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Modeling Planar Arbitrarily Shaped
Microstrip Elements in Multilayered Media

Ming-Ju Tsai, Franco De Flaviis, Owen Fordham, and Nicolaos G. Alexopokddisy, IEEE

Abstract—Microstrip elements of arbitrary shape are modeled The triangular basis function has been successfully used to
in multilayered media. 'I_'he Green'’s function fo_r _the multilayer_ed solve irregular scatterers [8], [10], and [33]. It describes the
structure is developed in a form useful for efficient computation vector surface current, matches the boundary conditions with
for interacting microstrip elements, which may be located at any '
substrate layer and separated by an arbitrarily large distance. no nor.mal components along the boundary edges, and has the
This result is of significant value to a variety of applications Potential to represent nonplanar current flow. The unknown
in wave propagation besides those discussed in this paper. Thecurrent distribution on microstrip elements can be modeled
mixed-potential integral-equation (MPIE) method is developed very accurately with triangular basis functions used in the
in the spatial domain. Examples for regularly/arbitrarily shaped  athod of moments (MoM’s).

geometries in si.ng.le apd multilayered media are pre.sented. These Derivation of the spatial-domain dyadic Green’s function
involve the optimization of an open-end microstrip, a radial- . . SR -
stub microstrip, a five-section overlay-gap-coupled filter, and a begins with closed-form formulation in the spectral domain.
circular-patch proximity-coupled microstrip antenna. Very good  Several papers using the MPIE formulation have given explicit
agreement with measurement and other published data is ob- expressions for single-layered or double-layered structures
served. [12]-[15]. The field and source points were assumed to be
embedded in the same layer, which is not applicable for cases
) o ~ with more than three layers. In this paper, the authors derive
N THE DESIGN of microwave monolithic integrated Cir-yyq different formulations for multilayered structures, and the
cuits (MMIC's) and millimeter-wave integrated circuits,nosition of the field point dictates which formulation is chosen.
electromagnetic (EM) modeling of microstrip elements (inthis Green’s function can be evaluated without difficulty for
terconnects, antennas, and circuits) becomes importantae@ number of layers. To obtain the Green’s function in
Fhe operating frequency becomes _higher. Full-wave analygig spatial domain, Sommerfeld integrals must be evaluated.
includes the effects of EM coupling, surface waves, arpqiecenﬂy, the complex image method (CIM) [14], [15] was
radiation loss while traditional quasi-static methods [1], [@roposed to approximate the integrand with several complex
and equivalent waveguide models [3] fail to yield sufficientlgyponential terms, making the computation very efficient.
accurate results. Moreover, the ability to analyze circuits @fowever, the following parameters must be determined before
arbitrary shape embedded in a multilayered medium allowgying the CIM: sampling range, expansion terms, and
for more versatile designs with higher density. The authoggrface-wave poles. The first two parameters depend strongly
have selected the mixed-potential integral equation (MPIB the properties of the layers, and the surface-wave poles of
method [4]-[7] combined with triangular-patch function [8ly medium with more than three layers are difficult to find.
to solve this general configuration. The MPIE applied ifnerefore, the CIM is not well suited for general geometries
the spatial domain was determined to be more efficient fgjith multiple layers. Instead, the authors employ the traditional
numerical modeling of arbitrarily shaped printed circuits thatﬁ‘uadrature method to evaluate Sommerfeld integrals, and
the electric-field integral equation (EFIE) techniques applied gbmy several techniques to speed up the computations.
the spectral domain [9]. In addition, this method gives a betterthe MPIE-MoM analysis presented here starts by meshing
physical interpretation of current flow and field distributionihe \whole geometry with small triangular facets using the
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Fig. 1. Generic multilayered medium: (a) open in upper half space, (b) shielded, and (c) open in both upper and lower half spaces.

tivity and permeabilitye,.; and 1,.;, respectively. The upper [17], only surface integrals with well-behaved functions over
and lower ground planes are removable to represent eitisenall areas need to be calculated.
hiel mi-open, or n str re. The medium : .
a shielded, se_ _o_pe_, or open st uctug 6.3 ediu A.S Dyadic Green’s Function
assumed to be infinite in the-y plane, and microstrip patterns _ _ _
are assumed to be of infinitesimal conductor thickness. Before applying the MoM, the dyadic Green's function for a

An EFIE can be set up, by applying the boundary conditi ultilayered medium is derived. In [11]-[15] only the Green’s
of the zero tangential field on metal surfageas unction with the field point in the source layer is discussed.

