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Efficient Analysis of Input Impedance and Mutual
Coupling of Microstrip Antennas Mounted
on Large Coated Cylinders
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Abstract—An efficient and accurate hybrid method, based on full-wave analysis of microstrip antennas and arrays on coated
the combination of the method of moments (MoM) with a special cijrcular cylinders has been mainly performed using a method
Green'’s function in the space domain is presented to analyze an- of moments (MoM)/Green’s function technique in the spectral
tennas and array elements conformal to electrically large mate- . o . . .
rial coated circular cylinders. The efficiency and accuracy of the dpmam where the trad't'pna_l eigenfunction series represlenta—
method depend strongly on the computation of the Green’s func- tion of the Green’s function is used as the kernel of the inte-
tion, which is the kernel of the integral equation that is solved via gral equation [4]-[6]. However, due to the computational com-
MoM for the unknown equivalent currents representing only the  plexity of the solution, which involves a series summation in
antenna elements. Three types of space-domain Green's functione g of Bessel and Hankel functions and a Fourier integral
representations are used, each accurate and computationally effi- . . . !
cient in a given region of space. Consequently, a computationally most of the numerical r_eSUItS ha\,/e been .g'Ven for microstrip
optimized analysis tool for conformal microstrip antennas is ob- antennas mounted on circular cylinders with electrically small
tained. Input impedance of various microstrip antennas and mu- radii. Furthermore, the spectral-domain representation of the
tual coupling between two identical antennas are calculated and Green’s function has serious convergence problems for electri-
compared with published results to assess the accuracy of this hy- ¢4y |arge separations between source and observation points
brid method. on electrically large cylinders. This makes the analysis of mu-

Index Terms—Coated cylinders, Green’s function, input tyal coupling between microstrip antennas intractable, in partic-

impedance, method of moments, mutual coupling. ular, at high frequencies. Carefully chosen basis functions for
the expansion of the patch surface currents can alleviate this
|. INTRODUCTION problem only to an extent. A few asymptotic representations for

the dyadic Green’s function of impedance and dielectric coated

HERE have been major advances in the area of COMPUIEE lar conducting cylinders have been presented to overcome

aided design (CAD) technology directed toward the d?ﬁis difficulty [11]-

velopment of efficient and accurate numerical methods for ttﬁ
design and analysis of microstrip antennas and arrays. AIthot{ s if it is to be used in an MoM-based solution. As shown

there are many practical applications t_hat require the use of Wé're, more than one asymptotic Green’s function representa-
tennas that conform fo their supporiing surfaces, most Wq%n may be required for an efficient and accurate analysis of

on m|crosttr|phelgmentfh htas bet()e n for (;)I?natrhstructlure_s. ';h% rostrip antennas/arrays mounted on electrically large mate-
are some techniques that can be used for the analysis ot Gty -,ateq circular cylinders. Purely numerical techniques such
formal arrays; however, they are usually restricted to small

! ) ) " ALS the finite-element as well as the finite-difference time-domain
rays mounted on electrically small cylinders. This necessita %] techniques are becoming popular and have also been used

the development of efficient analytical and numerical tools f Or the analysis of conformal antennas. Although purely numer-

this class of antennas conformal to electrically large, Cy“ndri'éal techniques can handle arbitrary geometries, they are not ef-
cally shaped substrates.

ficient when the structures become electrically large.

Several techniques to design/analyze cylindrical microstnplnthis paper, we present a highly efficient and accurate hybrid
antgnnas and arrays have been reported for a ”“m*?er of a Ié’thod to design/analyze microstrip antennas and arrays con-
cations [1]-[10]. Among them, cavity-model analysis [2], [3

; T ormal to electrically large material coated circular cylinders.
and generalized transmission-line model (GTLM) theary |8 his hybrid method is based on the combination of the MoM

[9] are fairly simplle and. accur{:\te modgls but not suitable f%ith a special Green'’s function in the space domain. To obtain a
many structures, in particular, if the thickness of the SUbStfaﬁF‘gh degree of accuracy, three different space-domain represen-
is not very thin [10]. On the other hand, full-wave solutior%é '

n must be accurate for arbitrary source and observation loca-

2117 te and licablet fruct ions are used for this special Green’s function, each chosen
[4]-{7] are more accurate and applicable to many structures. the basis of its computational efficiency and the region where

it remains accurate. Consequently, a computationally optimized
Manuscript received February 25, 2001; revised July 19, 2001. deS|gn/anaI_yS|s tool for.conformal microstrip antennas and ar-
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Fig. 1. Geometry for (a) input impedance and (b) mutual coupling calculations. (c) Definitions of two-port voltages and currents.

