduced power) was
dirceted, vip o series of flat mirrors, up to the top of the Firepond antenna tower and from
there to the target at a range of 5 km, 'I'he returned signal was similarly transferred, via a
separate set of mirvors, from the top of the tower Lo the receiver IR coherent detector. The
only lens in the system was associated with the detector,  The diameter of the transmitted beam
was approximately 5 em,

For a beam of uniform intensity, the half-power beamwidth would be 0.22 mrad, giving a
beam diameter of 1,1t at a range of 5 km, The power in the actual beam was concentrated
toward the center, so the actual diameter at the target was probably 1.5 to 2,0 times this fig-
ure, This beam was comparable with the size of the target, so some variation in field strength
over the target was expected,  The transmitted beam was lincarly polarized, and the detector
wasg polarization sensitive and was adjusted for maximum sensitivity on the roeturn from a core
ner reflector,

The transmission was continuous and the received signal was coherently detected, digitized,
and recorded, The sampling rate, and the number of contiguous samples processed, werce de-
termined by the Doppler epread expected in the particular test and the Doppler resolution desired.

Although the radar configuration was bistatic, the distance of approximately 1 m between the
transmitting and recviving ports was small comparced to the 5-km range to the target, hence the

analysis of the returns was performed as if the radar had been monostatic.

3. Target Characteristics

The target used for the experiments reported here was a scale model of a rocket body with
re-entry vehicle attachbed.,  Figure 1 is an outline drawing with dimensions, and Fig.2 is a pho-
tograph of the model, The model differed from the drawing in that only one of the vernier motors
and onc of the translation motors were present, ‘The vernier motor was mounted inside the rear
end of the cylinder and protruded beyond the rear edge. The RV model appears to have been
fabricated from aluminum alloy plate and finighed by machining on a lathe, The surface rough-
ness on the RV model was approximately 1 to 2 um for the gpherical nose und 3 to 4 um for
the conical seetion, The foremost conical section of the rocket body model was also turned and

had a surface roughness somewhat in excess of 5 um.  The remainder of the body did not show
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machining marks but appeared to have been thoroughly abraided with fine abrasive paper, The
main engine nozzle had been tuened with o roughness in oxeess of 5 um,

Since the materials used in the construction of the model, and the surfuce finish obtained,
woere different from those of the full=sivze objeet, no inferences have bheen drawn from this anal-
yaig regarding the possible returns from the full-size object.

The model was mounted on two vertical supports with the translator motor in the same hor-
izontal plane as the body axis.  The supports were attached to a turntable which was rotated
about o vertieal axis at o uniform veloeity  ‘The dirvation of rotation wae clockwise from the
top, and the radae line of sight (R1.O8) was approximately horizontal,

I, ROTATING MODEIL EXPLERIMENT 22 OCTOBER 1976
A, Returns from the Body

Figure 3 shows a Doppler=Uime-Intensity (DTD display of the Doppler spectrum of the re-
tnrns from the model, These datn were recorded on 22 October 1976 (day 296), The rotation
rate of the tirntable was 2 ey, the sampling interval was 10 psec, and groups of 800 samples
were taken at a spacing of 32 mgee, ‘This gave a Doppler resolution of 170 Hz with Hamming
weighting, cgnivalent to o cross-range resolution of 8.6 mm, The longitudinal lines drawn on
the T were generated by a simulation program and represent the expected Doppler t‘req(xen-
clesg of a number of body features, At the bottom of Ivig, 3, starting from the left, these lines
represent in order, the point of reflection on the nose sphere, the junction of the nose sphere
and the RV cone, the junction of the RV and the first cone on the body, the junction of the first
and second body cones, the junction of the second cone and the cvlinder, the end of the cylinder,
and the rear edge of the nozele,  As the model passed through the zero aspect position (nhose
towards vradar), the nose return persisted while other returns desappeared to reappear on the
other side,  The shielding of the body features was simulated to a limited extent in the simula-
tion program,

