IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 10, OCTOBER 2000 1691

Antenna Pattern Scattering by Rectangular Cylinders

Hong D. Cheung and Edward V. Jullife Fellow, IEEE

Abstract—The uniform geometrical theory of diffraction (UTD)  in the series expansion of the pattern function is generally in-
and the complex source point method are combined to predict two- adequate. A simple and attractive alternative is conversion of
dimensional (2-D) scattering by rectangular cylinders forE and  ha golution for a local omnidirectional source to a beam source
H -polarized beam sources. Arrays of such beam solutions are also . . . . .
used to model propagation of radio beams into the shadow regions solution. This is do_ne by re_placmg the source CO_Ord'n"_“teS _W'th
of buildings for local extended sources. Direct numerical verifi- complex values which provide a beam of the required directivity

cation of the results is obtained for square cylinders of moderate and direction [9]. This then represents the near and far field scat-

width. tered from the building for a local aperture with a single beam
Index Terms—Antenna radiation patterns, cylinders, electro- and no sidelobes.
magnetic scattering, geometrical theory of diffraction. In many engineering applications a single beam is sufficient,

but often applications require an array of beams arranged in a
“Gabor lattice” to represent the field of an aperture with its pat-
tern sidelobes [10]-[12]. In [10] these beam amplitudes are de-
HE first of many books by Prof. J. R. Wait includes aermined approximately from the far-field radiation pattern of
wide assortment of scattering and radiation solutions feie source aperture field. In [11], [12], they are determined di-
conducting half planes, wedges, and circular and elliptic cylifectly from the source aperture distribution and then the field
ders [1], [17]. Sources are usually line sources parallel to the any range is represented to any accuracy desired if enough
structures and solutions generally are modal expansions, solle@ms are used. If in addition, the beam basis solutions are from
numerical results are for cylinder dimensions which are smalh exact [2], [13] or highly accurate solution for an omnidirec-
to moderate in wavelength. Such an analysis has recently b&gnal source near the scatterer, then scattering by the entire local
applied to circular cylinders illuminated by beam sources asriident field can be found to a similar accuracy. This approach
model for the prediction of aperture antenna pattern obstructignused here, but for convenience and efficiency only the most
by cylinders [2]. Here the sources are also beams from a log&jnificant beams in the array are chosen. Investigations of var-
aperture but the scatterers are rectangular cylinders which ¢ails beam arrangements are in [11], [12] and justification for
be large in wavelengths. Consequently a very different methggk arrangement here is in [13].
of analysis, high frequency diffraction theory in the form of the The analysis and numerical examples here are limited to
uniform geometrical theory of diffraction (UTD) [3], is used insquare cylinders to take advantage of the simplifications of
combination with the complex source point method [4] to prasymmetry, but can be extended to any polygonal cylinder.
vide a beam source diffraction solution. The results are appidther factors affecting our choice of numerical examples are
cable to the scattering of radio beams by local buildings.  the relative dimensions of source, scatterer and their separation.
An alternative to UTD in scattering from buildings is the parSource directivity is a particularly significant factor when these
abolic equation method, a numerical method for a paraxial afimensions are comparable and not very large in wavelengths.
proximation to the wave equation [5]. It is particularly usefubmall obstacles may lie in a region of the source beam where
for scattering between buildings along the paraxial direction gHe field is essentially uniform. Large obstacles, such as build-
the radio beam, a situation where UTD usually encounters difigs, can behave as reflecting planes or semiinfinite wedges
ficulty. Special techniques can extend the method outside g local sources. Consequently our examples are limited to
paraxial direction [6], but the method is inherently limited inscattering by cylinders comparable in dimensions of a few
angular range while UTD is not. wavelengths to the distance and width of the local source
Building scattering studies using UTD usually assume pla@a@ertures. This means that interaction between the edges can
wave incidence, as appropriate for a distant satellite source bg significant, particularly fotH -polarization. It also means
or, if the source is local, itis assumed omnidirectional. Often thiat the rectangular cylinders are small enough to permit direct

standard UTD is supplemented with “slope diffraction,” basegsumerical verification of our expressions, which can then be
on inclusion of the first derivative of the pattern function, to aaissed for much larger structures.

