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Physical Optics Scattering by a PEC Plate Located Vertically
over a Dielectric Half-space

Burak Polat™ and Ramazan Dasbasi

Abstract—Analytical solution and numerical results are provided for the problem of plane wave
scattering by an electrically large Perfect Electric Conductor plate located vertically over a simple
lossy dielectric half-space. The incoming monochromatic homogeneous plane wave is assumed to be
incident from an arbitrary direction and decomposed into TE and TM components. Physical Optics
approximation is used for estimating the currents induced on the plate. The scattered fields are obtained
explicitly by evaluating the Electric Field Integral Equation analytically incorporating the set of Green
functions by R. W. P. King which apply under High Contrast Approximation. Amplitude and phase
variations of the numerical distance and attenuation function are illustrated in HF-MW band ranges.
Azimuth and elevation patterns for scattered electric fields are illustrated with emphasis on the relative
contributions of surface wave fields depending on operating frequency and refractivity. An analytical
procedure to extract free space RCS information from measured/calculated data is introduced based on
the asymptotic behaviors of surface waves and its stability is tested numerically.

1. INTRODUCTION

Electromagnetic waves generated due to Hertzian dipoles radiating in a transmissive medium comprising
two simple half-spaces have complicated behaviors. In literature radiation mechanisms falling into this
category are called Sommerfeld Problems. Interested readers are referred to recent papers by Michalski et
al. (see especially [1-4] and the references therein) for a comprehensive review and recent advances on
the topic. The point source induces surface waves localized in the close neighborhood of the interface
with sophisticated amplitude and phase behaviors described by a special class of complex valued error
functions. Compared to the space waves that decay algebraically in the radial direction with r—! in
the far field, the surface waves may decay as p~!, p=2 or e_ﬁp\/ﬁ along the ground (as illustrated in
Fig. 5), as they additionally display an exponential decay in the perpendicular direction. The surface
waves play the leading role in transportation of energy over the ground to large distances (even over the
horizon) in HF band. On the other hand, in VHF and upper band applications their contribution to
total radiated /scattered far field is generally neglected since the transmitter (Tx) or the receiver (Rx)
is generally air-based (i.e., located at sufficiently high altitude electrically) or quite far to the scatterer
so that the surface wave contribution diminishes (cf. [5-8]). When both Tx and Rx are located close to
the air-ground interface, this argument drops and analytical (parametric) investigation of the relative
contributions of surface waves (as compared to geometrical optics (GO) fields) become determinative.

The motivation of the present canonical problem is to take the first step toward full wave
investigation of scattering by electrically large vehicles and platforms located over a simple lossy
dielectric half space. The features of our investigation are as follows:
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(i) The scatterer is picked as a rectangular Perfect Electric Conductor (PEC) plate positioned vertically
with the bottom rim located on the interface. When the bottom rim of the plate is raised up into
the air, multiple interaction mechanism between the interface and the rims intensifies. At this
point one may mention to a number of GO and Physical Optics (PO) based ray tracing techniques
in literature such as “four path model” or “shooting and bouncing ray” (cf. [6,9,10]) which work
(only) with space waves for modeling multiple interaction mechanisms.

(ii) The electrical width and height of the PEC plate are assumed sufficiently large so that PO
approximation in the Far Field Electric Field Integral Equation (FF-EFIE) approximates the
induced currents successfully.

The investigation starts with decomposing the incoming monochromatic homogeneous plane wave
into TE and TM components. Next, the PO currents induced on the plate and the necessary
Cartesian Green dyadics that constitute the FF-EFIE are provided. This is followed with introduction
of an analytical approach to extract free space Radar Cross Section (RCS) information from
measured /calculated data over both planar and spherical grounds and its stability is tested numerically
through HF-MW bands. Time dependence exp(—iwt) is assumed and suppressed.

2. FORMULATION

We consider the scenario in Fig. 1. The constitutive parameters of upper (air) and lower (simple
lossy dielectric) half-spaces are denoted by (g, t0) and (e, po, o) with wave numbers k& = w,/pg€o
and k1 = Nk. The refractivity is given by N = /e, where ¢ = £,(1 + i7) is the complex relative
o __ 180‘3/m

permittivity; e, = €/eq is the relative permittivity; and 7 = e = = fan

and imaginary parts of refractivity can be expressed explicitly by

é)%{N}:\/Z—’" 1+ V1472 >0, S{N}:\/%“ —1+V1+72] >0

is called tangent loss. The real

) |
.

(0 w/?2
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simple lossy medium

Figure 1. The geometry of the problem.

The plate is located on S = {(z1,22,23)|z1 = 0, x2 € [—w/2,w/2], x3 € [0,h]} in the reference
frame Oxjzoxs. A uniform monochromatic plane wave propagating in the direction n; = —7(6;, ¢;) =
—p(;) sin 0; — 3 cos 0; with p(¢;) = &1 cos ¢; + To sin ¢, ¢; € (—m, 7] is incident on the plate. The fields
of the incoming wave are related by

L1 .. .. .
H'=—n; x E' or E'=Z7ZH" x 7

N

with

— -

B = 0065, 60) Eoo + $(00) Ego| 57, [ = [0(0i, 60) Hoo + (1) Hyo | €™
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where

~

l;i = k‘ﬁi, é(@z, ¢z) = ﬁ(¢z) COSs 0@ — .Cf?g Sin@i, ¢(¢z) = —.’/%1 sin ¢z + .’/%2 COS ¢z

and Z = \/po/eo = 1207 [Q] is the characteristic impedance of free space (see Fig 2). These 4 scalar

field quantities are related by Hpy = Eg0/Z, Ego = —Z Hyp. When one inserts Eyy = Epoe™, the
polarization of the incoming wave is also included in the formulation via an arbitrary phase delay 0.