current modes, input impedance of various microstrip antennadere Ei(r) is the field generated by a known probe current
and mutual coupling between two identical microstrip antenndsnsity J;,(r’) in the presence of a dielectric coated perfect
are calculated and compared with published results to assesstieetric conducting (PEC) circular cylinder and is given by

accuracy of this hybrid method. A#“? time dependence is as-
sumed and suppressed throughout this paper. // / G (r,r) - J;p(x))dv'. (2)
Il. FORMULATION Similarly, E*(r) is the scattered field and is given by
Fig.1 (a) depicts a probe-fed rectangular microstrip antenna, / / G (r,r') - J5(x")ds’ 3)

which will be used to perform the input impedance calculations.
Fig.1 (b) illustrates two probe-fed rectangular microstrip an-
tennas used to perform the mutual impedance calculationsWhereJ*(r’) is the unknown induced surface current to be de-
both cases, the antennas are fed at the feed locatignsi¢) termined.

and are mounted on the outer surface of a cylindrically shapedrhe electric field integral equation (EFIE) is a statement of
dielectric substrate with an inner radiwsouter radius, thick- the boundary condition that the total electric field (1) tangential
nessi — a = t;,, and relative permittivity, > 1. The substrate t0 the surface covered by the metallic microstrip patch should
is backed by a perfectly conducting, cylindrically shaped groury@nish such that

Eriltr;einnBt%t::-hdeir?a::c:i%T plane and cylinder are assumed to be in AxE(r) = iix [E"(r)+ES(r)] —0 on Sy (4)

Spatch

Then
A. Development of Integral Equation and Green’s Function
//Grr I3 (1) :—nx///Grr
Using the Schelkunoff’s surface equivalence principle [17]
an equivalent problem is obtained where the conducting patches Spacch Veource
are replaced by equivalent induced currents that are unknown Jip(r!)do'. (5)
and are to be obtained via MoM. The total electric field on theyis is the EFIE to be solved via MoM for the unknown
surface of the substrate can be written as currentsJ*(r’). The kernel of this integral equation is the

coated cylinder’'s Green’s function denotedGyr, '), where
. the primed coordinates represent the source location and
E(r) = E'(r) + E°(r) (1) the unprimed coordinates represent the observation point.
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This Green’s function is efficiently calculated for arbitraryalong the paraxial region but is not accurate away from the
source and observation locations using three different typesraxial region and cannot be used for the self-impedance eval-
of space-domain representations, each valid and accurate imagons. It should be noted that (8)—(10) contain partial deriva-
different region of space. tives with respect to the coordinates (i.e., with respect amd
The first one is a steepest descent path (SDP) representatios d(¢—¢')). These derivatives can be transferred to the basis
of the dyadic Green’s function [14]. It is based on a circumfeand testing functions using integration by parts.
entially propagatingg-propagating) series representation of the Finally, when the distance between the source and obser-
appropriate Green'’s function and its efficient numerical evalugation points is small, the Green’s function for the cylinder is
tion along an SDP on which the integrand decays most rapidapproximated by the Green’s function of a cylinder with an in-
Using this representation, the surface field component in tfieite radius (planar approximation). This approximation is ac-
I-direction atp = d excited by au-directed source (again atcurate for large cylinders because the surface can be considered
p' = d) is written as [14] to be locally flat whens is small. Therefore, a highly efficient
s e O :cntegral rgpres(e;néation l(()f tus pllar[1ar]micros(tjrip dyadic Green’s
e unction derived by Barkeshét al.[20] is used.
Ei(e, 5) ~ 4m2d ZF(Q’S’tq)wq ©) It should be mentioned at this point that these different
=t space-domain representations of the dyadic Green'’s function
with are more efficient than the standard spectral-domain Green’s
. function representation. In particular, as the electrical size
—— / Gru(ty, T)P*e™3¢7dr (7) (radius) of the cylinder gets larger, the difference in the elapsed
\Vkos — % et time for the evaluation of each representation strongly favors
o the space-domain representations. Some examples are given in
wheres is the arc length of the geodesic path on the surface thie numerical results section to illustrate this point.
the coating from the source to the observation locatiaris the
angle between the ray path and the circumferential axiare B. Method of Moments Solution
the roots of the Hermite polynomials, ang are the appropriate
weights (Gauss—Hermite quadrature) whose values can be foyn
in [18]. The parametef = (k;od/2)"/3(¢ — ¢'), wherek,q is
the transverse propagation constant in free-spacé: aigithe N
free-space wave number. The definition of the contouft,) Jo(r) = Z anJp(r) (11)
and the explicit expressions f6f,, (t,, ) are given in [14]. This n=1
representation is valid away from the paraxial (near axial) regivhere .
and cannot be used for the self-impedance calculations. J,(r) = { fp(l‘){7 p=1,....,P onthe patch (12)
The second representation is the paraxial space-domain rep- gr(r)p, k=1,...,K onthe patch
resentation of the dyadic Green’s function [15], [19], which .
complements the SDP representation along the paraxial regi‘é’#
In this formulation, thep-propagating series representation of N
the Green'’s function is periodic in one of its variables and hence J.(r)#£0 onlyif reS,; U Sy = Spatch- (13)
can be approximated by a Fourier series (FS), where the co- ne1
efficients of this series expansion can be easily obtained by a . ) ) ) ) .
simple numerical integration algorithm. Based on numerical ex- 1 "€ basis functions are selected to be piecewise sinusoidal
perimentation, it appears that only the two leading terms of tAlPNg th_e direction of the current a_nd_constant in the d_|rect|0n
expansion are necessary in most cases. Furthermore, the aBgfPendicular to the current. Substituting (12) and (11) into (5),

