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ABSTRACT

Theoretical calculations agree well with experimental

. measurements of high-frequency scattering by a paraboloidal
reflector,
. Experimental measurements were conducted on 18-inch-

diameter, wavegulde-fed and 24-inch-diameter, cross dipole-
fed, paraboloidal antennas over a 1 ange of frequencies and
aspect angles with various combinations of transmit/receive
polarizations and feed dipole orientations.
1. Simple mathematical formulas were

developed for nose-on RCS as a func-

tion of load impedance and transmit/

receive polarization.

2, Possible out-of-band RCS reduction
methods were investigated and models
made for testing.

3. RCS phase information on the antennas
was also obtained as approximated by an
empirical expression over the frequencies
of interest.
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Eugene C. Raabe, Lt. Col., USAF
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BACKSCATTER CROSS SECTION OF A PARABOLOIDAL ANTENNA

I. INTROMUCTION

The high-frequency radar cross section (RCS) for an aerospace vehicle can be
obtained by resolving the composite body into an ensemble of independen scattering
centers whose RCSs can be determined separately by thcoretical modeling or experi-
mental measurement. A proper combination of component RCSs will, in time, provide
an estimate of the RCS for the entire body. Among the predominant scattering centers
of an earth-orbiting satellite, the backscatter characteristics of a high-gain, reflector-
type antenna are of prime interest and most difficult to predict. This is chiefly because
the antenna's RCS is usually comparable or greater in magnitude than other scattering
centers and its backscatter mechanisms and RCS are a complex function of signal fre-
quencies, polarizations, feed structure, and load terminations.1 The antenna may be
excited by the illuminating radar beam and may also change the illumination of parts
of the satellite and thereby change the satellite’s RCS. Scattering may also occur
from reflector and other structures associated with the antenna. The presence of two
or more reflector antennas will furither complicate the interpretation of RCS signatures,
especially when the target is undergoing spin or nutation. Hence, a knowledge of RCS
phase information to understand the interference between antennas for theoretical
modeling is important,

Starting with a theoretical study of a paraboloidal reflector, experimental measure-
ments were conducted on an 18-inch-diameter, waveguide~fed, and a 24-inch diameter,
cross dipole~fed, pa-aboloidal antenna over a range of frequencies and aspect angles
with various combinations of transmit/receive polarizations and feed dipole orientations.

Simple mathematical formulas were developed for nose-on RCS as a function of

load impedance and transmit/receive polarizations.
il Possible RCS reduction methods were investigated and models made for testing.
RCS phase information on the antennas was also obtained as approximated by an

empirical expression over the frequencies of interest.

[
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II. PARABOLOIDAL ANTENNA WITH NO FEED STRUCTURE

The predominant contributions to the backscatter cross section of either a flat-
backed sperical segment2 or a spherical shell segmem:3 are caused by specular return
and edge diffraction. For a flat-base segment, Oberhettinger's infinite wedge resuits
were used to synthesize the diffraction by the base; while the well-known Sommerfeld
half-plane solution was modified for the shell segment to provide the edge contribution.
In both cases, the physical optics approach performed as well as the geometrical theory
of diffraction (GTD) method <u long as segment depth was less than one-third the radius
of a sphere. For larger segment depths, the physical optics approach failed to consider
the modified current distribution caused by the edge -ontribution, and hence, began to
deviate from the experimental results.

Generally, the RCS of concave bodies is more difficult to determine than it is for

convex bodies, since multiple-scattering effects must often be considered. When an
object is large compared to its wavelength--and to the extent that multiple scattering
can be neglected--both physical optics and GTD can be used to approximate the RCS of

a paraboloidal reflector.

A. Theoretical Formulation
1. Physical Optics Approximation
For a paraboloidal reflector with focal length "a" and aperture radius "b"
(Fig. 1a) parabolic coordinates (& ;‘;Tl. ®) are used to treat the electromagnetic fieid

in the neighborhood of the reflector surface. Therefore, the cartesian coordinates are
. ; . 2 2
X= £ncose , Y=£Ensing, Z=(£" -n7)/2 (1)

and the paraboloidal surface is represented by

2
Y]

nf =2a. (2)
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o S Thaomii v slu o IO U DO SN



ik AR AR PR M SIS e R il

l 18-4-3710 I

INCIDENT
WAVE FRONT

bt d —and

(o) (b)
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I-<:= - K;(s'm a, 0, “eos:':ez)

whose direction of incidence is in the X-Z plane at an'angle o with respect to the"
neganve direction of the Z axis. '

By letting £ = 7, t so t.hat t = tan 8/ 2 whiere 9 is the angle between the ax1s and the

1
radius vector from the focus to a pomt (¢, 9) on the surface, the unit normal to the

paraboloidal surface at (§,9) is

Ry

= [_ t_cos ¢ t sin o (4)
,/1+t 1/1+t W/

Assuming the electric field of the incident plane wave has the vector

3

Ei = .A(0,1,0) + u(cos o, 0, ~ sin a)] expl~ i K - r] (5)

where - A and u are arbitrary constants and the first term represents the perpendicular
polarization while the second term stands for parallel polarization. The surface current
density is therefore equivalent to twice the tangential components of the incident

magnetic field,
= 2(n = 2_ ¢
—2(ani)-uow (anin) . (6)

The physical optics expression for the scattered far-field is

i K expli K. R ] ~g ~g
- 0 0 0
A, = - 5] JsxKoexp[1KK
° S
1

. F'] dS' (7)



e e T,

=5 . :
where KO = unit scattering propagation vector

Ko = free space wave n.. bher -2 /A
and the integration is carried out over the paraboloidal surtace. Therefore, the

backscatter cross section of the paraboloidal reflector is

2

' op(u) ='—_2K° N (8)
P 4ra
where
i b
- 3 A= dma cos af J,(AR) expl- { BR%1 RdR o)
- 3 0
+1 21 sin o J,(AR) exp{-1 BR“] RdR
0
and

A=2 K sina
¢ o
B=2-%cosa.

The complex quantity A is the result obtained by subetituting Eqs. (4), (5), and (6)
in Eq. (7) and carrying out part of the integrations by changing variables. As expected,
the physical optics expression is polarization {ndependent.

For nose-on retum (« - 0), Eq. (8) reduced to

Up(O) = 167 a2 sin2 (KO d). (10)




2, Geometrical Theory of Diffraction

The basic GTD technique involves adding the edge diffraction contribution to the
specular return (Fig. 1b) where point C was the center of a spherical sh-:ll segment
(Di' 0, Dz) that shared the same aperture with the paraboloidal refiectc: ana has the
same tangential edge as that of the paraboloidal reflector. Therefore, the edge diffrac-
tion from the splierical shell segment will be the same as that from the paraboloidal
reflector.

