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Scattering by a Plane Interface That Contains
Strongly Conducting Patches

Chris J. ColemanMember, IEEE

Abstract—A technique is developed for estimating the scattering means of a physical optics approximation. The antenna ground
effects of a homogeneous half space that contains strongly con-screen problem can be regarded as a special case of the more
ducting patches on its surface. The technique directly relates the generic problem of relating incident and scattered fields when

radiative behavior of the scattered field to that of the field sources th tt ists of | interf taini ¢ |
acting alone. In particular, the method can be used to relate the € scalterer consists of a plane Intérface containing strongly

performance of an antenna over a perfectly conducting plane toits conducting patches (the ground screens). It is the purpose of
performance over a finite ground screen. Unlike some previous at- the current paper to derive a suitable relationship without re-

tempts at this problem, the present approach does notrely uponan course to an impedance boundary condition or a physical optics
impedance boundary condition or upon a physical optics approxi- approximation.

mation fo screen currents. The reciprocity theorem of electromagnetism [10] provides

Index Terms—Antennas, ground screens, reciprocity, scattering. g general formulation from which many important integral re-
sults can be derived (the compensation and extinction theorems
I. INTRODUCTION for example). In particular, the theorem is applicable to situa-
tions where the medium is nonhomogeneous and, hence, can be
T HE SCATTERING effects of a homogeneous ground arg,jied to the problem of a plane interface with strongly con-
well known through the fundamental work of Sommerfeldycting patches. By separately applying the reciprocity theorem
[1], [2] and the more practical developments of Norton [3] ang the regions above and below interface, the present study has
King [4]. Sommerfeld derived the field of an arbitrary Hertziagjerived a relationship between the radiation behavior of the field
dipole placed above a finitely conducting homogeneous groung rces acting alone and the scattered radiation caused by the
Since an arbitrary source can be represented as a combinafigithes. For a general distribution of patches, and realistic limit
of such dipoles, this work also laid the foundations for consids interface parameters, this relationship allows the scattered
ering fields with far more complex sources. In particular, thgs|qs 1o be calculated without considering the unknown currents
Sommerfeld solution can be used as part of a procedure for 8f-the ground screen. The results are identical to those previ-
alyzing the behavior of an antenna near a realistic ground [g},sly derived by the author [11] through a surface impedance
While a homogeneous ground is a good approximation in magy,;ndary condition together with a physical optics approxima-
situations, it is not appropriate when the antenna is providgg, to the current on the patches. Section Il of this paper de-
with a finite ground screen. Itis possible, in principle, t0 repreze|ops the basic theory of the method, Section 1l develops a
sent the screen by a combination of dipole elements and, hengaical implementation, and Section IV considers some appli-
solve the problem using a numerical simulation code such @gions. The applications include examples with complex patch
numerical electromagnetic code (NEC) [5]. Unfortunately, d cometry and show how antenna ground screens can be used as

to the large number of degrees of freedom that are required, Risiher element in the optimization of antenna patterns.
approach will become unwieldy for anything but the smallest of

screens. An alternative is to solve for the antenna currents as if
over a uniform ground and then use these currents as sources for IIl. BASIC THEORY

a separate investigation of the scattering effects of the screenthe problem of interest is illustrated in Fig. 1. It consists of
(Since the antenna currents are mainly influenced by congiiculating the scattered field for radiation thatis incident upon a
tions in the immediate vicinity of the antenna, it is sufficienhaif space whose surface contains perfectly conducting patches.
to assume a uniform ground with the same properties as ti§e incident radiation is generated by known (time harmonic)
ground immediately below the antenna.) One of the mostimp@iyrrent sources and the half space has finite conductivity. (It is
tant techniques for implementing this approach is based on §&sumed that the conductivity is sufficiently large for surface
compensation theorem [6], [7], but alternative treatments basggyes to be negligible.) Across the surface that divides the upper
on the extinction theorem [8], [9] have been developed. Moghq [ower half spaces, the tangential components of the electro-
approaches, however, employ a surface impedance represemigqnetic field {Z, E) will be continuous outside the patches.
tion of the ground and calculate the currents on the screen\@hin the patches, however, the tangential component of elec-
tric field will be zero on both sides.
Manuscript received February 27, 2001; revised October 20, 2001. Consider an electromagnetic field (*, £“) that is generated
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Radiating\/\ that M = 0 on both sides. Elsewhere @i, the boundary con-
source €= 0=0 ditions willimply that) and.J are continuous across the plane.
In the current work, we are interested in the behavior of the
R? olane scattered fields at large distances from the sources (o) and
T / e so we will study (3) and (4) in this limit. The fieldgf'*, E'"
z / /
e S = = = e ; ) can be expanded for largeas
\ Conducting Patch ! exp(—jfr)
\ e=ee& 0=0 / E'" ~ jnB(i - ti — t) exp(jBF - KI)T (6)
e e 7 and
T r g8 5y EXD(=IT)
Fig. 1. Scattering by an antenna ground screen. H" ~ JBT X texp(jpr - E’) i (7)