After zero aspeet, lines corresponding to two additional discrete scatterers on the side of
the eylinder are shown.,  These represent the nozele of the translator motor and the front end
of a cable duct. A weak consistent return can be seen to the right of the simulated translator
motor return; this misalignment indicates 8 small error in the placement of this feature, A
weaker return is coincident with the cable duct line. The transverse lines on this figure rep-
resent the positions of the eylindrical and conic surfaces when they are perpendicular to the
R1.OS. Featurces not modeled in the simulation are the zero-frequency return from the mount
and surrounding objects and the supporting strut whose return is visible to the right of center
in the lower part of lig. 3,

The DTL is eharacterized chiefly by the identifiable surface returns, The cylinder surface
gave a return which was generally low in amplitude except in the region from 8 deg before the
broadside position to 8 deg after, The amplitude of the returna from each of the three cones
passed through a maximum when their surfaces were perpendicular to the R1.OS but cach also
showed some degree of asymmetry, Note that discrete returng were not generated by the june-

tions of these gections.,

B. Returns from the Spherical Nose

igure 4 i3 a D11 of the data taken on 12 November 1976, with compensation made for the

motion of the spherical nose, This compensation had the effect of making the nose return

i
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stationary in Dopplee frequencs, The return from the nose can be seen clearty at a hoppler
frequency ol b Kz, Immediotely before and atter the time when the object 8 in the zero aspedt
pesition (pproximately 74516 sec), weak veturns can be seen to the side of, and running paral-
tel to, the principal nose voeturn, These are apparently vetuens from the sperical suriace at
very obligue incidence and ave due possibly to specular returns from the machining marks, or
fo the machining marks acting as a diffraction grating.

Pilgure 5 shows the amplitudes of the Doppley spectrea of the signal, It can be seen that the
spectirum of the tracked nose return is at times as broad as 2 ktiz and that the peak of the re-
turn moves withitn this range, It should be noted that the theoretieal Doppler spread over the
diameter of the sphere is 0.3 kHiz, whereas the observoed spread is approximately 2 kilz.  This
indicates that most of the energy is returned from an area approximately one-third the diam ster
of the sphere,  Note however, that these data did not include the returns from the full diameter

of the sphere scen near zero aspect,

., Peak Nose Returns

Figure 6 shows the amplitude of the nosce return as o function of time.,  These data repre-
sent the maximum signal within the Doppler range of the return,  The large return in the vieinity
of zero aspect is duce to other body features passing through the Doppler cells ocecupied by the
nose return, To avoid this interference, the data were separated into two time intervals, one
hefore and one atter the interference, These intervals woerpee then analyzed separately.

It can be seen from the amplitude plots that the nose return has three distinguishable com-
penents, These are (1) o low=requeney componetit that is symmetrical about the zero aspect
position at 74516,% sce, (2) o lincar component that increases about 5 dB over the time span.
and (3) a high=frequency component.  The aymmetrical component is largely due to the varia-
tlon of the surface eharacteristics of the sphere,  This sphere was machined by turning in a
lathe and therefore has symmetrical characteristies,  The slowly changing lincar component
is probably duc to nonuniform iljumination. The high-frequency component could be due to
combination of the target surtace, the atmosphere, and the radar characteristics, One of the

objectives of this analysis was to distinguish between these effects,

D, High~-Frequency Component of the Nose Retarn

The high-trequency component of the nose return was extracted by processing the signal
in n low-pass digital filter to obtain the zero- and low-{requency components, and then subtract-
ing thege from the signal to leave only the high frequencies,

The amplitude and phase crror charaecteristics of the three-pole lowe-pass filter used are
shown in Fig. 7, The phase slope of the filter at zevo frequency was equivalent to a delay of .
20 samples,  IFrom the figure, it con be seen that the 3«d B attenuwation frequency is approxi-
mately 0,016/1, where 1 is the time between samples applied to the filter,  In this specifie
test, T was 0,032 sec, making the 3-dB frequency 0.5 Hz,

The various factors affecting the signal amplitude acted in a mulliplicative {ashion, that is,
the amplitude of the return was proportional to the product of various terms that were functions
of the target RCS, the atmospherie attenuation, the illumination power density, the receiver
gain, cte, In removing the slowly varying components with the low=pass filter. the signal was
firgt converted to deeibels so that the subtraction of the low={requency componoents was, in

effect, a division. This preserved the characteristies of the high-{requency component,