As a result, planar circuits in conventional microstrip with two
dielectric layers can be investigated, but circuits with three or

A x EinC(F) — A x /ﬁE(;m) . fs(ﬁ) ds, more dielectric layers cannot be dealt with. Here, the spectral-
s domain Green’s function is derived in a general form. It can
7 0N microstrips (1) be written as the sum of TE and TM# and —2 propagating

waves due to the reflection and transmission between different
= . . . , . = layers, no matter where the field point is. The generalized
yvhireG EfIS the dyadlcde'legglc.-fleldFGreg” SIT‘{”Ct'%n’ aﬁ[dh reflection and transmission coefficients [18] are obtained from
Is the surface current distribution. For simplicity, the autholg 1,5 ndary conditions. For planar microstrip configurations,
neglect conductor and dielectric losses. If the magnetic vecgmy G% and G* due to a horizontal electric dipole (HED)
e _ Z, e , q
potential (4) and charge scalar potentidff asE = —jwA—  are involved. They are listed as follows, depending on the
V'V are introduced, then (1) can be rewritten as an MPIE |ocation of the field point.

1) Source Layer:

A X E’inc (7—») —f % [Jw /EA(rV;) . j;(fs) ds. é[;)a:a: _ N;_f/;?‘l{e—’wlz—zsl + MiTE[RiTEG—"/i(th_l—z—zs)
PTE —~v;(z+2;—2h;
+9 [ Gy as] @ HRZ
s + RiT+ERiT_E(G—'yi(2di+z—zs)
_ B} k) 3)
where G4 and G, are the dyadic Green’s functions fot o B2 .
and V, respectively. Both Green’s functions are first derived G{* = Cr— {G_Wilz_zsl + M
T Tt P

analytically in the spectral domain, then evaluated in the spatial
domain using Sommerfeld integrals, discussed in the following
section.J, andg, are the unknown distributions of the electric  BIERTE(om (i) 4 o= (Gdimsbz)y)
surface current and charge. They are connected to each other V2 ST o (2h e o

N . _ i Yi(2h;_1—z—2z)
by the continuity equation. The reason the authors use the pa Mi TR e
MPIE is to avoid the two-dimensional (2-D) infinite integrals o
with highly oscillating and slowly decaying integrands that
must be evaluated in the EFIE. After removing the singular _R;ri\q}?;r_l\q(e—%(2di+z—zs) + e—’yi(Qdi—z-l—zS))]}'
term from the MPIE’s integrand, which occurs when source
and field points coincide and can be computed in closed-form (4)

i [RiTEG—"/g(th_l—z—zS) + RiT_EG—"/g (z42s—2h;)

+ RZT_JWG—%- (z42z.—2h;)
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+ v Tom M;

off the real axis in thek, plane, to avoid surface-wave
[emihimimz)  RIM =i (zathim=2h)] poles. In order to accelerate the MoM computation, tables of
_[e—w(z_m) _ RiTﬂle—w(2hg—1—hg—z)]} (6) G4 and G, versus distance between source and field points

are constructed. These tables are stored as a database and

where~? is defined ag:2 — k7 andk? = k2 +kZ with k; as the interpolated repeatedly during the MoM procedure. The same

wave number of théth layer. The HED is embedded in thith  Green’s function tables are valid for any new conductor shape,

layer, and the field point is in thé&h layer. The subscripts as long as the layer parameters remain the same.

and — representt-2 and —Zz propagating waves, respectively.