(E-Hy)

E,,H,

o° u)

Figure 2. Plane wave incidence in an arbitrary direction.

2.1. The Physical Optics Currents on the Plate

In order to calculate the field reflected from the interface, we decompose the incident field into TE and
TM components as in Fig. 3 in the semi-plane of incidence Op(6;)z3 as

S . oo 1 A 2
Eip = ¢(¢i)Ego ™™, Hip= 2E¢00(9i,¢i) etkiT

ﬁiiFM = &(@)Hdw eiki'Fv E%M = —Z Hyo é(‘gz’, bi) ekim
The boundary relations on the dielectric interface dictate that the reflected wave propagates in the
direction 7, = 7(0;, m + ¢;) = p(m + ¢;) sinO; + &3 cos ;. Then, the reflected fields can be written as

E%E = QE(TF + ¢¢)RTEE¢OeiET'F
Hyp = Liv, x By = %f(@i,w + ¢1) X G + py)eihrT = —%RTEE¢0§(9i,W + ¢;) elfr T
{ Hrpy = d(m+ ¢z‘)RTMH¢o€iET'F
By = ZHDy, x fp = Z ReagHgo (m + ) X #(0;, 7 + ¢;) €7 = Z Ry Hyo (603, 7 + ) eiFr ™
with é(@i, T+ ¢i) = p(m + ¢;) cosb; — T3sinb;, k, =k, along with the Fresnel reflection coefficients

N?cosb; — /N2 —sin?0; cosf; — /N2 —sin?6;

Ryy = ; TE =
N2cosb; + /N2 —sin? 0, cos b; + /N2 — sin? 0,

The PO electric surface current density induced on the PEC plate is defined by

jgo :’fls X (ﬁz—f—ﬁr)

y T2 € [_w/27w/2]7 T3 € [07 h]
x1=0
The unit normal of the plate ng is equal to +21 or —Z; depending on the azimuthal angle of incidence
being in the range ¢; € [—7/2,7/2] or ¢; € (/2,7 U (=7, m/2). For the first choice, the PO currents
read

JEO =g x (ﬁ‘ - ﬁ’”) = T2Js2 + 3Js3

0 T X (ﬁZTE + ﬁ%M + ﬁ%E + ﬁ%M)
1=

Tr1=
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Figure 3. (a) TE and (b) TM decomposition of the incoming wave.

where
1 : iR iR
Jso(x2, 1350, ;) = —Egosinb; (6 " — Rrpe™™ )
A x1=0
1 - o
Js3(x2, 235 0;, i) = §E¢o cos 0; sin ¢; (emi'r + RTEem’"'T) .
1=
+H g0 cos ¢; (eiki'F — RTMeikT'F)
x1=0
with
exp(il_éi - 7) .= exp [—ik (z2 sin 6; sin ¢; + x3cosb;)],
r1=
exp(iky - 7) , = eXP [~k (x2sin 0; sin ¢; — x3 cosb;)].
r1=

2.2. The Components of the Green Dyadic
The FF-EFIE reveals the expression of the scattered PO electric field in air by the integral

PO = iwpg / G(F,7') - JEO(7') dS’
S

calculated over the PEC plate. Here, the Green dyadic has the general representation

G = D1819] + Zof19p + L3f193 + B122g7 + BoBags + BaBagsy + E1d3g] + Zodsgs + L3dsgs

where gi stands for the total b-axis electrical field component generated at 7 = (z1,x2,23) by the
Hertzian dipole (with unit moment) located at 7' = (2}, 2, z%) and directed along a-axis. The location
of the plate in our present problem requires incorporating only 6 out of 9 dyads:

G- JEo 21 (97 Js2 + g3 Js3)|

e wy—0 T T2 (95Js2 + g3 Js3) {11:0 + &3 (93752 + g3Js3) {11:0

Then, we may define
ikr

r S

and the Cartesian components of the PO electric field can be written as

EPO(F) = CAlel + 29 F5 + CA63E3

o ds

z7=0

with

E:

— gl (@) (&) o, _
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where
. ikr
E§d,z,s) _ AQ(d,z,s) + A (dz s)] € ’
1 kr
ikr
(dyi,s) Q(dﬂys) (d i,s)]
E = A Al
2 L + 1 kr?
ikr
(d,i,s) Q(d,z,s) (d i,5)]
E = A Aj .
3 + 1 kr