6
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Figures 8 and 9 relate to the nose return In the time interval before zero aspeet, The

upper secetfon of Figo s dhows the amplitude of the unmodified votuern, This is gimilar to the Joft-
Band section of Pig, 6 plotted to o difforent time scales The ¢onter gection of IPLg 8 shows the
low=Irequeney component as exteacted by the lows=pnss filtor, and the lower section shows the
high=reequency component Teft after subtracting the low lrequencies,  Figure 9 shows the hilsto-
priom af the amplitude of the hgh=rrequency cotponent and the cumulative amplitude ((iﬁll‘ilJLlli(ilt-
e signal amplitude has aonean of zero (since the zero-frequency component has heen removed

by the piltery and o standard deviation of 2,6 di Phe disteibation is approxtmately synunetrical

nhout zero,
Similar plots fov the node retarn in the time period after zero aspeet showoed a standard :

deviation of 2.8 dty the distribution was less symmeteical, being biased toward the lower

amplitade,

o Single-Cell Return from Nosie

The amplitude of the signal discussed in the preceding seetion was derived by taking the

maximum within a range of Doppler cells,  This did not give o dircet indication of the characters .

istics ol the signal within each cell, 1 the surface of the nose was rough compared to a waves=

longth, the veturn in o single cell would be composced of the returns from many independently
he signal would then be expected to have the characteristices of narrowbund

phased scatterers,
In this scction, the signals discussed

noise and would have o Rayleigh amplitude distribution,
woere obtained from the single Doppler cell that gave the highest average return,
Data from the two time segments were treated independently,

These wore

filtered and analyzed as hefore,
Figures 10 and {1 show the signal components and amplitude distributions for the first time
segment, The mean signal level is now 6 dB lower than the corresponding peak signal, and the
standard deviation has inercased from 2.6 to 5.5 dB3 - In the sceond time segment, the mean
signal dropped by 7 d B3 and the standard deviation increased from 2.8 to 6.4 d13, :

I Comparison with Noise Signal

To determine if the high=frequency component of the signal amplitude had the charagters
igtics of noise, a Rayleigh distributed signal was generated from pscudora~dom noise and
A scetion of the amplitude history is shown

crocessed in the same manner as the nose return,
The standard

in Fig, 12, and the amplitude histogram and cumulative distribution in IFig, 13,
This amplitude distribution and standard deviation show a
indieating that the nose returns had sub-

deviation for this sipgnal is 6.2 di3,

goud mateh to those of the single-cell nose returns,

stantindly Rayleigh distribution,

(. Returns from the Rocket Nozzle

Apart from the nose return, the most clearly defined return came from the nozzle at the
Figure 14 {8 o DT with compensation {or the motion of the nozzle. This

rear of the body,
Near the beginning and

compensation made the rear edge of the nozzle stationary in doppler,
end of the record. the maximum sipgnal came from surfaces that were perpendicular to the

RIOS, but in the range of aspect angle 45 deg cither side of zero aspect, the rear of the eylinder
shielded these parts of the nozzle.  Within this range, the returns were more diffuse since they
Because of the larger radius of curvature, the nozzle

were backscaitered nt an obligque angle,
The amplitude of the return is shown

gave a broader spectrum of diffuse returns than the nose,
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as o function of time in Figo 15, Thia moplitnde I8 the maximum within the range of Doppler
colls containing the nozzle retuen, Since the nozzle returas were not present neir zero agpeet,
the signals were separated into two time intevvals and processed separately in the same manner
as the nose veturn, The amplitude bigtories and histograms for the first section are shown

in gaoto and 17, 'The standard deviation, after removal of the low frequencies, was 2,0 di3,
The corresponding standard devittion for the scecond xection was 2.4 dB3. 'he distributions