4rr

- S pus
shown [10] that the time harmonic Maxwell equations impl§nd the fields &', £°) as
the integral relation exp(—jfor)

H'® ~ jBot x sexp(jfor - 1')
4mr

®)

' 1A 1B /B 1A /
/S(E x H® — E'® x H'*) - dS and

4rr

o R I e L)
:

where a prime denotes a field that has been evaluated atmoiﬁ‘t’heref is a unit vector in the radial direction. The sources of
ands is the surface of volum¥. Let (H, E) be the field due to T1€1ds (Z, E) will be assumed to be bounded and a finite dis-
a set of bounded sources in the uppér_r1alf pldid (E5) the tance from the conducting patches. Furthermore, the ground will
field due to a unit current elementocated at pos_itidm. Then. Deassumedto have sufficient conductivity for any surface waves

substituting these fields for thé and B fields in (1) to be rapidly attenuated. As a consequence, the scattered field
sources will be effectively bounded and expansions (6)—(9) can
_ H'S. (E' x §)+ES (H' x 2))dS'=CE s — E.s be used to expand (4) and (5) in powers-of. (The expansion
R? will be valid for r greater thar2 D?/\ whereD is the greatest

: - . ,(2) dimension of a region that contains both the sources and the
with V' consisting of the upper half spaee> 0. E* is the field Patches)

incident upon thee = 0 pIQa_ne (the field due to the sources o Let#, be the horizontal component #f(note that® = 7, +
(H, E) acting alone) andk” is the boundary between the upper o _ )
and lower half spaces with contributions from other boundariaé1 — |7,|"2 in the upper half plane) and define the interface
vanishing due to the bounded nature of the sourags=( 1 flelds P, @, andP by

when the current element is located at paitn the upper half

plane andC’ = 0 when it is located in the lower half plane.) P (%) Z/_) exp(jfoty, - ') dS’ (10)
Similarly, applying (1) to a volume consisting of the lower half v

space QG = [ ewlifor, - )MAS @)

/ H" (E'x2)+E" - (H x2)dS' = (1-C)E-t (3) and
R2

A\ I AN 7/ /
where @7, E™) is the field due to unit current elemeribcated Palty) = /G exp(jfoty - ') adS 12)
at pointr. Introducing the quantitied/ = ExZandJ = Z2x H,

the previous equations can be written as where.J 4 is the difference in current between the lower and

upper sides of the plates that constitdte (Note thatP, @,
/ (ﬂls M —ES - J)dS' = —CE-s+E s 4) and BA. only have hprizontal component_s). Furthermore, let
JR2 e ande* denote the fielddy and E* normalized by the factor
and jm0Bo exp (j.ﬂg.r)/47rr. On noting the bour_1dary conditions that
must be satisfied on the surfai?, the leading orden{"! term)
/ (Q’T -M' —ET.J)S"=(1-C)E -t. (5) of (4) and (5) will yield
R2

1 N ~ o~ . i
The planeR? is a boundary on which the permittivity changes - (Txs5)- Q) — (2~ 57— 5) - P(£,) =€'(T) s 13)
from a valuez in the upper half space (note that the upper half =~ | ,
space does not necessarily need to be a free space) to aimlue  — (X 3)-Q(7),) = (7-s7 — 5)-P(7),) =—e(F)-s+e'(7)-s
the lower half space. As a consequence, fiéld (E°) is calcu- 0 (14)

lated assuming a permittivity af, everywhere and{”, E7)

is calculated assuming permittivityeverywhere. The plane isand

also assumed to include some perfectly conducting patches tha% . R o R R

occupy regior; and for which the boundary conditions imply 5, £x1)-Q(yiy) = (2-ti—1)-(P(vE,) + Pa(vEy)) = 0 (15)
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wherey = /6, andr = 27, — 7 is 7 when evaluated at the From (22) and (23)

conjugate point to.
It is possible to rescale (15) to yield
1 . . PN . .
E(K'y X t) 'Q<£h) - (E'y 't_’l",), _i) . (B(Eh) +£A (Eh)) =0 (16)

wherer = 7,7~ +24/1 — 77y 2 and#;, = |7, |. Sinces and
t are arbitrary unit vectors, (13) and (16) yield

