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ITI. INTRODUCTION

Significant achievement on the reduction of nonspecular scattering
over a large bandwidth has been reported in [1,2]. The reduction of
nonspecular scattering was made possible by an impedance loading
technique. A two-dimensional wing model was treated in both previous
reports [1,2]. The reduction of nonspecular scattering from a thin
square plate - a three-dimensional case was also treated in [1] but
only for vertical polarization. The case of parallel polarization
which was left unanswered in [1] and cnly briefly mentioned in [3] will
be the task of the present report.

The mathematical complexity of the problem is solved numerically
with the method of moments. The thin square plate is modeled with a
wire-grid structure. The scattering is controlled by inserting variable
Tumped impedances. A general computer program for antenna and scat-
tering problems involving thin wire structures developed by Richmond [4,5]
is suitable for the present study. Though the calculation is in general
complicated, the treatment of variable lumped impedances can be
simplified with the compensation theorem. Formulations of the compen-
sation theorem will be given in the next section. Section V
is devoted to show that reduction of nonspecular scattering from a
square plate for parallel polarization can be achieved by an impedance
loading technique over a large bandwidth.

IV. FORMULATION

Calculations of the scattered fields from a conducting body
loaded with variable lumped impedances can be simplified if the
functional dependence of the scattered fields on the variabie lumped
impedances can be written explicitly in simple formulas. This can be
done with the compensation theorem. In this section we shall expand
the compensation theorem to include two variable lumped impedances.

From the theory of moment methods, the induced current on a
scatterer modeled with a wire-qrid structure can be expanded into
several modes which satisfy the matrix equation

[2,,001,1 = [v 1, (1)

where Z is the square impedance matrix, I and V are column current

and voltage matrices respectively. The exact expressions for Z,, and <
Vpp are well documented [4] and will not be presented here. If the

scatterer is loaded with Tumped impedances, the impedance matrix Z can

be written as i

Zmn % Zmn * angLmn 2 (2)




where Z is the impedance matrix without loading, Z{mn is the lumped
load shared by current modes m and n, and the constant ay, is defined by

PR ¥ Gf Im and In are in the same direction,

-1, otherwise.

To simplify the discussion, we shall consider only the case where no
variable lumped impedances are shared by more than one current mode.
In such a case, Equation (2) reduces to

—

Zon = Zon * Zolone (3)

where 8pn is a Kronecker delta and Z, denotes a variable lumped imped-
ance. In Equation (3) we have included those of fixed lumped impedances

in Z, Substituting Equation (3) into Equation (1),

P2 JiE 0= B B2 - (4)

Denoting the induced current modes on_the scatterer when all the
variable lumped impedances vanish as I, and the difference between Iy
and I, 2s alp, then

(T I T+ Jeas 1= e JE0 100 (5)

which can be split into two equations

00 g T D (6)

[Zmn][AIn] a ['Zmlm]' (7)

[f both_I and Al are known, the scattered fields can be calculated.
The current I will radiate the scattered fields when all the variable
lumped impedances on the scatterer vanish, while the current Al will
radiate the excessive fields due to the effect of the variable Tumped
impedances. The latter is equivalent to the fields radiated when the
scatterer is used as a transmitting antenna with an impressed voltage
matrix [-ZmyIn] and with all the variable lumped impedances shorted. The
total scattered electric field is

“7 3
E=ES+§1 """ErYn, (8)

Zam




where ES is the ficld radiated by I and the summation over m is due

to aI. In Equation (8) Zay is the antenna impedance and EY is the
field radiated by the antenna when the driving terminals are at mode m
having unit current through mode m. Both /4y, and E), are evaluated
with all the variable lumped impedances shorted.

The antenna impedance Zyy, can be found from Equation (6). Let
Vm = (Sm] , then

~j

B i mn
L% e

al I n

i

(9)

P

where A1 is the cofactor of Z17 in the impedance matrix [Zmn] and
|Zmn! is the determinant of [Zpn]. Similarly

. !
Zam =R : (10)
mm

Next we shall express [I,] in terms of [I,]. To do this, we
obtain from Equations (1) and (6)

Un] - ['Z.mn §; Zmémn]_] [Tmn][Tn]' (]])

When Equation (11) s substituted into Equation (8), the functional
dependence of the scattered field E on the variable Tumped impedances
is then explicitly given in Equation (8).

We shall examine Equation (8) in more detail for two simplest
cases.