racy of the Green’s function as well as the ease of its evaluatigfi€ OPtains a single vector equation withunknowns. Testing

are determined by the type of algorithm used to calculate tHiS equation by the same set of basis functions (testing func-

FS coefficients. Using this representation, the surface fields &i@S), which was used in the expansion of the patch current
(Galerkin method) and denoted by,,(r) (m = 1,...,N),

e—jkos

F(a,s,ty) =

The conventional MoM procedure starts with an expansion of
) in terms of a finite set of subsectional basis functions

h N =P+ K, a, being the unknowns to be computed and

iven b ’
g y the following matrix equation is obtained:
-7 02
= X ORI (R0 IO 2= (1)
Ey.(6,5) = % & M(s) — R(s)} (9) where
o0 S ke D20 UV ’
-~ —ZO 2 82 €r — 1 . " op o
Boo(8,5) ~ 5 {’“OU(S) T |V - W) Zom= [ [dswnto)- (i [ [a5G wx)- 3,00)|as)
JiZ 0? Sm Sn
* Arkg {S(S) BT?T(S)} (10) I=la1,as a3,...,an]" (16)

whereP(s), Q(s), M(s), R(s), U(s), W(s), S(s), andT'(s) Vin = — //dé’Wm(I‘) - xE'(r) (7)
are explicitly given in [15] and [19]. This representation is valid g

m
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Fig. 2. Mutual impedancéZ,. ) between two identicat-directed current modes for a coated cylinder witk: 3Xg, t;, = 0.06X0, €, = 3.25.

