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Rapidly Converging Direct Singular Integral-Equation
Techniques in the Analysis of Open Microstrip Lines
on Layered Substrates

J. L. Tsalamengas

Abstract—n this paper, moment-method-oriented direct singular inte-
gral-equation techniques are used for the exact analysis of planar layered
microstrip lines. While these techniques retain the simplicity of the conven-
tional method of moments, they optimize them by evaluating all matrix ele-
ments via rapidly converging real-axis spectral integrals. The proposed al-
gorithms yield highly accurate results for the dispersion characteristics and
for the modal currents both of the fundamental and higher order modes.

Resonant Frequence (GHz)

Index Terms—integral equations, layered media, planar transmission

lines.
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Fig. 3. Tuning range. Shown in Fig. 1 is the geometry of an open generalized microstrip
line. All layers—described by the scaldes, p;, ki = w./z:p;)—are
V. CONCLUSION AND FURTHER DISCUSSION taken to be linear, homogeneous, and isotropic, whereas the semi-in-

N . .. finite regionsm 4 1 and—n — 1 may be perfect electric conductors
The distribution of the coupling between a DR operating in theecq) “herfect magnetic conductors (PMCs), or dielectrics. Here, the
TEo:5 mode and microstrip lines has been studied in this paper. Usiiil « ‘ase is considered. where the strip is placdd at 0, —w <

a finite-element field calculation at the resonant frequency, equivalgrnt< w, —o0 < = < +50) right on the interface between two adjacent

multisection gircuit parameters were deriyed. The distributed- a%&/—ers_’ It is known [1], [2] that, in this (worst) case, several exponen-
Iumped_-COL_lpllng mf’de_'s are compargd with m_easured_ results fr(ﬁ%\ly decaying factors, which ensure convergence of the conventional
a test circuit. The distributed model with a predicted tuning range Qf ectral Green's dyads, disappear, leaving us with slowly converging

2‘3’] M"(;Z IS n closfehag;gemsnt ‘(’j‘"th tgel meallsuredhrangﬁ of 20 N][ ectral integrals. Proper handling of these integrals will be carried out
The advantage of the distributed model is clear when the range frofyot efficiently in Section Il

the lumped model is considered at 89 MHz. In connection with this structure, the three-dimensional (3-D) ex-
citation problem for an arbitrarily polarized obliquely incident plane
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wherel ;% (Z;) (m, n =0, 1;j = 1, 2, 3) are the following spectral
integrals

—

(m+1) )
T h_ In(Z) = —rw(=D)M" N+ 1)™(N +1)"
D (m) o0 J J
m . e Mam (W) Jnpn(wu) »
hm— 1 / Zi(u) (wu)™ (wu)™ du(8)
-i- 1-11 with .J,, denoting the Bessel function of order The dispersion equa-
D, (1) tion of the problem results by setting the determinant of the system (5)
t ~ v h =0 — x to zero. ,
D, (o) b It may be verified thatZ; («) vary as|u[>~7 (j = 1.2, 3) when
: o u — Zoc. Therefore, the integral% (Z;) converge slowly, ag 2.
_;_ h As a consequence, it is difficult to obtain a high accuracy on the basis
D (-n) -n of (5) and (6) for the modal electric currents and for the propagation
1" h-n-1 constant. This is true, in particular, for high-order modes, necessary
(-n-1) when studying, for example, microstrip discontinuities. To overcome
these difficulties, a singularity extraction procedure is applied in the
Fig. 1. Geometry of the problem. following section. An alternative efficient spectral-domain technique
has been developed in [6].
whereR is the shorthand symbol for
w oo Ill. SINGULARITY EXTRACTION
R(Zi, Zji0) = — da'! e Iule=eh) : , .
A Y AT N To recast (1) into a convenient form, we use the decompositions [3]
AN Zi(w) o () + Z;(u)J. (") | du.  (2) 1 1 9l =
[Z:() (e + Z; () T ()] i = TP =
Here, P
Z]-(u):Cj(u,)—l—Z(‘])(u)7 j=1,2,3 9)
N _ . . e h
Zi(uw) = Zj(u; 7, ¥") where
(j =1, 2, 3) are given by [3, eq. (7)] in terms of the quantities Glu)=2Z; (u; v+ oy, yt + y{;>
T =Y (04+)-Y(0-) ¥"=v"(0+)-Y"(0-) (3) , 11
o | | 29(w) = 7, ( 1 —h) (10)
whereY4(y) = Y%(u;y) (¢ = e, h) are the admittances of tASEY ‘ pe” P