The generalized reflection/transmission coefficients of TE/TH. The MoM's

waves are denoted @& ™ andT g, tv. They are defined

in the Appendix. Equations (3) and (4) are the Greeniﬁ1

functions with the field point embedded in the source Iaytari

(in this case, = j). They are composed of three parts:

direct term, a single reflection, and a multiple-reflection fro

both upper and lower interfaces. Equations (5) and (6) are

The MoM's is applied to convert the MPIE to an algebraic
ear system. The first step is to expand the unknown current
stribution with a set of basis functions. To model the
%rbitrarily shaped microstrip geometries, the authors adopt
e triangular-patch subdomain function, shown in Fig. 2, and

Green’s function with the field point embedded in the layer ined as

differing from the source layei. Because of reciprocity and E_n+ (F= 7)) = £n+ i Fe Tt

the continuity of the Green’s function, only the case of an 24n 24n

HED below the field pointi < j) is considered here. Both #7in(7) =4 fn (Foa — 7) = A - 7T

G and G{9” are the multiplication of the transmission 245~ " 247 7 "

coefficient andi-z propagating components at theandh;_; 0, otherwise.
interfaces. With this spectral-domain Green’s function, any . . . . (8)
configuration of planar conductors in a multilayered structuﬁa"S basis function can describe vector current flow. Its
can be analyzed. divergence is constant over the associated triangular face, and

To convert the spectral-domain Green'’s function into tH&°'mal components do not exist at the exterior edges. The
spatial domain, Sommerfeld integrals need to be evaluat@€Shing algorithm developed in [16] is used to grid the whole
This is a very time-consuming step since the integrands &/£cuit into small triangular facets. _ _
both highly oscillating and slowly decaying. Recently, several | "€ same current cell is chosen as the testing function
papers have suggested using complex images to approxin(ﬁ@lerk'n’s procedure) gnd vector identities are usgd. to re-
the remaining integral, after extracting the quasi-static af@fmulate (2) as a matrix equatidi](/] = [V], containing
surface-wave contribution [14], [15], [19], [20]. However, thdhe following matrix elements:
expansion terms and sampling region are strongly depende . TP — N N
on the layer’s thickness and dielectric constant. Also, it is dif—%’m I /Sm ds /S ASs[trim(7) - Ga(FIT) - trin(7)]

1

ficult to find the surface-wave poles for more than three layers. R

Therefore, in this analysis, Sommerfeld integrals, after ex- +2 : dS/S dSs[V - trip ()]G (775)
tracting the quasi-static terms, are still evaluated by numerical ooLaT

integration [21]-[23]. The quasi-static terms, corresponding to Vs - trin (7)) ()

the asymptotic behavior of the integrand, can be obtained pythis analysis, the excitation mechanism is a series delta-gap
letting %, approach infinity [24]. They can be transformed intQq|tage source, attached at the open end of the input line [25].

analytic expressions by using the identity Therefore, only one nonzero element exists in the excitation
c—ikiR ooe—wi|z|J0(kpp)kp vector [V], and it is normalized to be 1 V. The output port(s)
i :/0 Tdkp (7) are open circuited.

Several numerical techniques are applied to accelerate the
where R = /p? + 2% is the observation distance. The reevaluation of matrix elements [16]. In addition to construction
maining integrals, which converge very fast, are computed Green’s function tables (Section 1I-A¥%,.... is divided into
by Gaussian quadrature integration along a contour deformsahsingular and singular parts. The singular part comes from
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Fig. 3. A generalized two-port network. elliptical

= reference plane
the singularity of the spatial-domain Green'’s function for field @) (b) ©
points which are very close to the source point. It can %g. 4. Open-end discontinuity. (a) Rectangular open end. (b) Different

evaluated by four seven-point quadratures combined with th&n-end configurations. (c) Fabrication of open end on a quartz substrate
analytic expressions in [16] and [17]. The nonsingular part gl in mm).

approximated by a three-point average. The process of filling

the impedance matrix is based on facets instead of interighig extraction technique can be generalized easily to multi-

edges to eliminate many redundant calculations [8], [16]. FBp henworks, and is demonstrated to be useful and effective
example, it takes only 1 min of central processing unit (CPU), e numerical examples in this paper

time to solve a 625-unknown problem on an IBM RS/6000
workstation.

