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Abstract—The discrete complex image method is extended to This approximation is invalid for multilayer configurations
efficiently and accurately evaluate the Green’s functions of multi- - with strong surface-wave modes. Also, for shielded multilayer
layer media for the method of moments analysis. The difficulty as- - ¢qnfigyrations, there are two kinds of modes: the surface-wave
sociated with the surface-wave extraction for multilayer media is . .
solved by evaluating a contour integral recursively in the complex modes guided by the layers and the modes Qu'ded by the top and
k,-plane. With this scheme, the discrete complex image method bottom ground planes. The lack of extraction of these modes
works in both the near- and far-field regions for general multilayer  results in errors in the far-field region since the guided modes
media, whether open or shielded and lossy or lossless. behave in the manner of cylindrical waves and it is physically

Index Terms—Discrete complex image method, Green’s func- inappropriate to approximate such waves by spherical waves.
tion, method of moments, multilayer medium, Sommerfeld inte- For a general-purpose algorithm, especially for the MoM
gral. analysis of electrically large structures, the guided modes have

to be extracted. In this letter, the extraction of guided modes
I. INTRODUCTION (which refer to surface-wave modes for open multilayer media,
and both surface-wave modes and ground-plane guided modes

T HE METHOD of moments (MoM) solution of the integraltq, ghielded multilayer media) is carried out numerically by
equation has received intense attention to tackle the mH{iaIuating a contour integral in the complés-plane [10].
tilayer medium problems. A critical factor for the efficient andhtier the guided-mode extraction, the GPOF is applied to
accurate MoM analysis is the evaluation of.multilayermedium'g,pproximate the remaining kernel. All the Green's functions
Green’s functions, which are expressed in terms of the Sofg; yector and scalar potentials can be obtained. Numerical

merfeld integrals (Sls). Generally, the analytical solution of the g ,its demonstrate the efficiency and accuracy of the DCIM.
Sl is not available, and the numerical integration is time con-

suming since the integrand is both highly oscillating and slowly 1. FORMULATION
decaying. Several efficient techniques have been proposed to
speed up this numerical integration [1]. The recent efforts to Consider a current source in a multilayer medium. Each layer
further accelerate the computation include the fast Hankel trafscharacterized by relative permittivity, relative permeability
form (FHT) approach [2], the steepest-descent path (SDP) - and thic_knesg. The electric field due to the current can be
proach [3], and the discrete complex image method (DCIN®Pressed in a mixed potential form as
[4]-{8]. _

The basic idea of the DCIM is to approximate the spectral E = —jwuo(G*, J) +
kernel by a sum of complex exponentials using the Prony
method or the generalized pencil-of-function (GPOF) metho@hereJ denotes the electric current density of the source and
The Slis can then be evaluated in closed forms via the Sofa:* andG? are the Green'’s functions for the vector and scalar
merfeld identity. This method has been extensively employ@@tentials, respectively. The detailed discussion in [9] shows
to analyze microstrip structures. However, most of the work {8at it is preferable to choodg as
confined to single-layered or double-layered structures since oA 0 gt
the surface-wave contribution has to be extracted analytically G4 = 6”” G4 fo (2)
using residue calculus, which makes the DCIM difficult to be A Gf’f Gf’(
extended to multilayer media. As a result, to use the DCIM for =z =Y ==
multilayer media, the surface waves are often not extracteghd G* as the scalar potential for a horizontal electric dipole

(HED).
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transmission lines. Therefore, the original problem to find elec- & h

tric and magnetic fields is converted to the problem of obtaining
the voltage and current on the corresponding transmission lines. 4 207
From the electric and magnetic fields, the Green’s functions for

the vector potentiaGA and the scalar potentigl® can be de-

rived. Once the spectral domain Green’s functions are obtained,

the DCIM is applied to rapidly evaluate the Sis. 1 86 03
Let us rewrite the spectral domain Green'’s function in a @

simple form as
G = A2jf;m “) 15 N N \\\%\\\&\\\\\\\
| o

2 9.8 05

where A is a constant. As the first step of the DCIM, the pri-

mary field termZ,. is extracted fromZ” when the source and 08
observation points are in the same layer. Note that there is no 2 ol
primary field term inG. The static contributiong’,;, which £
dominate as%, — oo, are also extracted, which makes the re-

maining kernel decay to zero for sufficiently largge It happens -1

only when both source and field points are on the interface of -18 / :
two different layers. R o 7 i
The next step is to extract the guided-mode contributions T 7% T A