wherem, n = 1,...,N, andT stands for the transpose op-whereE,, is the field due to sourc&, andS,, is the area occu-
eration. This matrix equation can be solved using direct spied by the sourcd,,,. These results are presented to assess the
lution methods such as Gaussian elimination, LU-decompoaiccuracy of the switching algorithm (between SDP and paraxial
tion, or iterative schemes like the conjugate gradient method, iepresentations) introduced above. In Fig. 2, the calculated mu-
cluding various recently developed acceleration schemes. Oteal impedance between two identieatlirected current modes
the matrix equation is solved, the induced current can be is-shown where the SDP and the paraxial representations are
constructed via (11). The calculation of the matrix element®mbined and the result is compared with the eigenfunction so-
Zmn implies that the Green’s function has to be evaluated fartion for a cylinder witha = 3¢, 5, = 0.06 g, ande,. = 3.25.
arbitrary source and observation points. This requires the des seen from the figure, the SDP and the paraxial representa-
velopment of an algorithm to switch among the three repréens complement each other and yield good agreement with the
sentations of the Green'’s function. It turns out that the paramigenfunction solution. As expected, the coupling is stronger
eteréspp/s (evaluated at the saddle point) can be used to dat-a = 90° and weaker atv = 0°. Note also that the results
termine the switching boundary between the SDP and paraxagproach the planar case adecomes smaller. A similar re-
representations. Fdgpp/s > 0.2 ands > 0.2X¢ (Ao is the sultisillustrated in Fig. 3 for the mutual impedance betwgen
free-space wavelength), the SDP representation can be usedaaiz-directed current modes for the same cylinder. The reason
&spp/s < 0.2ands > 0.2\, the paraxial representation yieldghe coupling is weak at = 0, w/2 is because the crosspolar
accurate results. Finally, foar < 0.2\, which is necessary for component of the surface field exhibitssia 2« type pattern,
the calculation of the self-impedance as well as the coupling hehich is similar to the planar case as shown in [21]. Finally,
tween the adjacent basis functions, the Green'’s function for ttiee calculated mutual impedance between #wdirected cur-
cylinder is approximated by the Green'’s function of a cylindeent modes mounted on the same cylinder is compared with the
of infinite radius (planar approximation). eigenfunction solution in Fig. 4. In Figs. 2—4, the computation
of the SDP representation is approximately ten times faster than
the standard spectral-domain Green’s function representation,
whereas the paraxial representation is approximately five times
The first set of numerical results will illustrate the mutuafaster than the standard spectral-domain Green’s function rep-
impedance between two current modes as defined in (15). Resentation.
sults will be given as a function af for various separations The next set of numerical results that will be presented are
between the source and observation points. Note that (15) ddaM-based results where the input impedance of a probe-fed

I1l. NUMERICAL RESULTSAND DISCUSSIONS

be rewritten in a simpler form, namely microstrip antenna and the mutual coupling between two iden-
tical microstrip patches on a large coated circular cylinder are
calculated.
Lnm = /En ~Jmds (18) Let us first consider the two antenna configuration in

s Fig.1 (b). The antennas are fed at the feed locatieps €, ),
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Fig. 3. Mutual impedancéZ,.) betweenp andz-directed current modes for a coated cylinder witk= 3\o, ¢, = 0.06¢, €, = 3.25.
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Fig. 4. Mutual impedancéZ,.) between twap-directed current modes for a coated cylinder with= 3Xo, ¢, = 0.06Xo, €, = 3.25.

wherei = 1 denotes the first port and= 2 denotes the secondwhere
one. Based on the two-port configuration of Fig.1 (c), we can

write v v
Z;fl = L ) Z52 =2 )
I I,=0 I I,=0
Vi =21 + Z% 15 (19) P Vi P Va 1)
Vo =751 + 75,1, (20) YT L, TP L,
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Fig. 5. Input impedance versus frequency for a patch fed via a probe with the following parameter20 cm,e,. = 2.32,¢, = 0.795 mm,L = 3 cm,
W = 4cm, and(z;, rl;) = (0.5 cm,2 cm).

7P, is the input impedance of element one, with element twehereV,\?) are the induced voltages at port two due to the cur-
open-circuited (the superscriptstands for port), and can berents.J,, in both patches. It should be kept in mind ti#}, =

written as [22] Z¥, as aresult of the reciprocity theorem. Furthermore, the input
N impedance for the single antenna depicted in Fig.1 (a) can still
-/, EW - J5, dv be calculated using the expression given by (23); however, the
zP = (22)
= (Iip)? second antenna is removed and not included in the solution of

the integral equation. This also implies thadf ecomesgV in
whereE(") is the total electric field at port one (with port two(23). Note that the two-port parametef§; introduced above
open) due to the impressed current densm} at port one with  should not be confused with (18)
a terminal currenf;, = 1A. The use of (3) then gives The first numerical example is given for a single rectangular
microstrip patch mounted on a dielectric coated circular
cylinder witha = 20 cm, e, = 2.32, ¢, = 0.795 mm. The
length of the patch. is 3 cm, and the width of the patd
is 4 cm. The antenna is excited with a FMmode. Fig. 5
wherea,, are the expansion mode coefficients found from (14hows the input impedance (real and imaginary part) of this
andV,") are the induced voltages at port one due to the curréiiindrical-rectangular antenna versus frequency where the
modesJ, in both patches. A similar expression can be used psoposed space-domain MoM result is compared with the result