[ll. NUMERICAL RESULTS AND DISCUSSION
C. Extraction of Scattering Parameters In this section the authors present several numerical re-
: . sults for different configurations: regular/arbitrarily shaped,
After evaluating all elements ofZ] and [V], the linear single/double-layered circuits, and antennas. The multilayered

sy;tem is solved for the unknown coefficients, [and_ sqat-_ dyadic Green'’s function is used to solve these general geome-
tering parameters are extracted from the current dlstrlbuuo[ es

Consider the generalized two-port network in Fig.[/3.and

I, are the total current in ports 1 and 2, respectively, a
can be separated into two parts: incideAt () and reflected
(B, D) components [26]. The current distribution along the Several different calibration methods can be used to estab-
microstrip lines can be recovered from the coefficiedis At  lish reference planes for measurements of microstrip circuits,
two consecutive sampling poinis andz; ., along theport; Some of which require an open-circuit standard. The accuracy

rE Microstrip Open-End Optimization

line, the currents can be expressed as of the measurements depends on how precisely the microstrip
open is described. Also, the behavior of a true open-circuit

I =1 (%;) may be more closely approximated by modifying the shape of

— Ae 95T _ BeiBrT: (10) the microstrip open. The simply mitered open end was first

discussed in [27] for a coplanar waveguide (CPW) by using a
stair-step approximation. The following comparison between
numerical and measured results shows that the authors’ anal-
é(sis method provides the accuracy and flexibility needed to
describe both simple (rectangular) and compensated (shaped)
microstrip opens.

First the authors consider the simple microstrip open-end
iscontinuity [see Fig. 4(a)]. A semi-infinite microstrip line is
cated on the top of a single-layered substrate witk= 9.9,
thickness 0.635 mm, line width 0.6 mm (for %), and line

Livy =I(ziy1)
= Ae™IP¥i1 _ Belfrrin (11)

whereg, is the propagation constant along the microstrip lin
determined in advance. Therefore, the coefficientsnd B can
be extracted fron¥; and ;. For the region far away from
the discontinuity and the excitation point, a standing wave wil
be observed. Thereforel and B are constants, independen
of z. The authors can extract their values by a simple cur

fitting algorithm. C and D can be extracted from the pert .
current distribution in a similar way. To solve the scatterin ngth 12 mm. Fig. 5 compares the phase of the computed

parameters, there are four unknowns in total, but the auth %Iectlon coefficient to the measurement in [28]. The com-

_ Ut ) I 0
have only two equations, although more conditions sho ted resultsta%reethwnh ;heﬁmetasgrerrent_tto \(/jwthm l'I;S/O'
be included. The simplest way is to recalculate the curree‘\) compensaté for the end elfect, simply mitered as wetl as

distribution with the excitation at partand leave poit open. iptically shaped ends were investigated [see Fig. 4(b)]. The
Following the above procedurel*, B*, C*, and D* can be computed performance is also shown in Fig. 5. The end effect

determined. Finally, the scattering parameters can be foulrfdf’ b? compensat'ed. by choosing proper dlmensmps.for'enher
the mitered or elliptical end. To validate this optimization,

from . . . . .
a simply-mitered microstrip open was fabricated on a 1.5-
Sy = BC* - B*C (12) mMm quartz substrates( = 3.37). A 0.2-um nichrome layer
AC* — A*C was evaporated first to guarantee adhesion on the quartz,
Sy = DC* —D*C (13) followed by a 3um copper layer on top [29]. The relevant

AC* — A*C dimensions of the microstrip lines are shown in Fig. 4(c). The
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—&— clliptical, a= 1.2 mm

-30 L P N L n n
5 10 15 20

Frequency ( GHz )

Fig. 5. The phase of reflection coefficient for different open-end configu-

rations,e, = 9.9, d = 0.635 mm, w = 0.6 mm, as in Fig. 4(a) and (b).

Measurement from [28]. Simply miteret:= 0.23 mm; elliptical: 2b = w.