The specular return can be obtained from Eq. (7) by using the stationary phase

method. The specular point is found to be S(n/cot2 o, 2a/cot @) and the specular re-

turn in the far-field is

a .—; - R 74 A 4
(a)=- (——*-'2*-> hi {expli 1(“ f\“]/ R(‘)} (11)

a. Ncse-on RCS of the Paraholoidal Reflector
On the axis, all :he edge contributions are in phase and the diffracted field

can be obtained by finding a proper correction factor to the infinite half -plane cdge dii-

fraction 2xpression.

. : .3
Following, essentially. the same procedure of Raybin,

—d S 1K (R - 2d)]
E" )=+ a(a + d) B expom ot (12)
(6]

is obtained. The nosc-on return is simply the combination of Eqgs, (1) and (12):
2l — 2 T

ad 0)=4ra [ 481+ d/a sin K( d+{~Nt+d/a -1} (13)
L ) .

Both the specular return and edge diffraction are (~equency independent.

6

R S 3 . o S L0 SRS M B i et skt cah el
SRR NR TINME ittt i i aing Gt nbAERAEEEROR S s e R R S e e YA ot

. - L Pre T DT SN TG 3808 AT T
LD T TR TS RIS R T T T T e I ISR Sl e I

et e

e o e o

USSR P JORPRLLR A SR

[

o ik ARt & s

o Sl



PR SEES)

e
B2

me
PREY

s

By
i
!
X
-8
0l
o
i
bt ]
b
bt

TP T2 AN

b, Off Nose=on RCS of a Parabololdal Reflector
Again, the exproession for off nose-on retarn from a sphevical ahe | seg -
ment by Raybin can be used to approximate the scattering cross soction of a pavabhelotdal
reflector by taking proper care of the phase tactor and edge tangeatial,
A plane of constant phuse (Fig. tb) chrough point ('.1(1)1' v U, D7) in taken as a cun-

venient reference for phase and the main edge contributions come trom points I)‘ nnd

D2'
The backscatter cross section for the reflector is thereofore
) 5 /' ""&%Q"o;"]"""““"
= e LY - .- -
(rd(a) md l(..,u):-. @) -, 4n K() r sinw (14)
) 2
, . 1 ‘ { 1\
eplimg ) | ey el rrgy
- m nm
where
=2 - EG sing@ + )| -
", K,[- EG+ rsin@ -+ ) (r/4)
=2K [- EG+ r si - )
n,= 2K | +r8in(0 a)] + (n/4)
()m = cdge tangent angle = tan~1 W n/.&m
v = radius of the spherical segment (@, 0, ")1) = 2N aa + d)
and

56 = (2a/cosa) + [d - (8/00t20)i cosa

¥
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The upper Nigh vorreapomda to e fi tangeat o edge (hovaontal polavisation)
and the Tower xign to fhnnmnu o wdgge (vortical polavization),

I noportant to coreinber that thin expresnion (a valid anly foy
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N Hxpovonewtal Resules
t. Havkscatter Range Setup
RUS mearurameniz wer made at the shovt geound votloction vange of the
Linvoln Bedford Antenna Tesr Range (Fig. ) s tavciliy provides a level teans:
mixsion path whore the surronndinggy are fvee of rees and other obrtaclos o miouuie
background veturn,  The 9 [t monnting pedestal with astimath and elevation vontrols
located 100 i down range tvom the control avea.
Amplitode and phase measuvements were obtatned via a pulsod backseatter systen
(Fig. 3). A stablized CW signal was gated (na Snscec pulse with a SO0-kHe PRI},
thix same gate was also used o the veeawver avim with a proper time delay apphed,
The phase=locked CW smal was coupled from the transintt arin as a wefevence wput,

along with the pulsed seceive input, to a wide-vange pha-efamplitude receiver, A

frequency range from 1,60 to 3.3 GHz was used from the i=to t2,4-GHz trequency voverage
available. Other frequencies were also selected within the range .

2. Measured Data

a. Nose-on RCS

Theoretical backscatter cross mrctlun1 for a 2¢-inch-diameter pavaboloidal
veflector with a 9.93-inch focal length was compared with the actual measurcuients
for this reflector (Fig. 4).  The measuroiments were made over & wide range of
frequencies with continuous frequency coverage from 1.6 to 3.3 GHz and several

spot checks from 3.3 to 8.4 GHz. Both physical optics and G'TD data were in good

agreement with the experimental results,
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Fig. 4. Nose-on cross section of a 24-inch-diameter paraboloidal reflector.
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RCS fluctuaten ax a tunation o the vatlo of depthtyesignal wavelength, and minimum
RUSE ovcur at half-wave longth multiploa of refloctor depth throughout the froquency
vange. Thin & almply becawso of the addition of two nearly equal, frequency iudepamdent
returag of opposite polavity«=Rar. (11) and (12). 1t appears that the edge effects devived
wy both phyaical optica and GTD arae ton amall to produce exact agreament with the
meagRurementy.

It in interesting to note that Kqr, (11) and (12) can be renpactivaly rearcanged in

these formas;

Up(O) " | Aa? \/Qwua exp[1n] exp[i 2 K d)|¢ \49)

a(0) » |\/4ma® + '4ma(a+d) explIn] oxp[1 2 K, d]}? o

whee the first teym {8 the specular contribution and the second is the odge diffraction;
these equations indicate that the edge contribution from physical optics is slightly
sraaller than that from GTD. However, the physical optics approach fox a paraboloidal
roflector can give a falely good approstmation of the edge diffraction so long as d/a
{8 not too large. The physical optics result deviates from the GTD solution by less
than 1 dB for values of d/a equal to 2/3 or less. As pointed out by Raybin, the edge
contribution and specular contribution from the spherical shell segment were equal in
magnitude even for high frequencies and were independent of depth of the segment.
However, this {s not true for the paraboloidal reflector; not only are these two
contributions unequal in magnitude, but the vdge contribution is depth dependent.
Another interesting observation can be made from Eqgs. (15) and (16). For a

shallow parabolic reflector, Eqs. (15) and (16) can be rearranged:

(17)

o(0) = 6% (stn? K d/d)

APk MM ot e s e 1o fasme e F LA
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hy usatny this parabotic equation:

€

hadad . (18)

Therefore, as the paraboloid becomes shallow, the reflector approaches a metal dish
. and Bq. (17) reduces to
. 2,2
: al0) = 4n [(n 812131
which 18 just the nose-on return of a circular dish,
h. Off Nose-on RCS

RCS measurements were made over a frequency range from 1.6 to § GHz

and at borh horizontal and vertical polaxizations. Comparisons between theoretical

‘ : calculations--Eqs. (9) and (14)-~and the expoevimentai results are shown in Figs, 5
| ‘ through 7.
' For vertical polarization, physical optics calculations check  closely with GTD
;\. . calculations over an aspect angle as large as 25 deg.; and both were in good agreement

& with vhe experimental data in the near nose-on vegion.  The aspect angie at which this
good vorrespondence between theory and experimental results begins to deteriorate
becomes smaller with increasing frequencies, c.g., o = 12 deg. at 2.5 GH=. v, =

[ 9

6 deg. at 4 GHz and @, = 3 deg. at 7.84 GHz. However, even for aspect angles larger

than ¥, theoretical values are stili in good qualitative agreement with the experimental

data. Errors in the good part of the region are less than 3 dB.