While the formulation has no restriction so far on the source frequency and the values of the constitutive
parameters of the simple lossy dielectric half-space, we shall continue with the explicit representations of
the Green functions delivered by King under High Contrast Approximation (HCA) |N| > 3 for the planar
interface (cf. [11]). We shape the Green functions available in cylindrical coordinate representation
in literature into Cartesian form. This is the same set of functions employed earlier by one of the
authors [12] to investigate electromagnetic scattering from metallic thin wire structures located over a
planar simple lossy dielectric half-space and are given for z3,z% > 0 as follows:

eile T — 1! 2 eikRQ T — 2! 2
g1 = {51 _ o) 52] - [771 o m) 772}

47TR1 R% 47TR2 R%
e f(zytal)  om (w2—ah)’m = Ry . B3 2
o N { BB TNTTm N NP {Z’“RM —n) gl - ) ”
g = (@) —ah) e ¢y 4 171 (@2 —73) et .
2 R? AT R, R2 AmRy
) S [ TR (L
R3 2Ry N? N P3 P2
N o D1 G ) ”“ng L (=2 (@ tay) ei’“RQU _ (w—af) e ] st ik Ry 2
s R? AT R R?2 AmRy Ry 2rRyN |[° N 7P
g = —9
g5 = s &1 — (2 —x§)2£2 o m— (2 — mp)” _xé)2772
7 4R, R? AT Ry R3
ek 1 f (a3 + af) m (1 —2)’m  E Ry, . B3 2
o N { B OBTNTT R N NP [“CRM — )"+ gl - ) ”
2 = _(@mm)(@s—ay) e““ng | (w2—ay)(zs+as) e““RQn  (wa—ah) e 1 ns 4 S ikRy 2|
s R? AT R, R2 ArRy Ry 2rRyN|[” N PP
$ = (z1—ay) (x5 —ah) eileg  (z1—2Y) (z3+ak) eikRgn (21 —af) e*2 1 —77 + Eien, 2]
! R? AT R, R2 ArRy Ry 2rRyN|” N PP
g = (v —a5)(v3—a}) eileg  (mo—a)) (w3 +ah) eikRgn (zg—xp) 2 1 —77 —|—:sz Ry
2 R? AT R, R2 ArRy Ry 2rRyN " P
g3 — eile é— o (x?)_xi‘}) é— ikRQ o (x3+xé)277 _’_EZkPeZkRQ
5 7 4R, o R P TN 2nRy
Here
- - 1/2
Rip = [FF 7| = [(o1 = 2))? + (22 — #)* + (25 F 25)2) 7,
1/2
P = [(@1— ) + (2 — 2p)"]

& =1-1/ikRy +1/k*R3, & =1-3/ikR, — 3/k*R?
m = 1—1/ikRy 4+ 1/k*R3, mo=1-3/ikRy — 3/k*R%, n3=1—1/ikR,
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U= kR2 [R2+N(x3+xé)]2

oNG o is called Sommerfeld numerical distance and

(1]
I

J%fWFa+n—@www&Wﬂ

kR 2
where - (if)
) exp(i
Co(U) +152(U) = / dt
2( ) t 2( ) . \/ﬁ

is the complex Fresnel function. We may use the relation

el [1(1 +i) — Co(U) — Z-SQ(U)] _ %(1 +i)w (VD)

2
_ 61;;4 _ (em/zl\/ﬁ) \/kIRg

in terms of the complex Faddeeva function (cf. [13], Ch. 7)

to express Z in the compact form

(1]

w(z) = exp (—2’2) erfc (—iz), z€C
The (Cartesian) Green dyadic and its each component constitute direct, perfect image, and surface wave
components, which we shall notate as

G = éd + éz + ésa 9 = gg(d) +9(bl(i) +9(bl(8)

The perfect image terms correspond to the reflected fields in presence of a PEC surface located on
x3 = 0 plane. The PEC boundary condition requires

AR+ A A AR =0
3=

AR+ AR AR AR =0
3=

and the surface wave components Gy vanish in the limit |N| — oo. The feature of King’s representation
is the possibility to compare the scattered fields in presence of a simple lossy dielectric half-space with
the results for the special case of a PEC ground by dropping the contributions due to Gi.

2.3. Far Field Approximations in the Green Dyadic

As we only require the calculation of the Green dyadic in the far field, the following substitutions in
amplitude and phase terms are adequate before computation:

(r1 —2)) — 21 =7rsinfcos ¢, (r2—h) — 10 =rsinfsing, (r3— %) — w3 =rcosd
Rio—r, P —p=rsinf

E,m — 1 —1/ikr — 1/E*r2, &,mp — 1 — 3/ikr — 3/k*r?

exp(ikR1) — exp(ikr) exp(—iki - 7'), exp(ikRg) — exp(ikr)exp(+ikf - 7")

exp (ik? - 7') = exp [Lik(z sin 0 sin ¢ + x5 cos 0)]

kr [r+N(zs+24)]> kr [(r\? N(z3 + 24)]? kr 25\ 12
U= N2 [ P AV LA oNzsnzg | TV st

i /4
— e/ w (e”“ﬁ) il

V2 \ kr
zh in U remains as it is (along with cos#) since cosf + 2% /r may take values comparable to 1 when
multiplied by N.

(1]
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Explicit expressions of Agg\?’i’s) are provided in Appendix. Right over the interface (as § — m/2)

one may observe the conditions
2(d+i 3(d+i 2(d+i 3(d+i 2(d 2(i 3(d 3(i
Alg )= 0, A1:(3 = 0, A2§ )= 0, A2z(a )= 0, Agg )= A:‘é)v A:sz(a ) = A:sz(a)

which read
ikr

E —o, B =(9, B =0 E,=EY EM =2|[aAl) ;A3 ek
,

in accord with the boundary conditions that the tangential electric field components (of the space wave)
vanish while the normal component maximizes on a PEC surface.