were approximately symmeteical on a decibel scale,

I, FIVIE-KM RANGE EXPERIMENT 16 NOVEMBER 1976
A, Intvoduction

The rotating-model experiments deseribed above wuere repeated on 16 November 1976, In
addition to the model, a concave spheriecal mirror with a radius of curvature of 1 m was mounted
on the turntable, This was positioned alongside the nose and {aced forward. The model was
rotated at a rate of 1 rpm with groups of 400 samples being taken with a sample spacing of 20 psce
and a group spacing of 32 msee, This gave a Doppler resolution of 170 Tz with Hamming weight-
ing. This corresponded to a cross-range resolution of 8,6 mm. Y¥igure 18 shows the DTI of the
model returnsg.  This DTI is similar to that for the previous data except for the strong mirror
return, aad b smaller returns from the mirror mounting., After the object passed through the
zoro asrect position, the mirror mounting returns became confuged with the nosc return, 'This
prevented a elean nose return from being extracted.  Because of this difficulty, the noese returns
after the 7ero aspect position were not processed.  The mirror return was stronger than the
other returns and was approximately 10 d B greater than the zero-frequency returns from the

stationary surroundings,

3. Returns from the Spherical Nose

Figure 19 is the DTI corrected for the motlon of the nose, while Fig, 20 gives a sample of
the amplitude display of the Doppler specetra, These gingle-cell and peak signals were analyzed
as for the earvlicr experiment, The standard deviation tor the peak signal was 2.7 d3 and for
the single Doppler cell was 6.0 d13. The amplitude disteibution was symmetrical for the peak

stgnal and was similer to that for he Ravleigh distribution for the single-cell signal,

C. Retuens from the Sphoerical Mirror

Figure 21 is a section of the 1T of IMig. 18 with compensgation for the mation of the mirror,
Figure 22 is a sample of the amplitude displays of the Doppler gspectra, It is obvious that the
mirror returns arve stronger and are steadier in both amplitude and frequeney than the nose re-
turns, There are, however, some small variations in {requency that are probably due to changes
in the rate or rotation, ‘The plots of peak signal amplitude (maximum in Doppler frequency space)
in Figs. 23 and 24 show the signal to have an amplitude of 30 d13 and a high-frequency component
of 0.8 dB3 standard deviation. The absolute RCS of a specular spherical surface is equal to the
area of a ¢ircle whose radius is the radius of curvature of the surface, The RCS of the mirror
with 1~m radius of curvature is therefore 3.14 m? or 5.0 d Bsm.

The signal in the Doppler cell that gave the highest average return was analyzed as before,
The standard deviation of the high-freguency component in the single cell was found to be

3,2 dB, the increase from 0,8 d3 being due to variations in frequency of the peak return,

13




i1 o
[RRLIL|
INTERFERENCE
I . FROM BODY
’
20 NO2ZLE
v RETURN
N2t
RETURN
- 1 ,"'
i /
0 '
w \
(L™ Fig, 15, PPeak nozzle return va time,
22 October 1976,
13
[
i
o .
{
‘b.l i i t i i JRTTS USSP ¢ [
"0 L3H 514 (31 818 820 LY “2q
TIME (GMT sec - 74000) .
Lo o oo © ke . l, S SO P S Y SRS DR
a0 aQ 0 40 20

ASPECT ANGLE (deg)

20
10—
R
r . RURBOH)
of- »
W
"z’ LY &
0} ¥ h
3
el
3
2olde SO SR SV Aicamd 8 a0}
&
2o - «
")
g Hy
10 :z’
%] -
N
;U [L} SRS TS W 1 | | = WY "
R
[=]
10 b ﬂ . P F
Q LIoR 3
- £
EOL_L i 1 o i i 1 g .
o
3
Puy T T e - - g
w o
o b
0~ é L .
] .
1 |
o= w 80}~
. > r
I
o 3
3
i . X ) X 3 o I L L L ) 1 |
s e TS T} e FYTS T Z%  -20 -1 10 8 [ s 10 18 20
TIME (GMT sac ~T4000) AMPLITUDE (dB}
Fig, 16. Componcrits of peak nozzle Fig. 17. Amplitude distribution of peak
return, 22 October 1976, nozzle return, 22 October 1976.

14




: Cwe e s e e
wwop b
nguo
3 LECRY
LR =
- . MIRKOR
. TUNNS
3 B b
o
n',)boL-
- § LEUS
£ =1
3 mn
3 = ~
E . b !
N
Q@ 4
H LYY =
"
) 4 .
[} @ .
K = .
w '
v D
E o LEITIN S
=
w21}
B8 o ) !
!
o
NOSE Lk
82090 oetuRN . o,
\\ . ) .5
i
LY R %
'
3
L4
i 3‘
B8O ‘¥
: h -
. Y NOZZL.E
8170 ' o
| ‘ RETURN
'
N H
1 8160 .
= -60 '
4 - s H N —
E -20 -0 0 10 20

FREQUENCY (kHZ)

"ig, 18. DTl of rotating model with mirror, 16 November 1976,

i5




Bikhs;
.