andLSM? waves supported by the layered dielectric medium in the
absence of the strif’?(0+) andY “(0—) may be recursively evalu- 5 o
ated, as explained in [3, App. A]. yi = =i/ (wpi)

v = (= )Y

K2 =k -3 (—g <arg(y_n_—1) <

y; = — jwei/vi

A. Discretization of (1) by Conventional MoM -

We setr = wt, 2’ = wt' (-1 < ¢, ¢ < 1) and expand 2

> —% < arg(Ym+1) < g) (11)
J. [x(t)] =F. (t)/'\/l — 2 F.(t)= Y anTn(t) (4a) _
N=0 It may be verified thatP?(«) and Z(’)(u) decay very strongly (ex-

oo ponentially) as: — Zoc, whereag; (u) continue to vary agu|*~,
I [;p(t)] =F.()V1—12 F.(t) = Z bnUn(t) (4b) whichis rather inconyenier)t. Proper handling of the inverse Fourier in-
N=0 tegrals™ ¢ (u)e™ === qu, as described in [3], leads to the fol-
whereT andUy are the Chebyshev polynomials angt andby  lowing system of SIE/SIDE:
are expansion constants. Inserting (4a) and (4b) into the first and 42
X . ) . R(R1, Rz ) + k2—+k2 /*\9'(1)(7’)
second equations of (1), multiplying the first and second equations Jtifi1, fr2i® A2 C ) Pe A
of (1), respectively, byv1 —t2Un(t) and by Tw; (¢)/v/1 — 2 N
(M =0,1,2,...), and integrating fromt = —1 to# = 1 yields the 12 d 121 3@ (2
infinite linear algebraic system + (Mgt ) S (@)

< (Kiin Kifn \[ax 0 od [ 2 o
(1 YY) o [0+ 155 0] <

Kiin  Kin J\ bx 0

N=0 (5) (12&)
. cad oo o~
Here R(R2, Rs;x)+ 370 . [k};s;‘)(m) + k?ng)(m)]
Kiix =1in(Z0)dfx = Ta3t (@) = Tu3{ () =0 (12D)
Kiiv ==Ky (|#] < w). Here, the notation
=Tyn(Z2) dyry %]()l)(:c) = / J,,(:E/)H(()2)(H1 |z — 2'|) dz’
Kiin =Tin(Zs) df;n (6) -

W

a5y = [1 + (—1)M+N] / 2 @) P = [ T K(

—w

x—a'|)da’ p=wz,z (13)
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has been used with The integerL, determining the matrix sizL x 2L, is as large as
needed to ensure convergence of the algorithm. The matrix elements
, 1 ) R:7, in (16), as given in [3, eq. (28)], involve: 1) the spectral integrals
K (|$ -z l) = 5 > (-1'K JU(t, 71 R;) (¢ = a, b;j = 1, 2, 3), which are defined in [3, eq. (20)]
0 o= and converge uniformly, as/|«|>*7 and 2) the quantities\?) (F =
] [HSQ) (Hv‘!"r _ m,|) n HQ(Z) (H.‘;'T _ }r,|)} jal, B, C, D;g =1, 2) of [4], yvhich are given either in closed form or
in terms of simple single series. These important features considerably
(14) enhance the efficiency of algorithm B.
In terms of {.., d}, the modal electric current density on the strip

(H? and H® being Hankel functions). The quantitie®, = be found via [3, eq. (21)].