. The agreement between theoretical calculations and experimental data is not
8 so dramatic for horizontal polarization as that for vertical polarization. However,
u . physical optics performs well in the near nose-on region while GTD fails to track the

v~ and downs of the experimental data closely, Interestingly enough, GTD calculations
approximate the average of physical optics over the range of aspect angles. Ir 'he nuse-
on region, all the edge centributions are in phase and the backscatter cross se  1ons of

the paraboloidal reflector are more or less independent of polarizations.
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RCS of a 24-inch-diameter paraboloidal reflector.
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RCS of a 24-inch~-diameter araboloidal reflector.




Cross section variations in the off nose-on region decrease at higher frequencies.
This is because diffraction from the edge gives rise to a lower order field, down a
factor of 1/'\/T: than the specular return. Hereafter, the spccular return becomes
the dominant centributor to the backscatter cross section at high frequencies. But this
is not true on or very close to the axis, where a ring of edge contributions in phase and
an integration around the ring, effectively multiplies edge diffraction by ‘\/_K;— pro-

viding a cross section contribution that is independent of K0 .

17
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III. PARABOLOIDAL ANTENNNA - RCS AMPLITUDE
A. Introduction
The predominant contributions to the RCS of a paraboloidal reflector in the
nose-on and near nose-on regions have beer shown to be due to specular reflection and

edge diffraction. However, when a feed structure is placed in the focal area of the re-

flector, the scattering mechanism and scattering cross section change drastically.
The predomirant contribuﬁon to the echo area is due iargely to rescattered energy into
the dish by the primary feed, or objects located in the vicinity of the focal region.
Hence, the receive and scatter characteristics of the feed as a function of signal fre-
quency, transmit/receive polarizations and terminal conditions play an essential role
in the RCS of the antenna.

In general, an analytic determination of the field scattered by an aatenna is very
difficult and requires solution of the electromagnetic boundary-value problem. Re-
sults have been obtained for a few antenna types such as cylindrical antenna and loop
antenna, 2 However, the RCS can be approximated by developing a mathematical model
and identifying the pertinent parameters experimentally. The formula can then be
manipulated to study the dependence of RCS of the antenna on load impedance and
transmit/receive polarizations.

RCS nmeasurements were made on 18-and 24-inch-diameter paraboloidal antennas
to:

1. Identify the principal contributing portions of the antenna to
its RCS over a range of frequencies and aspect angles,

2, Extract from the experimental data general information about
the antenna,

3. Develop general methods for cbtaining rough estimates of the
RCS from antennas and means for RCS reduction,

4. Obtain information for theoretical modeling and calculations.
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B. Mathematical Model

In general, the fields scattered by an antenna as a function of load impedance
can be obtained in terms of its transmitting properties and its structural scattering
properties when loaded with a conjugate-matched load. The relationship4 for one

aspect angle is
S * '
E3(z,) = B(z) #1 BT (20)

where

Z =R_+jX_isthe antenna impedance
a a a

Zi, =R, +jX, isthe antenna load impedance

L <

ES (Z.L) is the scattered field of the antenna with a lcad impedance ZL

E(Z;) is the scattered field of the antenna with Z, = Z;
f*)T is the electric field transmitted by the antenna when excited

by a unit volte ye source.

"\:“ - * Ly
and Pa(Z, - 22, +2) .

The structural term is independent of the antenna toad impedance and is due tc the
currents induced on the antenna surface by the incident wave even though the antenna
has been conjugate-matched. The antenna mode term is determined entirely by the
radiation properties of the antenna and this term vanishes when the antenna is
conjugate -matched.

Green5 and Garbaczb have devised graphical representations of the scattering
properties of antennas that utilize constructions on ~ Sinith chart to relate various

measurements to the antenna properties. If the quantity fiT is factored out of Eq. (20)
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one component at a time, then

rS=s +r (21)
ij  ij
where
-S
s Ei(Zp)
Ty==7
Ej (Z,)
and

-— G * ~T
5= B (ZJ/E(Z,)

Then the relationship expressed in Eq. (21) can be vepresented geometrically by

vectors in the Smith charts’ 6 and the RCS of the antenna is

S I? (22)

where K is a real system constant determined by measuring a target of known RUS.

C. 18-inch-diameter Paraboloidal Antenna

Backscatter measurements were made at 8.4 GHz on an 18-inch~diamcter,
paraboloidal antenna fed by a question-mark waveguide feed whose open end is
protected by a small cylindrical housing (Fig. 8). The experimentally determined
maximum and minimum RCS of the antenna with a variable short for a load are shown
in Fig. 9. It is interesting to note that the RCS patterns remain essentiaily the same
for aspect angle = 7, This is because the scattered field at a point in space is the
vector sum of ani nna mode and structural scattering componeuts and the antenna
scattering mode is preciscely the square of the antenna radiation pattern. ‘This antenna
has 3.2-deg., 3-dB and 7-deg., 10-di3 beamwlidths, therefore, the antenna muode 1s

. . 0 , , .
relatively small for aspect angle = 77 and the main contributions come from structural

scattering components,
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Ritoris ware made to identify the major soureen of atructural acatiering that
praduce lavge sideloben in the RCS pattern, The abiorbey was fivst uaed 1o cover the
outer aurfaces of the wiructural feed arm except for the eylindrical radome. Little
change (n RON pattevn wan ohsarved, ‘Thin, in effect, rulaa out the poraibility of e
Atructural fesd aerm belng o pradominant source of strucrural scatering.