A - Scatterer with one variable lumped impedance:

From Equation (11),

= NI & (e s
[In] Lzmn] |:Zmn 5 Z1°m16]n][1n]

i

= =]
(1,1 + (2,1 (2,18, 1,
and then




Therefore Equation (8) can be reduced to

oS ] T Y
E=E - 7";?7" I1E] . (12)

a

Let E = E* when Zy = Z?. Then from Equation (12),

X
Za1+zl

X
4

=Y _
I1E =

! (E>-E%). (13)

Subs ituting Equation (13) into Equation (12), we have

- X S Xy =X
Loy (27-2))E"+24(Z 1 +27)E

£ = p (14)
L (Z41*24)
Because E and Z57 are functions of Zy, it is more appropriate to
write Equation (14) as
7. (0)(2X-2,)E(0)+Z,[Z.,(0)+ZXIE(ZY)
E(Z]) L al Ve 1=al 1 1 . (15)

LERRES

The argument of E and Z37 refers to the value of Zy. From Equation
(15) it is seen that if E(o), E(Z}) and Z,y(0) are known, then the
scattered field for different values of Z7 can be calculateu easily
using Equation (15). If Z§ is set to be infinity, then Equation (15)
can be simplified,

2 () E() _
L(ZT) = Za](6)+7; 5 (16)

B - Scatterer with two variable lumped impedances:

In this case we shall take a different approach. Instead of
amplifying Equation (8), we start from Equation (15). Because there
are two variable lumped impedances, both the scattered field E and the
antenna impedance Z; are functions of Zy and Zp. From Equation (15)

R Za1(0,22)(2?-21)E(:s22)+Z][Za](o,zz)+z§]g(z?,22)
2302 ,(0,25)+24]

17E

6




Similarly, we have

ZaZ(Z],o)(Z;—Zz)E(Z],o)+ZZ[ZaZ(Z],o)+Z§]E(Z],Zx)

2
E(21’22) o X%
25L2,5(21:0)4Z,] o

In Equations (17) and (18), the first argument of £ and Zy refers to
the value of Z; and the second argument to that of Zp.

In the following we shall write E(o0,Z2), E(Z?,Zz) and Z57(0,22)
of Equation (17) as functions of Zp explicitly. This is ea;i1y done
for E(0,Z2) and E(Z?,ZZ) by substituting Z1=0 and Z]=Z§ into Equation
(18), respectively,

2,5(0,0)(23-2,)E(0,0)+Z,[Z_,(0,0)+75]E(0,25)

E(O’Zz) = X s (19)
7
L2[2a2(090)+22]
X X s g X R
E(Zx 7 ) ; Zaz([] :0)(22'22)[(‘7-]a0)+22[za2(z]ao)+22][-(['| ’22) (20)
i % X i
2317, (25 0042,

For Z471(0,23), we proceed as follows: The antenna is viewed as a
two-port network as shown in Figure 1. Referring to Figure 1, we can
write down the following equations immediately,

Ly Z Z2 :gio
Ei [zll Zla'] S
23, 23,

nd O

<.
F

ol <t
n

Figure 1. Antenna with Tumped impedances
viewed as a two-port network.

Vy = L(Z4#2)) * 1oLy, (e1)

Vy = 1yZpy + 1(2y)%2,), (22)




From Equations (23) through (26) we can solve Z}], 212, 2271 and Z32 in

terms of 2?1(0,22), Z31(0,0), Zag(Zﬁ,o) and Z,5(0,0). Rewriting
Equations (23) thArough (26),

X_ X X%
L2y = Lyploy + L1425 = (155%75) Z.,(0,25), (27)

al
IZ2z - L1282y = Ipplayf050), (28)
Ly1Zgp = Typlyy * Zpply = (299#2) 2,5(27,0), (29)
L1292 = Lyplpy = 13Z,5(050). (30)

From Equations (28) and (29), we obtain

) X _ X X
Zopla1(0:0) + 5507 = (244427) 1,,(Z7,0),




AN o DN SR QAT

or

X
aZ(Z?’O) ]

X
; 222[2a1(0’0)+21] )
Z

I (31)

Substituting Equations (28) and (31) into Equation (27),

222[2a1(0,0)+2?]
X
Z,2(2750)

X\ % X X
ZypZyy(0s0) + = L) = (L5pt25)2,4(0,25).

From this equation we solve for 222,

X X Xy X
2 ZZZaZ(Z1’0)[Za](0’22)+21]

o 232, (0,0)+Z3 I+ 2. (2% ,0)[Z. . (0,0)-Z
2LEq11\0s0/FEq I 51£95,0)02,410,0

22 (32)

21(0:25)]

Rewriting Equation (28) in the following form,
Lialyr = I19Zpp = Ipply(0s0). (33)

Therefore Equations (31) through (33) can be used to solve for

222, 111, and 2712731 in terms of Za1(0.0), Z431(0,Z8) and Z45(Z%,0).
When this is done, then from Equation (23) we arrive at

Lanl
12721
2.ak0nds) = 7 - —— (34)
al Z il 222+Z2

which expresses the antenna impedance Z31(0,Z2) in terms of the network
parameters and the variable Tumped impedance Zp, A simple formula
relating the antenna impedances Z,7(0,0) and Z37(0,0) can be derived
from Equations (28) and (30).