3. A PROCEDURE TO CALCULATE FREE SPACE RCS OF TARGETS LOCATED
OVER A TRANSMISSIVE HALF-SPACE

The conventional microwave RCS of a target in free space (RCS7*) is defined by

el 12
Pl Efs
RCSTs (Or, pRr; 07, 07; f) = lim 47Tr%35—,RS = lim 47‘(‘7”%25 5 (1)
r RS —00 pg; rRS—00 At
ST

with

, 1. 4 . 1. .
Hpy = irs x Efg, Hig = —isr x Bl

_ 1y - L |z 7 2 0 Ph(Or 0R; )
Pfs :'ﬁRS’%{_EfS XHfS*}E— fs .1l o RSV PV I
RS RS RS RS 'R
2 27 47‘(‘7”%25
pfs A 1 ~fs -7 fsx* 1 ~fs 7 2
Pl = isr R 5By < Ay b = - | By O

for krrs > 1, where (rp, 07, 1) and (rg,0r, pr) denote the spherical coordinates of the transmitter
and receiver antennas; rrs = |Frg| = |Fr — 7's|; (Eé‘;, H };fq) are the scattered fields at the receiver, and
(EL:, HIS) are the fields incident on the target (see Fig. 4).

Figure 4. Bistatic RCS set-up in free space.

In this definition, it is assumed that the transmitter is located at infinity, i.e., a homogeneous
plane wave incidence is considered, and rgr = |Fsr| = |Fs — 7r| is not involved. The limiting process
guarantees RC'S¥* to be range independent. We also assume that the target and the receiver are oriented
along the dummy directions lg and I for full reception so that one can easily relate the closed form
RCS pattern to the individual patterns of the field components involved.

RCS7# has 3 essential features:

(i) it has dimension of [m]?,
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(ii) it is range independent,
(iii) it is a measure of the ratio of the scattered power density from the target in the direction of the
receiver to the power density that is intercepted by the target.

In case when the sources are located at a finite distance from the target (cf. [14]), and/or lower
frequency bands are concerned, and /or the medium is non-simple, the scattered fields may have arbitrary
asymptotic behaviors due to the impacts of operating frequency, locations of transmitter/target/receiver
and geometrical and physical properties of the ambient medium. For such scenarios, including our
present problem where certain portion of total power is transmitted by surface waves, we introduce a
unitless correction factor C(rsr,rrs) defined by

A . P S
RCS'® (Or, r; 01,013 f) = . lim 4777“%350(1"5% TRS)—L (2)
ST ,TRS—00 PST

where ) .
Prs = fRs - %{iﬁRS X ﬁﬁs}, Psr = fs7 - %{QEST X ﬁ;’T}-

We assert that such a calibration shall serve to reach at RC'S s approximately over measured/calculated
values of Prg and Psp, which are governed by the geometrical and physical properties of the medium
under consideration, as follows:
(i) Measure/Calculate Ps7 and Pgg in the far field for a specific scenario.
(ii) Calculate 47r%oC(rsr,rs)Prs/Pst by using the predetermined value of C(rgr, rrg) in the given
range.
We are particularly interested in the special case when the target and the receiver are located very

close to the (planar or spherical) ground. In this case the Norton representations of electromagnetic
fields on a dielectric half-space serve better to our purpose (see [15, 16]), where the total scattered fields

(E rs, H Rrs) over the ground can be related to the free space fields (EIJ;SS, H ]];fq) approximately by

é(é . ERS) = QE’JJ;;FRS (3&)
x3=0
Hps = 20} Frs (3b)
x3=0
. 1. .
Hps = RS % Egrs (3c)
xr3=0
with ) )
_ 1 14 1 =
P %—‘E (g—(EfS 4| Frgl? 3d
rs = 5 |ERs 57 |ERs | Frs]| o (3d)
with
Frs =1+ iv/nUrsw(\/Urgs) (3e)

representing the Norton attenuation factor.

There are two critical distances that determine the asymptotic behavior of the fields radiated over
ground: po = a(ka/2)~ /3 is the critical distance [17] after which the diffraction effects due to earth’s
sphericity cannot be disregarded; and p; = 8| N|?/k. Here, a = 6378 [km] represents earth’s radius. The
asymptotic behaviors of the scattered fields depending on pc and p; are illustrated in Figs. 5 and 6
following [17] and [18].

3.1. The Special Case of Homogeneous Plane Wave Incidence
In this case, the power density directed at the target is calculated by

_ X 1= "y

Psr = g7 - R {§E5T X HST}

1 . N . N * . N . - *
= §fST : §R{(EZTE +E%E> X (HZTE +H%E> + (EZTM +E§“M> X (HZTM +H§“M> }
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J
g

Figure 5. Asymptotic behavior of radiated fields over spherical earth for (a) pc > p;, (b) po < p;.

J

~1/p,1/ p?
~1/
-I 2 } /| ."'C’_'/{f”/\/\
0 P P, i
(a)
—l ~1/p,1/ p?
_I ~1/p 7 L
4 ; ~ e~
O )01' p:' < /\/;‘;

(b)

Figure 6. Asymptotic behavior of radiated fields over spherical earth for (a)pc ~ p; with pc > p; (b)
pc = pi with pc < p;.