count for sources of low directivity [8] such as dipoles or small
apertures. For more directive local sources, such as large aper-
tures and reflector antennas, neglecting higher order derivatives II. ANALYSIS

I. INTRODUCTION

A. Complex Source Point Beams

Manuscript received September 6, 1999; revised March 14, 2000. ~ Assigning complex values to the coordinates of an omnidirec-
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University of British Columbia, Vancouver, BC V6T 124, Canada. tronal source can produce a beam, which is paraxially Gaussian
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7o, 6, from the origin of coordinates with a beam parameta. Diffraction by a Conducting Square Cylinder

b = (b, 3) at any observation point, § may be written as 1) E-Polarization: Fig. 1(a), (b), and (c) show a square
conducting cylinder illuminated by a linear array of complex

PR [, N eIk sources with the angle of the array inclineddat= 135° off a
E.=\/5¢ H7(kRs) = VER, [kRs|>1 (1) face of the cylinder. With a square cylinder symmetry allows

consideration of the scattered far field in only the half-space
whereR, is the distance between the observation point and thel5° < 6 < 135°. For normal incidence on a face, as in

complex source position Fig. 1(d), we need to determine the scattered far field only in
—90° < 6 < 90°.
R, =\/r2+ 12— 2rr,cos(d — 6,). @ The total scattered far field will be a superposition of the scat-

tered fields of each complex source point beam in the array by
Herer, = (rs, 6,) is the complex source position, which ieach of the four edggs and surfacgs of the cylinder. An eIe_men-
related to the real coordinates and the beam parameters by t&ry UTD beam solution for scattering by each source by asingle
wedge has been given [9]. For the basis elemé&htéz, v) in
- (6), we use the solution for the total field gté in cylindrical
rs = /13 = 2jbr, cos(f - 0,) —b%,  Re(r;) >0 coordinates due to the beam sourcegt;, 8, and parallel
0, = cos L <7)o cosfy, — jbcosf3 ) ) (3) tothe edge with beam parametéys /3,

Ts

B, = Eé[nl1u (esiB[m} — 7+ 9) + E;?ﬁu (QS,,B[m} — 7+ 9)
The beam width and direction are defined byand 3, re-

d
spectively. In the far-field limit(r > r,) (1) represents an “ (Ospapm) — 0) + Eltm)- ™
omnidirectional cylindrical wave modulated by a beam patteWere Ei . E™AB_ and B¢

4 - I : L . . tively, the incident
el <os(¢=5) with its maximum in directiord = /3, its minimum |, z[m]’ ~z[m] z[m) @r€, rESpec i
in the directiond =  + /3 and its half power beamwidth field, the field reflected from pland B, and the total diffracted

fields from the edgesl, B andC. u(z) is a unit step function.
8.:B[m) @nd 0., g are the shadow and the reflection bound-
aries due to edg# measured clockwise from planéB and

+4[m] 1S the reflection boundary due to edge measured

: : 0
Rays _from a smg!e complex source point generate a s'”Q[S@unterclockwise from plang B. The incident far field with
beam without radiation pattern sidelobes. However, more reglordinates referred to edge[see Fig. 1(a)] is

istic antenna radiation patterns having sidelobes must be rep-

HPBW = 2cos (1 — In2/(2kb)). 4)

resented by radiation from more than one beam. It has already ‘ e dk[ra=roam cos(6a—0oaim)]
been shown that antenna patterns with sidelobes can be synthe- El = N . (8)

sized from arrays of Gaussian beams [11], [12] and this repre-

sentation applies to both near and far radiation patterns of thige shadow boundary for this incident ﬁemi[m] due to the
aperture. The radiation field of an aperture can be well repdgeB is