8
6 —©— mecasurement ( uncompensated )
—0— measurement ( simple-mitered )
4 —*— computation { uncompensated )
— ——&— compulation ( simple-mitered )
9 (b)
gﬂ 21 Fig. 7. Geometry and discretization of a microstrip radial stub. There is a
= total of 488 facets and 644 edges.
g0
E =
29 OF A g
2+ r \:f i
A0f
-4t L
i ~ o0k h
_6\ FUS B VS S R [T S i m 0. t,
0.5 1 15 2 25 3 = [ (
Frequency ( GHz ) 3 a0k i
=] i ;
Fig. 6. The phase of reflection coefficient for uncompensated and sim- = [ '
ply-mitered open-end configuratiors, = 3.37, d = 1.5 mm, as in Fig. 4(c). ob 40k t
= i g —— measurement in [30]

. . . . T computation (265 edges)
authors chose a thick substrate with a low dielectric constant to s0F 1 computation (644 edges)
exacerbate the end effect problem, and emphasize optimization ;
of the geometry to minimize this phenomenon. Also, large 80 L, . . . .
geometries are less sensitive to fabrication tolerances. Fig. 6 0 5 10 15 20

shows excellent agreement between the measured and com-
puted phase of the reflection coefficient. The simply mitered

open circuit provides the best approximation to a true ope&fy. 8. Transmission coefficient of a microstrip radial stap. = 10.0,
circuit. d = 0.635 mm, w = 0.6 mm, radius = 7.5 mm, radial angle =60

Frequency (GHz)

) ) ) higher frequencies. The radius of the stub is 7.5 mm and the
B. Microstrip Radial Stubs radial angle is 69. To verify convergence, computations are
The second example demonstrates the authors’ ability peesented for two different discretizations: the first one uses
analyze a single-layered microstrip circuit of arbitrary shap@12 triangular facets and 265 internal edges. The second one
Fig. 7 shows a microstrip shunt-connected radial stub. Theses two cells along the transverse direction of the microstrip
substrate has the following parameters: dielectric constdime and more facets along the radial direction of the stubs,
e~ = 10.0 and thicknessi = 0.635 mm. The line width is making a total of 488 facets and 644 edges. The computed
0.6 mm and is truncated (from the center) at 16.5 mm foransmission coefficient is compared with the measurement
the lower frequencies (below 8 GHz) and 7.5 mm for theeported in [30] and the result is shown in Fig. 8. Good
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1 |
Xov2 Xovd Xov6 kY
~ = - = ~ =
0.8[ 1\
H H ! H H W, | — measurement [31]
Wit : = ] A - ----g=(98,22) '
—_— [er— = 1
- = -] | = 5 osl € =(96,10,2.18) ;
Xovl Xov3 Xovs 7 !
" )
E
(a) En 04}
input l A output >
air . res2 " res4 e o2t
: X
] ok . . . . . .
€ i d 8 9 10 11 12
YIiidds Frequency ( GHz )
(b) Fig. 11. Comparison of passband reflection coefficient for the modification
) ) ) ) of dielectric constant. Dashed line is from Fig. 10; Dotted liag: = 9.6,
Fig. 9. Geometry of a five-section overlap-gap-coupled filter. ero = 1.0, 6,5 = 2.18, dy = 0.259 mm, do = 0.0076 mm, ds = 0.2514
mm.
0y TABLE |
FABRICATED RESONATOR AND OVERLAP
[ LENGTHS OF FIVE-SECTION BANDPASS FILTER
-10 Length (mm) 1 2 3 4 5 6
— Resonator 6.964 6.442 7.236 6.446 6.960 —
F‘Q ('(/res)
= 20 Overlap @) 1.316 0.382 0280 0.276 0.386  1.298
2
=2
&= .
230} line) shows that the measured upper and lower band edges are
e shifted up by 220 and 130 MHz, respectively. The authors
— 1Sy | messurement 31) suspect two possible causes: 1) a 0.0076-mm (0.3-mL) air
-40 = = =~ 1841 |, computation R R R B}
,,,,,,, | Sy 1. measurcment (313 gap was introduced at the alumina/duroid interface by the
e 1Sy |, computation 0.0076-mm metallization thickness of the resonators located
50 L e R there; and/or 2) the actual dielectric constants were below
10 15 20 25 their nominal values. Therefore, the filter was analyzed again
Frequency ( Gz )

using the lower bound of the manufacturer's tolerance for

Fig. 10. Frequency response of five-section overlap-gap-coupled bandpﬁ§§h dielectric constant as well as an additional layer of air

filter, geometry as shown in Fig. %4 = 9.8, ¢,2 =2.2,d1 = d2 = 0.254  (dy = 0.0076 mm): ;1 = 9.6, €0 = 1.0, ande,5 = 2.18. The

mm, wy = 0.812 mm, w; = 0.458 mm, and Table ). actual alumina and duroid thicknesses were determined with a
measuring microscope to ke = 0.259 mm andds = 0.2514

_ mm. These modifications produced better agreement, as seen
agreement and convergence over a wide frequency range hf'ﬁvﬁig 11 (the dotted line)

been obtained.