When we pick origin as the reference point for calculation of total power density, the individual terms
are calculated as

) T r7i rrr * 1 ~ * oA
(ETE + ETE) X (HTE + HTE) =7 |E¢>o|2 (Rre — 1) x (7(0s, ¢:) + Rrpr(0:, 7 + ¢;))
(Biar+ Brag) x (Hiag + Hyar) = 2| Hool” (Ripag = 1) % (7(8i, &) + Rrari (05,7 + 64)

This reveals

Esr x Hir = Di(6;, ;) + EF(0;, 7 + ¢;) (4a)
1 *
D2 ~ |Egol* (Rre — 1) 4+ Z |Hyol? (Rypr — 1) (4b)
1 . .
E £ 7 |Egol” (Rrp — 1) Ryp + Z |Hpo” (1 — Riyppy) R (4c)

By definition, the target is assumed to be directed in a hypothetical direction that collects the entire
incoming power flux. This requires expressing the incoming power density as

- —~ 1
Esr x Hép| = 5\/sin29i|D—E|2+00529i|D+E|2 (5a)

_ 1
PST:§
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This shapes Eq. (2) into

P
RCS!*(0r,or: 0,01 f) = lim_dnrhgClrrs) 5>
TRS—00 Pgr
> lm 4mrdgClrps)—— — | B[ 4| Frsf?
= Jlim 4nrsClrns) 5 —57 wsl
(1/22)|EL3 ’
. 1 RS| 1 | = L2
= TIIIEOOZLTFT?{SC(TRs)p by Eg; 4‘FRS‘
" ST (1/22) E?QST .
3=

= hm 47T7“R50 TRS ‘FRS‘ QZ ‘ETE+ETM‘ RCSfS

TRS—00

so that C'(rgs) is specified by the condition

lim 47r%5C(rrs)4 |Frs|?

TRS— 00

T3=
ie.,
. =, 2
1 |Bre+ Bh| [22 1 (1Bl + 22 |Hyol) /22
Clrrs) = = — - (5b)

P . P
5T im 413, o4 | Frs|? 5T Jim 47r'rRS4 | Frs|?
TRS—00 TRS—

x3=0 x3=0

In the planar range we may consider the asymptotic behavior

1 : krrs
FRSN—ﬁ—i—O(U %), U — oo with U= SN2

when both the target and the receiver are located on the ground. This reveals
1 B (1Bl + 22 | Haol”) /22

IN;0=7/2) = —=
C (B N:6 = 7/2) = 5 G T (6)

3.2. The Special Case of Ground Based Transmitter
In this case, we have the same form of equations as Eq. (3) between the transmitter and the scatterer:

0 (0 Bsr) = 2Bl Fsr| . Her =203 Fyr|

x3=0 x3=0

N
: PST:ﬁ\ES;

. 1. .
Hgp = s % Esr
x3=0 x3=0

and Eq. (4b) is replaced by the condition

Focl?
lim 4WT%SC(TST7TRS)% =1,
rST,"RS— OO ’FST’
which reveals 1
C , = 7
(rsTsTRS) P— (7)

As range information is obtained separately in radar systems, the correction factor can be specified and
employed coherently to reveal RC'S® of the target. The computed RCS/* may also be placed into the
ground wave radar equations (cf. [19]) as
Pr -Gl -G - (\2/4r) - RCSTS -4 - |Fsp|* 4 - |Frs|?

(4mrip) - (dmrds)
where Pr [W] is the transmitter has an output power; G g are free space antenna gains; G’T7 r are the
gains when the ground underneath the transmitter is screened by a PEC surface.

Py =
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4. EVALUATION OF I(8)

Regarding the contribution of surface wave components in FF-EFIE, we require to compute integrals
in the form

kh A
I(8) = I (B: kr.kh,6,N) £ / exp (i824) @ (VT ) dy (8a)
0
where
1 1 !
VU = 2 il [ + cos6 + k:r} e C, (8b)

Th = kay, 0 € [0,7/2), B € (—2,2), kr,kh > 0. |\/ﬁ| is lower bounded by Upin as

VO = ‘N‘\/7 e [0, kh).

The integral applies under the approximations kr > 1, kh > 1 and |[N| > 3. Assuming that the
constitutive parameters of the simple lossy half-space remain constant through HF-MW bands, the
refractivity decreases smoothly with frequency.

Table 1. Variation of |N| for different types of ground.

Medium Er | OmS/m |N| at fmo, =3 |N| at fam, = 30
Sea water | 80 | 4000 154.92 8.95
Wet earth | 12 | 400 48.99 3.46
Dry earth | 8 40 15.50 2.83
Lake water | 80 4 9.14 8.94

In Table 1, we outline the values of |N| at the two ends of our spectrum under consideration. For
the given parametric range we have

R{N} > S{N} >0, 4N e€]|0,7/4)

kr 1 [R{N} T4 N kr 1 S{N}
— JR— 2 — N <
%{”U} V2 sing [ T “{”U} V2 sng v =

-1 %{N} im/4
/NU tan <%{N} TP (cos@—i—:i’g/kr)) € (—=m/4,0], Ze™*NU e (0,7/4]
and therefore, R{e™/*V/U (74)} > 0, S{e™/*VU (z4)} > 0.