(G =1, 2, 3) (rapidly converging functions of the spectral variab)e
k4, kB, k&, kD, Ta, andTs are defined in [3, App. B]. IV. NUMERICAL RESULTS AND VALIDATION OF THE ALGORITHMS

A. Discretization of (14) using DSIET To validate the proposed algorithms (methods A and B), exhaustive

) o ) ) ) comparisons of their corresponding results have been carried out along
The discretization of (14) will be based on two of the direct singulgy;ip comparisons with results available from [7]-[12].

integral-equation techniques (DSIETSs) developed in [4] as follows.
Method A: This method, outlined in [4, Sec. Ill], yields for the ma-
trix elements in (5) the expressions

Table | concerns an open microstrip line (like that depicted in the
insets of Fig. 2 (forlq — o0) or Fig. 3) of relative dielectric constant
g = 8. Highly accurate results are shown for the effective dielectric
constant.g = (3/ko)?, as computed by both method A (for several

K o— ' (R 1 truncation sizesN = 1 — 6) and method B. Here, both a narrow strip
CMN mn(B) + - . .
w (2w/d = 0.1) and a wide onew /d = 1.0) are considered for several
- 2 values ofl/)\o (d = substrate thickness, = free-space wavelength).
{kADRﬁV <k; K1 W> As seen, the convergence of method A is extremely rapid and stable.
" A

In the cas@w/d = 0.1, the results obtained by method B are in exact
42D ) o i+ agreement with those of method A. The agreement between these two
TBEMN gz MO “MN independent methods is excellent for the c2ggd = 1 as well. In
(15a) both cases, results reported in [7]-[10] are also included for the sake of
] i comparison. Inspection reveals that, for narrow strips, our results are
Kiin = = Kju in excellent agreement with those of [7] and [8]. In contrast, for wide
- { —IIN(R)) + 38 [kiC,gj),\r(Hrw) strips, our results are in excellent agreement with those of [9].
Fig. 2 shows.# of a shielded microstrip line for several parameter
+E5ECC) (ki w, r;,lw)] }dim values. These results are indistinguishable from [11, Fig. 4(a)]. The
o results of [11, Fig. 3(a)] have been also reproduced exactly using both
(150)  our methods (not shown).
ez f 00 epoy A oy o A2 The proposed algorithms can be most efficiently used to study higher
Kiin { Iun(Rs) —w [n’lﬂ/m(’”“) +Tediin order modes as well. This is exemplified in Table II, whégk, is
shown for the three consecutive modes of an open microstrip line (see
the inset of Fig. 3) with paramete?sy = 3 mm,d = 0.635 mm, and
¢, = 9.8. Analogous results pertaining to this same structure have been
whereFy{; (F = A, B, C, D; ¢ = 1, 2) are given in a computa- most recently published in [12] based on the mixed-potential integral
tionally efficient form in [4]. The spectral integrals;% (R;), which  equation combined with complex image theory. As seen, the results of
have to be evaluated numerically, converge:a$, i.e., very rapidly. our methods A and B are in excellent agreement to each other. These re-
Finally, letus assume that each of the series in (4a) and (4b) is truncad@ls are also in very good agreement with those of [12] for the first and
atN = N,. By embodying several symmetry relations, as explainggbcond modes. For the third mode, in contrast, our results deviate (up
in [4], it may then be shown thatV. + 1) x (N, + 2) integrations to 4.9%) from those of [12]. To resolve the dilemma posed by these dis-
suffice in order to fill up all thek(V, 4 1)* matrix elements. The above crepancies, we turn to an idea presented in [13, Sec. 4.9] and consider