~N

s 2 . -
Z,,(0,0) = —f; Z,4(0,0). (35)




This completes the derivation of the formulas. To recount the

formulas, we have

2 .lo.Z

X
E(Z,,2,) = al1'9: 2)(ZX_Z])E(o,22)+Z][Za](0,22)+Z]]E(z?,z

5)

1
210241(0,2,)47; ]

2,2(0,0)(Z5-25)E(0,0)+Z,[Z,,(0,0)+Z3]E(0,2})

E(0,Z,) = = ,

13[2,(0,0)4Z,]

X X X X X X X
e 2 (23 01 (Z3-1,)E(Z} ,0)42,[Z (2} ,0)+25]E(Z},25)
jatz
Z5[2,5(27,0)42,]
7.7
A 12421
/4 (O,Z ) =7 ’
a1\9:%2 it o
L1gloy = LpplZyy = Z1(050)],
i
N

Zaz(o,o) = 1 Za](oao) ’

X
S Logllaf0os0) + 53] X
T T X T
Z42(2750)

X X X X
Lotap(2y:0)[254(0,25) + 7]
25[2,4(0,0) + 271 + Z,,(27,0)[Z,;(0,0) - Z,(0,23)]

Lyp =

» (20)

(31)

(32)

From these equations, i.e., Equations (17), (19), (20), (34), (33),

(35), (31) and (32), it is seen that if the values of Z,y(0,0),

Za](o,Z;), Zaz(Zﬁ,o), E(o,0), E(o,Zg), E(Z?,o) and E(Z%,Z%) are known,

ey

then the scattered field E(Zy,Z2) for arbitrary values of Z] and Z2 can
be easily calculated through these equations. This method 1s especially
efficient if the scattered fields for many different values of Zj and

Ly are to be calculated.

10




From the above formulas, simpler but not necessarily more efficient
formulas can be derived by setting Z§=Z§=w,

Zyy = Z_5(=,0), (36)

214 = 2.5(04%), (37)
Z,o(=50)

Z 5(0,0) = YETTET;T Z.1(050), (38)

Z]ZZZ] 5 Zaz(“oo)[za](o’m) a Za1(o,o)], (39)

2. ko2 o007,
s 2 2
Eleitels = e ' 4a0)

E(»,Z,) . 41
2 I, (=,0)+Z, (41)
Z_,(0,0)E(0,0)+Z,E(0,)
2 2
B(0,2,) = =2 Z,,(0,0)+Z, . s
2 40,2 JECO L, R El e, T )
1 2 e 1 2
E(Z7,2,) = = 7100, 5,)+7, ' )

Applications of the formulas derived here will be given in the
next section.

11




V. APPLICATIONS

As shown in Figure 2, a thin square conducting plate slotted on

4
T WIRE GRID USED IN
MOMENT METHOD
£ L SOLUTION
ZZ
” R SR DR \
I -IL L
___I_r_r_
fiidhies ',L"'I_"l_‘
| | i
. A
SEN RN
o e
; _} gl ~—1 PLATE
FngnEie e
IS ST BN e s |
22

Figure 2. Wire grid model of folded dipole geometry.

one side is modeled with a wire-grid structure. Lumped impedances of
values Z7] and Z2 are inserted on the slotted side. The purpose here

is to optimize the impedances Z7 and Z2 such that significant reduction
of the backscatter from the slotted plate can be achieved at near
grazing incidence with electric field polarized parallel to the slot.
Although there are three lumped impedances (Z7, Z2, Z2), the formulas
for the case of two lumped impedances derived in the previous section
can still be used if the symmetry property of the structure is employed.