1) + Pa(7)))

+(L(7,) + Pa(Fy)) =0 (17)
and
QU)X E= - PEa) + PE) = €@, (19
Rearranging the components of (18)
Qi) x £+ 8, Pliy) — PE,) = —20)  (19)

o —

wheree’ = 2¢i — ¢'. From (14), the desired quantity in the
upper half space) is related foand@ through

QM) = 72+ P(ny) + Plny) = —£() +£(5) (20)
and, on eliminating? A 7 by means of (19)
—2i), - P (7)) + 2P (f),) = —e () + €' (£) + € (7). (21)

Consequentlye can be expressed totally in termsedfand P

: =77
S-P(ty) = — o : (7 2£h£h Pa(2y) = EA(rh))
1 — 722 ;
Y el (7) (24)
and
S (Q(Fy) x 2) = =772 (1 = #%) 2,7y, - Pa(7)
—Ppfy  Pa(Bh) + Pa(Pr) = v B4ty - €, (D) + ), (T)  (25)
whereS is the dyadic operator
1—7iy=2 1— 72 o
S = + (Tpty — 1) Th (’Y Z_hﬁh - I)
(26)

and! is the unit dyad. Fof7,| < 1, the inverse operator (see
(27) at the bottom of the page) can be used to derive expressions
for P andQ A z in terms of Py andgﬁl. (Note that the case
where|7,| = 1 will need to be treated as a limit. This limit will
exist providing that the ground is sufficiently lossy to remove
surface waves from the far field.) For the special case of no
patches P , = 0), (24) will yield (28) (as shown at the bottom
ofthe page), wherg, = /1 — 72 andi) = /1 — 72y~2. The

scattered fields will follow directly from (21).

I1l. AN IMPORTANT LIMIT

Unfortunately, when there are conducting patches, the calcu-
lations are far more complex. It will be noted that, in most prac-
tical situations;y > 1 andn < 7. In this case, ignoring terms
in y~2, (24) yields the expression

(nOte thatg ) i = 0) i E(ih) = (77052 (:) UPA (TAIL)A
It remains to find a relationship betweenandP . Consider Poel P 1
the horizontal components of (17) and (19) oy, ok Eh (£) — ks - Laltn)rs > - - (29)
nrs + Mots Tz + 1o
1—7rpy=2 N —2. 4 . . This is exactly the expression that would result if an impedance
S - (P P
n QEn) x 2= "Enty - (B(E4) + La(fn)) boundary condition had been used to represent the boundary
+(P(7,) + Pa(7,)) =0 (22) [11]. It still remains, however, to determing,. From (25),
using the inverse af and ignoring terms iy —2
and . .
1—172 , lg(ﬁh) X 2+ PA(f) = (X ) 'Qh(@}f X )~ gh@)'
Q) X 20y P(Ey) ~ P(Ey) = 6} (). (23) " (30)
I Mo/ 1=y 2 (Ex2y) (Ex 1) = 1) + /1 =7 ( (2 x75) (2 X7) _I) 27)
= 0
V91— /1 =72y (7]0\/1 — 7+ /1=y ) (77\/ — 72 4+ moy/1— f%’y”)
P (i) _ i (¢ () = (2 % £2) (2 X Ba) - ) (0) + 0 (e () 772 (Ex 24) (2 X #2) - ), (B)
= T (7 ] (28)
o P (ot + n72) (nfz + 1072
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Now consider the identity