- (K1w, K-y 11;)] } b n (15c)

features considerably add to the efficiency of the algorithm. the microstrip line, which results after imposing perfectly conducting
Method B: This method, outlined in [4, Sec. V], ends up with theslectric sidewalls at = +.A. This new (modified) structure can be
linear algebraic system of independently studied using Fourier series (thus avoiding any numer-
ical integration) with extremely high accuracy by extending the pow-
L R, R, n 0 erful techniques recently presented in [14]. For A large enough (e.g.,
Z <_§1/ pee ) <dn ) = <0) ’ n=12,....,L (16) 4 > 15 max(d, w) as suggested in [13]), the sidewalls have negli-
n=l e gible effect on the characteristics of the microstrip line. As a matter of
. . fact, the results for the modified microstrip line (fér= 304, using six
with unknowns the quantities basis functions for each of, and.J.)—shown also in Table Il (rows
labeled “MS”)—are found to coincide (to within six significant deci-
en = Fu(tn) mals) with those of our method A. This coincidence of results clearly
dn = Fo(f,), n=12,..., L (17) demonstrates the efficiency and high accuracy of the proposed algo-
(2n = 1)r rithms in stu_dying higher order modes. _
t, = cos 7 The algorithms proposed here may be also used to obtain the modal
. n current densities on the strip with high accuracy. To this end, one has to

o~
Il

cos

L+1 (18)  solve the homogeneous systems of (5) (method A) or (16) (method B)
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TABLE |
EFFECTIVE DIELECTRIC CONSTANT OF AN OPEN MICROSTRIPLINE, AS OBTAINED BY METHODSA AND B, AND COMPARISON WITH [7]-{10]
2w/d=0.1
d/i, (005 0.1 02 03 0.4 0.7 1.0
Method
N=1 [5.270382 |5.765638 |6.799307 |7.376902 [7.633300 |7.875877 (7.938582
A 2 15270382 [5.765641 16.799319 {7.376913 [7.633309 [7.875881 [7.938586
3 5270382 [5.765641 [6.799317 [7.376911 [7.633307 |7.875880 [7.938585
B 5.270382 |5.765641 16.799317 |7.376911 |7.633307 |7.875880 |7.938585
7] 5.270 5.765 6.799 7.367 7.633 7.876 7.939
[8] 5.270 5.765 6.799 7.376 7.633 7.876 7.939
9] 5.384 5.765 6.791 7.365 7.617 7.872 7.938
2w/d=1
d/A, {005 0.1 0.2 03 0.4 0.7 1.0
Method
N=3 [6.124938 [6.752812 |7.393362 |7.654112 |7.778974 [7.914988 |7.955581
A 4 [6.124938 16.752813 |7.393365 |7.654122 |7.778974 |7.915222 |7.955459
5 16.124938 [6.752812 [7.393357 [7.654093 [7.778939 |7.914934 |7.955531
6 6.124938 [6.752812 [7.393357 [7.654093 [7.778939 [7.914934 [7.955533
B 6.124938 16.752811 |7.393351 |7.654083 |7.778927 [7.914930 17.955521
[7] 6.124 6.742 7.361 7.620 7.747 7.898 7.945
[8] 6.1272 6.7576 7.3996 7.6591 7.7826 7.9164 7.9562
[9] 6.130 6.753 7.393 7.654 7.778 7914 7.948
[10] 6.1316 6.7572 - 7.6551 - 79151 7.9556
1[e.=9.7 _ TABLE I
1|de/d=10.0 2w/d=4.0 3/ ko FOR THEFUNDAMENTAL AND FIRST TWO HIGHER MODES OF ANOPEN
9.0 A MICROSTRIPLINE WHEN 2w = 3 mm,d = 0.635 mm,AND &,, = 9.8
] fr | Method | 1"Mode |2""Mode | 3™ Mode
] (GHz)
8.0 1 5 | 3.0272114 | 2.5799588 | 1.4045527
5 ] Al6 3.0272111 | 2.5799588 [ 1.4044689
1 7 3.0272111 | 2.5799588 | 1.4044702
7.0 1 30 |B 3.02720 | 2.58001 1.40447
] MS 3.0272112 | 2.579959 1.404470
1 [12 3.026 2.579 1.334
6.0 S — 5 3.0433918 | 2.6972272 | 1.8849176
0.0 ngﬁm“;éﬁ fr;-suenc2-4 A [6  |3.0433914 [ 2.6972271 | 1.8847276
quency 7 |3.0433914 | 2.6972272 | 1.8847296
Fio 2. Effective dielectri lized ¢ hiclded 35 B 3.04337 | 2.69728 1.88472
n":%roétrip Iit;cetl\(/e ie ectrlc_constarjav rfluls])normalze requency for a shielde MS 3043391 | 2.697227 1884729
' [12 3.042 2.696 1.818
5 3.0561774 | 2.7782170 | 2.1736055
R — 1.0 A [6__|3.0561770 | 2.7782173_| 2.1732900
:v'—'_11051§mm 7 3.0561770 | 2.7782173 | 2.1732994
d=1.27mm 40 B 3.05615 2.77828 2.17329
MS 3.056177 | 2.778217 2.173299
—2W 4 3 [12 3.054 2.778 2.110
@0'5 | / . g 0.5 j 5 3.0664269 | 2.8372460 | 2.3657118
= J L o A6 3.0664263 | 2.8372464 | 2.3652685
~ Y 3 7 3.0664263 | 2.8372463 | 2.3652706
3% this work =5 45 B 3.06640 2.83732 2.36526
- Lo (el MS 3.066426 | 2.837246 | 2.365270
z [12 3.064 2.836 2.306
0.0 . 0.0 5 3.0747513 | 2.8819587 | 2.5021460
0.0 0.5 1.0 A |6 3.0747504 | 2.8819591 | 2.5015458
x/w 7 3.0747504 | 2.8819591 | 2.5015481
50 B 3.07472 2.88203 2.50153
Fig. 3. Modal currents of the first mode of an open microstrip line. MS 3.074750 | 2.881959 2.501548
[12] 3.071 2.881 2.445