.-

16 Novemboer 1976,

FREQUENCY (KH1)
1 with mirror,

16

[ : : i : ; .
P B B = w = E uy =
=] z ¥ : z z F : z 5
{OGCRL- 9% 1AT) SMIL =
=
[ = o]

- z w |

DT of rotating mode

19
acked no

1630 ITONY 10245V

.

Cig,
tr




Trissi]

w2l 8n9f . RV 4.9

“\ -
v A% WL 0.6

821877} . - RV
02154 S o VAL o A s
821813} - - - . BN N N ATA N YA
82148 . " e L VoA 2o
821.449 - s Ll A Arry
821417 - .- N T e
s21.008 ) SRR B I VAR 17
821 383 - e EANEA P
e21.821) . P AN
821,289} - A L e
821287}~ . P A T A U o1

821228 : : S N Sl

. ) . Loy R
821.193 N " 1a.2

821.16t

PTRT L] N AT A W WA AN e
R /

- . A ¢
821,097 i+ e e ,J\,\ PR GO A R

\

TiME IGMT sec - 7300Q)

> . 7 s
AN I N e X,

821083} e - . A M
e21001 | oo N WA S 17,4

A A
820.969 - - - - Ao NN 10.1
820,937~ —— - v AN A e A Vs

A

~ AN
020,905 ~ e s an L. R A VN 18.2

820873 - e e A PN soaeA N A 10
820.841 B S AN AL 6.6
820.808 - — . o one e B SN N PP I

A
820.777 RO I . e AN N A -

szoran} . . T NN ANA U 12.7

Y
3 820.713 e - SN SNV A P
S AV
820.681 e - A SN
4 A
E A AV 2.4

i 820649} | - - N = .
£ e -6 -4 -2 [}
5 ] FREQUENCY (kHz)

4 6 S-N

4 “ig, 20, Amplitude of Doppler spectrum, rotating model with mirror,
16 November 1976, tracked nose return.

17




TIXTTY

O

VT sec - TALGH

"
h
bodcu e

L. , 1 ,

Mg, 21, DTI of rotating model
with mirror, 16 Novemboer 1976,
tracked mirror roturn,

.
) -10 [} 10 [
FREQUENCY (nmg)

827.017 SN M/\/\_.‘//\/\/\

T

N NN

006988} —~- ~rmr /N AL ~ e

826,953} —-/\.I'-J\L .../\/\_._,'\/ NN e 34.2

826921 oA \ ~{33.7
S ©826.889 SRV VRPN AW SR PP
% [TIR.T] ] Su—— NP VA VAU ..//\V“\\.._ e e { 30 8
o 826.828f- — —A—/\ N e 38
H
826793} e N /\\ TN VIR PP S
S. H26.761 f « N /\/\ v~¢*~/1 S e |79
‘éj 826729} —om AN\ /\ A e e e ] 380
i B26.697) - N T ’/ B ~ et e~ 381

826,865 - enn T /\/ ~

‘\‘ \\ ——

R e e— . Y

pzegssf oo AN "-‘/"‘\ e e e 36,8
826601} oo - — A /\ //\ SR PO
P AN //‘ JVR PPN
826837 o ANpAa \ AAAAAAA P F YY)

-6 -4 -2 0 2 4 8 5=N

Fig.22, Amplitude
16 November 1976,

FREQUENCY (uHz)

of Doppler spectrum, rotating model with mirrov,

tracked mirror return,




- R T AN

TV Sy amm g

B el TN

v ~~—~'Tn

80

4ok

Tig, 23, Compoenents of peak mirror whe

veturn, 16 Novemboer 1976.

