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Inset Microstripline-Fed Circularly Polarized Microstrip Ay 50-O feedline

Abstract—Circular polarization (CP) designs of inset microstripline-fed
microstrip antennas are proposed. Three designs with a single slit, two pairs
of slits, and three pairs of slits are experimentally studied. Good CP perfor-
mances of the proposed antennas are achieved. For the design with three (a)
pairs of slits studied here, the center CP frequency is also seen to be low-
ered by about 33% compared to the case without slits, which suggests that
an antenna size reduction as large as 55% can be obtained if the proposed
design is used in place of a conventional CP design at a fixed frequency.
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Index Terms—Circular polarization (CP), inset microstripline-fed, mi-
crostrip antenna.

|. INTRODUCTION ¢
v

Microstrip antennas directly excited using a 804inset mi-
crostripline have the advantage of no external impedance transforme .l r
required and are very suitable for applications in integration with (®) 'Elfd =
associated coplanar microwave circuitry. However, related designs < L AR,
with an inset microstripline feed are mainly for achieving linear
polarization operations [1] and, to the authors’ knowledge, the designs
of inset microstripline-fed circularly polarized microstrip antennas are
not available in the open literature.

In this paper, we propose new CP designs for exciting a circularly
polarized microstrip antenna using a 80inset microstripline. The
main problem to be solved is the perturbation effects caused by the
inset microstripline on the excited patch surface current, which makes
it difficult for the excitation of two orthogonal near-degenerate resonant
modes for CP radiation. Itis found that by inserting a single slit or pairs (©) g
of slits at the patch edges (see Fig. 1), the excitation of two orthogona 7 >
near-degenerate modes for CP radiation becomes easy to be achieve N
Details of the proposed designs applied to a corner-truncated squar pS"_]
microstrip antenna are presented.

Il. ANTENNA DESIGNS substrate

Three proposed designs are shown in Fig. 1. Fig. 1(a) shows the cas e ' h
with a narrow slit (denoted as design A here); Fig. 1(b) is for the case
with two pairs of slits (design B); and the design in Fig. 1(c) is with
three pair of inserted slits (design C). The@0rset microstripline has Fig. 1. Geometry of the proposed inset microstripline-fed microstrip antennas
a widthw. and an inset length. All the inserted slits are of length  for circular polarization. (a) Design A: the corner-truncated square patch with
and width 1 mm and the pairs of slits in Fig. 1(b) and (c) are also wihslit. (b) Design B: the corner-truncated square patch with two pairs c_>f slits.
a distancel apart. The. square patch has a side lerigénd a pairi of gcgtgnens;gsnag ;n%ﬁ%rﬂgﬁttfﬁgﬁgtg%igggﬁoﬁémh with three pairs of sits. The
truncated corners of dimensionsl, x A L. Because of the combined
effects of the inset microstripline and the slits, two orthogonal near-de-
generate modes for CP radiation can easily be excited. Also, the excifgdne-fed truncated-square microstrip antenna [2]. That s, compact CP

patch surface currents are meandered in the proposed designs, angifi&tion [3]-[5] can be achieved for the proposed designs.
obtained center CP frequency will greatly be lowered, compared to a

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

Manuscript received February 11, 1999; revised January 12, 2000. ~ A probe-fed circularly polarized truncated-square microstrip
In:t\ilijé gthe:C'ﬁn‘gl'gZ;heK;ehg?&”éeq;i‘\’; alﬂ%c;gonécgggmeermg, Cheng-Shithtenna [2] is first constructed as a reference antenna. The dimensions

K_.—L. Wong and C.—Ki Wu are With’ the I_Departnient of Electrical EngineeringOf t.runc_ated corners, the CP bandW'_dth’ f’md the cgnter CP frequency
National Sun-Yat Sen University, Kaohsiung, Taiwan 804, R.O.C. ( .; defined here as the frequency with minimum axial ratio in the CP

Publisher Item Identifier S 0018-926X(00)07695-X. bandwidth) are shown in Table I. Fig. 2 presents the measured input

0018-926X/00$10.00 © 2000 IEEE



1254

TABLE |
CP RERFORMANCES FOR THEPROPOSEDINSET MICROSTRIPLINEFED
MICROSTRIPANTENNAS; L = 28 mm, &, = 4.4, h = 1.6 mm,w,. = 3.0 mm

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 8, AUGUST 2000

l, d Z, AL f, CP Bandwidth S )
(mm) | (mm) | (mm) | (mm) | (MHz) | (3-dB axial ratio) 90° N L —90°
-20dB x-z plane

Design A 9.7 - 74 3.3 2183 0.8%

—— RHCP
DesignB | 9.8 3.0 10.8 3.6 1775 0.8% —  LHCP
Design C 10.8 3.0 10.8 39 1653 0.7%

Fig. 3. Measured radiation patterns in two orthogonal planes for the antenna

Reference | --— 32 2480 1.4% shown in Fig. 2 withf = 2183 MHz.
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Fig. 2. Measured (a) input impedance and (b) axial ratio in the broadside

direction of the proposed antenna (design A) in Fig. 1{a}+ 28 mm,AL =
3.3mmye, =4.4,h =16 mm, {4, = 9.7mm,{;, = 7.4 mm,w. = 3.0 mm,
ground-plane size= 60 x 60 mm?.

by about 28% and 33% compared to that of the reference antenna. That
is, an antenna size reduction about 49% or 55% can be expected at a
fixed frequency by replacing the reference antenna with design B or C.
Also, from measured radiation patterns of designs B and C, good CP
radiation is observed.

IV. CONCLUSION

Novel inset microstripline-fed circularly polarized microstrip
antennas with corner-truncated square patches have been proposed
and implemented. In addition to good CP radiation obtained, a large
antenna size reduction for operating at a fixed frequency can be
obtained by using the proposed antennas in place of the conventional
CP antennas with simple patches [2] and, although only the designs
with corner-truncated square patches are demonstrated, the proposed
designs are expected to be applicable to other promising patches such
as a circular patch with a pair of peripheral cuts [4] or with a tuning
stub [6].
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impedance and axial ratio of design A, and the corresponding results
along with the design parameters are given in Table I. The design pa-
rameters can be obtained from the simulation software IE3o
near-degenerate resonant modes with good impedance matching are
excited [see Fig. 2(a)], and the CP bandwidth [see Fig. 2(b); determined
by 3-dB axial ratio] is 17 MHz or about 0.8% with respect to the center
frequency at 2183 MHz. Note that the center frequency is lowered by
about 12% as compared to that (2480 MHz) of the reference antenna.
This can correspond to an antenna size reduction of about 23% for using
design A in place of the reference antenna at a fixed frequency. Mea-
sured radiation patterns are plotted in Fig. 3 and good right-hand CP
radiation is obtained.

For designs B and C, related parameters can also be obtained from
IE3D and are given in Table |. Itis found that the center CP frequencies
of designs B and C occur, respectively, at 1775 and 1653 MHz, lowered

1E3D is a trademark.
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Acceleration of On-Surface MEI Method by New Metrons
and FMM for 2-D Conducting Scattering

Y. W. Liu, Y. W. Zhao, and K. K. Mei

Abstract—In this paper, a new kind of metron is proposed and rapid
integration provided by fast multipole methods (FMM) is implemented to
dramatically reduce the CPU time of finding the MEI coefficients in the
on-surface measured equation of invariance (OSMEI) method. The numer-
ical example of the scattering of a large conducting elliptical cylinder shows
that the computation speed is at least one order of magnitude faster than
that of the original OSMEI, where sinusoidal metrons are used, and about
25% faster than that of the FMM, where the iteration method is used.

Index Terms—Electromagnetic scattering, fast solvers.

|. INTRODUCTION

The measured equation of invariance (MEI) method [1] has been

developed to on-surface level (OSMEI) [2]-[4] to generate a sparsgy. 1. A 2-D perfectly conducting cylinder with its new metron.
matrix with a minimum number of unknowns. Most of the time con-

sumed by the MEI method is to find the matrix elements called MEycion As described in [2] and [3], the MEI equations for each node
coefficients. Although the interpolation and extrapolation technlqu%der TM polarization can be written as

[2], [5] can be used in reducing this burden for large object scattering,

we still need to seek other possible solutions. Let us look at how many N

operations are needed for finding the MEI coefficients. In order to find Z an(H{ )3 + Z b (EDR=0 p=12....,P (1)

the MEI coefficients in the OSMEI method, there a integrations n=l n=1

expressed in Section Il should be completed, wheris the number whereNis the number of local nodes ang andb,, are known as ME|

of assumed surface currents, called metrons. For each integration,dbefficients to be determined. If the circumference of the scatterer has
operation count is of orde?(}*), whereMis the total number of a total ofAf nodes, there exist/ MEI equations( H; )? and(E?)® are
unknowns. Therefore, the total operation counti PA?). Usu- known as measuring functions, with pairs. The measuring functions
ally, a set of sinusoidal functions is chosen as metrons. A few of thel?)? and(E:)? can be obtained by the following integrations:
sinusoidal metrons is enough for small objects, but the number of si-

nusoidal metrons linearly increases with object size. This is the reason [E:(p) = _wHe / TP (pVH? (klp — p'|) dl’ (2)
why finding the MEI coefficients is a dominant part for time consuming 4 Jo

when the object becomes large. If a new kind of metron can be found R T A OHS})(H[) -0 .

to keep the number increasing slowly with the object size, it will bring [Hi (p)) = 45 /C TH) on at ®)

great time saving. Furthermore, if the fast multipole methods (FMM),
which reduces the operation count of the integration f@fd{*) to Wwhere:

O(M**) [6], or O(M*>%)[7], or evenO(M log M) [8], are used in angular frequency;

the integration process in the OSMEI method, it would result in an permeability of the free-space;

extra time saving. In this paper, a new kind of metron is proposed and’ equal toy/—T; )

the FMM is used to accelerate the integration in the OSMEI method. number of assumed surface currents(p), which are

Since far fewer new metrons are required for large objects and FMM is known as metrons.

used to speed up the integration, the computation speed of the OSI\WEPa”y’ sinusoidal functions are chosen as metrons. Since Bily-

is significantly increased. A numerical example shows that the corJn)- coefficients in equation (1) are independefitis required to be

putation speed is at least one order of magnitude faster than thaPlgater than or equal @ — 1). The number of integrations in (2)

original OSMEI, where sinusoidal metrons are used, and is also ab?Ufj ((13% is eg“?" tc_P. T;e cc()jefgciental,L 'ﬁdb." can tl)_e;uhmeric?lly |
25% faster than that of the FMM, where iteration is used. ound by su stngtlng (2) and (3) into (1). Having applied the real metal
boundary conditions of TM on the scatterer boundarywe have the

Il REVIEW OF OSMEI METHOD following system of equations:
In order to understand how the metrons affect the integration, it is [A]H} = [BIE? 4)
necessary to briefly review the OSMEI method. For simplicity, let us , / , . . . .
only consider TM scattering by a two-dimensional (2-D) perfectly co nyhicﬁ[f] %n;j[B]l arlre.wn[ ;S[rcilct“? rt])agd mztj;ldcies W'rt: ﬁa:]no:\r/]vl;dtrh
ducting cylindrical scatterer whose axis is aligned withtleeordinate '’ ereM is a large number (total nodes), S asmaflnumbe

. . . . local nodes). VectoE™ represents incident electric field on the scat-
axis (Fig. 1). The scatterer has a boundaryvith an arbitrary cross ( 2 . L
(Fig. 1) w Y terer surface. VectoH; stands for tangential scattered magnetic field

components to be solved. Finally, the induced current density is a sum-
Manuscript received March 12, 1999; revised February 9, 2000. This warkation of the tangential scattered magnetic field and tangential incident
was supported in part by Hong Kong Research Grant Council CERG 904023‘?{3‘9”6“C field.