The smooth decay /variation of the magnitude/phase of the attenuation function w(e*™/*y/U) in the
vertical direction in Figs. 7, 8 reveal that the numerical integration of Eq. (8a) converges very rapidly.
This can be managed by either some recursive adaptive quadrature of a popular programming language
(such as “integral” command of MATLAB?M) or as a simple Riemannian integral

h-M
B) = Z Az - A(z;) exp (ifxj)
j=1
where

h=h/\, Az=FkNM=2r/M, kh=h-M Az, z;=Ax(j—1/2), j=1,...,h-M; h,M € Z*

A 1
Aw;) = (/0 /T5) . /T = QSM[ +cos€+m]
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Figure 7. Variation of \w(e”/ U )| with kzf for fym, = 3, 7 = 1000A.
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Figure 8. Variation of éw(ei”/‘l\/ﬁ) with kzf for fym, = 3, r = 1000

with min(M) = 30 for sufficient accuracy. In computations we use Faddeeva.m file written by Abrarov
and Quine in [20], which works with accuracy over le-13 in entire complex plane. Figs. 7, 8 comply
with the asymptotic behaviors of the Faddeeva function [21]

9 21 Z2ntl
w(z) ~ exp(—z7) + \/,ng . en D)) |z| <

i exp(—222 = (2n— 1)
w(z)N_MG—Z%), S{z} >10

n=1

5. COMPUTATION OF SCATTERED ELECTRIC FIELDS

The scattered 6- and ¢- components of the total electric field can be synthesized in terms of Cartesian
components as

Eéjo =0 (21E1 + Z9F9 4+ 23FE3) = cos cos pF + cos 0 sin pEy — sin O E3

:‘E50u+04—E§OQ)
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[ cos f cos ¢ ( AZD A3(d) + Alg) + A3( )>
. ikr
Eéjo(d“) = ek ~+cos 8 sin ¢ ( (@) + Ag(d) + AQ(Z) + A2z(‘f)>
r
—sing (A%Y + A%Y + A% + A3
tkr -
Efo(s) _ ¢ cos 6 cos ¢ (A%gs) + A%S)> + cos fsin ¢ ( () 4 AS(S)) —sin@ (AQ(S) + AS(S)H
kr L
and
= (.’/UlEl + T9Fy + .’/%3E3) = —sin ¢F1 4 cos ¢ Fo
o PO(d+i) | E(I;’O(s)
with
ikr

PO(d+i e . A2 3(d 3(i A2 3(d 2(i 3(i
B0 = T [—sing (A% + A%Y + A% + A1) +cos g (A%7 + A%Y + 250 + A
ikr
PO(s) € o 2(5) 3(s) 2(s) 3(s)
E, = kr[ smqﬁ( + Als )—I—cosqb( 99 4 Ao )}
Decibel values are defined by

FO[dB] = 20log, ‘EPO(‘“”S)

O(s O(s)
. E,99dB] = 20logyq (EP (=)

Right over the ground (as 6 — m/2) the boundary conditions dictate

A%(2d+i)’Ai1’>gd+z) A2gd+z) A (d+z) A (d+z) 0

. 3(d+i .y .
while A3é +9) maximizes. This reveals
ikr ikr

PO(d+i) _ € 3(d+i) -~PO(s) _ € (s) 3(s)
Eo M e o (83 +8%7) (%)
ikr
PO _ ¢ [ 2(5) 3(s) 2(8 3(s)
Ey |9:g =% [ smgi)( + AV ) —f—cosgb( + Ay )} (9b)

We are particularly interested in comparisons of the radiated electric fields over simple lossy dielectric
half-space and PEC ground as § — /2. Over PEC ground we set Rrp = —1, Rra = 1 in Eq. (9) and
obtain

PO(d+i)

ERO = F 10
PEClo=3 0 9=r/2, Rrp=—1, Rrar=1 (10a)
zkr _ B
= —i4r hw§1 smc (wA) sinc (hB) cos(mhB) (Ego cos 6; sin ¢; + Z H 4 cos ¢;)
EPO(d+z) -0 (10b)
(b 6:7'('/2, RTE:—I, RTMZI

When the target and Rx are located very close to the ground (as 8 — m/2), the scattered magnetic
fields behave like

= 1 = 1 . .
70 = it x B0 = i x (0E]C + $EL°)
with complex Poynting vector
— 1= ~ 1 2 _
PO PO POx | ~ 1 5 |pPO A
PC :%{iE x H *}:ﬁT|E6 ‘ :TPRS-
The free-space RCS of the target can be extracted from the equation

LAl

RC’SfS( =7/2,0Rr; 01, 01; ) = 47TTRSC(TRs)P —
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by substituting Ps7 in Eq. (5a) and C(rgs) in Eq. (6) to get
1
(sin2 0;|D + E|> + cos26; |—D + E\2)

RCST*(0 = m/2,0;0;, 015 f) =

<|E¢ol2 + 22 |H¢o|2) 2

822 |N|*

In numerical illustrations, we set @ = w/A = 20, h = h/\ = 10, 0 = /2, 0; = 7/4, Eg = 1,
Hyo = 1. In Fig. 9, the variation of the amplitude of the surface PO current density induced on the
plate is observed as a standing wave pattern for ¢; = 0, ¢ = 0 and at fym, = 3, where the ground is
lake water. Insufficiency of PO approximation in satisfying the edge conditions constitutes the main
deficiency of the formulation.

AYE 4 A3 4 a3

11
Or=m/2 ( )

155"~

|JE9)

T3 xh /A
10 0

Figure 9. Variation of the amplitude of total surface current density ]j SE O| over the plate.