The abmorber wan carefully shaped and put batween the outer surface of the wave-
guide and the vadome withowt bloeking the waveguide npening, The large sldelobes

wore veduced drastically (Fig, 10); one sidelube peak wau reduced from + 18 to - 13

dRxm and the other from + 14 to -+ 6 dBsm,  This may be attributed to the fact that the i
fead in not tlaved but an open-ended waveguide; therefore, it {8 nat well coupled to the g
resultant field in the focal avwa and the outer surtface of the gulde ufficiently reflocis |
the vporgy bauk into the dish and produces the lavge structural scatteving, The ree

sulting lower maxtmum return and higher minimum return, in this case, are due to

the reduction in nose=on structural scattoring by the prexence of the absorber. Hence,

loas dynmmie range of nose-on RCS vartation results, ,l
The sandwiched ahsorber does not degrade the transmitting performance of the ;b
antenna, therefore, in certain instances, the use of raday-absorbing matevials and E
low-reflection structural materials is feasible to reduce the echo contributions from g
structures that are not essential to the antenna transmitting properties, fl
Using Eq. (20), the nose-on vartation of the scattored field with load impedance l
can be represented graphically on a Smith chart. Referring to Fig. {1, the scattered L‘
field as a function of load impedance (‘Z{ ) Is proportional to SL where L s located . 1’
vun the Smith chart at coordinates (Z‘t + § xa‘VRa and SO is the vector rapresenting s
structural scattering components and oL represents antenna mode component; the ,
former is determined by finding maximum and minimum RCS of the antenna with a
variable short termination (anx and me In Fig., 11). Therefore, the scattering
cross section of the antenpa is
24 '
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o(2,) = 14.9]0.588 exp[j 131%] + 1|2 (29)
where
= (2, - z}/ (Z, +2).

The fact that point S {8 located inside the Sinith charr indicates that a diasipative load
impedance can be found that reducas the scatter cross section to zero. The dissipative
load impedance can be sasily obtained from Eq. (23) by letting o (Z L Y= 0; 2 g Was
found to be (64.2 « j 104) Ohm.,

The antenna was then terminated with the above calculated impedance. 1ts RCS
is shown in Fig. 10; tie nuse un return was indeed reduced to u minimum of 0.04 m2 _
(dotted line in Fig. 10). While a conjugate-matched load is desirable for maximum |
antenna reception; a load impedance other than matched load can sornetimes b= found
for minimum RCS. | ‘

Figure 12 shows the RCS pattern of the antenna when incident polarization is :
orthogonal to that of the antenna mode. The RCS pattern is not subject to change by \j
lnad impedance. The fact that backscatter cross section is almost as large as the
maximum return obtained for matched pelarization by a variable short suggests that 1
the feed structure is an efficient scatterer capable of projecting the resultant energy ' ‘
in the focal area back into the paraboloidal reflector. Therefore, unlike a linear |

. dipole, the RCS of a linear reflector-type antenna is usually very high if the incident 1

polarization is orthogonal to that of the auterna. 2

. D. 24-inch-diameter Paraboloidal Antenna !
RCS measurements were then made on a 24-inch-diai.eter paraboloidal

antenna.

T D
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1. Description of Test Antenna
The paraboloidal reflector and feed structure (Fig. 13) with a 9,93~inch
focal length has an operating frequency from 2,2 to 2,4 GHz, The antenna is fed by
two different length dipoles oriented at right angles to one another and a cup-shaped
ground plane i{s located a quarter-wavelength behind the crossed dipoles. Dipole
lengths are adjusted so that their respective input impedances are 90 degrees out of
phase. Both dipoles are driven by a split-tube balun that maintains a balanced voltage
across the dipoles, and hence, generate a right-hand circularly polarized wave.
The antenna's radiation pattefn (Fig. 14) had 14, 5-degree beamwidth and 20-dB
gain,
The backscatter measurements were made over a band of frequencies at 2.3,
3, 5 and 7.8 GHz for various combinations of transmit/receive polarizations and
dipolé orientations, The antenna was terminated by either a 50-ohm resistive load

or a variable short,

2, RCS Within the Operating Band
a, Nose-on RCS
The nose-on RCS of the antenna is of great interest in several respects:

i. The antenna mode backscatter cross section
usually hes its greatest effect in this region and
thus plays a major role in determining the range
over which the antenna RCS can be varied by its
loading conditions.

ii.  The many results obtained from the study of
nose-on RCS can usually be used to explain, at
least qualitatively, the antenna hackscatter
cross section in the near nose-on region.

A brief look at the scattering mechanism of a cross-dipole excited by a split-
tube balun and tuned to generate a circularly polarized wave will shed some light

on many backscattering phenomena observed for the antenna and help to formulate
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a mathematical model of the antenna backscattering cross section. The lengths of the
two dipoles (Fig. 13) are adjusted to obtain impedances with approximately the same
amplitude and a phase difference of 900. In other words,

Z =Z e”r/2

BB’ =~ 4AA’ ' (24)

Using the fact that the induced voltage at the driving point of a receiving dipole
is proportional to the product of the incident electric fieid and the input impedance of
the antenna, it is easily deduced that if the- incident polarization is matched to that of
the cross dipoles, voltages induced over AA’ and BB’ will be of the same polarity and
the energy is coupled from the incident wave to the transmission line and may be re-
flected by a mismatched load, and hence, reradiated; on the other hand, if the incoming
wave is of the opposite polarization with respect to that of the cross dipole, a zero
voltage will result over AA’ and BB’, and hence, the cross dipole will behave like
crossed conductors.

A simple sketch of a dual-polarized sampling antenna (Fig. 15) can therefore be
used to account for the nose-on backscatter cross section of the antenna with its perti-
nent parameters determined experimentally.

The antenna is capable of receiving vertical and/or horizontal incideat electric
fields and passing them through a hybrid, wtereas a RHC signal will occur in port A
and LHC signal in B. This model can be used to simulate all antennas with either dual-
mode or single-mode circular polarization capabilities, The latter is equivalent to
terminating one of the ports (A or B) by a fixed load. For the cross-dipole-fed antenna,
port A is transmit/receive port and port B is a terminated port,

The backscatter cross section of the antenna as a function of load impedance and
transmit/receive polarizations can thus be conveniently expressed in scattering mat-

rix form, i.e.,

0(Z,)= ]Vlz (25)
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where

S (Z£)S (Z,) cos .,

HH VH' "L
V ={cosa, - sina, exp[jo ]}[ ]
R R R . L& 14 (26)
Sy (z&)svv(zL) sina.. exp{j T]

Subscripts R and T denote the receiving and transmitting antennas, respectively.
Also, G’I‘ and & R are the phase angles to define the polarization of transmitting

and receiving antennas; ¢.g., for RHC transmit/LHC receive, aR = aT = 450,

6T = -90° and GR = 90°. Eq. (25) can be used to find the cross section for any

polarization combinations and the scattering matrix elements are.