resented by an array &\ + 1 parallel beamsv(z) spaced

L = )\/2 along thez-axis [13]. These beams are all in the di- 0 _ 0 1 [ Re (7sBpm))
rection3 = 37 /2 and have width&b = 7 /2. Thus the aperture siBlm] =7+ Pop[m] F €08 ToB(m]
field is >
B Z
M /30 < T+ 90B[rn1 . (9)
E.(z,0) = Apw (z —mL), 5 _ .
(2, 0) m;M wlz—ml) ©) The far field reflected from the plandB is

where the amplitude coefficientd,, are obtained by con- rAB _ _C_jk[”_“‘“”] cos(0a+0sapm))] (10)
volving the desired aperture distribution with a biorthogonal #ml Vkra

function as in [11]. The field iy > 0 can then be written as ) ) .
The reflection boundaries for reflected fiehif:*Z due to edges

Z[m]

M A andB are
Ez (.T, y) = Z ArnBrn (]}, 9)7 (6) Re (7’ 4 )
m=—M 95734 m] =7 — 90;—1 m =+ COS_l #[7"1
[m] [m] Toalm]
whereB,,, are the elementary beam solutions. >
This particular arrangement includes the radiating near fields 3, 2 T+ 05 Apm]
of the aperture, but not the evanescent fields. Thus it is valid Re (r
for the scattered far fields of obstacles within very few wave- OurBim) =7 — Boppm) + cos ™ e (7sBpm)
lengths of the aperture. Real coordinatgs,;, 0, of each of "0 B[m)

the sources are replaced by complex coordinaigs, ¢, as

>
B —
in (3) to provide the beam fields. Bo Zm+ Oopim- (11)
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Fig. 1. Geometry of an array of complex source beams for diffraction by a conducting square cylinder. (a), (b), (c) Symmetric incidence on alormel (d)
incidence on a face..

The field diffracted by edged, B, andC contribute to the total 5$* 2 <) replacingr,, 6, and3. Now the diffracted field by a
diffracted field E¢_ .. The general expression for the field dif-complex line source can be written as

z[m]"
fracted by edgedl, B, andC is given by
B =B+ B+ By w/2<6<3n/4

z [7’77/ z [7’77/ [7’77/

e—jk(T(A, B,y +Ts(A, B, c)[m]) Eﬁ[’,{ﬂ + E‘B 0<6< 7(/2

z[m]»

B+ By, —m/4<6 <. (13)

z[m]»

A, B,C) _
#m] VET, B,)VETs(4, B, C)m]
D (0,04, B,c)pm)» O, B,C)> Ts(a, B, C)m])

In above equations; 4. g, ¢y, To(A, B, &)[m] ANAT5(4, B, C)[m]
(12)  are the distances of the observation paifhitthe real source

] ] ] ) N point and the complex source point to the edgésB
with a uniform diffraction coefficient 54q ¢ respectively. 6.1, 8y apm]s aafm), aNd BA are the

D054, B, c)m)s 04, B,C)s Ts(a, B,c)m)) for CSP beam )
incidence defined as in [91 5, ), s, B, cyim)> Oia, B,C), directions of r4, ToA[m]TsAlm] and the beam vectoy b.o
o n A measured counter-clockwise from plankeB or the x axis

and 6,4, B, c)[m) replacer, r,, 6, and 6, for edgesA, B, ) -~ 5
and C, respectively, and, 1, 5, cyjm)» @Nd 8,4, B, )] A€ [see Fig. 1(a)]. Similarlybs, 6,p(m, 0spim), and j3;” are

calculated as in (3). Withro(4, B, cy[m]s Poca, B, c)im)> @nd  the directions ofrg, 7,p[m7sBjm) @nd the beam vectqib,
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measured clockwise from plandB or the —z axis [see 1 1
Fig. 1(b)], fc, Oucm)s Oscpm), @nd 55 are the directions of
TC, ToC[m]TsClm] @nd the beam vectorb,, measured clock- E,|
wise from planeAC or they axis [see Fig. 1(c)]. Beam sources
normally incident upon the rectangular cylinder plahB can 0.5 1
be treated similarly as above. Then
Brn = i[rn}u (esiB[nﬂ -7+ 9)
+ B (Oarppm) — 7+ 6) + B,y (14)
and 0 e e AR e
BB, —rj2<6<0. (15) 6 (degrees)
(€Y
2) H-Polarization: For H polarization,H replaces in the ] -