9040356, and 9040421. . . .
The authors are with the Department of Electronic Engineering, City Univer- For 2-D scattering problems\ is a small number, say three, and is

sity of Hong Kong, Kowloon, Hong Kong. much less thad{. What we want is to find a new kind of the metron
Publisher Item Identifier S 0018-926X(00)07696-1. that keepsV same and keeps the number of integrations required for
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finding the MEI coefficients in slowly increase with/ rapidly in- 10000
creased to reduce the operation count. 3

1000 E

Il. NEwW METRONSPLUS FMM E
F — This Paper
In general, any orthogonal set of functions along the scattel ! ——Rius et al [6]
boundaryC' can be chosen as metrons. Usually, sinusoidal functio 100

(or harmonic functions) are chosen as the metrons. As indicated
[2], the number of sinusoidal metrons is propotional to the electric
size of the scatterer, i.e.,

Number of metron

10 ///

1 T T T T

0 50 100 150 200 250
Radius (1)

P=2kRmaxx+1 0<ZI'<L (5)

whereR....x is the radius of the smallest cylinder enclosing the scatter

andy is a coefficient slightly larger than one. The fast Fourier transfo.

mation (FFT) is used to speed up the integration of (2) and (3) in [2

but the Eotal Lumber of op%rationz still grogvsﬁslogQ (f)[2] WE]E‘)I‘e [ I'—]ig.lz[.z] Number of metron required in this paper is compared with that of Rius
’ et al. .

f is the frequency of the incidence wave. It is still time consuming for

large object scattering. We need to find a new kind of metron to keep . .

the number of metrons increasing slowly when the size is increased€0-0rder Hankel function of the second kind [9], (2) and (3) can be

Itis found that the following new metrons, as shown in Fig. 1, satisﬁf(pressed as

this requirement o
s p Wit T ; —jkgp;
[E2 ()] = ="L2 080 37 V(00) T, ()™ i
Jp(ll):e_ijP/Rp p=12,..., P . 7=t
+E ()l ©)
P =54+ yVkRmax 0.5<y<07 (6)
Q
where [ (0P ~ o= Ao 7 i kg V(6g) T, (6g)e Koo
Rp = |p[/ - ppl; ' 87 = a4 g )L NNV
/ HH !
l source p05|.t|on on _the scatterer boundaty +[H (o)) (10)
P corresponding position vector;
and The first term in (9) and (10), which is calculated by the FMM, is the
far interaction with all the nonnearby groups; the second term, which
pp = pop + Romp (7) can be calculated by direct numerical computation similar to the MoM,
is the contribution from the nearby groups. In (9) and (10),is the
where: outward-normal vector to the boundatyat p;, A¢ = 27/Q, and
pop  position vector distributed uniformly along the scatterefs = ¢8¢,¢ =1, 2, ..., Q,inwhichQ/2 = k, D +5(n(k, D+ )
boundaryC’; where D is the diameter of the circle enclosing the group, whereas

—

n,  outward-normal vector to the boundatyat pcp;
R,  constant.
Typical values ofRo range fromR,,ax /4 10 Rimax /2. The feature of the Ny
metrons in (6) is that both the phase and amplitude of the metrons are T, () & > H (kppr)e /" Fmm ¥7/20 0 (11)

k, = k( cos ¢, +y sino,), = andy are the direction of the- and
y-axis, respectively, and

changed with the source positions. Because of this feature, in compar- n=—N
ison with sinusoidal metrons, far fewer metrons are required for calcu- .
lating the MEI coefficients. A possible reason for the metrons to greatly Vig) = / JP (,)l-,)ej’“'fwmr dr’ (12)

affect the integration is that using different metrons in OSMElI is equiv-

alent to use different test functions in the MoM. Numerical experienggnere:

tells us that the bet_ter metrons can keep the number qf unknowns in, . angle between vectgr,,,,, andz-axis;

each OSMEI equation almost same as the electrical size of the scatgr(2) ,,_grder Hankel function of the second kind;

terer grows. N, =Q/2.
To further reduce the computation count of each integration in (2)

and (3), a rapid integral algorithm based on the FMM [6], [7] is imple-

mented as follows.

Assuming thap; andp;- are the field point and source point, respec- Using the new metrons in (6) and the FMM in the OSMEI method,
tively, we have the computational speed is significantly accelerated for the scattering

of 2-D large conducting objects. Fig. 2 shows the comparison of
the number of metrons required for the new metrons and sinusoidal
piit =pi = pir = i = Pt P = P P = P metrons. It shows that the number of metrons can be reduced at least
= pmm’ + (Pim = Pirm’) (8) two orders of magnitude for the large object scattering. In Fig. 3, the
comparison of the central processing unit (CPU) time as a function
wherep,, andp,,. are the centers of theth andm'th groups, which of the number of unknowns is plotted. It can be seen that the number
pi andp;, belong to, respectively. Then, using the addition theorem of new metrons and the CPU time are dramatically reduced. The

IV. NUMERICAL RESULTS
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Fig. 4. Comparison of the current densities by the current approach and FMM

for an elliptical cylinder illuminated by a®0TM plane wave incidence. The . ) .

major and minor semi-axis ads A and22 \, respectively. Abstract—An efficient strategy is proposed to solve linear systems
encountered when method of moments (MoM) and wavelet expansions

are used. It exploits a high-performance matrix bandwidth reduction

. . . Igorithm so that it can be taken advantage of direct banded solvers,
CPU time for this new approach is about 25% less than that of {ii-h have a more favorable computational complexity with respect to the

FMM with iteration method and about one order of magnitude lesgpically used iterative sparse methods. Speedups of up to seven have been
than that of the sinusoidal metrons with general integral methods.eKperienced with respect to standard iterative sparse solvers.

an improved FMM version [8] is used, the CPU time can be further ,qex Terms—Electromagnetic scattering,

saved. Fig. 4 shows the comparison of the surface current densities\ayelet transform.

the current technique and the FMM for a large conducting elliptical

cylinder with45 A major semi-axis and2 A minor semi-axis under0

TM plane wave incidence. The agreement is very good. It should be . INTRODUCTION

emphasized that only the integration part rather than the iteration parfn the past few years, the use of wavelet expansions in the solu-

of the FMM is used in the OSMEI method to accelerate the integratigign of electromagnetic problems has become more and more frequent.

process. Wavelet expansions have been introduced, for instance, in conjunction
with the method of moments (MoM) discretization of integral equa-
tions, in order to solve scattering problems with large-scale scatterers

V. CONCLUSION (thus, containing a variety of length scales with respect to wavelength)

method of moments (MoM),

A novel metron set for on-surface MEI (OSMEI) has been proposed.
Far fewer metrons are required for calculating the MEI coefficients.
The fast multipole procedure has been implemented to speed up the ifManuscript received April 8, 1999; revised December 8, 1999.
tegration. The numerical examples show that the speed of the current Tarricone_ is with the Di_partin_ﬁento Inge_ner@a Elettronica e Informazione,
approach is faster than that of the FMM with the iteratiqn methOd' é.3l\}lyallauireullgi’liilvl\}i{;lrl\ytrgi-g%&rﬁ?r%%%?i%ﬂ?éﬁégé Informazione, Politecnico
hope that the new metrons can be extended to three-dimensional sgalfilano, 20133 Milano, Italy.

tering problems. Publisher Item Identifier S 0018-926X(00)07744-9.
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TABLE |
PERFORMANCE OFSEVERAL BRA ALGORITHMS. MATRIX SIZE ('), INITIAL AND FINAL BANDWIDTH 3, AND BANDWIDTH REDUCTION
TIMES IN SECONDS AREREPORTED FORTHREE DIFFERENT APPROACHES

Final B Times (s)

N |InB CMK TS WBRA CMK TS WBRA
72 60 42 38 24 0.05 1.4 0.06
162 | 147 31 40 16 0.27 7.9 0.24
246 | 230 54 170 21 0.69 14.8 0.51
503 | 491 62 294 41 29 138 1.6
870 { 852 77 Not avail. 49 19.3 Not conv. 2.1

1003 | 984 80 Not avail. 63 32.7 | Notconv. 3.6

[1]-[5] or to analyze slot-apertures [6], microstrip floating line struc- Several BRA have been proposed till now in the literature [13],
tures [7], as well as to study two-dimensional (2-D) and three-dimehut their performance was not attractive so that their use could have
sional (3-D) dielectric structures [8], [9]. They have also been intr@ substantial impact on the efficient solution of very sparse systems
duced in a boundary element method (BEM) to evaluate properti®sch those encountered in wavelet/MoM matrices. Moreover, all those
of multiconductor transmission lines in multilayered media [10] or tmethods were not able to deal with asymmetric matrices, which must
study scattering problems [11]. be managed when compact-support wavelets are used [1], [2], [8], [9].
The above mentioned papers, which represent just a small and partidlhe authors have recently developed a new BRA, specifically de-
overview of the several possible applications, propose different useged to handle MoM-like matrices, outperforming previous BRAs,
of wavelet functions (as in these papers, both othonormal and seamd also able to solve both symmetric and nonsymmetric problems
orthonormal spline wavelets are used [4], as well as multiresolutifhd]. The approach [labeled herein as wonderful (W)BRA] is based
and compact-support functions [8], [9] or more standard local-support a matrix representation with ajacence graplil3] and is an ef-
functions [Daubechies, Coiflets, etc.]). fective revisitation of an old-fashioned approach by Cuthill and McKee
Anyway, a common key issue for the majority of applications is thEeCMK) [15]. WBRA has been discussed into details in [16] and the in-
derivation of very sparse and well-conditioned linear systems, repterested reader can also find fragments of code therein, implementing
senting the numerical core of MoM approaches [8], [9], [12]. it. WBRA's performance are reported in Table |, where some results are
The moment matrix sparsity allows the use of very efficient iterativgiven comparing it with respect to a commercial CMK implementation
sparse solvers and the good condition number guarantees a low nunalvailable in Matlab and a combinatorial iterative heuristics called tabu
of iterations to converge, with a consequent dramatic improvementsgfarch (TS) [17]. In Table | the initial and final bandwidth (before and
performance. after minimization) is shown, as well as computational times to per-
In this letter, we propose a method to make a further step in tham bandwidth reduction on an IBM 250T. Matrices are generated by
enhancement of numerical performance. In fact, up to now, once ti&ing a MoM package for the analysis of microstrip circuits described
moment matrix has been sparsified using wavelet expansions, it ragl2]. As apparent from Table I, the numerical complexity of WBRA
been assumed that iterative solvers are the best way to attack the lingaubstantially lower. In fact, if we le¥ be the matrix dimension, and
system solution. We demonstrate here that by means of appropriate tathe number of nonzero entries, WBRA needéM (log N) opera-
trix transformations, the use of a banded direct solver outperforms tins in the worst case, whilst the other approaches need atVéddt
iterative approach, especially when nonsymmetric moment matriagserations [16].
are attained after split testing procedures in presence of compact-supFhe efficiency of WBRA, as proved in Table I, reduces substantially

port functions [1], [2], [8], [9]. the time needed to evaluaf® and A, with a very small bandwidth
for A. This means that the use of WBRA and DBS can now be out-
Il. PROPOSEDSTRATEGY performing with respect to the ISS strategy and this is proved in the