C C
Sun, 'mL T'mR 1) | [ SLR SLL
L I [+ -+ + |
i : -i : -‘ xpl+iT/2
SHV FmL exp[in/2] PmR(Zl., ) exp[-i7T/2] CSLR explin/2] CSLL expl+im/2)
(27)
C
CSRR SRL 1
* [ ] ¥ [ ot insa
CSRR exp|-jr/2] CSRL exp{-in/2)
r Z. )
rSVH- -FmL mR ( L )
! Lexmmil [ }+exp'\¢>2l[ . |
‘“-‘*VV I‘mL exp[in/2) T R (Z{‘) exp[ -in/2}
‘ C.
USLR FOSLL : |
+ exp(l¢3| i_ ]+ exp|l¢4] l | (28)
CSLR explin/2]"” i(“SLL explin/2]
: C
-CsRR -SRI
+ exp(i ¢sl 1 + expli 1)()] » .
CSRR exp[-im/2}’ ('SRL explin/2]

SRRSO . e rtres

j
]
i
i
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represent waves reflected from poria A amd B, reapoctively.

where I and I'
m m

R L

Since the antenna is tuned for RHC polarization, rml,.

a function of Z X

will be a conatant independent

of load impedance (2 L) and I‘mR

CSLR' CSLL' CSRR' and (‘SRL. stand for both pp and op stxuctural scattering

components of the antenna with 2nd and 3rd subacripts ropresenting the combination
of receive/transmit polarizations (i.¢., L » LHC and R = RHC) of the radar.

The phase terma L 0y Py By Ve and 9, can be determined by noting the fact

that the terms introduced by RHC transmitting wave (i.¢., PmR' (‘SLR' CSRR)

should vanish for a LHC transmitting wave. Thexefore, simple mathematical manipu-

lation of Eqs. (27) and (28) gives ¢2 = (), = 7 and ws = 0. Simtlarly, for a RHC

9.

3
transmitting wave, those terms assoclated with LHC transmitting wave (1.¢., rml R
CSLL’ CSRL‘) should result in zero, and hence, ¢i =0, % =0, 96 -r,

Eqs. (27) and (28) can be rearranged:

Sun (0= Oyt Tham (29)
. - _ ~ir/2
SHV (Zt) ) CHV * I‘mRe (30)
Syv (%47 = Cyy + Tig (31)
S, (Z,)=C.. +T T/ (32)
vH 42?7 Cygt YR
where CHH’ ("HV » CVH’ and CVV are str 'ctural scattering terms:
i * TmL T CsLr T CsLL T Csrr t CshL
coo=T e ™2 vc. e wc.. yelT/?

SRR~ "SRL

HV mL

SLR SLL
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Bach scattering mateix vlew.ont ean, therefore, be axpiosied in torms of stractues)
acattering component and load=dependent component; the struatural ncattering componenta
can then e determined expecimentally. one at a thine, by uatag the same technique used
for the 18-inch-diamates pavaboloidai vefiector.

The nose-on RUS of the dipale-fea pavabolowda) antenna was meaaured at 2.3 Gla
for four combinations of transmit /roceive polavizations (Mmely, HH, HV. VH, and
VV) and long fed dipole 1n the veetical paxition. A variablo fhort was used in each
cade to tnd maximum and mininnun veturng and tas locate the poations ot §(HH),

S(HV). S(VH), and S(VV) on the Smith chaxy (Fig. 1),

The atructural scattoring mau ix elements wore then found to he:

- - —— ,"QU
» = 8 0= 1.05¢
Gy = S0 = 105 ¢

S 57, 5"
Cypp = SO0 = 108 !

. 1) ¢
Cyy = STV = 1,20 o ou (34)

O
‘ ST -j122,8
LV“m\(VH a{,20

Therotore the scatteving matrix cloments are

0
-§9 . e '
(1.08 o + lmR) {(meter)

St "M

(1.18 0 137. 5° + 0'])\',2) (meter)

SHV HV mR

o (35)
: 2287 L0 /2 _—
SVH VH“ Ao + WRE ) (meter)
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whave KMH w {721, KHV » §. .40, KW w{,90, and KVH w 1,750 are proportional
conatanta.,

The noae-or RCS of the antenna for varioua combinations of transmit/receive
polarizations and teriminal conditions ia  complately knuwn from {our baalc measurs -
menta .

Svveral interasting absorvations can be made from Equ. (23) and (20),

a. Ror a 30-chm resiative load,

N l‘ [ e Py ’!'3‘4“
lmR-(z( -zu) /(4'.c ! ..a)u+u.t,1u

The values calculated from KEqs. (29) and (20) comparv {uvorably with experimental
wults (Table 1),

TABLE |
NOSE-ON RCS WITH S0-OHM LOAD

( "T‘—;::\:s‘:ul_—:/:\;;\;‘vr“(_;a"l-\‘:—\':lated Values | Meusured RCS
Polarization Eq. (25) (dBsm) (dBsm)
e 6.5 6.55
My 4.5 4.2%
LI 7.5 7.3%
TVH 7.64 7.45
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b, All atructural scattering components have an ainplitude greater than
unity {i.e., STHD, STV, STUVN, and STVHTD ), theretore, it is not possible for
any tranamit/racelve polo - stions tu veduce the ncatter cross section to xero through
proper choice of toad tmpx  ace, and a maximum or a minimum in scattered aignal
amplitwic can only be achieved using reactive load,

¢. Antenna camouflage againat a lincar radar capable of moasuring both
» and op returna can nover be achieved for thic antenna by impedance loading. This
18 bocauae of a roactive loading that reducer the antonna return to a minimum in one
particular polarization (vertical or horizontal) will simultaneously preduce a large
return in the orthogonal polarization; this can easily be seen by uslng 4 rmwtiv‘ﬁ load
thet produces (Fig. 10) a minimum retucn for UVV (» IW] 2) but invariably a

ot e i i T A it T | b Kt Tl Tl A s s ah MH

s

e g

very large return O‘VH('-! S(VH) meaj'hl 2) is achieved by the same reactive loading.
‘This fact also suggests that & stxeng LHC structural scattering compoenent is present.
Therefore, an RHC re-radiated wave due to mismatched load can never cancel the
atructural scattering component (LHC) completely.

d. Eq. (2%) can thua be used to study the nose-on RCS of the antenna for

various combinations of circulur transmit/recelve polarizations as a function of load

impedance. For a S0-ohm resistive load, the calculated nose-on RCS agair agrees
very well with the measured data (Table II).
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TABLE NI
NOSE -ON CIRCULAR RCS WITH A 50-OHM 1.OAD

Tranamit/Receive Calculated RCS Measured RCS
Polarization (dBam) (dBsm)
"RR ) -9.4 - 8,7
TeL -1.% - 2.5
oL 12,1 +13.14
"R ~1.45 - 2.9

This antenna has very high OP returns for LHC radar. An RHC radar will
probably fail to detect the presence of the antenna even though it is capable of mea-
suring both PP and OP returns; hence, a matched load is an efficient nose-on and near
nose-on camouflage technique for RHC radar., But on the other hand, an LHC radar
will have little trouble seeing the antenna by measuring OP returns, ' These results
also explain the fact that large linear PP and OP structural scattering components exist.
A linearly polarized wave can be resolved in right-and left-circular components. The
former component interacts with the load, but the latter one is reflected without
changing sense.