In Figs. 10 and 11, the variations of 8- and ¢-components of the total electric field are illustrated
for ¢; =0, ¢ = 0 at fyum, = 3. It is observed that the values of |Fy| on the ground increase gradually
proportional to |N| in Table 1 and maximizes for PEC ground. The case is opposite for |Ey| with much
less values as dictated by the boundary conditions.
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Figure 10. EPO [dB] for 7/ € (10%,10%) and 0 = 7/2 at fum, = 3.
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Figure 11. Ego [dB] for r/X\ € (10%,10%) and 6 = 7/2 at fuu, = 3.
One may observe from Figs. 10 and 11 that the values of tangential electric fields on a PEC surface

and a simple lossy dielectric half-space are much different at fyg, = 3 for a replacement. As illustrated
in Figs. 12-14, this is actually the case in higher frequencies as well with an expanding gap.
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Figure 12. EPO [dB] for r/A € (102,10%) and 6 = 7/2 at fym, = 30.

The variations of the values of the integrals I(B) and I(C) in AZ](?) outlined in Appendix are crucial
for describing the parametric dependence and the stability of magnitude of surface wave components in
the far field. These are depicted in Figs. 15-18 at fym, = 3, the lower end of HF band, which may be
considered as the worst scenario.

The scattering patterns are enveloped by the sinc function

f(0,¢;0;, ¢5) = |sinc (w (sin f'sin ¢ + sin 6; sin ¢;))|
0;,0 € (0,7/2), ¢i,¢ € [0,27), which is common to all AZ](\?’i’S) terms as seen in Appendix A. This
envelope brings about the following distinctive features:

(i) The scattered fields diminish dramatically as w|sin 6 sin ¢ + sin 6; sin ¢;| raises to 1 and beyond,
which addresses a pencil-beam main lobe.

(ii) The following symmetries in azimuth and elevation patterns are observed:
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Figure 13. EFO [dB] for r/A € (102,10%) and § = 7/2 at fun, = 300.
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Figure 14. EPO [dB] for 7/ € (10%,10%) and 0 = 7/2 at fou, = 3.
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Figure 15. Variations of amplitude of I(B) for 7/ € (102,10%) and 0 = 7/2 at fuu, = 3.

f(67¢a 617¢’L = Oaﬂ) = f (6,71' - ¢7 027¢’L = 0,71') (12b)
f(67¢:077r7027¢2) :f(67¢:07ﬂvelvﬂ_¢z) (120)
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Figure 16. Variations of phase of I(B) for 7/ € (102,10%) and 0 = 7/2 at fyu, = 3.
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Figure 17. Variations of amplitude of I(C) for /A € (10%,10%) and 6 = 7/2 at fym, = 3.
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Figure 18. Variations of phase of I(C) for 7/ € (102,10%) and 0 = 7/2 at fymu, = 3.

Azimuth patterns for EFY[dB] in Egs. (9a), (10a) are illustrated in Figs. 19-23 in HF-MW band
range for ¢ € [-m/2,7/2]. Apart from the aforementioned symmetries in Eq. (12), we observe gradual
increase/decrease of amplitude with refractivity /frequency.



168 Polat and Dagbas:

20 T T
Sea water
ot A Wet earth | |
A —Dry earth
20 ‘iAi. Lake water
— ~cUr ‘n““ ||i‘n‘ 1
q “An““l“ 1““‘1““
=, ARV | (T PR A
A TR
Sy /\ | | ’\
-60 \
-80

-10@® 1 1 1 1 1 1 1 1 1
-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
Pldeg]

Figure 19. Azimuth pattern of EJ'C [dB] for r = 10°), = 7/2 at fun, = 30.
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Figure 20. Azimuth pattern of E['C [dB] for r = 10°), 6 = /2 at fumu, = 30.
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Figure 21. Azimuth pattern of EJ' [dB] for r = 10°), 6 = 7/2 at fun, = 300.
Finally, the stability of the approximation for RC'S’* in Eq. (11) is tackled in Figs. 23-25. In virtue

of the wide range of variation of refractivity for the medium parameters (outlined in Table 1) under
test, the failure of an exact match of all curves in the far field can be attributed to two items:
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of EPO[dB] for r = 103X, 0 = 7/2 at fom, = 3.
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Figure 23. ROST*(0 = 7/2,0 = 0;0; = n/4,¢; = 0; fum, = 3) in (11).
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Figure 24. ROST$(0 = 1/2,0 = 0;0; = n/4,¢; = 0; fau, = 3) in (11).

(i) removal of limit operation on rgrg,

(ii) nonlinear variation of Aggs) + Aggs) with rgg.
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Figure 25. RCS/*(r = 10°\,0 = 71/2,p € [0,27);0; = 7 /4, ¢; = 0; fau, = 3).

The first argument becomes ineffective in the far field. Regarding the second one, the stable (stationary)
behaviors of amplitudes and phases of I(B) and I(C) in the far field with increasing frequency should
be expected to improve the approximation for RC'S7¢ in (11). This is actually observed in Figs. 23-25.
Huge variations in the magnitude of refractivity no more have significant impact on RC'S’* information
extracted from calculated data at fgm, = 3 and beyond for observations in neither radial nor angular
directions.

6. CONCLUDING REMARKS

Analytical solution and numerical illustrations for the problem of plane wave scattering by an electrically
large PEC plate located vertically over a simple lossy dielectric half-space are provided. Analytical
procedures to extract free space RCS information from measured/calculated data (over planar and
spherical transmissive grounds) are introduced by the help of the asymptotic behaviors of surface waves.
The success of the numerical tests in Figs. 23-25 is encouraging to continue with actual measurement
in MW bands.