. . . ) following section.
The alternative strategy to iterative sparse solvers (ISS) is the use

of a bandwidth reduction algorithm (BRA) in conjunction with a direct

banded solver (DBS). The BRA evaluates a permutation mRt(ixith lll. RESULTS
PPT = I) so that if we let We refer, for the proposed results, to a MoM discretization of a
mixed-potential integral-equation formulation for the analysis of planar
A=PTAP (1)  microstrip circuits, as described in [12]. The MoM matrices are trans-

formed in accordance with the use of Battle—Lemarie multiresolution
A is a banded matrix, with small (hopefully minimum) bandwidth expansions as described in [1], [2], [8], [9], thus attaining nonsym-
Therefore, ifP is known, the original systemdz = B can be trans- metric matrices when splitting and truncations are performed to comply
formed into with boundary conditions. A double-layer microstrip waveguide has

been studied, with different basis expansions, and different threshold

Az =B (2) valuesv; have been applied onto the moment matrices, so that values

having magnitude less than% of the largest entry are considered as
with z = PTz, andB = PTB. System (2) is banded and can bezeros. Of course, different approximations are attained on vaying
solved with very efficient direct banded solvers [13], whose computand errors have been estimated by comparing approximate results with
tional complexity depends quadratically on bandwiditrhis explains the correct result attained without any thresholding. Different thresh-
why the quality of the BRA, minimizing the sparse matrix bandwidtholds correspond to different matrix sparsities, as indicated in the second
plays a crucial role. column of Tables Il and Ill, wher# is sparsity. Tables Il and Il resume
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TABLE I
RESULTS FOR AMATRIX OF DIMENSION N = 250. COMPUTING TIMES (IN
SECONDY FOR WBRA+DBS STRATEGY VERSUSISS STRATEGY ARE
SHOWN, FOR DIFFERENT THRESHOLD VALUES, AND THE CORRESPONDING
MATRIX SPARSITY S AND SOLUTION ERROR DUE TO THRESHOLDING
EFFECTS FOR ISSTHE NUMBER OF ITERATIONS NEEDED TO CONVERGE IS
SHOWN IN THE BRACKETS

Solution Times (s)
v, S Error WBRA+DBS ISS 1]
(Num. Iter,)
2% | 99% 5.4% 0.08 0.09
(8) [2]
1% | 96% 2.4% 0.12 0.23
(17 (3]
0.5% | 91% 0.7% 0.21 0.48
31 [4]
(8]
TABLE I
RESULTS FOR AMATRIX OF DIMENSION N = 478. COMPUTING TIMES (IN
SECONDS FOR WBRA+DBS STRATEGY VERSUSISS STRATEGY ARE [6]
SHOWN, FOR DIFFERENT THRESHOLD VALUES, AND THE CORRESPONDING
MATRIX SPARSITY S AND SOLUTION ERROR DUE TO THRESHOLDING
EFFECTS FOR ISS THE NUMBER OF ITERATIONS NEEDED TO CONVERGE IS [7]
SHOWN IN THE BRACKETS
[8l
Solution Times (s)
v, S Error WBRA+DBS iSs
(Num. Iter.) (9]
2% 98% 4.8% 0.3 0.1
(an
1% 94% 2.1% 0.64 14 [10]
(14)
0.5% 88% 0.6% 0.8 6
(28) [11]

the results referred to two different cases of analysis of a double-laye[%zl
microstrip, using different numbers of Battle—Lemarie wavelet func-
tions. Different matrix sizesy = 250 and N = 478, respectively,

have been attained. Times are reported in seconds on an IBM 250 [‘]'3]
using a DBS and an ISS from LAPACK suite, so that the same stan 4]
dard of performance is guaranteed for both solvers.

As apparent from Tables Il and Ill, an appropriate value for thresh-
olding is 0.5%, so that the approximation error is smaller than 1%. IrhS]
this case, fotV = 250, a speedup of nearly 2.3 is achieved, when using
WBRA-+DBS with respect to ISS, whilst faW = 478 a speedup of
nearly 7.5 is observed. [16]

If nonorthogonal wavelets are used, the condition number of the
system matrix can be smaller than the one observed in the report 97]
examples. In such cases, the number of iterations for an ISS can grow
up substantially and the potential advantage of the proposed approach
can be further increased.

IV. CONCLUSION

In this letter, it has been proved that the use of iterative sparse solvers
is not the most efficient way to solve typical sparse linear systems en-
countered when multiresolution wavelet expansions are used in con-
junction with the moment method discretization of integral equations.
The use of a high-performance algorithm for sparse matrix bandwidth
reduction, developed by the authors and suitable also for nonsymmetric
cases, in fact, paves the way to the use of very efficient direct banded
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solvers, with a consequent dramatic improvement of performance. So-
lution times have been reduced up to a factor 7.5 with respect to the
standard solution via iterative biconjugate gradient sparse solvers.

The strategy is general, and similar conclusions can be achieved
when different wavelet functions are used combined with numerical
approaches similar to MoM.
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A Physical Interpretation of the Equivalence Theorem

A. J. Booysen

Abstract—A physical interpretation of the equivalence theorem is
presented. A simple example is used to show that the external and internal
equivalence cases are analogous to incident, reflected, and transmitted
wave problems in the geometrical optics sense.

Index Terms—Equivalence theorem.

|. INTRODUCTION

The aim of this letter is to present a better understanding of the mech-
anisms of the equivalence theorem [1, pp. 106—110]. This will be done
by means of a simple scattering problem, namely that of an electromag- (a)
netic plane wave normally incident upon a planar dielectric interface.

Consider first the general problem of sourdasand M in medium 3 E , H
(e1, pt1), illuminating an object with constituent parameters, (u2), M !
as depicted in Fig. 1(a). The equivalence theorem states that the equiv- r

alent current densities / -

Je1= 71 x Hy ey
M,  =—-n1 x By v

radiating in medium¢(, ), together with the sourcek; andM,
will produce the true fieldsty, H, external toS, and null fields in-
ternal toS [Fig. 1(b)]. The currents densitiesJ,1 and—M 1, radi-
ating in mediumdz, p2), will produce the true field&-, H within S
and null fields external t§' [Fig. 1(c)]. The true electric field in region
1 can be expressed as

Ei=E +E(n=1, T, M) ®)
where for the two-dimensional (2-D) case [1, pp. 98—100, 228-230]
E (n,, Jsl, Hsl) == —kn% / jslH(EZ)(kn'r) dS
S

+ ]%/ M x itHD (k,r)dS  (4)
S

andky, = 27 f\/fin€n,m = \/1n/€n. The true electric field in region
2 (internal equivalence) is given by

Ez = E (n = 27 _jsl-, _Hsl) . (5)

II. AN ILLUSTRATIVE EXAMPLE

Fig. 2 depicts a plane wave normally incident upon a planar dielectric
interface. Following [1, p. 55], the total electric and magnetic fields can ©

in the geometrical optics sense be expressed as ] )
Fig. 1. Equivalence theorem.

Etot = Et + Er (6)
Hio=H +H @ E =T /b3 (10)
where H = —Le_jklwﬂ (11)
. ) m
E =Mz (8) r="T2=m (12)
— 1 . T ’
" — _GJAHQ ) 2 +m
h . . .
The transmitted fields are given by
Manuscript received May 7, 1999; revised November 29, 1999. —t Fom A
The author is with Grintek Antennas, Centurion 0046, Republic of South E =(14T)™"2 (13)
Africa. =t 1 jhow o 1 ko s
Publisher Item Identifier S 0018-926X(00)07697-3. H = (=D g = (14 D)™y, (14)

0018-926X/00$10.00 © 2000 IEEE
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Employing the equivalence theorem, we tenclose the dielectric

interface by extending the upper and lower boundaries to infinity. On ﬁ ! too ﬁ !
S we place surface current densities l_ l_ i
. . <\ OE* el
731— nlx(il_iz) (15) = i O KAVAVAV, 2
M, =—n1 x (E1- E2). (16) E
i_'I r

In the actual problem the tangential electric and magnetic fields must
be continuous across the interface, resultindjn = 0 andM,; = (x /,y /) ’
0. If we now forceE, and H- to be zero in accordance with Fig. , \(xy=0)
1(b), these current densities reduce to (1) and (2), respectively. For an , :

observation pointa, y = 0) as shown in Fig. 25 = (2’ = 0, y'),
dS = dy’, and Region 2 (€,,1,) Region1 (€,,u,)
—o0

14 7
- Y-y R

i+
ot —ur  Sa—r Pt -2

f':

Fig. 2. Plane wave incident upon a planar dielectric interface
x .

y . " .