The foregoing rcsults suggest that the detectability of a refiector-antenna at the
operating band of the antenna depends also upon the nperational radar modes. A linear
polarizad antenna can best be detected by a circularly polarized radar since the orthogonal
electric component will invariably produce farge nose-on return; on the other hand,

a single-mode circularly polarized antenna (RHC or LHC) can hardly be hidden from a
linear radar. A dual-mode circularly polarized antenna (capable of receiving RHC
and LHC signal) should have the best chance of being camouflsged from radar, be it

linear or circular.
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It has been shown that the nose-on RCS of an antenna can be determined completely
as a function of load impedance and transmit/receive polarization by several RCS
measurements with & variable short as a load (i.e., 2 measurements for a linear
antenna and 8 measurements for a circular antenna). The same technique can be applied

. for the off nose-on region &s long as the antenna scattering mode is still contributing
appreciably to the RCS nof the antenna.
* e. Off Axis RCS
The RCS of the dipole-fed parabolic antenna is measured at its center
frequency--2.3 GHz--for horizontal transmit and receive polarization and the long feed
dipole in the horizontal position (Fig. 17). The RCS curves (in dBsm) are plotted against
aspect angles (in deg)
RCS with 50~ohm load = w=ee- )
RCS with variable short adjusved for maximum

and minimum returns !

RCS when absorbent mat¢rial covered focal area.
Several interesting observations were made from Fig. 17.
(1) All curves tend to coincide for aspect angles greater than 14 degrees,
Contributions from the focal area are negligible because the RCS remained practically

the same regardless of changes made at the focal area: placing a piece of absorbent

material over the focal area, or removing the dipoles. The dashed iine should be a

good xepresentation of the structural scattering return of the antenna because a 50-ohm
resistive load is fairiy close to a conjugate ~-matched load for this anteana.

This suggeasts that the feed dipoles and the inner part of the metal cup are primarily
responsible for the structural scattering for an aspect angle smaller than 14° whereas
the return from the paraboloidal reflector (mainly specular return) gradually becomes
dominant for aspect angles greater than 14° as evidenced by the line with heavy dots.

Interestingly, the smallest angle for a possible specular return from the antenna

reflector is also 14 degrees (Fig. 14).
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The backscatter return from the metal cup is negligible, proven by placing an
absorbing cone in front of the metal cup. Pra.tically no difference in RCS is obsexved.
Therefore, use of radar absorbing material for RCS reduction cannot possibly be applied
for this anfenna without impairing its operating band performance.

(2) The dominant electric field in the focal area remains parallel to the
electric field of the incident plane wave. This was checked experimentally be removing
one of the feed dipoles and putting the other dipole perpendicular to the polarization
of the incident wave with a combination of crossed transmit and receive antennas.

The fact that the RCS was essentially the same as that when both dipoles were removed,
indicates that only a very small component of the cross-polarized electric field is in the
focal region.

{3) The very low backscatter cross section from the paraboloidal antenna when
& piece of absorbent material covered the focal area indicates that the tctal return due
to the antenna structure, excluding the focal arca, is low; and that the dominant
contribution to the echo area near the on-axis region is due to energy rescaitered into
the dish by the primary feed, or objects located in the vicinity of the focal region.

The transmit and receive antennas are switched to vertical polarization with the
long feed dipole in the vertical position (Fig. 18). The maximum and matched load
returns in the nose-on region are almost the same as those for horizontal polarization
except that the RCS curves have become much wider. For exampie, the maximum
return curve has a fairly flat top above a 7~ degree aspect angle. The 3-dB beamwidths
for various combinations of polarizations and long dipole positions are listed in Table
II1. Beamwidths for vertical transmit and receive polarizations are nearly always double
the beamwidths for horizontal polarizations; This can be attributed to the fact that the
structural s:attering pattern (dashed line, Fig. 18) has a fairly flat curve near the
nose-on region and two peaks at aspect angle = 80 that more or less compensate for
the decrease in antenna mode scattering (approximately the square of the reradiation

pattern), and a flat RCS pattern occurs.
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Fig. 18.

RCS of a 24-inch~diameter paraboloidal antenna,




TABLE III

a
f=3,.10 GHz

Tx = polarization of transmitting antenna

Rx = polarization of receiving antenna

L.D. = polarization of long feeding dipole

H = Horizontal polarization

V = Vertical polarization
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Tx H H \' 1 v
|
S S b et } e
, ! ‘ |
' |
Rx H H v | v
b 1
| |
L.D. H \' ! A" H
nose-on (Load) 3
(dBsm) 15.5 10.3 16.3 10.
i
!
W/ABS at focal 4_
point -15 -19 -10 -10
W/o Feed )
(dBsm) 0 0 0 ' 0
1
|
i
nose-on 24.8" , ]
Disk (dBsm) 20.85 20.85 : 20.85 | 20.85
|
nose-on : .
127X 12" plate | 10.35 10.35 1 10.35 10.35
(dBsm) i




TABLE III (CONTINUED)

3 B TR ST IR
NN O

A,

b
f=35. GHz
Tx H H \% \'%
Rx H H \% A
L.D. H \Y A" H
nose-on (Load)
(dBsm) 18 15.2 17.2 14.4
W/ABS at
focal point -3 -3 -3 -3
W/o Feed
(dBsm) -1.5 -1.5 -2.5 -2.5
nose-on 24.8"
Disk (dBsm) 24.5 24.5 24.5 24.5
nose -on
12" x 12" plate 14.78 14.78 14.78 14.78
(dBsm)

Tx = polarization of transmitting antenna
Rx = polarization of receiving antenna
L.D. = polarization of long feeding dipole
H = horizontal polarization

V = vertical polarization
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TABLE Il (CONTINUED)

Cc

f=7.84 GHz
H H \' \'%
H H \% \4
L.D. H A" A% H
nose-on (Load)

(dBsm) 21 18.5 22.5 19
W/ABS ; 4.2 4.2 1.4 1.4
focal point
W/o Feed

(dBsm) 4.5 4.5 4.5 4.5
nose-on

24.8" Disk 28.8 28.8 28.8 28.8
(dBsm)
nose-on
12" x 12" plate 18.67 18.67 18.67 18.69
(dBsm)

Tx = polarization of transmitting antenna
Rx = polarization of receiving anteana
L.D. = polarization of long feeding dipole

H = horizontal polarization
V = yertical pelarization
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Therefore, for a linear radc ¢ the 24-inch-diameter antenna backscatter cross
section (PP and/or OP) will always be high over the range of aspect angle of 14 degrees
no matter how well the antenna is matched at the end of the feed line. This is due to
the inherent properties of the feed structure that reradiate the LHC incoming wave back
in the same LHC sense.