above expressions, tkie ) sign in the nonexponential part of the
reflected wave in (10) becomgs-) and the diffraction coef-
ficient D(0s4, B, o)im)» O(a, B,0)» Ts(a, B, ¢)[m))iS Multiplied
by a factor(—1)***. This noninteraction solution alone is gen-
erally inadequate foH polarization. In order to improve the
accuracy itis necessary to include also first order interaction be-
tween adjacent edges. In the cases discussed there are six more
terms to be added for inclined incidence on edgand four
other terms added for normal incidence on sid@. The singly
diffracted field of an edge in the direction of an adjacent edge is
replaced by the field of a line source of equal amplitude located
at the edge. For example, the doubly diffracted field from edge
B is produced by the singly diffracted field from eddein the
64 = 0 direction. This can be written as
FaAB _ C—jk(TSA[m]-l-a-I-?‘B)

#m] \/ kTsA[m} \/R\/ k‘TB

-D (0, 5, 755]m) (16)

D (esA[m,}v 07 LAB["’1)

|E |

0.5 -

-45 0 45 90 135
O (degrees)
(b)

Fig. 2. E-polarized far field of a square cylinder for a single beam source
(kr, = 16, 6, = 37/4, a = 2X), (@) kb = 0, (b) kb = 8, UTD solution
(single diffraction), moment method.

Pattern oscillations in these results arise from interference

wherea is the width of the square cylinder add, z,,,; is the between direct, reflected and diffracted fields. These are very

distance parameter

prominent when the source is omnidirectiofial = 0) but sup-

pressed with increasing directivity outside the reflection region

aTsAlm
LAF)'[rn,} = Al

(17) because edges andC are more weakly illuminated. However

a+ TsA[m)] )

I1l. NUMERICAL RESULTS

A. E-Polarization

Fig. 2 shows the total far-field patternssaté for a single
beam sourcém = 0) with kby = 0.8, and 3t = 77 /4 ra-
dians parallel to and dtr, 4[g) = 16, 6,4j0) = 135° from the
upper left edge of a square cylinder of width for E polar-

the minor lobe in the shadow region (at= —45°) increases
with increasing directivity for these parameters because more of
the incident field is intercepted. Note that fob = 8, the half
power beamwidth is about 34so the square cylinder of side

is justinside the angle subtended by the half power points of the
far-field pattern. The lobes &t= 25° and45° in Fig. 2(a) occur

at shadow boundaries at edgBsand A, respectively. A more
directive beam source acts like an aperture distribution with rays
emerging from it which are more nearly parallel, so that as beam

ization [Fig. 1(a)]. The solid curve is the singly diffracted fielddirectivity increases the two reflection boundary lobes merge at
calculated with basis elemeft, calculated from (7) and with 8 = 45°, [Fig. 2(b)].

A, = 1. The dotted curves in Fig. 2 are from a calculation by Fig. 3 shows similar results for a larger cylinder with side
the moment method with a point-matching technique [14]. Far= 5. The several pattern lobes in the reflection regioh <

an omnidirectional source the results essentially coincide, But< 135° for an omnidirectional source coalesce with even
with stronger edge illumination of edgds B andC occurring moderate source directivity into a single reflection lobe with its
for a more directive source differences between the results ggak at aboué = 30°. If we increase the size of the square
pear in Fig. 2(b) in the directions aroufid= 0, 90° because cylinder toa = 25X, the total field in0 < 8 < 135° resembles
edge interaction is omitted from the UTD result. It is eviderthat for a single beam source incident on a right angled wedge.

that this is a minor omission witi'-polarization for cylinders

of this dimension.

In Fig. 4, the total far field is shown for a single beam source
normally incident upon the face of widih= 2X of a square
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E |

0.5 1

6 (degrees)

Fig. 3. E-polarized far field (UTD single diffraction) of a squared cylinder E,l T

for a single beam sourcékr, = 16, 8, = 37/4, a = 5X), kb = 4, kb =
2, kb = 0.