=— - g=ra+r,g (17
Va? +(=y')? Var+(=y')? In other words, in the external case the radiated field represents the

; ' . flected field. The total field is given by the sum of the incident field
Since the total fields at the interface are known, (1), (7), (9), and (1 i .
yiel(lj I ! wn, (1), (7). (9) ( and the reflected field. If we evaluate the integrals on the left-hand
side (region 2) of the external equivalence case; 0, r = —z, and
x/|x| = —1. Substitution of (23) and (24) into (22) now yields

Tu= 2 (1-T)s= 1141z (18)

m Tl_z

T

E (n =1, J.1, Hsl) R LS T ) (26)

Equations (2), (6), (8), and (10) similarly yield .
whereE" is given by (8). This resultis to be expected, since the radiated
M, ,=(1+0)g. (19) field has to cancel the incident field in the null field region.
For the internal equivalence case, the total electric field in region 2
For external equivalence, these currents are substituted into @)Fig. 2is given by (5). If we substitute equations (18) to (21) into (5),
which must yield the true electric field in region 1. Note that sifite the result is
is a plane wave normally incident upon a planar surfd¢e,andM 44 7 - —jkor
. .= 7 v JR2 N e
are constant o and can thus be removed from under the integrals inff (n = 2, —=Js1, —M,1) =4/ 87(1 + F)Z/ﬂ 7
(4). If we select the observation pointarge enough so that» > 1, 2 v
. i Iz - 67]k2r
we can employ the large argument (asymptotic) forms of the Hankel _ ]I (1+D)z | r. ds.
functions [1, p. 463] 87 s VT

as

(27)
(2) 2j e M o o
Hy” (kr) ~ [ (20) The true fieldE(n = 2, —Js1, —M41) is evaluated on the
v o left-hand side of the dielectric/air interface in Fig. 2, so that
Héz)(kr) ~j 2je”’ ) 1) z/|z| = —1,r = —z in (27). Substitution of (23) and (24) into (27)
ka /r results in
Substitution of (20), (21), (18), and (19) into (4) yields E(n=2 -Ja, -Myu)=(1+D)*"2=E"  (28)
=T W N Jk1 L eIk whereE' is given by (13). The radiated field thus represents the trans-
E(n=1Ju, Ma)=- g 1Dz s ST ds mitted field in the case of an electromagnetically transparent object. In
i C mikr region 1 we have:/|x| = 1, which when substituted into (27) results
Ve (1+D)z [ 7. ds. i i :
+ S (1+ )Z/S7 NG S in a null field, as expected
(22) [1l. CONCLUSION
The integrals in (22) have the stationary phase (asymptotic) solution8y means of a very simple scattering example, it was shown that
[2] the mechanisms of the equivalence theorem can be directly related to
. more “physical” quantities in the form of the incident, reflected and
ok 15~ /Q%np_,;'(w/4)p—,jz~,~ (23) transmitted fields. In the external equivalence case, the total field is
s T k- ' given by the impressed (incident) field plus the scattered (reflected)

field. The medium is that of region 1 in the original problem and by
forcing the field in region 2 to be zero, we have conveniently created
surface current densities which relate to the “external” problem only.

In region 1 of the external equivalence case> 0, » = 2 and Intheinternal case, there are no impressed fields and the radiated fields
x/|z| = 1. If (23) and (24) are substituted into (22), equation (103orrespond to the transmitted fields. The medium is that of region 2 in
results, i.e., the original problem. In this case the convenient selection of the fields

in region 1 to be zero has allowed us to express the surface current

(25) densities in terms of the internal fields only.

—jkr
’ @ 2 ey i (24)

~ —

" e
ry——dS

- v =T

E (n = 11 J-‘ila Msl) = I‘(j_j"‘mr% —E.
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Single-Feed Dual-Band Planar Inverted#' Antenna with w ° < - e
U-Shaped Slot FEED
y
Pekka Salonen, Mikko Keskilammi, and Markku Kivikoski

Abstract—The development of small integrated antennas plays a signifi-
cant role in the progress of rapidly expanding wireless communication ap- v
plications. This paper describes a novel dual-band planar invertedf” an-
tenna (PIFA) for wireless local area network applications. The proposed
PIFA uses single feed only. A novel top-plate geometry, a U-shaped slot, is . ) : : :
discussed. An example is given for this novel slot shape for frequency bands Zhga'l_éém;r%?&ate geometry configuration of single feed U-shaped slot
of 2.4 and 5.2 GHz. Simulation based upon method of moments (MoM) is '
used to model the performance of the antenna. Comparisons with results
measured on fabricated antenna structures are provided for simulations TABLE |
validation. TRENDS OFRESONANT FREQUENCY AND INPUT IMPEDANCE AS AFUNCTION OF

THE GEOMETRICAL PARAMETERS OF THEU-SHAPED SLOT DUAL-BAND PIFA

Index Terms—Antennas, dual-band antennas, handset antennas, printed
antennas, slot antennas, wireless communications.

|. INTRODUCTION

The rapid progress in wireless communications promises to make
interactive voice, data, and video services available anytime and any-
place. Wireless communication systems come in a variety of different
sizes ranging from small hand-held devices to wireless local area netver resonant frequency, which can be approximated by the formula
works. The integration of different radio modules into the same pie¢4]
of equipment has created a need for dual-band antennas.

c

Good results for dual-band operation have been achieved with planar fio = m (1)
inverted+" antennas (PIFA) for portable handsets, reported in [1]-[4].
In[1] a capacitively coupled load and feed method was studied in ordehere
to reduce the size of the PIFA. The dual-band operation was a major: velocity of light;
concern in [2]-[4]. Dual-band operation was achieved with parasitic! andw length and width of the radiating element;
inverted{. elementsin [2] and with etched slots in the radiating element fio lower operating frequency.
in [3] and [4]. The slot in the radiating element gives a more compathe upper resonant frequency for a U-shaped slot PIFA can be deter-
design for the antenna and, thus, space—volume is saved. mined approximately from (1) in which lengthand widthw are re-

In this paper, we describe a new dual-band internal antenna for wipgaced byl, andws, respectively, as shown in Fig. 1. For the upper
less communication systems. The basic idea is to combine the geofmequency band (1) gives a slightly lower frequency value compared to
tries used in [2]-[4] with single feed only. A design example of aimulations and experiment.
dual-band PIFA which has a new U-shaped slot is given for frequen-This dual-band antenna has almost the same size as a single-band
cies of 2.4 and 5.2 GHz. This antenna is fabricated and the measup&har invertedt’ antenna operating at the lower frequency band. The
results are compared to simulations. radiating element was grounded by a shorting strip at its corner and fed
near the shorting strip using coaxial cable. The antenna impedance can
be easily matched to 5Q by controlling the feed position from the

] ) ) shorting strip.
A new configuration of dual-band PIFA, having a U-shaped slot on

the radiating patch is presented. The geometry is shown in Fig. 1 for
the U-shaped slot. The lengtland widthw of the PIFA determines the

II. ANTENNA GEOMETRY

Ill. PARAMETER STUDY

The sensitivity of resonant frequencies and input impedance to the
geometry was studied for four parameters that were found to have
the most critical influence. The values for the input impedance were

Manuscript received July 7, 1999 revised February 9, 2000. specifieo! as the fre_quency bandwidth in_which the voltage standing
The authors are with the Inétitute (;f Electronics, Tampére University of Techave ratio (VSWR) is less than 2: 1. In this paper, the_methqd of mo-
nology, 33101 Tampere, Finland. ments (MoM) has been used to allow modeling and simulation of the

Publisher Item Identifier S 0018-926X(00)07698-5. dual-band antenna.

0018-926X/00$10.00 © 2000 IEEE
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Fig. 2. Return loss of the U-shaped slot PIFA as a function of gap width in whicandG2 are equal length. Increase@il andG?2 lowers the upper resonant
frequency and null depth of the return loss. All other dimensions are fixed.
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Fig. 3. Measured and simulated return loss.

The most critical parameters controlling the resonant frequenciestbé lower resonant frequency and it remained at 1.2 GHz. The matching

a dual-band U-shaped slot PIFA are summarized in Table I. of the upper frequency can be controlled by the slot widthsand
1) W—uwidth of radiating element. G>. The gap widthGGs is a compromise of input impedance because
2) L—length of radiating element. increase iG> tunes the lower frequency inputimpedance and mistunes
3) W,—width of inner radiating element. the upper frequency input impedance, which as in Fig. 2. However, the
4) L,—length of inner radiating element. best results in terms of input impedance matching are obtained when

To understand the operation of our design we begin with a convdfe gap widthss, andG» are equal.

tional PIFA (with the slot is removed) using air dielectric with dimen- This parameter study shows that for dual-band PIFA with U-shaped
sions(l, w) = (40, 25) mm, heighth = 10 mm in which a shorting slot both frequencies can be determined independently. This makes

strip of width w.wore = 9 mm is located at one end of the plate aghe design procedure much simpler compared to dual-band PIFA with

shown in Fig. 1. The coax feed is connected directly to the top plate/atshaped slot.

the same edge as the shorting strip. The distance of the feed location in

the middle of the top plate is also shown in Fig. 1. The resultant reso-

nant frequency from the method of moments (MoM) simulations is 1.2

GHz, which agrees quite well with equation (1). To this conventional A dual-band antenna prototype was designed using U-shaped slot

PIFA a U-shaped slot is added to determine its effects on the reson@mology with the results in Section Il for frequency bands 2.4 and

frequencies and the bandwidth. 5.2 GHz. In order to characterize the antenna an HP8722D network
The dimensions of the slotafe = 27 mm, W, = 11 mm,Ls; =8 analyzer was used to measure the input return loss of the antenna as a

mm and& = 2 mm. The addition of the U-shaped slot had no effect ofunction of frequency.

IV. EXPERIMENTAL VALIDATION
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The antenna was fabricated by etching the slot figure on a top plai2esign of a Minimum-Loss Series-Fed Foldable Microstrip
of 0.2-mm-thick copper and soldering it on a copper groundplane with
a length of 180 mm and a width of 95 mm. The shorting strip dimerfS. G. Christodoulou, P. F. Wahid, M. Riad Mahbub, and M. C. Bailey
sions were height 9 mm and width 3 mm. It should be emphasized here
that the etching process was not accurate, which caus_,ed ?rrors .to the di_bstract—The design and analysis of a series- fed, low-loss, inverted mi-
mensions of the fantenna. Thus, the O.2-mm change in dlmens!ons m@trip array antenna, operating at 1.413 GHz is preéented. Tt’1e array an-
the effect of altering the resonant frequencies. Also, the bandwidths@fna is composed of two subarrays consisting of an equal number of mi-

the antenna depend on the size and the shape of the groundplane, whigrip patches connected together through a series microstrip line. The
is not optimized for these frequencies. subarrays are coaxially fed 180 out of phase. This approach ensures a sym-

The dimensions for the U-shaped slot dual-band PIFA diere 15 metric radiation pattern. The design approach for obtaining a low sidelobe
ratio and a low loss microstrip array is accomplished using the IE3D code.

mm,W = 12.5mm, L, = 10.85 mm, W2 = 4.2mm,G1, G2 = 1.4 Experimental and simulated data are presented and discussed.
mm andL; = 1.25 mm. The measured and simulated return loss of

the U-shaped slot PIFA is shown in Fig. 3. The bandwidth of the lower "dex Terms—Microstrip arrays, spacecraft antennas.