DECIBELS

20

[Ty .

et e,

e S 1.
626.8 821.0 w272 827.4 @2re BiTe
TIME (GMT sec -73000)

R 2 SO W

1 T

NUMBER OF QCCUGRENCES

Fig. 24, Amplitude distribution of peak

2 a0 —— mirror return, 16 November 1976,
\?f
al
'4
g
3
g wr
(=] i
w k
o |
5 Q)
m
2
=4 -
2
Y ok
it
-4
et b
3
: . TSR TR S N A B N | _
hd .28 20 18 -1D -8 o s [r [P

AMPLITUDE (dB)

19




v, RANGE EXPERIMENT t4 DECEMBER 1976

FIVIE-kM

A, Introduction

In the experiment of 16 November, the mirror coturn was present from approximately zero
agpeet to 9 deg acer zero aspect, When the nose was in the same position, its return could net
be separated from those of the other seatterets, hencee the two returns could not be measured at
the same position in the illuminating beam.  The validity of any comparison between the nose and
mirror returns would theretore depend on the uniformity of the illumination, A further experi-
ment was conducted on 14 December which overcame this Hmitation by having the mirvor mounted
close to the noge and oriented so that its return would be scen at an angle at which the noge re-

Larn could be ecasily separatoed,

R, Returns from Nosce and Mirror

Figure 25 shows a section of the DT1 from the experiment conducted on 14 Decernber, The
nose return is at the extreme left, with the short-duration strong mirror return to the right of it.
These returns do not follow the expected smooth curves because of variation in the rate of rota-
tion of the turntable,  ‘Thesce variations were probably caused by wind forees acting on the model.
The perturbations in the Doppler frequency precluded the extraction of a return in a singlc
tracked cell, but did not prevent the peak amplitude in Doppler from being separated and analyzed.

The standard deviation of the high-frequency component of the nose return was found to be
2.5 dB, and is much the same as the values obtained from the previous experiments,  The stan-
dard deviation of the mirror return was 1,1 di3, as compated to 0.8 dB for the roturns obtained
on 16 November,  The difference between the amplitudes of the mirror and nose returns was
25 dB. This is the same as was obtained in the previous test, indicating that the illumination

intensity had been substantially uniform on the carlicr experiment,

V. SUMMARY AND DISCUSSION
A, Summary ‘lable

Table 1T summarizes the measurements made. The rows of the tuble correspond to the ine
dividual feature measurements and are divided into scetions corresponding to the experiments,
Four of the columns correspond to the type of measurement performed,  The first column gives
the mean signal in the Doppler cell that gave the largest mean return, and column two gives the
slandurd devintion of its high-frequeney component,  Columns three and four give the correspond-
ing values for the peak signal in Doppler space.  Columns five and six give the theoretical cross
svetions of specular and Lambertian spheres of the samoe radius as the nose.  These have the
stame arbitrary reference as the other measurements and were scaled from the mirror returns
recorded on the same experiment, The RCS of n specular sphere is equal to its physical cross
scction, while the RCS of a depolarizing Lambertian sphere is 1,25 dl3 higher,  The derivation
of these cross scetions is given in Appendix I, The theoretical returns from the specular spheres
shown in the table were obtained by scaling the returns from the mirror according to the radius
squared, The returns from the hypothetical T.ambertian sphere were obtained by adding 1.25 dB

to those of the specular spheroes,
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TABLE |
SUIMMARY
Single-cell Peak-cell
Single=cell | standard | Peak=-cell | standard | Specular | Lambertian
mean deviation mean deviation mean mean
(dB) (dB) (dB) (dB) (dB) (dB)
Nose
22 Octaber 1976 -1,0 5.5 5.0 2.6 3
Segment | 2
Nose &
22 October 1976 2.0 6.4 9.0 2.8
Segment 2 4
Nozzle i
22 Qctober 1976 7.0 2.0 ;
Segment |
Nozzle
22 October 1976 8.0 2.4 ;
Segment 2
Nose ~
16 November 1976 1 3.0 6.0 5.0 2.7 8.1 2.3 ;
Mirror 2’:
16 November 1976 28.0 3.1 30.0 0.8
Nose
14 December 1976 2.0 2,5 5.0 6.2
Mirrot
14 December 1976 27.0 1.1
Noise 6,2
s
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B, RUS of spherical Nose
It can be seen from the table that in both experiments where the sphere was used, the peak
gignal in Doppler from the nose wis approsimately 3,0 B3 below the theoretical reteen from' the
specnlio sphere, aud approsimately 4.2 di3 below that for a Lambertian spheve,
(‘)llw:“ ohseprvatlons peetkining 1o the nese return that can be made from the table arve glven
bulow,
(1) Taking the return in a single Dopnler cell vather thia the maxlmum roturn,
resulted in an average drop in gtgnal of 7.0 d 3 and an average inerease in