Figure 19 shows the circularly polarized RCS patterns of the antenna with various
combinations of transmit/receive polarizations. Since the antenna is fairly well matched
with a 50-ohm resistive load, the patterns (Fig. 19) are essentially structural scattering
returns. In general, the structural returns are lower than linear returns over the en-
tire range of aspect angles (< 30 degrees) except fur LHC transmit/LHC receive combi-
nation which shows an exceptionally high return (13 dBsm at nose-on) over an aspect

angle of 7 degrees. Note that among the four RCS patterns, only o_  is subject to con-

RR
trol by loading conditions. Therefore, a well-matched dual-mode antenna capable of

receiving both the RHC and LHC signals should present low RCS for all radars.

3. RCS Abceve the Operating Band
Many observations of RCSs at the operating frequency were also true for
the out-of-band backscatter cross sections, namely:

a. Focal area contributions are negligible for aspect
angles > 14 degrees; the feed structure size deter-
mines the scattering lobe width,

b. RCS curves are polarization dependent,
c. The feed dipole has a strong effcct on the RCS,

The RCS of the paraboloidal antenna was measured at 7.84 GHz with vertical
transmit and receive polarization and the long dipole in the vertical position (Fig. 20).
The fced dipoles generally increasc the nose-on and near nose-on return noticeably
(6 dB for nose-on RCS and greater than 10 dB over the aspect angle 5 degrees). This
suggests that the parabolic dish is capable of focusing energy to the focal area over o
wide range of frequencies and that both the metal cup and the feed dipole are good scat-

terers. It is interesting to note that solid line and dashed line in Fig. 20 coincide with
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eath other at anpeot angle = 10 dagroes and a sudden drop in RCS ovours at aspect
angle # 11 degrean, Thin imbicates that the inotdent algnal 1é no laiger heliw efticlently
foauaed into the fead =dipale ad the apaaular retuim from te pavaboloidal reflector he-
Rink to he a dominant contribwtor,

The long feed dipole waa then awitehed to the horinontal poasition with transmit/
redeive polarioation remaining the same. The affect of the feed dipale in noticeably
(Fig, 21). Bxoep for the nowve-on region, the RCS pattern has undergone a great change
and has become much broader.

Figure 22 ahows the elrvularly polavised RCS pawaran of the enterna. Falily high
QP veturns ace abaerved (nwose ~on R i only 4 dil lawer than "RL)‘ The nose-an veturn
W tower for clrcular RUS than that of linear ROS putterns (noae-on %1 & 5 di and
URR 9 Jdf lower than uvv); but cweular RCS patterna hiave high aidelobes for bath PP
and OF peturna,  An RCS patters of a M4 ~tnelisdiameater clreular plate i also shown 1n
¥ig. 22 for purposes of comparizon. ‘The plate' a RCS pattern in much more NArrow in
width and higher in magnitude than that of the untenna. Therefore, for theoretical
modela of & pavaboloidal antenna, it 13 advisable to use & corner refloctor of appropriate
size wWhich will give approximately the same amplitude and angle coverage and thus better
aimulate the RCS return fyom a paraholoidal anten.a.

One intereating point to be noted in Fig, 22 {a the fact that the PP retucn hasa
sidolabw (& O dBsim) for aapect angle > 14 deg. while the OP return is below =10 dRam in
that region. This confirms the previous abservation from the lincar RCS patiexn that
spocular roturn from the antonna (which should have very small OP return) becomes
dominant in this region.

No change in PP and OP retuins was observed by using the LHC wave.

There were, however, many differences batween the out~of-band RCS and the RCS ,
at the operating frequency:

a. The RCS ia indepondent of texminations of the antenna at the out-of«
band frequencies; reradiation from the focal area depends solely on

the feed structure's scattering characteristics.
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b. Fox the linsax RCS pattern the out-of-band RCS ia not only dependent
on polarization of the transmnit and receive xignals, but ia also quite
3 dependent on the poaition of the feed dipoles. The nose~on RCSa for
’M-méh-dumawr parabolic antenna measured at 3,8, and 7.8¢ GHz
are listed tn Table 1Il. The changed poaition of the feed dipolea caused
B 3- t0 6-dB change in nose-on return at 3 GHz for a fixed polarikation
of transmit and receive antenna.

H?' ¢. The biggeat difference comew from circular RCS patterns. Within
R the operating band, RCS patterns namely, (GRR' e L and OLR)

: have very low returns near the nose-on rvegion, while O‘LL gives &
1 much higher RCS (at least 15 dB higher). However, out~of-bhand,
the RCS pattern does not have the preference of the LHC to RHC,

A and OP returns are usually high and aimost as broad as PP returns.,

4. RCS Below the Operating Band
‘The RMS of the paraboloidal antenna was measured at 1 GHz with vertical

and horizontal transinit and receive polarizations and the long dipele in the vertical

R positioa (Fig. 21). Noviceable changes in antenna scattering mechanism were observed:
ey a.  The fead structure has relatively little effect on the antenna
‘ B scattering croas section (Fig. 23); the feed structure causus

R only { dB increase in antenna RCS over an aspect angle of 18 deg.

b, The orientations of the teed dipoles play an insignificant role
1n antenna RCS.

¢. The lincaxr P RCS does not depend on transmit/receive
polarizations.
The ahove obscrvations indicate that at low frequencies the backscatter return of
the paraboloidal antenna is essgntialiy the same as that of the paraboloidal reflector
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alone, which can closely bo approxim.ted by the thenretical foxmulae in Section LI.
The feed is relatively small comparud to radar wavelength and is therefore no longer
an efficient backscatterer so that it does not give rise to a directional backscatter

pattern to produce a large antenna RCS.

3. FSS Reflector
A possible way to reduce RCS at out-of-band frequencies is to use structural

materials that act as a reflector in-band but become absorbing or transparent out-of-
band and thus destroy the antenna as a radiater. A frequency selective surface {FSS)
is such a possible structural material.7 An I'SS reflector is an array of passive
resonant eiements that ideally behaves as a solid metal reflective surface over its
resonant frequency band, but degradation of the surface-reflecting properties occurs
at either side of the center frequency.

The length, width, and spacing of these resonant elements are determined by system
requirements. }For circular polarization application, circular symmetrical elements,
such as cross dipoles, are necessary.

Element spacing, length, width, and arrangement are design parameters that

determine the reflectivity responae of an FSS array. The reflectivity response is
measured via a reflectivity test setup (Fig. 24).