resonant frequency is 230 MHz (9.6%), which agrees well with the

siml_JIations. However, the nl_JII d_epth is only half of that in the sim- I. INTRODUCTION

ulations because of the fabrication inaccuracies. The upper resonant ) ) ) ]
frequency is slightly shifted up for the same reason. The null depth and®ne of th? b_a5|c requirements of a rgdlor_neter antenna Is to ha_ve
the bandwidth 130 MHz (4%) agrees well with the simulations. Thi¢€TY low radiation losses in order to maintain a desired radiometric
slot configuration is versatile for most wireless communication appfiésolution. In space applications, portability of the antenna is another
cations as for bandwidths. The lower frequency bandwidth is enougfduirement that must be satisfied. In this letter, these requirements are

e.g., for GSM or DCS, and the upper band is enough, e.g., for Biu@ddressed through the design of a series-fed, foldable and inverted mi-
tooth, which is not possible withi-shaped slot PIFA. crostrip antenna array. This design minimizes the path length between

the elements and, thus, minimizes ohmic losses [1], [2]. This reduction
of losses makes the series configuration very attractive for radiometer
applications. The inverted microstrip configuration is chosen because
This letter focuses on the development of a dual-band planar ifprovides less dispersion and dielectric losses than the conventional
verted+’ antenna using a novel top plate geometry. Series of simulgicrostrip [3]. For the same characteristic impedance, substrate thick-
tions were used to investigate how different physical parts of the newss, and for a comparable air gap, the attenuation due to conductor
U-shaped slot PIFA affect the input impedance, bandwidth, and resgss (usually the dominant loss mechanism) is improved by a factor
nant frequencies of the antenna. For the U-shaped slot PIFA both giaypically two to three [4]. The microstrip patches are supported by
lower and upper resonant frequency can be determined independentishacell foam material to reduce possible dielectric losses. The total
which makes the design procedure simpler comparddsbaped slot  antenna is composed of two subarray antennas, each consisting of an
PIFA. The bandwidth of this antenna for the lower resonant frequenggual number of rectangular microstrip patch elements in series. The
was 9.6% and for the upper resonant frequency bandwidth 4%. Tdgbarrays are fed 18®ut of phase and an inverted ground plane is
wider bandwidth on the lower band of the U-shaped slot PIFA togethgsed to reduce radiation losses. This design yields low radiation losses
with the easier design procedure makes it more versatile in wirelegsd a radiation pattern with a narrow beamwidth and low sidelobes. A

applications compared tb-shaped slot PIFA. comparison between the measured and simulated data is presented and
The results and design details on the antenna presented here cagidigissed.

used as starting points for engineers interested in utilizing low-profile
dual-band planar invertef-antennas in new wireless communications
systems.

V. CONCLUSION

Il. DESIGN PROCEDURE

The first step is the determination of the dimensions of a single in-
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where
8 Fourier transform variable;
€o permittivity of free space;
d height of the superstrate.

The integration in the last equation is performed twice—once to find
C4, the capacitance per unit length of dielectric covered antenna, and
once to calculat€’,, the capacitance per unit length with no dielectric

The antenna with the two subarrays having three patches in each afayer present.

3) Optimization of the Array DimensionsOnce the parameters of
the single patch have been determined the array is assembled and opti-
mized for best match in input impedance (for a uniform array design).
The patches can be connected with straight, curved, or zigzagged in-
verted microstrip lines depending on the cross-polarization and side-
lobe requirements. This particular array, designed for uniform excita-
tion, yielded undesirable grating lobes when straight transmission lines
were used. To reduce the size of grating lobes a curved microstrip line
was used to make the connections between the patches. Thus, the phys-
ical distance between the patches was less a2, but the actual
electrical length was stilk, /2 as shown in Fig. 1. This configuration
yields a very small cross-polarized component (of the order3if dB)
[5]. In this particular antenna, the substrate thickness of the inverted
dielectric was 5 mil with a dielectric constant of 3.0. The “rohacell”
thickness was 12.7 mm with a dielectric constant of 1.08. The patch
dimensions weré = 92 mm,W = 80.10 mm, (first patch).L = 103
mm, W = 87.10 mm (second patch), anl = 128 mm, W = 104.1

Fig. 2. Geometry of one foldable antenna (one half of the array). The grountin (third patch). The distance of separation between patches was 58.7

plane is shown in its folding position.
where,Al =capacitive cutback factor given by

Al =0412H x (. + 0.3)(W/H — 0.2674)

X (2. — 0.238)"" (W/H 4+ 0.8)™" 2)
with ¢ = speed of lightF» = patch resonant frequeney,, = effec-
tive dielectric constant of the patch without dielectric cover= ef-

fective dielectric constant of the patch with dielectric coveg: patch
length, W = patch width,H = substrate thickness, ah@ =variation

mm with the first patch being fed by coaxial line.

4) Foldable Array Design: For convenient portability of this an-
tenna it was designed to allow it to be folded at several locations along
the array. The folds had to be designed without introducing any dis-
continuity in the inverted patch. The geometry of the foldable array is
shown in Fig. 2. The ground plane was bent at specific locations by
using thin metallic tape at those locations. The discontinuities in the
ground plane were simulated as tiny perforations along the lines where
the metallic tape was introduced.

Il. RESULTS

in resonant frequency. The optimum width of the microstrip antenna jsUSing the IE3D simulator [6] both the unfolded and folded array con-

given by

W=cx(2-Fr) ' x[(e+1)/2]"% 3)

figurations were simulated and compared to measured data. The input
impedance of each of the foldable subarrays was ¥5a&hd that of

the unfolded subarrays was 668Xat a frequency of 1.413 GHz. The
measured values of the input impedance were 59.1& the foldable

2) Calculation of the Effective Dielectric ConstanThe effective arrays and 54.6 for the unfolded arrays. The simulated return loss
dielectric constant of a dielectric covered patch antenna is given by [8&s calculated as 17 dB and the measured loss wag3.69 dB for

Ee = Cd/Oo (4)

where(C', =capacitance/unit length without dielectric layer arid=
capacitance/unit length with dielectric layer.

the unfolded antenna. For the foldable antenna, the simulated and the
measured return loss werel2.6 dB and-21.0 dB, respectively. The
simulated and measured radiation patterns are shown in Figs. 3 and 4.
Fig. 3 shows a comparison between the simulated and the measured
patterns of the unfolded antenna shown in Fig. 2. Fig. 4 shows the ef-
fects of the frequency change on the radiation patterns of the foldable

The capacitance per unit length of the dielectric-covered microstrip o na

lines is

1 1 o0
—_=— 1.6
C  d4rwe, /0 <

X |:cos(ﬁW'/2H) —

sin(3W/2H)

ATV —2
~gwrem 2.4(BW/2H)

2sin(4W/2H)
(3W/2H)

—2
+sin®(BW/4H) x (,mf/dlﬂ)—?D

o <|: £q1 X tanh(Bd/H) + 1
7l

—1
e coth(B)| ) dp
oo tanh(pa/H) oot )D

(5)

IV. CONCLUSION

The design of a series fed microstrip array antenna using the IE3D
simulator is presented and discussed. The optimization starts with the
determination of the correct dimensions for one patch and then the
building up of the array so that the input impedance is matched to a
desired value. The patches dimensions are varied so as to obtain a cer-
tain sidelobe ratio and bandwidth. Care was taken in designing the dis-
tance of separation between adjacent patches in order to reduce any
grating lobes. In the present design, curved microstrip lines are used to
feed each adjacent element instead of a straight microstrip. The level of



1266 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 8, AUGUST 2000

5+ — Radpat_Measured
— Radpat_Simulated

~10

-15

N
-20

Relative Power ( dB )

~30

~35

—40
~180 144 —108 72 ~36 0 36 72 108 144 180

Angle ( Degree )

Fig. 3. Comparison of simulated and measured radiation pattern for the unfolded array at 1.413-Bldad cut).
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Fig. 4. Measured radiation pattern for the foldable array at different frequengigdafe cut).

grating lobes diminishes significantly, without producing any signifiines was also carefully chosen to limit the ohmic losses along the an-
cant level of cross polarization. The width of the connecting microstripnna and, thus, the total radiation losses.
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Fig. 1. Geometry of the monopole loaded by a dielectric hemisphere.

very easily. It is worth mentioning that for this particular configuration,
all TE modes of the dielectric hemisphere vanish and only TM modes

General Solution of a Monopole Loaded by a Dielectric ~ ¢&n be excited.
Hemisphere for Efficient Computation
Il. THEORY

K. W. Leung The configuration is shown in Fig. 1. A monopole of lengtand

radiusr; is located at the center of a dielectric hemisphere of radius
Abstract—A simple result for the general solution of a monopole loaded and d'e_lecmc constant.. In th_e following forr_nulahon; anFiz/ refe_r
by a dielectric hemisphere is presented. The result can be calculated to the field and source coordinates, respectively. To begin with, image
without the need for any numerical integration and, thus, it is computa-  theory is used to obtain the equivalent problem of a dipole embedded
tionally very efficient. In addition, the result is very easy to implementand  jside a dielectric sphere. Dendi#z, =') as the Green’s function for
should be useful to the design engineer. . ) ’ L . .
thez-directedE-field due to a point current along theaxis. Using the
Index Terms—Dbielectric antennas, monopole antennas. result of [3], we have, for a thin monopole (< 7 andkr, < 1)

I. INTRODUCTION _; 2 U\ p—ikR
In antenna designs, a dielectric loading can be added to change the we 4Rt drwek

antenna characteristics, such as the impedance, bandwidth, and radi- 1
ation patterns [1]. It can also be used to provide insulation with the 2
external medium [2]. There are many shapes of dielectric, but only the
spherical one is convenient for an exact analysis [1], [2]. A rigorous
solution of a monopole loaded by a dielectric hemisphere can be found

in [3], where the exact Greens function was found analytically usinghere
the mode- matching method. In using the method of moments (MoM)

to find the probe (or monopole) current [3], it is required to evaluate (2107 N7 (2) g — () 7 N (2
the quadruple integrals for the impedance matrix elements. Although!™ = _LH? (k“)ﬁﬂf\ (koa) = ‘/:AH” (L‘fl‘)f[” (koa)]
the quadruple integrals can be reduced to double integrals by using the T/ (ka)HS? (koa) = /27T (ka) H (koa)
thin-wire approximation, considerable computation time and program-

ming effort are still required to calculate the integrals numerically. I the reflection coefficient at the DR  boundary,
practice, the design engineer should prefer a simpler result that cargpe- |, /-2 1 (> = 2)2, andk = ,/Z k0. In (1) and (2),/.(«) and
implemented easily and calculated quickly. Lew@l. [4] employed  f7(2) () are the Schelkunoff-type [3] spherical Bessel function of
the single-mode theory to obtain a simple result for a probe along i first kind and Hankel function of the second kind, respectively,
axis of a dielectric hemisphere. The result, however, is not general 3, of them of ordern. By enforcing the boundary condition
is only limited to frequencies around the TM mode of the dielectric ¢ the total E-field vanishes on the (equivalent) dipole surface,
hemisphere. In this letter, the general solution of a monopole along e integral equation for the dipole current is obtained. The
axis of a dielectric hemisphere is presented. The result does notinvo\ygnv with the Galerkin's procedure is used to solve the dipole
any numerical integration, and, thus, the computation is extremely fasirent. The current is first expanded &) = SN L fa(2),
Furthermore, the expression is rather simple and can be implemenjgghre 7, (-) is a piecewise sinusoidal (PWS) function given by

oo

Z n(n 4+ 1)2n + Dat™ g, (k2')J, (kz)

n=1

@)

)

fo(z) = [sink(d — |z — z4|)]/sinkd for |z — z,] < d and
fq(z) = 0 otherwise, withz, = —I + ¢d andd = 2{/(N + 1).
Manuscript received October 6, 1999; June 14, 2000. This work was sUfhe unknown expansion coefficienls’s are solved via the matrix
pRoergt]ieglnbthrtlitra];?EfgjeérgtthOZ%TS%ouncil of the Hong Kong Special Admi”is"atié?]uation[Z; + Zlffl][L,] = [£,(0)], WhereZIf; and Z}{g are the
The a’uthor is with the Department of Electronic Engineering, City Universit&/mDEd"’““Ce integrals associated with the_ first term (partlcmar_ solution)
of Hong Kong, Kowloon, Hong Kong (e-mail: eekleung@cityu.edu.hk). and second term (homogeneous solution) of (1), respectively. The
Publisher Item Identifier S 0018-926X(00)07700-0. efficient evaluation of the impedance integrﬂﬁ; was discussed in

0018-926X/00$10.00 © 2000 IEEE
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a=12.5mm,z, = 9.5, = 5.0 mm,r; = 0.63 mm, andN = 5.