1 +

E.l

L5 4

6 (degrees)
(b)

Fig. 4. E-polarized far field of a square cylinder for a single beam sourcq
kb = 2 at a distance, above the upper surfacéd, = /2, a = 2X), (a)

8 (degrees)
(@

0.5 -

@ (degrees)
(b)

Fig. 5. E-polarized far field (UTD single diffraction only) for a uniform
aperture distribution at a distancerqffrom the edge of a perfectly conducting
square cylindernd, = 3w /4, M = 2, L, = 2.5X, L = \/2),(@)a = 2],
(b)a = 5A, kr, = 32, kr, = 16.

the moment method values is evident everywhere except in the
shadow regior{d = —90°). Indeed that is evidently the only
region where double diffraction is needed for these parameters.
Double (slope) diffraction is almost adequate in accounting for
edge interaction here for the shorter rakgg = 16 but fails for
larger separation&:r, = 32) where source, scattering edges
and field point are more aligned. This is well known as a diffi-
cultarrangement in UTD scattering calculations for which other
technigues have been developed [15], [16].

Fig. 5 compares the total far-field patterns gt for a uniform
aperture distribution atr,q; = 16 and 32 from edgel of a
square cylinder of sid2\ and5 A calculated with basis elements
B, (r, 8) from (7). The angle of incidend® o) of the axis of
the aperture with respect to edgeis 135°. The aperture size
in wavelengths id., = 2.5, and it is simulated bg(M = 2)
complex source parallel beams spaded= /2. The central
beam is directed at the edge(3;' = 77/4) and each beam
irectivity is kb, = 7 /2. In each case, for cylinders of side=

kr, = 32, (b) kr, = 16, UTD solution (single-double diffraction), UTD 2 [Fig. 5(a)] anda = 5 [Fig. 5(b)], more pattern oscillations

single diffraction only, moment method.

appear for the more distant source due to stronger interference
between direct, reflected and diffracted fields. With the same

cylinder as in Fig. 1(d). Both single and double (slope) diffraalistance from the edge to the aperture, the far-field patterns
tion are included in the UTD solution and good agreement witif the large cylinder show a sharper peak aroédnd 45°,
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H |

0.5 1

O (degrees)

Fig. 6. H-polarized far field of a square cylinder for a single beam sour
(kro, =16, 6, = 37 /4, a = 2\, kb = 2), UTD solution (single diffraction),
(singlet+-double diffraction), moment method.

\H .|

0.5 T

-45 0 45 90 135
6 (degrees)

Fig. 7. H-polarized far field of a square cylinder for a single beam source
(kro, =16, 6, = 37/4, a = 5\, kb = 2), UTD solution (single diffraction),
(single+ double diffraction.

corresponding to the position of the reflection boundary of edge
A, and less penetration into the shadow regiogr 0. Single
diffraction alone is required in Fig. 5 since it is known from Fig.
2 that it yields reliable results even foer= 2 for the relatively

low directivity beams comprising the array.

B. H-Polarization

Figs. 6 and 7 show the total far-field patternsra# for a
single beam sourcen = 0) with kby = 2 and 4,3g" = 7 /4
radians, parallel to and &t 4jo) = 16, 0, 4;0) = 135° from the
upper left edge of a square cylinder of sidesand5X for H po-

1 -

H, |

0.5

0 (degrees)

Clgig. 8. H-polarized far field of a squared cylinder for a single beam source
(kro, =16, 0, = 7/2, a = 2, , kb = 2), UTD solution (single diffraction),
(singlet-double diffraction), moment method.