2N
Zh == a, vV (23)
=1

calculateZ?,. given in [23], which is obtained using the GTLM and with an
The mutual impedance between ports one and #§jocan MoM solution based on a standard spectral-domain Green's
be written as [22] function [24]. To compare the space-domain MoM solution

with the results given in [23] and [24], the antenna is fed via a
v probe at the feed location {, i) = (0.5 cm, 2 cm), as seen
Z31 = (I;p)? (24) jn Fig. 5, and the self-inductance of the probe is accounted
by addingj X, to the input impedanceZ,, = Z7, + jX,,
whereE() is the total electric field, at port two, induced bywhereZ?; is given by (23)], as explained in [22], where
the impressed curredéll,) at port one (with port two open) and

1. 32
— [,E® .3V dy

Jg) is an impressed current source at port two. Note that both Xpr = js_ tan(y/e kotn) (26)
impressed sources have terminal currdis= 1A. Using (3) "
yields and Z, is the characteristic impedance of the feeding coaxial
ON cable (assumed to be 5Dhere). This is a reasonable approxi-
z8 = — Z anvn(z) (25) mation for a large cylinder where the thickness of the substrate

is thin. The agreement between the space- and spectral-domain
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Fig. 6. Input impedance versus frequency for the patch fed via a probe with the following propertieg0 cm, e, = 2.32,¢, = 0.795 mm,L = 3 cm,
W =4 cm,and(z;,rl;) = (0.95 cm, 2 cm).

L 1 1 1
0.7 0.8 0.9 1 1.1

o8 i L ;
0.1 0.2 0.3 0.4 0.5

;

0.
S,
Fig. 7. Mutual coupling coefficienf;» for the E plane coupling case at 3215 MHz. The antenna parameters are the same as given in Fig. 5.

results is very good. On the other hand, although the overgiélds an input impedance of 30. If we use the same antenna
agreement is good between the full-wave solutions (space- asdin Fig. 5, it turns out that placing the probe(af, ri;) =
spectral-domain MoM solutions) and the GTLM, there is a smadl.95 ¢m, 2 e¢m) results in a 502 input impedance at the reso-
frequency shift (less than 1.65%). It should be kept in mind thance frequency ~ 3215 MHz, as depicted in Fig. 6. Mutual
the GTLM is an approximate method and some errors are to @@upling results can now be obtained for two antennas mounted
expected. on the same cylinder and identical to the antenna in Fig. 6. The
To carry out mutual coupling calculations between two mE plane and H plane mutual coupling coefficients versus the
crostrip antennas, it is first necessary to find a feed location thetge-to-edge spacing between them are presented in Figs. 7
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Fig. 8. Mutual coupling coefficienf;» for the H plane coupling case at 3215 MHz. The antenna parameters are the same as given in Fig. 5.
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Fig. 9. Input impedance versus frequency for the patch fed via a probe. The antenna parametetsiem, e, = 2.98,¢, = 0.762 mm,L = 6 cm,
W =4cm.

and 8, respectively. In Figs. 7 and 8, the edge-to-edge spacingall these results related to this example, each basis func-
is normalized with respect to the free-space wavelengtiihe tion has the approximate dimensions of 0.15 by 0.8¢4t the
operating frequency is 3215 MHz. Note that the mutual coliighest frequency simulated. As a result, the number of basis
pling coefficient can be calculated from [9] functions V is 12 [six basis functions along thedirection

(P = 6) and six basis functions along thedirection( K = 6)]

for the single antenna case and = 24 for the two-antenna
case.

277, 7o

Si9 = .
' (Zﬂ + ZO) (Zgz + ZO) - Zf2Z§1

(27)
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Fig. 10. Mutual coupling coefficienf,» for the E plane coupling case at 1.65{ =. The antenna parameters are the same as given in Fig. 9.
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Fig. 11. Mutual coupling coefficienf,» for the H plane coupling case at 1.457 =. The antenna parameters are the same as given in Fig. 9.

As a second numerical example, the mutual couplimgpmpared with the measured results given in [9] for a cylinder
coefficients versus the edge-to-edge spacthppetween two with the following parameterss = 40 cm, e, = 2.98, and
identical patches are calculated with the current method ahd= 0.762 mm. The dimensions of the patches &re- 6¢cm,
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W = 4 cm, yielding a resonance at 1.45 GHz where the,TM of this hybrid method. The accuracy of the results was shown to
mode is excited. As in the previous example, the feed positibe excellent, thus validating the analysis provided in this paper.
is first adjusted until one obtains a 5Dinput impedance for

each isolated patch. The input impedance (real and imaginary

parts) versus frequency of this antenna at thé)d@ed location REFERENCES
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