[5] and is not duplicated here. Instead, we will concentrate orzﬂje
integral, which can be written as

H 1 — ‘ ™
Gl — ;jl n(n+1)(2n + Do, An(p)An(e)  (3)
where, fori = p, ¢
, i1 I, (kz) sink(d — |z — =)
A1) = - . - ~dz
(@) /Zi*l z2 sin kd ! “)

To evaluateA,, (i) analytically, the absolute sign of the PWS func
tion is first removed by breaking (4) into two integrals. Next w
apply the identitysin k[(d £ z;) F z] sink(d £ z;)coskz F

cosk(d + z)sinkz to the integrals. Then the crucial step is to

integrate [.J,, (kz)/z%] cos k= and [J,.(kz)/z*]sinkz. To do this,
we first note thatos %z andsin kz can be alternatively written as

—Yo(kz) and.fo(kz), respectively. Then based on an integral formula 2]

for a product of two cylindrical Bessel functions, (¢), B.(t) [6],
the following integral was derived:

/ Au®)Bu(t) o
fZ
) 1
T (ntm+41)(n—m)
(A )Bae)
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where, fori = p, ¢

1

Lo(i)y =" AG)Tu(kuij)

j=—1

@)

with u;; = =14 (i +j)d, A(£1) = 1,andA(0) = —2 cos kd. It can

be proved that the result of [4] is only tle= 1 term of (6). Note that
Z{fg now does not involve any integration and, thus, the calculation is
extremely fast. Moreover, implementation of (6) is very easy. The only
care that has to be exercised is that may be zero for somg j, at
which.J,, (ku;;) = 0. Thereforey,; should be checked in the program,
as the (backward) recurrence formula fox(.:) cannot be used when

2 = 0. Now the overall solution is computationally very efficient, as
he other impedance integrﬂfq, can also be calculated without the
need for any numerical integration [5]. Aftéy’s are found, the input
impedance can be obtained by simply usifig = /3 ZQ’:I L. f.(0),
wheres = 1 for the equivalent dipole configuration and 1/2 for the
original (monopole) configuration.

lll. RESULTS

In this letter, five current expansion mode$ = 5) were used in the
calculations. Fig. 2 compares the present theory with the rigorous solu-
tion [3] and the previous simplified theory [4]. It is seen that excellent
agreement between the present and rigorous solutions is obtained over
the whole frequency band. In contrast, the previous simplified theory
is valid only in the low-frequency portion, as expected. The programs
were run on a SUnSPARC 20 Model 612 workstation. It was found that
for the present theory the average computation time for a frequency
point was only 1 ms, whereas it took a few seconds for the rigorous
theory. Other values dof, =,., anda were used and, in all cases, the
present theory was in excellent agreement with the rigorous theory. The
results, however, are omitted here for brevity.

e

REFERENCES

[1] J. E. Wheeler and R. D. Nevels, “Reflection and transmission properties
of annular slot covered by dielectric hemispheRrgc. Inst. Elect. Eng.
pt. H, vol. 136, pp. 59-63, Feb. 1989.
R. W. P. King and G. S. SmittAntennas in Matter Cambridge, MA:
MIT Press, 1981, ch. 10.
K. W. Leung, K. M. Luk, K. Y. A. Lai, and D. Lin, “Theory and exper-
iment of a coaxial probe fed dielectric resonator antenfzEE Trans.
Antennas Propagatvol. 41, pp. 1390-1398, Oct. 1993.
K. W. Leung, K. W. Ng, K. M. Luk, and E. K. N. Yung, “Simple formula
for analyzing the center-fed hemispherical dielectric resonator antenna,”
Electron. Lett, vol. 33, pp. 440-441, Mar. 1997.
R. C. Hansen, “Formulation of echelon dipole mutual impedance for
computer,”IEEE Trans. Antennas Propagatol. AP-20, pp. 780781,
Nov. 1972.
[6] G. N. Watson,A Treatise on the Theory of Bessel Functiogad

ed. Cambridge, U.K.: Cambridge Univ. Press, 1944, p. 134.

(3]

(4]

(5]

- |:f/in+1(z)Bm(Z) - -471 (Z)Bm+1 (3)] } (5)
where A, (t) = /7t/24,10/2(t) and B,.(t) = /7t/2
Bya/(t) denote any two Schelkunoff-type spherical

Bessel/Hankel functions and # m. Since the order off,, (k=) in

G(z, =') starts fromn = 1, it is always unequal to those &% (k=)

and.fo(ksz). Therefore, the condition that # m in (5) is satisfied in
the present problem. After tedious manipulation, the resuE]ﬁfis
found to be surprisingly simple

2n +1
(n+1)

Zpy = aML.(p)La(q)  (6)

k 1
drwe  sin’ kd Zl n
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Building Material Characterization from Complex do
Transmissivity Measurements at 5.8 GHz “ S —

: Free space I:

Abstract—In this letter, an improvement of the well-known internal mul- : set-up
tireflection model of transmission coefficients is proposed in order to ob-
tain better agreement with complex measured data. The reason for the
introduced changes is explained. To obtain the data, measurements were :
performed at 5.8 GHz using a vector network analyzer, which provided : ' Material
information on the amplitude and phase of the transmission coefficient. : under test
By comparing the model and measurements, both the real and imaginary
parts of the material complex permittivity were estimated for four different

building materials. :
Index Terms—Dielectric materials, electromagnetic scattering, permit- ::

|
\
tivity measurement, urban propagation. 1

Ifiigo Cuifias and Manuel Garcia Sanchez

. INTRODUCTION

Wireless local area networks are expanding rapidly as a result of the
increasing demand on computer communications and the advances on ds
digital radio systems. Several frequency bands have been proposed for
use by these systems, including the 160-MHz band centered at a fr@- 1. Measurement system setup.
quency of 5.8 GHz [1], which is considered in this paper. Radio plan-

ning tools are usually employed to plan the deployment of these net-

works. The accuracy of these tools depends on the availability of go%%‘i?e ﬁrolfigatloan?hen, tthe matengl tshlab to be measutred was plafedd
electromagnetic models of the obstacles in the environment at the riically between both antennas and theé measurement was repeated.

quency of operation. The validation of the models requires measu e attenuation due to the obstacle as a function of frequency is ob-
ined by comparing both measurements.

ment data on radiowave propagation through building materials. TWéI der t that the incident and t itted Id
internal multireflection model [2] has been widely used for this pur- ' O'@€r 10 ensure that Ine incident and transmitted waves cou

pose during recent years, but it has been only compared to amp”n\?v%approxmated as plane waves the antennas were placed 5 m apart,

measurements. ich is larger than twice the far field distance. The directivity of the
The measurement system used to obtain the results presented in%m

paper is based on the “free-space” technique [3]-[5] that provides ©

formation on amplitude and phase of the transmission coefficient.
A correction of the internal multireflection model is proposed i)

order to deal with the phase of the transmission coefficients. The md

ified model is then compared with the results of measurements at gggnpongnt was p!’esent [6]. ) . .
GHz. Following a similar process to that described in [3], the error in the

measurement was estimated to be betw£8r035 dB for the ampli-
tude andt0.7° for the phase of the transmission coefficient.

Four different types of materials were measured. Three of them, a

As described in [3]-[5], the measurement system consists of a vec?dp-m x 1.4-m x 5-mm crystal glass, a 2.5-m 1-m x 10-mm slab
network analyzer (VNA), an HP-8510-C, which can perfafsparam-  of chipwood, and a 2.6-nmx 1.2-mx 10-mm plasterboard panel, were
eter measurements of a quadripole connected between its two pdfiade of a single layer and did not exhibit any oriented structure. How-
from 45 MHz up to 50 GHz. This capability is used by the system tever, the brick wall, sized 7 mx 3 m x 105 mm was made of 25-cm
obtain the frequency response of the radio channel by connecting twdl0-cmx 7-cm bricks that had an oriented internal structure of air
identical standard 20-dBi pyramidal horns to ports 1 and 2 through fléxoles and were laid horizontally. The sample sizes were large enough
ible microwave coaxial cables (Fig. 1). Measuring S parameter to ensure that the 3-dB illuminated area, an ellipse with a major axis of
of such quadripole the frequency response of radio channel is obtai®dcm, falls within the limits of the slabs, thus reducing any diffraction
over a 160-MHz bandwidth at 5.8 GHz. To reduce the effect of tteffects on the edges of the samples.
thermal noise on the measurement, the averaging factor of the VNA is
set to ten.

A calibration was first performed without any obstacle between the

antennas, to measure the effect of cables, amplifier, antennas and fregjjce the transmission coefficient value is related to the electromag-

netic characteristics of the obstacle, the fit of a transmission model to
measured data leads to a good estimation of the electromagnetic char-
acteristics of the obstacle in the frequency band of interest.

Manuscript received October 26, 1999; revised April 1, 2000. This work was The classical multireflection model for the transmission coefficients

Su?ﬁgrtgﬁtﬁgrgp::‘e'sCvi?rllctﬁz g?éiﬁ;éi?7T'éclggl'£(?:;og'as Comunicacisikes into account both the incident field that crosses the obstacle di-

Campus Universitario s/n, Universidade de Vigo, E36200 Vigo, Spain. rectly, and other components that reach the opposite side of it, after
Publisher Item Identifier S 0018-926X(00)07701-2. being internally reflected between both interfaces [7]. The resulting

gnnas was enough to guarantee that just the direct signal through
material was being measured and any multipath due to any other
scatterer present in the environment was filtered out. This was verified
rpy obtaining the impulse response of each measurement through an
nverse fast Fourier transform (FFT) and checking that just the direct

IIl. MEASUREMENT SETUP

Ill. EXTENDED MULTIREFLECTION MODEL

0018-926X/00$10.00 © 2000 IEEE
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Fig. 2. Frequency and polarization dependence of the dielectric constant. (a) Brick wall. (b) Chipwood slab.

transmission coefficient for normal incidence (or, as it is known, trans- «

missivity), is classically enunciated, as in (1)

T B (1_[‘2)6*J"/€s‘dse*ﬂ'ds
s (1 _ rze—j»zks-ds6—2»(}-45)

where
ks propagation constant across the obstacle;

attenuation constant of the obstacle;

ds thickness of the obstacle;

r Fresnel reflection coefficient at the interface of free-space

and the material under test.

