LETTER IEICE Electronics Express, Vol.12, No.17, 1-8

Simple quasi-static analysis
for coplanar stripline within
multilayer dielectrics
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Abstract: We apply the mode-matching method to the analysis of coplanar
striplines surrounded by multilayer dielectrics and lateral conductive shields.
Then the characteristic impedances and the effective dielectric constants
of various coplanar striplines are calculated based on assumption that the
electromagnetic coupling between the lateral shield and striplines could be
neglected with a proper condition. Also we verify the accuracy of the mode-
matching method compared with the conformal mapping technique.
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1 Introduction

Coplanar stripline (CPS) is one of the most popular transmission lines in micro-
wave-integrated circuits (MICs) due to its good propagation characteristics, such as
small dispersion and lower losses [1, 2]. Lots of approaches have been previously
introduced to analyze various properties of CPS [1, 3, 4, 5, 6, 7, 8].

The conformal mapping technique is often used for the interpretation of the
CPS due to its simple closed-form expression [9, 10, 11]. However, an asymmetric
stripline placed on the multilayer substrate requires the superposition principle in
the conformal mapping technique, and it would lead to complicated formulation
[10]. Another widely-used approach is the mode-matching method, which has been
utilized in the analyses of many types of planar striplines [12, 13, 14, 15]. In
addition, the quasi-static analysis allows the mode-matching method to be applied
to the calculation of the multiple striplines [9, 13].

In this paper, a general quasi-static solution for the asymmetric CPS surrounded
with multilayer dielectrics is derived using the mode-matching method. For the
quasi-static boundary condition, we introduce lateral conductive shields to the CPS
structure. Then, the proper distance to prevent electromagnetic coupling between
the lateral shields and stripline is derived from the field distribution and the
capacitance matrix. Finally, the effective dielectric constant and the characteristic
impedance are calculated based on the distance analysis. Note that the novelty of
this research is the consideration of asymmetric CPS within multilayer dielectrics.
In what follows, we show a brief mode-matching formulation on the potential
distribution and boundary conditions for simultaneous equations.

2 Mode-matching formulation

Fig. 1 illustrates a cross section of the CPS surrounded by multilayer dielectrics
with lateral conducting shields of 0 V. The potentials /; and V>, are applied to two
striplines with the width w, and w,, respectively, and the separating distance s. The
surrounding dielectrics are specifically divided into three different regions, which
are regions u; with g, (k = 1,2,3, - - -) for the upper dielectrics, regions b, with &,
(t=1,2,3,---) for the bottom dielectrics, and regions 1-3 with &;, ¢,, and &3 for
the dielectrics adjacent to two striplines. The conductive lateral shields stand apart
from the CPS with distance d; and d>. From the superposition principle and
Laplace’s equation, the potential in every region is expressed [14, 15] as
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» Lateral shields (0V) <

region uy
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Fig. 1. Cross section of CPS in the multilayer dielectrics.

O, = Z sin(m (x — x1)) f1(z) + dzll(x —x1) (in region 1), (D
n1=1
= V=1 . .
o, = Z sin(my(x — x3)) f2(2) + S (x—x3)+ V7 (inregion 2), (2)
n2=1
= . V. . .
O; = Z sin(msz(x — x5)) f3(z) — d_j (x —x¢) (in region 3), 3)
n3=1
Dupr = Y sin(muep(x = x1)) fuen(2)  (in other regions), )
Mgy =1

where m| = nim/dy, my = mym/s, my = nym/dy, myr = nyr/(xe — X1), My = np7/
(x¢ —x1) (k=t=1,2,3,---), and

Age” ", when a = uk,,, and k,,,, = maximum k
fou(2) = Bue"=, when a = bt and t,,,c = maximum ¢ . (5)
A,e” " + B,e", otherwise

To determine the unknown modal coefficients 4, and B, in Eq. (5), the Dirichlet
conditions for the continuity of potentials at z = z,; and z = z,; yield Egs. (6) and
(7), respectively. The Neumann conditions for the continuity of normal derivatives
of the potentials at z = z,; and z = z,; yield Egs. (8)—(11).

X1 — X 00 0
S D St gy + Y F G m, i) fian)]

ny=1 m=1

+ Y [F (3, X4 m2, pun) fa@a)] + Y LF (s, X6 m3, put) f3(zun)]

n2=1 n3=1 (6)
1% V-V V:
= — d—llg(xl,xz) + - 5 2 g(x3,x4) — d—jg(xa,xs)
ViV V £
+ ———2¢08 Py (X — X4) = —- €OS py1 (X1 = X2) + — €08 Py (X1 — X5)
pul pul pul
0 X1 — Xg =
Z F(x1, X6, Mu(h—1)> Puk) Jutk—1)Zuk) + 5 JukGuYompu =0 (1)
My(e-1y=1 =1

where
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b
F(a,b,m,, pp) = f sinm,(x — a) sin pp(x — x1)dx,
a

Y
gpB.y) = fﬁ (x = B) sin p,, (x — xy)dx,

DPuk = quim/ (X6 — X1), guk = 1,2, -+ -, maximum 7, and J,,,, is the Kronecker delta.