the gtandard devintion of the highs=froquenay component of 3.3 di,

(2) The average standard deviation of the high-ivequency component of the
}}ingln-coll nose return was 6,0 dH, This 15 close Lo the value of 6.2 di3
for a- Rayleigh=distributed noise=type wignal,  The amplitude disteibutions ‘

of these retarns are algo similar Lo those of the nolse signal,

o Fluetuations in Mirror Return

The fluetuation in the return from the sphoerical mirvor s attributed Lo atmospherice effects.
luvestigations {nto the propagation of optical beams in turbulent media have been reported by
Lawrenee and Stohbehin™  and ]“:mtv.“ In these publications, the variable usually caleulated is
the variance of the natural logarithm of the intensily, ofnl; where intensity is a measure of
power per unit area. This variable can be direetly obtained from the standard deviation of the
signal in decibels by multiplying by 0.23 and squaring., Thus the values of aﬁﬂ co:r'rv.sponding
to 0.8 anct 1.4 d B3 standard Jeviation are 0,034 and 0,064, vespectively,  These figures apply to
a two=way path, If there is no correlation between the fluctuations imposed on the outgoing and
roturn paths, the vaviance for o one-way path will be half that for a two-way path. If there is
total correlation, the onc-way variance will be 0.25 times the two-way variance.

Lawrence and Strohbebn™ give an exprossion for small values of Ulznl for a spherical wave

in a locally isotropic, homogeneous random medium as follows:

27 7 6
i/

/
= 0,50 ¢ 11/6

1

2
Yinl

¥
where (t[‘l‘ is the refractive-index strueture parameter, k is 2r/wavelength, and 1. is the range

>
to the targei, Solving for (,‘.';' and substituting for 1. and k gives,

2

L2 GlnI
G s s
164 x 10

FFor 0.8 d13 standard deviation o¢n a two=way path and no correclation, 01?;]1 for a one way path is
k] - - -

1 0.017. Then ¢l - .03 x 1070 m 2/3 For 1.1 d13 standard deviation, c? -+ 1.94 x 10718

3 m"a/3‘ Cz'f can vary from 10'17 3 or morce for strong tur-

bulence . The turbulence existing during the experiments would be elassed as moderate.

or less for weak turbulenco to 1071

¥ R. Lawrence and J. Strohbehn, "A Survey of Clear=Air I'ropagation Lffects Relevant to Optical
Communications," Proc. IEEL 58, 1523-1545 (1970).

T R, Fante, "Electromagnetic Beam Propagation in Turbulent Media," Proc, IEELE 63, 1669-1689
(1975),
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APPENDIX
RADAR CROSS SECTIONS OF SPHERES

DEFINITION OF RADAR CROSS SECTION

[.et 1, bistatic ungle
47 '
S{p) o . d
ROS) Dy FBY 1Lp ;
where [9G5) {8 the power per unit solid am!l(- scattered in the histatic diree tmn, }] i is the incident
fTux density per unit area, and T.p s a polm jzation loss factor whiel {8 a t'unvtlnh of the target

and receiver charactervistics,

SCATTERING CHARACTE RN'I]( S Oor A SPECULAR
\l HERICAL SURFACHE . .
f.ot the range from the souree 1o the target be much greater thun a wavelength 80 that zeo-

metrie optics appm\\mmhm app]v. T'wo cases are congidered, the first when the surface is

convex, and the second when it is concave, These are illustrated in tlg. [-1,  T.et o be the
avimuthal angle of the normal to an clement of aren of a specular spherieal surface of radius r.
zimuthal m\;:llu of the direction of energy flow reflected from that element. | Tet
0 ig zero in the dircction of the '

The clement

It is also the a
0 be the polar angle of the normal to the element of area,
source.  Let @, (o ) be the polar angle at the periphery of the sphorical surface.

of arca dA is given by,

i
[

dA  r7 gm0 do da .
The power incident on dA s

2
D.AA cos O = Dr” sin0 cos 0 dO do for 0 < (')e(“')

di,
! n for O > (lc(n) .