on the basis of the singular-value decomposition method. Typical re-

MS: Modified structure (microstripline with side walls)

sults are plotted in Fig. 3 in connection with the first mode of the open

microstrip line shown in the inset. These results are indistinguishableConcerning the third (higher order) mode of Table Il for=
from those of [9] providing a further validity test of the developed nu30 GHz (3/ke = 1.404470), Fig. 4 showsZ,.J. (dotted line) and
merical code. ZoJ. (solid line) versuse/w (Zo = +/po/20). These curves have
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Zold,l, Zoldyl

Fig. 4. Modal currents of the third mode of Table Il fbi= 30 GHz (3/ko =
1.404470).

been derived by using method A and reproduced exactly by method

B as well. As a further test of the correctness of these results, we

also derived analogous curves pertaining to the modified microstrip

line (labeled “MS”), with conducting sidewalls, referred to earlier in  MIM Shunt-Capacitor Model Using Black Boxes of
connection with Table Il. As a matter of fact, the curves pertaining to EM-Simulated Critical Parts

this modified structure were found to be indistinguishable from those

obtained earlier by methods A and B. Gregor Gerhard and Stefan Koch

Abstract—A new model for metal-insulator—metal shunt capacitors is
introduced in this paper. The main difference between the new model and

Two independent DSIETs have been used for the exact full-walkf@ewn models is that critical parts of the capacitor‘s geometry are repre-
sented by black boxes. These boxes contaffi-parameter files generated

analy-SIS qf .Iayered mICI’O.S'[I’Ip lines. The.proposed algor.lthms Comb'\'ﬂvﬁh an electromagnetic field solver. The capacitor parts, which depend on
the simplicity of conventional MoMs with extremely high accuracyhe capacitance value, are represented by microstrip and lumped elements.
both for the propagation constants and modal currents on the stripThe new model combines the advantages of field simulations with those of

filling up the matrix elements, only rapidly converging real-axis Spe(]l‘umped—_ or microgtrip—based mode_ls. It can easily be used in ci_rct_Jit s_imu-
ators utilizing their features for design development such as optimizations.

tral integrals are encountered. The model is compared with two shunt capacitors on microwave monolithic
integrated circuits to show the excellent fit.

V. CONCLUSION
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