I, which can be written as o

. 2/€piRESi Fig. 1. Magnitude ofG® in the first and fourth quadrants of the complex
Fﬂm = 2jk.m Z 7/@ 2 (5) k,-plane for a four-layer medium. The frequency is 30 GHz. Unit for thickness
i P pi is mm.

where Res; is the residue for the polk,;. When transformed o
to the spatial domain, the guided-mode contributions to tt
Green'’s function become

— w/o SW
A --- with SW
G_r]m = E <—27rjz Res7H(§2)(k,,7p)k,,7> (6) S G)/(.\X + SIP

2 RS
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WhereHSQ) denotes the zeroth-order Hankel of the second kin§
In the previous work on the DCIM, Reg is calculated an-
alytically by using residue calculus, which makes it difficult t
be extended to multilayer cases. Here, we obtaig;Rg evalu- 4L
ating a contour integral numerically in the complexplane re-
cursively. The integration begins with a rectangular contour e
closing the region of interest. If the calculated value is nonzer
then we subdivide the contour into four contours and evalue
the contour integral along each of them. This process isrepea 1o° - L : s :
until the locationk,; and residue Re; for all the poles are 10 10 10 10 10 10
found. The process can be illustrated by the following example,
which is a four-layer medium. The magnitude@? in the first  Fig.2. Magnitude of Green's functiois?, andG®, for a four-layer medium.
and fourth quadrants is plotted in Fig. 1. The contour integralis§= 0.4, z = 1.4.
repeated until we find the surface-wave poleat= 1.736 ko
and2.435 kg, respectively. Since the top layer is the unbounded With the guided-mode extraction, the DCIM works well in
free space, there is a branch cut associated kvghwhere the the far-field region. However, a problem is encountered for the
radiation modes lie on [11]. This branch cut is known and can bbear-field evaluation. As we know, whens 2/, the Green’s
deliberately avoided. For shielded multilayer media, both of tHenction is not singular ap = 0; however, the guided-mode
modes guided by the layers and the ground planes are extractedn carries the singularity. This phenomenon is shownin Fig. 2,
The poles on the imaginary axis correspond to the evanescehere a four-layer medium problem is investigated£at ='.
modes, which are not extracted in this method. In the figure, the dashed and solid lines represent those ob-
After these extractions, the remainderiéfcan be approx- tained by the DCIM with and without the guided-mode extrac-
imated as a sum of complex exponentials using the GP@én, respectively. The crosses represent those obtained by direct
method. With the aid of the Sommerfeld identity, we can obtamumerical integration along the Sommerfeld integration path
the closed-form Green’s functions. (SIP).
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Fig. 3. Magnitude of Green's function§# , G2 , G2, and G¢, for a
four-layer mediumz’ = 0.4, = = 1.4.
X1 X2 X3 X3 X2 Xy
W Wi
€
2 I, €4, h,
I I3 & €r,
€13, h;
@

S-parameters (dB)
3 1
8 &

-26}

-30}

-3s}

15 20 25
Frequency (GHz)

(b)

Fig. 4. S-parameters of an overlap-gap-coupled microstrip fiter.= 1.8,
€2 =98,6,3 =2.2,hy = hy = hs = 0.254 mm,w; = 0.812 mm,w, =
0.458 mm,l; = 6.990 mm,l; = 6.457 mm,l; = 7.242 mm,z; = 1.311
mm, zo = 0.386 mm, 3 = 0.269 mm.