The background return was nuiled by coupling part of the transmitting signal through
a series of variable attenuators and bh&lse shifters, -40 dB below the level of an 18 % 18
inch metal plate.

Two basic configurations, namely, FSS with staggered and colinear crossed dipoles,
were tested extensively for best performance at 2.3 GHz with various combinations of
element spacings and widths at various incident angles (Figs. 25 and 26). A staggered
cross-dipole configuration has much better and more uniform bandpass characteristics
over the range of frequencies and incident angles of interest. The 1/8-inch-wide

dipoles, spaced 1.18 inches apart proved sufficiently reflective for the purpose.
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Using data derived from flat-panel testing, a 24-inch-diameter FSS paraboloidal
antenna was fabricated and tested (Fig. 27). The reflector was made from styrofoam
with conducting tape cross dipoles attached to its surface. The same feed structure
used for the metal paraboloidal reflector was used for this reflector.

'‘fhe FSS antenna performs almost as well as the metal antenna over the entire
operating band. Both radiation patterns conform well with each other for an aspect
angle = 20'degree.z, (Fig. 28), and a loss of 0.5 dB gain at the center operating frequency
and 1 dB at either end of the operating band (Fig. 29) was observed.

RCS measurements were then made on the FSS paraboloidal antenna over a wide
range of frequencies, nameiy, 1 to 8 GHz. Referring to Fig. 30, noticeably nose-on
RCS reduction on either side of the cperating band is achieved; 12 dB reduction at 3 GHz,
20 dB at S GHz, and 14 dB at 1 GHz. The fast rate of reduction levels off at 8 GHz.
About the same amount of RCS reduction is also obtained over the aspect angles {(Fig. 31).

Therefore, the use of a bandpass surface for out-of-band antenna camouflage is shown
to be feasible and a large amount of RCS reduction can be achieved without seriously
impairing its operating band performance. It is advisable to place a radar-absorbing
mat=2rial behind such surface structures to mask structural elem=nts behind the antenna,

and at the same time, provide support for the cross dipoles,
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Fig, 27. 24-inch-diameter FSS paraboloidal antenna.
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Fig. 28.  Radiation pattern of the FSS parabolidal antenna at operating frequency.
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V. PARARQLOIDAL ANTENNA ~ RCS MANE

Bastcally, the phane measuremait syatem measures change in the selativa phase
hetween algnala in the reference and vecaive channela hy uaing two axin~croaaing de-
WCLOrN 10 aenae soparately the time-of =axin crosnover in the posltive direction of the
t-kHe IP signals in both channeln. The axia=croasover datacior autputs of both chan -
nela are then coupled 10 the phane-roference delay clrcuit and phaae ¢comparator,
vespectively, The jormer delaya the input refervance for a periid equal to the time
diffarential hetween the phase reference and the signal, The time perind in measiread
by counting the number of cycles of a 3,6-MHz clock, One cycle of the clock equals
1. { degree in phane.

The relative phagre moasuremonts of o 24, B-inch-~diametor disk are made from
2-8 GHa (i, 32) to assaxs the adequacy of the setup,  The measuraments ave in
gonerally good agreement with the theoretical data,  The dincrepancy at the aspoct
angle where the corresponding RCS amplitnde has o null is caused by a return signal
that ix o amall that the recelver lost track of the phase. The error seems 1o be cumu-
lative ax the aspect angle ineveasex, 1t is felt that this rest gave a good indication of
che usefulness of the setup for experimental phase measurements of the paraholic
antenna in the neav nose-on ragion (aspect angle = 5 degrees) where the RCS amplitude
has nut passoed through the first sull,

Tie RCS phase of the 24-inch~diameter parabololdal antenna with varjous com-
binations of transmue polarvizations and {wed dipole ogtentations is shawn in Fig. 33,

Each curve ix denored by v, o with the first subscript representing transmit polaviza-

AR
von and the second one the fletvd dipole's oriepcation,  In general, the phase variation
near the nose-on reglon is independent of polarizations and orientations an looks like
a square wave with its width wnversely proportional to the square root of the signal
wavelength, These facts suggest the use of an empirical formula to approximate the
phase curves by taking the first few terms of the Fourier series of the square wave,

The approximate exproession is

s il el
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W)= ~75+95.5 ~om (acx) ~ 31.8 cos (3aa)+ 11.3 cos (Saa) (36)

where a 2:868
. v
a and ¢ are in degrees and o < 5 deg.

A = free space wavelength in meters.
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V. CONCLUSIONS

The cross section of a paraboloidal reflector at high frequencies (b 2 1) approxi-

mated by physical optics and GTD and compared with experimental data shows good

~* agreement. Significantly, the edge contribution is greater than the specular contribu-

tion by a factor of v mm . Physical optics provide a good approximation of the
RCS for a paraboloidal reflector with d/a =< 2/3.

The major contributor to the echo area of the antenna appears to be the feed
within or above the operailng frequency of the antenna because of the intensity ot high
energy focused by the paraboloidal reflector into its focal area; whereas below the
operating band, the feed gradually loses its influence on antenna RCS with decreasing
frequencies and the antenna return is essentially the same as that of a paraboloidal
reflector.

Within the operating band, the nose-on RCS of an antenna as a function of load
impedance 2nd transmit/receive polarizations can be completely determined by two
measurementis for a linearly polarized antenna and eight measurements for a cir-
cularly polarized antenna. Identical techniques can be applied for the near nose-on
region. The field scattered by an antcnna is the vector sum of the antenna mode and
structural scattering components; the former is determined from the transmitting
characteristics of the antenna and is load dependent, whereas the structural scattering
is load independent and is found to be sensitive to transmit/receive polarizations.
Therefore, considerably more infermation than the antenna type is required, such as
possible radar operational modes, before the detection probability of the antenna can
be assessed. In general, when the radar polarization is matched to that of the antenna,
RCS return can be varied by load impedance. Structural return is obtained when the
antenna is conjugate-matched. Whether the structural scattering is subiect to reduc-
tio depends entirely upon the feed structure in question. When the radar polarization
is orihogona!l to that of the antenna, there exists a possibility that a very large PP or

OP structural scattering return exists. Circularly polarized radar is effective in de-

tecting the presence of a linear antenna and vice versa.




The near nose-on RCS phase (aspect angle = 5 degrees) can wel! be approxi-
mated by an empirical formula derived by taking the first few terms of the Fourier
series of & square wave whose widths are found to be Inversely proportional to N A ;
furthermore, the RCS phase is independent of transmit and receive polarizations and
feed dipole orientetions in the near nose-oa region.

For aspect angles > 14 degrees, the return from the antenna reflector gradually

becomes the dominant scattering contributor.
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