monopole gain .- T max = 6.4dB
/ A(r')exp (jB7y, - ') da'dy’ = SN AN
G 4" \\\ ________________ 1/ .
V4 ,‘\”' \‘;4:~ ‘\\
K(ﬁh _ZH) ( / A(fm) exp(j [31// . fl”) dz"" dy/” > dz” dy” ,"I: o \, VAN by
JR2 JR2 /l \\\ "; \“ // s\ /’,o’ \\‘
(31) / 5 e N
foSONG A 4 4
where i ! FSN\f TN 4 |
3 : {0d8 T edE T 0dB
K(a) = — [ exp(jpr’ - a)dS’". (32) Y
47[' G
This can be derived by Fourier transform techniques and, for Patch 0=0.01 and &r=15
rectangulaiG with sides aligned to the coordinate axes «—10)—>
1 . Fig. 2. Monopole over asymmetric ground screenr( units of S/m).
K (a)=——exp(jfrc - )
Qz Oy
sin - <[))a;Ll’> sin <[3a;Ly> (33) yogl goin T T mox = 13.2dB
,4" ~»

when the center is located gt and the sides have lengtlis
andL,, respectively. (More complex shapes can be constructec
from a collection of rectangles.) Noting that the integrand of
the integral forming? is zero inside regio7, and that ofP 5

is zero outsides, (33) can be applied to (30) to yield

PA(Ey) = [ K(2, —r")R(")da"dy”  (34)

J R2

where

Il 6=0.01
(35) e=15 <« ) or 250 —> e=15

0=0.01

E(ﬁh) _ (é X ﬁh) i Q}L(B (é X ﬁh) B QZ(E) )

n2
Tz

) ) ) ) ) Fig. 3. Yagi over different ground screensif units of S/m).
These expressions provide the required relationship between

P, ande’. Itwill be noted that the same expressions would alstﬂe screen. It will be noted that the aain has a qood response

resultit P, were calculated on the basis of currents induced | low elevr.:ltio\rl:lsI and exhibits the chagralcteristic rgi] les of%d e

an infinite conducting plane (which is equivalent to the phySicgr\llffraction at hiah elevations. To the riaht. there isg much rg-

optics approximation) [11]. In general, it is possible to use th 9 ) '€ ngnt, .

. . g : . uced pattern with poor low-elevation response. Such behavior

inverse ofS to isolate@ A 2 in (25) and to apply of integral iden- . . . . TR

. o : . : is to be expected since there is very little screen in this direction

tity (31). There will now result in an integral equation fBr, ss than half a wavelength) and so a large amount of ener

which can then be solved by numerical techniques. The Iead&k | be dissi atedwn \t/he rgo "d. Sinnott [7]ghas colrJ1$'dered thgey

order solution provided by (34) and (35) is, however, adequa\llf/ ISSIP ! ground. St !

for most purposes. problem of ground screens by means of compensation theorem
techniques. In this work, the ground screens extended from the
antenna (a short dipole) by up ta 8The current techniques have

V. SOME EXAMPLES ( pole) by up g

been used to simulate the Sinnott results and have been found
The considerations of Section Il have been implemented tsbe within 0.5 dB in all cases. A more demanding test of the

a computer program that takes, as its input, the currents oncamrent procedure is provided by a three-element vertical yagi
antenna when simulated over an infinite perfectly conductinat is placed over a finite ground screen. Fig. 3 shows the su-
plane. It produces, as its output, the gain pattern of the saperimposed gain patterns for square screens of’sied 25\,
antenna when placed over a finitely conducting plane that caespectively, (the lower value of maximum gain corresponds to
tains perfectly conducting patches. As a sample applicationsafreen with sida\). It will be noted that low-elevation response
the program, consider a quarter wave monopole placed olingroves as screen size increases, but the cost is strong edge
ground screen. Fig. 2 shows the gain pattern that results witdiffraction ripples at the higher elevations.

the monopole is placed just inside a rectangular screen that ha8lthough a perfectly conducting ground screen is a good ap-
dimensions of 1@ by 4\ () is the wavelength). The pattern toproximation for many situations, there are some problems for
the left is the response in the direction that contains majority which the finite conductivity can be important. The considera-
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investigating scattering by an imperfect ground. Importantly, the
method does not need to calculate ground currents and, hence,
avoids the use of a physical optics approximation on the ground
screen. Indeed, the calculations only require the far field be-
havior of the incident fields to be known. The method has been
demonstrated through its application to some nontrivial antenna
calculations involving ground screens. In particular, it has been
shown that, when the ground screen impedance smoothly blends

into that of its surrounds, the effects of edge diffraction can be
substantially reduced.
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