To overcome this difficulty, a transition point is introduced,
as is done in [4], which divides the near- and far-field re-
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point can be easily picked up, say, lat;, kop = 0. With
this modification, the DCIM works for all the regions. The
magnitudes of four Green’s functiod?,, G4, G4 , andGs
are shown in Fig. 3. Compared to the result of SIP, the DCIM
with the guided-mode extraction has an average relative error
of 0.13% in the far-field region, whereas the number for the
DCIM without the guided-mode extraction is over 104%.

Using the DCIM described above, we have successfully
developed an MoM to simulate microstrip circuits and antennas
in multilayer media. Fig. 4 shows th&-parameter of an
overlap-gap-coupled microstrip filter embedded in a three-layer
medium.

I1l. CONCLUSION

The DCIM with guided-mode extraction is presented to effi-
ciently and accurately evaluate the Green'’s functions of general
multilayer media. The difficulty to extract surface-wave con-
tributions for multilayer media in the previous DCIM is over-
come by numerically evaluating a contour integral recursively
in the complext,,-plane. With this scheme, the DCIM works in
both the near- and far-field regions for general multilayer media,
whether open or shielded and lossy or lossless.

ACKNOWLEDGMENT

The authors would like to thank B. Hu and Prof. W. C. Chew
for providing the contour integration algorithm and helpful dis-
cussions.

REFERENCES

[1] J.R.Mosig, “Integral equation techniques, Numerical Techniques for
Microwave and Millimeter-Wave Passive Structyrédtoh, Ed. New
York: Wiley, 1988.

[2] J. Zhao, S. Kapur, D. E. Long, and W. W.-M. Dai, “Efficient three-di-
mensional extraction based on static and full-wave layered Green’s func-
tions,” in Proc. 35th Design Automation Condune 1998.

[3] T.J.CuiandW. C. Chew, “Fast evaluation of Sommerfeld integrals for
EM scattering and radiation by three-dimensional buried objel&&E
Geosci. Remote Sensjngl. 37, pp. 887-900, Mar. 1999.

[4] D.G.Fang,J.J.Yang, and G. Y. Delisle, “Discrete image theory for hor-
izontal electric dipole in a multilayer mediumiroc. Inst. Elect. Eng.

H, vol. 135, pp. 297-303, Oct. 1988.

[5] VY.L.Chow, J.J.Yang, D. G. Fang, and G. E. Howard, “A closed-form
spatial Green'’s function for the thick microstrip substratEEE Trans.
Microwave Theory Techvol. 39, pp. 588-592, Mar. 1991.

[6] J.J.Yang,Y.L.Chow, G. E. Howard, and D. G. Fang, “Complex images
of an electric dipole in homogeneous and layered dielectrics between
two ground planes,lEEE Trans. Microwave Theory Teg¢kol. 40, pp.
595-600, Mar. 1992.

[7] R. A. Kipp and C. H. Chan, “Complex image method for sources in
bounded regions of multilayer structuresEEE Trans. Microwave
Theory Tech.vol. 42, pp. 860-865, May 1994.

[8] M. I. Aksun, “A robust approach for the derivation of closed-form
Green'’s functions,IEEE Trans. Microwave Theory Teglvol. 44, pp.
651-658, May 1996.

gions. Therefore, the DCIM is applied twice: once with the [
guided-mode extraction and the other without the guided-mode
extraction. The first yields the Green’'s function for the [10]
near-field region, and the second gives the Green’s function
for the far-field region. From Fig. 2, we can see that the twoy;4
approaches overlap in the middle region and the transition

K. A. Michalski and D. Zheng, “Electromagnetic scattering and radia-

tion by surfaces of arbitrary shape in layered media—Part |: Theory,”
IEEE Antennas Propagatvol. 38, pp. 335-344, Mar. 1990.

B. Hu and W. C. Chew, “Fast inhomogeneous plane wave algorithm
for electromagnetic solutions in layered medium structures—2D case,”
Radio Sci. vol. 35, no. 1, Jan.—Feb. 2000.

] W. C. ChewWaves and Fields in Inhomogeneous MediRiscataway,

NJ: IEEE Press, 1995.