D. Proximity-Coupled Circular-Patch Antenna

C. Doubled-Layered Bandpass Filter To illustrate the versatility of this analysis, a circular-patch

The next example is a five-section overlap-coupled bandpa@sgenna is considered as the final example. The configuration is
filter (see Fig. 9) [31]. It was fabricated from alumina anghown in Fig. 12. In this example, the circular-patch antenna
duroid substrates with the following tolerances: = 9.8+0.2 is fed by a proximity-coupled microstrip line, embedded in
ande,.» = 2.240.02. The thicknesseg; andd, are both 0.254 the bottom layer. The two substrate layers have the same
mm. The line widths ares; = 0.812 mm (top) andw, = parameterse,.; = ¢,2 = 2.62 andd; = do = 1.59 mm. Three
0.458 mm (bottom). The fabricated resonator and overlapansverse cells are used on the feed line, and 128 triangular
lengths are listed in Table |. Equations (5) and (6) are uséitets compose the patch, making a total of 493 internal edges.
here to construct the Green'’s function. Fig. 10 is a broad-baRd). 13 shows that the calculated input impedance agrees well
plot comparing the computed and measured responses. Guodatth the measurement from [32]. It proves that this full-wave
agreement can be seen for the low-side rejection, passbhaidlE-MoM analysis using triangular basis functions can be
ripple, upper stopband, and second passband. However, ttapplied to arbitrarily shaped multilayered microstrip antennas
is a small discrepancy in center frequency. Fig. 11 (the dashesl well as circuits.
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analysis provides an accurate and flexible algorithm to model
microstrip antennas as well as microstrip circuits.

CY372 APPENDIX
o z """""" The generalized reflection/transmission coefficients in
reference plane (3)-(6) were introduced in [18]. They are listed here in our
L 140 mm notation as follows:
I
TE,TM | BTE,TM _2v, .d;_
ETETM _ Vit TR e e
i+ - TE,TM pTE, TM _ o~ . d._
feedli + patch L rgy By, et
] eedune .
air '/] [ % 1=2,3,1n (14)
TE,TM | »HTE,TM _2~.., d:
€, d, RTE: ™ _ T + R(i+1)— e Yit1dit1
£, d, = 14+ 7,iT_E: TI\’IREEI?qu—Q"/HldHl7
s i i=0,1,--,n—1 (15)
(b) A TE T _ - RTE, T™ TR, Tl\qc_gwdi]_l (16)
T T T—
Fig. 12. Geometry of a proximity-coupled circular patch antenna. 128 facets i+l
are used to represent the patehy (= €2 = 2.62 andd; = d2 = 1.59 mm). =(ji)+ —~di «TE, TM .
TTE, ™ — H c Ve kSk_i_ Wlth dj = 0 (17)
k=j
e « computation 1 1 TE, TM
~+ Sgnr
TE, TM __ k+
— . measurement [32] Ser — S - (18)
1 —7r ’ R ’ e 2"/k—ldk—l
(k—1)—""(k—1)+

where Sgnis —1 only for the TM case ofGy and is 1
otherwise. The HED is embedded in thth layer, and the
field point is in theith layer. The subscripts and— represent
the+2 and—Z propagating waves, respectively. The reflection
coefficientsRk can be computed by iteration, with the initial
valuesR,, = r4 and R,_ = r,_. The parameter is the
local reflection coefficient between the adjacent layers and can

Fig. 13. The input impedance of a proximity-coupled circular patch antenna

(See Fig. 12 for dimensions).

IV. CONCLUSION

In advanced MMIC technology, multilayered configurations[

be written as

0, with half space
1 with ground plane
TE ’
Tit Vil — YiF1lri otherwise o)
Yibbrizr T Vig1hei
0, with half space
’ 1 with ground plane
IM _ ’
Tk JiCriz ZVFLGE herwise. o

Vi€ripr T ViFlEri
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