From folded dipole theory*, Z» is chosen to be pure reactive.
However, Z7 can have resistance. We first calculate the antenna

*The author is indebted to Professor L. Peters, Jr. for many discussions
of the folded dipole theory,
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. - X
impedances Za](o,o), Za](o,Zz), z

a2(Z)](,o) and the backscattered fields
E(o,0), E(o,Zg), E(Z?,o), E(ZX,Z;) using a computer program developed

by Richmond [5]*. Then varying the values of Zj and Z2 and calculating
the backscattered field E(Z7,Z2) using the formulas derived in the
previous section, we obtain a figure of merit as the sum of the echo
areas at ¢=0°,10°,20°,30°,40°, The computer is prograrmed to select
the load impedances yielding the smallest fiqures of merit. The optimal
values of Z7 and Z2 are then determined. The results are shown in
Figures 3 through 16. Both echo areas for unslotted plates and slotted
plates with optimal Z7 and Zp are presented. From these figures it is
seen that the reduction of backscatter at near grazing incidence can

be achieved for plate sizes ranging from L/A=.1 to L/a=1.4. The size of
L/x=1.4 is not a restriction on the target size but merely one intro-
duced by the core of the computer being used to make these computations.
The optimal impedances Z7 and Zp for minimizing the backscatter at

near grazing incidence are summarized in Figures 17 and 18. The

problem of how to implement the impedances is not dealt with at this
time. However it is observed that Zp is the impedance required to
reflect an open circuit across the antenna for the asymmetrical

current mode at the position of the input terminals of the folded dipole.
This could be realized at a single frequency by placing a short

circuit (shorted diode) across the antenna at the proper place. The
impedance Z] would appear to be physically realizable over most of the
frequency band. Thus, the echo reduction suggested can be achieved
using an adaptive system where the frequency of the incoming radar is
sensed and the appropriate diode would be activated.

With optimal impedance Toading which reduces the backscatter at
grazing incidence we expect that the induced current will redistribute
itself on the plate. As shown in Figures 19 and 20, the current on an
unslotted square plate of size L/A=.2 induced by a plane wave of
parallel polarization at grazing incidence is compared to that induced
on a plate of the same size with optimal impedance loading. The change
of the induced current at the leading edge (slotted edge) is large.

The total current in the z-direction is reduced when the plate is loaded
with optimal impedances.

Impedance loading may find applications in the study of target
discrimination. In one technique of target discrimination the natural
resonances of a target are important parameters [6,7]. Therefore, it
is interesting to ask if impedance loading of a target will alter the
natural resonances of the target drastically. For the square plate
studied in this section the dominant natural resonances can be obtained

*The author is indebted to Professor J. H. Richmond for the use of his
computer pregrar,
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as follows. With the unslotted plate Prony's method is applied to the
endfire backscattered ramp response obtained via fourier synthesis [7]
and the dominant natural resonances are found to be (-.515%j1.91)c/L
where c is the velocity of light (Figure 21). Next the plate is slotted
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0.2~
S 0IK
(@)
i |
£ % 0.2
[ 4
w
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-03-
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-0.123+)6.24 0.011 +j0.009

Figure 21. Endfire backscattered ramp response of a square plate.

and a fixed impedance Z1=200% is inserted at the slotted edge. A
slight change in the dominant natural resonances is found (Figure 22).
At the dominant natural resonances of the unslotted plate the size of
the plate is approximately L/A=.3. If optimal impedances are obtained
at this frequency which, from Figure 5, are found to be Z1=1600+312500,
12=3j42 which can be made of some values of resistance and inductance,
and if the values of resistance and inductance are kept constant, then
the endfire backscattered ramp response is as shown in Figure 23. The
dominant natural resonances have a much larger change from those of an
unslotted plate. It should be noted that the ramp responses as shown
in Figures 21 through 23 must be divided by the factor (FF) to obtain
the true ramp responses. For comparison, the corresponding broadside
backscattered ramp responses are shown in Figures 24 through 26.
Comparing the first negative swing in Figures 24 through 26, it is seen
that impedance loading has little effect on the specular scattering.
This brief investigation is by no means complete, but does show that
impedance loading technique for controlling nonspecular scattering may
also find applications in target discrimination.
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Figure 24, Broadside backscattered ramp response of a square plate.
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VI. CONCLUSION

A generalized compensation theorem is derived in this report. The
result is applied to the study of controlling backscatter from a thin
square conducting plate by impedance loading. ~It is demonstrated that
at near grazing incidence with the electric field polarized parallel
to the leading edge of the plate, significant reductions of backscatter
can be achieved for plate sizes ranging from L/A=.1 to L/A=1.4 with
proper impedance loading. A similar study for the case of perpendicular
polarization has been given in a previous report [1]. The main contri-
butions of nonspecular backscatter for the two cases are different. For
the former the leading edge of the plate contributes most of the
backscatter and a properly loaded folded dipole is employed to reduce
the backscatter. While for the latter the main contributor of the
backscatter is the trailing edge and the backscattering reduction is
accomplished through the use of a properly loaded slot. Comparison
of the two studies shows that good backscattering reduction over a
much larger bandwidth can be achieved for parallel polarization.
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