The numerator in (1) contains the information on the transmission of
the electric field across the obstacle, while the denominator is devoted
to the sum of the field components originating from the multireflection
inside the slab. This is depicted in Fig. 1.

@)
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the brick wall, which has an oriented internal structure, a polarization
dependence in the dielectric constant can be observed.

V. CONCLUSION

An improvement on the commonly used internal multireflection
model for transmission coefficients has been proposed and is used.
The modification includes the effect of the slab thickness on the
phase delay of the traveling wave. Using the proposed formulation,
it is possible to reach a complete electromagnetic characterization
from the amplitude and phase of the transmission coefficients. The
computed relative dielectric constants depend on frequency and on the
material. In the case of anisotropic materials, the dielectric constant

also depends on the polarization.

Material | Re{e,} | Im{&} | tan(8) | & (S/m)
Glass 5.98 -1.08 | 0.18 0.36
Chipwood 2.87 -0.50 | 0.17 0.16
Plasterboard | 2.21 - - -
Brick wall 3.00 -0.36 | 0.12 0.12
(2)
(1]
Material Re{s} | Im{g} | tan(d) | 6 (S/m)
Glass 6.06 | -1.07 | 0.18 0.35 [2]
Chipwood 2.88 -0.62 | 0.22 0.20 3]
Plasterboard | 2.02 - - -
Brick wall 3.58 -0.33 | 0.09 0.11 n
(&)
(5]

According to the measurement procedure, first the frequency re-[6]
sponse for the free-space situation is obtained and then the obstacle
is placed perpendicularly between both antennas and the measuremekf
repeated [8]. When measuring the free-space reference, the traveling
electromagnetic wave covers the distance between both antennas, by
when measuring the obstacle, the free-space distance is not the same,
because the obstacle occupies part of the space. As the thickness of the
obstacle is small compared to the total free-space distance, this hardl
affects the fit of the model to amplitude measurements. However, as
it is comparable to the wavelength, it has to be taken into account for
phase calculations. When amplitude and phase transmissivity measure-
ments are used, the model needs to be corrected, and the transmission
coefficient with normal incidence should be written as in

(1 _ I‘2)6*j'ks'dse*“'dsej'k'ds
T =

- (1 _ er—]-z-ks-dse—z-a-dsej-z-k»ds)

)

wherek is the propagation constant across the free-space and the other
parameters are the same as for (1). The model, including this correction,
gives better agreement with the measured complex data.

IV. RESULTS

A Newton—Raphson algorithm was used to find the electromagnetic
parameters that yield the best fit of measured data to the transmission
coefficient model [9]. The complex permittivity of the materials were
calculated as a function of frequency, for horizontal and vertical polar-
ization. The real (solid line) and imaginary (dash-dotted line) compo-
nents for the brick wall and the chipwood slab are plotted in Fig. 2. As
can be seen these parameters exhibit some frequency dependence.

The mean values of the relative dielectric constan}), losses tan-
gent(tan 6) and conductivity o) for all the materials are summarized
in Table I. Based on the calibration accuracy, the error for the dielec-
tric constant is below 0.5% and, for the loss tangent belog—*. For
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Impedance and Polarization Characteristics ofH and
I HI Slot Antennas

Bradley G. Porter and Steven S. Gearhart

Abstract—Slot antennas can be end loaded to tune input impedance for
use with active devices and to decrease overall slot length at a given res-
onant frequency. Cross polarization and impedance of end-loaded slots in
an H configuration are analyzed in this letter. For an H antenna of ap-
proximately equal height and width, D-plane cross polarization was found
to be —20 dB, and the resonant frequency decreased by 34% over a slot
with a length equal to the width of the . The cross polarization can be re-
duced with our new I H I configuration, which is introduced in this letter.
Impedance at the second resonance can be tuned over a range of 26€32

Index Terms—mpedance matching, loaded antennas, polarization, slot
antennas, spectral domain analysis.

|. INTRODUCTION

End-loaded slot antennas can be used to reduce the length of a slot
antenna without changing its resonant frequency [1]. Loading sections
can be used to impedance tune slot antennas to the match the feedline
or to match an active semiconductor device placed at the feed [2]. For
slot-coupled patch applications, end-loaded slots result in less back ra-
diation [3]. End-loaded slots are also suitable for large scanning angle
phased arrays in which interelement spacing must be smaller than is
permissible with conventional slot antennas [4].

If the end loading is symmetric, there is no cross polarization in the

ized operation [3]. However, it is important to recognize that there will

2

(@)

(b)

E-plane orH -plane. Hence, they have been considered for dual-polar- dI

be some cross polarization in tiie-plane ¢ = 45°) of end-loaded

slot antennas due to the perpendicular loading sections. In applications

where high-polarization isolation is requires Z0 dB) cross polariza-

tion due to the end-loaded sections cannot be ignored. This letter ana-

lyzes the cross polarization and impedance of the so-ca8lleditenna
for various end-load slot length&f( heights) and introduces the new

Y
!

—- a
e —— »X
L
-
()

I1H1T antenna which reduces the cross polarization and allows further

impedance tuning. Theoretical and experimental data are shown.

Il. THEORY

Adding conducting plates to the ends of a wire dipole anteapac-

Fig. 1. Slotantenna geometries cutin aground plane. (a) SIat (k) TH 1.

lll. RESULTS

In this section, we will compare calculated input impedance and

itively loads the dipole and alters its resonant frequency and resongjss nolarization levels of a regular slot antennafaslot antenna,
resistance [5]. Similarly, perpendicular slots connected to each end Qf@} the newf H T slot antenna. In addition, theoretical and measured

slotdipole antennanductivelyload it, and lower its resonant frequencyg g onant frequencies and resonant impedance are compared for all ge-
and change its resistance. In this letter, the case of inductive loading,8{atries considered.

slot antennas in a ground plane with free-space on both sides of
ground plane is considered.

th% 48-mm-long 4-mm-wide magnetic dipole slot antenna [Fig. 1(a)]
was constructed on a 0.25-mm woven glass substrate. End-loading slots

We use Galerkin’s method in the spectral domain with electric fieldo e cut as shown in Fig. 1(b). The woven glass dielectric was re-

basis functions in the slot region, which are piecewise sinusoidal
one dimension and square in the other in a manner similar to [6].
free-space Green'’s function is employed. Botandy electric fields
are considered for each slot region of tHeandI H I slots. Anz-di-
rected electric field basis function is sinusoidal in thdirection and a
y-directed electric field basis function is sinusoidal in thirection.

Manuscript received May 14, 1998; revised May 3, 1999.

tHoved from the slot region to reduce dielectric loading for better agree-
rent with the calculations which assume free space. The effect of the
thin dielectric was small anyway since its thickness was less than 0.4%
of a free-space wavelength. Coaxial cable delivered power to the center
of the slot for impedance measurements, which were taken with an HP
8722C Network Analyzer. Figs. 2 and 3 show excellent agreement be-
tween the network analyzer impedance measurements and the moment
method calculations. It is not surprising that the measured impedances
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pany, Sudbury, MA 01776 USA (e-mail: bporter@ieee.org).
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libration did not take into account the losses of the 13-cm-long feed
coax. Similar losses accounted for lower measured peaks in the recent
literature [7]

0018-926X/00$10.00 © 2000 IEEE



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 8, AUGUST 2000

1273

oo = _ ! ' ] TABLE |
r B CALCULATED AND MEASURED RESONANT RESISTANCE AND SECOND
9200 T RESONANCE CALCULATED PEAK D-PLANE CROSSPOLARIZATION LEVEL
700 - measured N (L=48mm,w =t =4mm,a =1 mm)
a L = —8 Calculated ]
~ 500 — =
3 - . arm Resonant Second Peak
N 300 - T length Resistance | Resonance | D-plane L+2d/A,
r ~E. (calc/meas) | (calc/meas) | x-pol | (calc/meas)
100 4 ) (mm) (GHz) (dB)
—100 I \ [ L d=0 () 82763 [ 444/471 <-100 0.71/0.75
2z 3 4 5 7 d=6 (H) 52 /47 | 3.63/3.95 -37 0.73/0.79
f(GHz) d=10 (H) 42 /33 | 3.33/3.44 | 29 0.76/0.78
d=18 (H) 28 / 25 2.95]3.27 -20 0.83/0.92
Fig. 2. Real£11), H antenna, =48 mm,d = 18 mm,w =t = 4 mm). d=6 (THI) 56 / 43 3.22 7 3.27 -39 0.64/0.65
d=10 (IHI) 39 /34 2.96 /3.24 -32 0.67/0.73
200 d=18 (THI) 26 / 23 2.70 / 2.92 -24 0.76/0.82
- L T - ]
500 :_ measured _:
E = —u Calculated E 0 —— L B e IS e m —
o E ok — d=6mm _
S 00 - — L d=12mm 1
w £ _'/—-;' ~ =20 - -~ — d=18mm -~ -
g _ r 3 m LT ~ - ~
N 100 . ] —8 _30 e ~al \ //,"’ \_\\_
-300 - Pt L ‘x.\-
: 5 = a0 | )
-500 . d K
0 7 -50 i
f(GHz) PN R AT
-90 -60 -30 0 30 60 90
Fig. 3. Imagg::). H antenna, [ = 48 mm,d = 18 mm,w = ¢t = 4 mm). 0 (degrees)

4. Calculatedd antennaD-plane cross-polarization patterns at second

Table | summarizes calculated and measured resonant fre uenFig'
a fd&6nance for. = 48 mm,w =t = 4 mm.

and impedances along with calculatééplane cross-polarization
levels for various end-loading lengths. As shown in Table I, the indug-

tive loading decreases both the resonant frequency and the reso?’ i 18 mm anda = 1 mm, the cross-polarization is reduced by 4

. . ) %.tResults for thd H I antenna are summarized in Table | along with
impedance. In each case, the width of the loading arms was equa hose of thefl antenna and the simple slot. For i I measurements
the width of the slot{ = w = 4 mm). There are a number of probable " "~ " i . pie siot. . ’

. . ! ) a thin dielectric strip supported the strip conductor in the end-loaded
reasons for the slight discrepencies between impedance calculau%n?S
and measurements. First, conductor losses are not accounted for in .