O (degrees)

(b)

l?r'zat'on' The d?'Shed Cur_ves include O_nly the smgly d'ﬁ.raCtewg. 9. H-polarized far-field diffraction patterns of a uniform aperture
fields and the solid curves include also first order interaction beistribution at a distance of, from the edge of a perfectly conducting square

tween adjacent edges of the square cylinder. Comparison wifnder. (¢, = 37/4, M = 2, L, = 2.5A, L = )/2), single diffracted
field only, single+ double diffracted field.

the numerical solution in Fig. 6 (dotted curves) shows that inclu-
sion of this double diffraction is essential for accuracy with the

smaller cylinder. The discontinuity in the single diffraction calis reduced by including the doubly diffraction field. Fig. 7 shows
culation along the diffraction boundaries such at 0° and90° that double diffraction also improves the accuracy for the larger
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cylinder, particularly in the region of these diffraction boundparabolic equation method [5], which seems most suited
aries. In another study [# -polarized double diffraction is in- for larger domains and for propagation over nearly aligned
cluded for a much larger rectangular structure. building edges.

The importance ofH-polarized double diffraction in the The numerical results shown here provide insight into
lateral and shadow regions of the scattering pattern, kappropriate polarization and beam directivities for effective
much less in the reflection region, is very clearly shown ipenetration into the shadow regions of local rectangular obsta-
the results for normal incidence of Fig. 8. The backscatteretés. H-polarization is found to be more effective in this regard
doubly diffracted fields are relatively insignificant even forand greater directivity can enhance it provided illumination
small cylinders and directive sources (as shown by other @&- the diffracting edges adjacent to the shadow region is
sults), but not the forward scattered fields and this is verifiedaintained. This of course is directly related to the observation
by the numerical solution. Notice that the discontinuity ahat double diffraction is significant foH-polarization field
6 = 0° decreases with increasing beam directivity and thaalculations in the lateral and shadow regions of the cylinders,
the total field in the forward directiond(= —90°) is almost while for E-polarization single diffraction is generally ade-
entirely contributed by single diffraction, in contrast to thguate, even for relatively, small cylinders, except when source,
situation fore-polarization. Similar results are observed fodiffracting edges and field point are aligned. The numerical
a more distant source incident upon on the cylinder. results also confirm the observation [13] that while single

Fig. 9 shows the far scattered field patterns-af for the beams may represent sources if the scatterers are sufficiently
beam axis of a uniform aperture distribution directed at edgesmall and distant, larger and nearer scatterers require source

of a square cylinder of sid&\. The aperture is located at dis-representation by a beam array.

tances from the edgé of k7, 4;0) = 16 and 32 and the angle
of incidencef, 4o of the beam axis of the aperture distribu-
tion with respect to sidedB is 135°. The aperture width is
L, = 2.5\ All the line source beams are spackd= /2
apart with axes normal to the apertuyg'( = 7x/4) with di-
rectivity kb, = /2. The solid curves show singly diffracted
fields. The dashed curves singly plus doubly diffracted fields.
The latter are now somewhat more necessary for accuracy i
the lateral and forward regions of the pattern than they were for(s;
single beam incidence. Also double diffraction removes a pat-
tern discontinuity ab = 0° where edgesi, B and the field

point are aligned. This discontinuity is much more prominentin

(1]

the singly diffracted field pattern at the shorter ratige, = 16) (5]
than the longe(kr, = 32), the opposite of the situation in the (6]
shadow region of Fig. 4 foE-polarization. Corresponding re-

sults for smallefa = 2X) cylinders show much more field pen-  [7]

etration into the shadow regions of the cylinder than in Fig. 9,

particularly for the larger ranger, = 32. 8]

(9]
IV. CONCLUSION
[10]
The complex source point method and the UTD can
be combined efficiently to predict radio beam propagation
. . . : [11]
around local conducting cylinders. If a single beam inad-
equately represents the near field of an antenna aperture]
we may use an array of complex source point beams in a
Gabor lattice to represent the source field to any desireg s
degree of accuracy. Although the numerical results here
are for square cylinders the procedure can be extended E)4]
any polygonal cylinder. While the cylinder walls have been
assumed perfectly conducting here and in [7] we may als@i5]
use impedance boundary conditions appropriate to building
surfaces. Our preliminary results for this indicate that it[
is mainly the amplitude, rather than the structure, of the
scattered field which is affected. Aperture antenna patterr[1l7]
blockage by local buildings may then be predicted in this
way with more accuracy than is available with the alternative
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