The direction of the reflected encrgy Mow from this clement of arca is (3, o), where 8 is the

polar angle of the reflected vadiation,
fo20, dp - 240 .
The element of solid angle in the reflected energy wave number space is:

di sing da d - gin(20) da (2d0)
4 8in0 cos O dO do .

The power reflected into unit solid angle in the dircetion (3, ) i given by:

dp, l)‘.l‘z 8in 0 cos O dO dao l){rz

Flhoa) 48" * "TER0 ¢os 0 do da 4

# Authored by 1, Jones,
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M the Firepond radar, the polarization of the detector is matched to the return from the
specular sphere.s The value of Lp is therefore unity.  "The bistatic cross section in the direction

(1, o) is

A B 6) Lp mw? foro < 0, {a)

ROS(R, o) S .
by 0 for 0o (o)

For a conveyx specular sphere, if Oe(") is cqual to or greater than /2 for all values of &, then
the RCS is independent of o and f. Thus a speceular gsphere is an isotropic scatterer with RCS
cqual to its geometric cross scetion,  For a concave specular spherical surface, if 0_(«) is

equal to or greater than 7/, multiple reflections can occur and the RCS might differ from that

riven by the expression above,

LAMBERTIAN SCATTERING FROM AN KLEMENTAL ARLEA
1.0t I“' he the scattered power flux from an clement of arca. If the total scattered power

Irom this area is Pg, then

2 = v
1 q ‘\ 1“' dQ
where 1 denotes a solid angle.
The defining property of a Lambertian surface is that, regardless of the direction(s) of the
incident radiation,
» IF' (0) cos ¢ for o< m/2
17, (¢ -
: IO @¢> /2
where @ is the angle between the direction of emission and the normal to the element of area.

Calculation: To obtain Ff {0) in terms of Pq.

l’q : \ l“’ () dQ

iy (v = 'F' {0) cos » for @< m/2
0 for > /2
d§? = sing de dg
where « is the azimuthal direction,
/2 2T
P, (0) cos ¢ sinvp do do
] f . L
[y =0 o =0
/2

22 l~‘{ (0) sine cos ¢ de

[¢]

v /2
= 2m 1, (0) g d(sin?‘ v /2
‘w;o

=l (0}
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Therefore
Py cose/m for < n/2
0 for > r/2
Therefore I-" () : total power scattered, times the cosine of the angle away from the normal,
divided by .
MONOSTATIC RCS O A LAMBERTIAN SPHERFE

l.et « be the azimuthal angle of the normal to the element of areca dA on a l.ambertian sphere
of radius r, and O the polar angle, then

dA - 18 sin0 d0 da .

The power incident on dA is assumed to be equal to the power scattered, that is, the surface is
“white" rather than "grey," thus,

d!’i : dl"q : l)i cos O dA = Dirz 8inO cos O dO do .

The scattered flux per unit solid angle in the direction of the receiver from this element of area,

is given by
. 2 2
d¥, = dP_ cos o/n - D;r” 8in® cos "0 d0 da /7

gince 6 = 0 in this monostatic case. Integrating over the illuminated hemisphere gives the total
flux per unit solid angle at the receiver.

vn/2 27 l)ir‘:2 /2 3
roo=\ T e e e d(cos 0)

1020 a0 Jo=0
-2/31%D, .

The return from a lLambertian surface is randomly polarized, so on the average, the power
detected by the polarization sensitive receiver is half the total power received. Thus Lp hasg a
value of 0,5, The monostatic RCS is

7 417, (0) Lp 5
RCS, (0) = —5— - 4/3m0°

This exceeds the specular sphere RCS by the factor 4/3 or 1,25 dB.

An cxamination of the more complicated integral for 8 # 0, shows that for the Lambertian
sphere, the bistatic R('S decreases monotonically to zero as B increases to 7, Thus the in«
creascd monostatic RCS of the I.amhertian sphere 1s not inconsistent with the fact that it inter-
cepts the same total energy as the specular sphere.
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