) ; . . L able | shows that the resonant resistance decreases as the loading
theory; second, while a coaxial feed is a good approximation for the . .
I?ngthd increases. It also shows that tHeantenna withi = 18 mm

delta function feed in the theory, it is not exact; and third, insufficien .
. . :;[m|d thel HI antenna withi = 10 mm have the same resonant fre-
computer resources to use enough basis functions to more accura %g

) : . . guency, but that thé H I has a resonant resistance closer td5énd
model the currents (basis functions in the main slot were 4 mm squahcgIS lower cross-nolarization than the= 18 mm H antenna
basis functions in the arms were no smaller than 1.33 mm). P ) )

Far-field radiation patterns are obtained from the Fourier transform
of the electric field in the slot [8]. For the copolarized and cross-polar-
ized field references, we use a slightly modified Ludwig’s definition We have demonstrated a reduction in resonant resistance of slot an-
2 [9]. We use am:-directed magnetic dipole as the reference field fofennas by the addition of perpendicular end-loading sections i an
copolar calculations and ardirected electric dipole for cross-polarconfiguration, and we have demonstrated that the length of the loading
calculations when the source is in thelirected slot. sections can be adjusted to tune the resonant resistance. In the case of

There is no cross polarization in thie and H -planes because the the H antenna, polarization cannot be neglected when cross-polariza-
currents in the parasitics are equal in opposite directions and the pai@n levels of less thas 20 dB are desired and that cross polarization in
sitic elements are placed symmetrically about:trendy axes, there- the D-plane increases as the length of the tuning arms increase. More
fore, field contributions from them cancel in symmetry planBsafid  tuning can be achieved without increasing feplane cross-polariza-
H-planes). Fig. 4 shows that tlf&-plane cross-polarization level is nottion level by folding the ends of th& into the IHI configuration,
very high (—37 dB) ford = 6 mm; however, it increases to as much agvhich is introduced in this letter.

—20 dB whend = 18 mm.

Polarimetric applications that require no less the20 dB isolation
between the two polarizations are limitedite= 18 for the H antenna.
Inany case, the antenna is now almost as wide as itis long and making " ¢, pjed microstrip antennasEEE Trans. Antennas Propagatol. 44,
the arms longer is not of any advantage when closely spaced printed p. 1196, Aug. 1996.
circuits are required. However, we can simultaneously achieve morg2] S.S.Gearhartand G. M. Rebeiz, "A monolithic 250= Schottky-diode
tuning and decrease th@-plane cross-polarization level by folding 'E)eg(?"’leggLEEE Trans. Microwave Theory Teckiol. 42, pp. 2504-2511,
the_ the ends of thél back around to its Cemer_ a_s shown in Fig. 1(c), [3] D. M Pozér and S. D. Targonski, “Improved coupling for aperture cou-
which we denote as theH I antenna. When this is done the resonant

pled microstrip antennasElectron. Lett, vol. 27, no. 13, p. 1129, June
resistance, resonant frequency, and the cross-polarization decrease. For 1991.

IV. CONCLUSION
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E*°(0) = - // [G(r)a - VFe(r) — it - VG(r)Fp(r)] dA
A

+ / G(r)t x Fr(r)dC
c

<
PO Near-Field Expression of a Penetrable Planar Structure +5 ) HamvaEm e @

in Terms of a Line Integral o
where( andk are the free-space intrinsic impedance and wave number,

Giuseppe Pelosi, Giovanni Toso, and Enrica Martini respectively represents the unit tangent vector @npositively ori-
ented with respect to the unit norm@&lon A (n = z on the upper
face,n = —2 on the lower face). Operatdf works on the coordinates

Abstract—An exact line-integral representation of the physical optics  of the observation point; represents the vector from the observation
(PO) field scattered in near zone by a penetrable planar structure illumi- pointO to the integration point7(r) is the free-space scalar Green’s
nated by a plane wave is discussed. . . .

function evaluated at. Vector operatord’r and Fy are defined in

Index Terms—Dbielectric bodies, electromagnetic diffraction, physical op-  such a way that when we evaluate the contribution due to the upper face

tics, planar objects. Fu(r)=E'(r)+ E (r),Fy(r) = H (r) + H (r); when, instead,
we evaluate the contribution due to the lower fdee(r) = E'(r),
I. INTRODUCTION Fu(r) = H'(r), with E', E", E' (H', H", H') representing, re-

) ) ] ) spectively, the incident, the reflected and the transmitted electric (mag-
The physical optics (PO) technique has been widely used for &{kstic) field through the infinite dielectric slab with the same thickness

tennas and scattering problems involving structures, which are larggfy electromagnetic properties as those of the analyzed plate.

terms of a wavelength. The applications of the PO have been devote@, applying the mathematical procedure illustrated in the Ap-
essentially to perfectly conducting structures, but this technique is al?@ndix based on the application of the dyadic divergence theorem
applied for penetrable structures [1], [2]. The main drawback in thg {he volumel” defined in Fig. 1, after tedious but straightforward

application of PO is the evaluation of a surface integral; the time rga|cyations, one can demonstrate that (1) is exactly equivalent to the
quired for this numerical integration is proportional to the surface %Ilowing expression:

the structure under examination. Hence, for its implementation, con-
verting surface integration into a line integration extended over the rim

Fp(O) [ #Hgx+

of the illuminated region is a really attractive solution. ET© (0) = i; ) / 'r(l(q— Arl)f) acC

The problem of reduction of a surface radiation integral to a line in- a _]q
tegral has been tackled by several authors. Different formulations have + 1 / i % / VFp(ar)e " da dC
been proposed essentially depending on the scalar or vectorial nature of 47 c 0
tk_u_a involved fields; th_e Iight_sour_ce (plane wave, c_;lipolt_e, et_c.); the po- +/ G(r)i x Fp(r)dC
sition of the observation point with respect to the illuminating source, o
the structure, and the geometrical optics (GO) shadow boundaries. So < [ ;2
far, all the contributions (see, for instance, [3] and [4]) have been de- + E Jo tFy(r)VG(r) dC )

voted to perfectly conducting structures. In this letter, we present an
extension of the formulation proposed in [4] to the case of a penetrablaereg, as in [3], is any fixed unit vector with the property tijaé < 0

planar structure illuminated by a plane wave. andg -+ # 1 foreachr € A (A = AU C is the closure ofd). Due to
the fact that the inner integral inside the double integral comparing in
Il. DERIVATION OF THE FIELD-INTEGRAL REPRESENTATION (2) reduces to a closed form, (2) involves only line integrals. Equation

) ) ) ) (2) represents the extension of [4, eq. (24)] to the case of penetrable
The PO field scattered by a dielectric plate of arbitrary shape apfhtes illuminated by a plane wave.

negligible thickness in terms of wavelengths, illuminated by a plane

Manuscript received June 29, 1998; revised April 4, 2000. Ill. NUMERICAL RESULTS
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pelosi@ingfi9.det.unifi.it). numerical results obtained by applying line integration have been com-
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100 |

Surface integral

—

CPU time (s)
=

""" Line integral
1L J
0 1 2 3 4 5 6

Fig. 1. Geometry for the problem. Length of plate side in wavelengths

Fig. 3. CPU time required to evaluate the PO fields scattered by a square
dielectric plate (dielectric constant = 3, thicknessi = 0.05X).

25¢ Line integral
/\ Surface integral - o-- approach with line integration yields a significant decrease in compu-
ﬂ

tation time and time saving grows rapidly with the plate side.

APPENDIX

The surface integral in (1) can be considered as the flux through the
surfaceA of the matrix function

V(r)= G(r)VFg(r) — VG(r)Fr(r). (A1)

Consequently, it can be elaborated by using the dyadic theorem of di-
vergence. We introduce a coliewith vertex at the observation point,
basisA4, and lateral surfac® with outer normakig (see Fig. 1). By
applying the divergence theoremitowe obtain

Electric field amplitude (mV/m)

0 40 80 120 160 200 240 280 320 360
Observation angle 0 (degrees) // g ?(r) dB — // 7t ?(7’) dA = /// v ?(r) av (A.2)
B A v

Fig. 2. Amplitudes of thes- and R-components of the electric PO field where the negative sign before the second integral is due to thef_act that
scattered by a square dielectric plate (dide 2, dielectric constant, = 3, 7 is the inner normal. Consequently, we can replace the surface integral
thicknessd = 0.05). Continuous line: line integral technique; line within (1) with the summation of a volume integral and a surface integral,
markers: surface integral technique. extended to the lateral surfad® of the cone. For what concerns the
volume integral, by using the properties of the Green function and the
fact that the GO field satisfies the Helmholtz equatiori/inwe can

particular, the amplitudes of the and R-components of the PO elec-"¢** . . e :
easily verify, with a procedure similar to that adopted in [4], that

tric field scattered by a square dielectric plate (dide 2., dielectric
constant,. = 3, thickness! = 0.05)) are shown in Fig. 2. The in- o = i I

cident plane wave i§-polarized (with a unit amplitude electric field) // V-V(r)dV = /// 6(r)Fp(r)dV. (A3)

and impinges o’ = 45°, ¢' = 60°. The observation point is located % 1%

inthe$ = 190° plane at a distanc& = 42 from the center of the Due to the presence of the Dirac function, we have to consider only

plate. As expected, a perfect agreement is observed between the ¢oQ- - 1o ofFz(r) at the observation point, so that the phase term
tinuous line (line integral) and the line with markers (surface integra isappears

A similar agreement is found for the magnitude of heomponent of
the scattered electric field as well as for the phases. N - [ff N T

To estimate the decrease in computation time with respect to sur- /// S(r)Fe(r)dV = // Fr(0)o(r) dv. (A-4)
face integration, central processing unit (CPU) times required on a v v
medium-power workstation to evaluate the PO scattered fields with theThe integral of the Dirac function is then evaluated starting from the
line and the surface integration were measured. These are reporteck#ults published in [3] and [4] and we have
Fig. 3 as a function of the dimensions of the dielectric plate. The con- .
figuration under consideration is the same as that depicted in Fig. 2 and /// V.V(r)dv = FZ(O) COHG % f)A ic. (A5)

v

the observation distance with respect to the center of the plate is two ™ cr(l—4-7)

times its side. It is important to note that the CPU times compared are

relative to solutions with the same precision (a reference “exact” POIn order to reduce also the other surface integral of (A.2), i.e., the flux
solution is obtained by using 40 sampling points per wavelength). Tie of V (r) through the lateral surfadg, to a line integral, it is suffi-
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cient to consider that this flux can be written as a double integral, wittansmission coefficients, which are constant with respect to the inte-
the inner integral evaluated along the cone directrices, and the outergration variables, so that the integrals can be evaluated in closed form
tegral along the boundary of the plate. In particulay; i§ the vector without any restriction.
joining the observation point with a generic point of the boundary

ar describes a generatrix far € [0, 1] so that
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