As a future work it is also planned to enhance PO approximation by taking into account the edge
conditions and the integral equations satisfied by the surface current distribution with the hope to
step into complex platforms in advance, based on suitable surface discretization techniques. Relevant
works from literature include introducing products of a series of Chebyshev polynomials with functions
exhibiting the edge conditions as in [22-24], extension of Singularity Expansion Method in [25], extension
of Characteristic Mode Method to PEC plates of arbitrary size in [26], and applications of Galerkin’s
Method in spectral domain in [27] and [28].
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APPENDIX A. CONTRIBUTIONS BY PARTIAL WAVES TO TOTAL SCATTERED
FIELD

In Appendix A, we outline the resultant forms of the direct, perfect image, and surface wave components
of the Green dyadic which are required for calculating the scattered electric field. While G4 and G; are
evaluated analytically, the surface wave components G4 are expressed in closed form via the integral
I(B) discussed in Section IV with

A =sinfsin¢ + sin;sin¢;, B = cosf + cosf;, C = cosf — cosb;.

The Delta values that follow are instrumental not only for the present geometry but also in FF-EFIE
formulation of arbitrary platforms.
Afédﬂ) = imhwé&y Eygsin® 0 sin ¢ cos ¢ sin 6;sinc(wA)

X {sinc(ﬁB) [exp(—iwﬁB) + RrE exp (iwﬁB)] —sinc (ﬁC)[exp (mﬁc) + RrE exp (—mBC’)] }

1 im/4 1 1
Af(;) = iwF4sin? fsin ¢ cos ¢sin 0; SlHC(WA) - e\/’ [ Nsin30 (ikr B SiHQQ)}
x[I(C) — Rrel(B)]

A?gdﬂ) = —imhwés sin O cos 6 cos gsinc(w A)
[exp(—imhB) sinc(hB) + exp(imhC)sinc(hC)] [Egq cos b; sin ¢; + Z Hyo cos ¢;]
X _ _ _ _
+exp(—irhC) sinc(hC)+exp(irhB)sinc(hB)| [Rr i Ego cos 0; sin ¢; — Ry Z H g cos ¢;]
Ai’gs) = 4w sin 0 cos qbsinc(u_}A)
79 exp(imhC)sinc(hC) [Eg cos 6; sin ¢; + Z H g cos ¢;]
T _ ~
]\/'773 +exp(imhB)sinc(hB) [Rrg Egy cos 0; sin ¢; — Ry Z Hgo cos ¢4
X
1 et I(C) [Ego cos 0; sin ¢; + Z H g cos ¢
—HW mhr /2 sinf % { +1(B) [RrgEgo cos 0; sin ¢; — Ry Z H g cos ¢;] }

A inhib By [€ — & 5in? 0sin® ¢] sin Oisine(w A)
x {sinc(hB)[exp(—irhB)+ Ry exp(imhB)| —sinc(hC) [exp (irhC)+ Ryg exp(—irhC)] }
Ag(;) = 1wEy sin<9~ sinc(wA)

7rh2— [ng cos 0— L+ 2 in2 g cos qﬁ}{exp irhC)sinc(hC) — Ry exp(irhB)sinc(hB) }

. R NN
NS s [ikr sin? @ sin? ¢ + cos? ¢] [I(C) — Rrpl(B)]
Aggdﬂ) = —imhiés sin A cos f sin ¢gsinc(wA)
{ [exp(—iwﬁ?) sinc(B_B) + exp(mﬁ_C’) sinc(ﬁ_C)] [Ego cos 0; sin ¢; + Z H g cos ¢;] }
+[exp(—imhC)sinc(hC) +exp(irhB)sinc(hB)| [Rri Ego cos 0; sin ¢; — Ry Z H g cos ¢;]
Agg‘s) = 4w sin#sin qﬁsinc(u_}A)
7Th2 s x { exp(mEC:) sinc(ﬁC:) [Ego cos 0; sin ¢; + Z H gy cos ¢;) }
« N +exp(imhB) sinc(hB) [RreEg cos ; sin ¢; — Ry Z Hyo cos ¢;)
i /4 gin s .

HREVTT 5 05 \ 1 (3) oo ow oo J

Aggjﬂ) = —imhwéyFEg sin 0 cos 0 sin ¢ sin f;sinc(w A)

x{sinc (hB) [exp(—inhB)+ Rrg exp(inhB)| —sinc(hC) [exp(inhC)+ Ry exp(—imhC)] }
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Ag(;) = —iw Ey sin 0 sin ¢ sin O;sinc (wA)

AB(d+)

33

s T |
Agg ) = _w@sinc [WA] =V mkr

) Wh%lng {exp E:fci sinc (BC) — Rrpexp (mBB) sinc (BB)}
HW Vhr eﬁ sin 6
= imhwsinc (WA) [ — & cos? 0]
x{ [exp (—mﬁB) sinc (BB) + exp (iﬂﬁC) sinc (BC)] [Ego cos 0; sin ¢; + Z H 4 cos ¢;] }
+[exp(—i7rEC) sinc (BC') +exp (mﬁB) sinc(ﬁB)] [RrEEgo cos 0; sin ¢; — Ry Z Hyo cos ¢;)

[(C) — Rrel(B)]

6i7r/4
N V2sin 6
X {I(C) [Egocos b;sin ¢; + ZHyo cos ¢;] + 1 (B) [RrpEgocos 0; sin ¢; — Ry Z H g cos ¢}
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