& dfn(z X1 — X2 = dfi(z
12F(X1,x29p1,mu1) f‘() + 12 >3 C;Z() Sum =0 (8)
ny1= Z=Zy) n=1 Z=2Zy

Eu df(z X3 — X4~ dfao(z

21 > P promy 1O | B RO g )
n=1 Z=Zy) ny=1 Z=zyl

Omypy = 0 (10)

= Z F(xs,x6, p3, my1) dful(z) + X5 — Xg Z dfi(2)

3 =1 Z=Zul 2 n=1 dZ Z=2Zy
o0
Eulk—1) d fui—1)(2)
R E F(x1, X6, Muy(—1)s Puy) ——————
8uk dZ =2

Ay-1y=1

X1 — X6 o dfu(2)
+ 2 Z dz

5mukpuk = 0 (11)

n=1 Z=Zuk

For the bottom regions, it is possible to enforce the boundary conditions at z = zp;
and z = z, through the similar procedure. The results from the enforcement of
boundary conditions constitute a set of simultaneous equations for the modal
coefficients 4, and B,. The modal coefficients are calculated efficiently after
truncating the infinite series in the simultaneous equations.

3 Computed results

3.1 Field distribution
The time-invariant electric field £ is derived from the calculated potential as shown
in Eq. (12).

- 12
Ox Oz (12)

Fig. 2 shows the electric field distributions of z-component (£,) and x-component

i} o o
E=-VO,2) = 4,E, + 4,E, = _(&xa (x,2) e d (x,z))

(Ey) for an asymmetric CPS without dielectric layers where geometrical parameters
are w; =5 = 10mm, w, = Smm, 4,; = Il mm, and d| = d, = 200 mm. In Fig. 2,
the electric fields are normalized by the potential difference between two striplines
where the applied potentials are /'; = —1 and V, = 1. In Fig. 2(a), £, has high
values on the edge of striplines and £, on the narrow stripline is stronger than that
of the wide stripline. In addition, E, is forceful between lateral shields and striplines
and gets strong as the lateral shields approach the striplines in Fig. 2(b). These
results indicate that the electromagnetic coupling from the lateral shields depend on
the distances d; and d>.

3.2 Electromagnetic coupling from lateral shields

Next, the electromagnetic coupling from lateral shields to striplines is analyzed
by the comparison of the capacitance matrix depending on the distance d
(d =d| = d»). Fig. 3 shows the evaluated capacitance matrix as a function of
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Fig. 2. Electric field distribution of asymmetric CPS without dielectrics
with w; =s=10mm, wy, = 5mm, d; = d, = 200mm, and
ep1 = 1: (a) z-component (E) and (b) x-component (E,).

d/2w +s). The C; and Cj, drastically change when the ratio of d/(2w + s)
increases from O closely to 1. As the ratio approaches about 15 the C;; and Cj,
then converge to about 115 and 65, respectively. This investigation would provide
proper distance d for avoiding the electromagnetic coupling from the lateral shields.
In other words, it is possible that the CPS with the lateral shields is substituted for
the one without the lateral shield as the distance d is much larger (over 15 times)
than (2w + s). Based on this investigation, we then calculate the effective dielectric
constants and the characteristic impedances for various CPSs with enough distance
d to neglect the coupling effect from the lateral shields.

3.3 Effective dielectric constants and characteristic impedance
When the potentials on the CPS are V; = —1 and V, = 1, the effective dielectric
constant (¢.5) and the characteristic impedance (Zp) are calculated [1], respectively,
as
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Fig. 3. Capacitance matrix of symmetric CPS on a single layer
dielectric with g5 = 1 when distance d from the lateral shield
increases.

Capacitance per unit length (pF/m)

Eeff = C/Cyo (13)

Zo = 1/¢y/CCy, (14)

where C is the total line capacitance of CPS, C,, is the total line capacitance
without dielectric layers, and c is the speed of light in the free space.

Fig. 4 presents the computed effective dielectric constants and characteristic
impedances for a symmetric CPS (w; = w, = w) on a single layer dielectric
(¢p1 = 4.6 and the thickness of /). The results are illustrated as a function of
s/(2w + s) for several /1 /(2w + 5), and they are compared to the results of the
conformal mapping technique [9]. The results show a favorable agreement with
the conformal mapping technique. The small discrepancies are attributed to the
considered stripline thickness /#,; in our approach. The characteristic impedance is

[ w0 %0

27F 1590
0.35 530
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=== 410
350

S0 4290
i 230
= 170

=
=
X
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Characteristic impedance (Q)
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0 1 1 1 1 1 1 % 1:4[6 50
0.1 0.17 024 031 038 045 052 059 066 0.73 0.8

s/ (2w+s)

Fig. 4. Effective dielectric constant and characteristic impedance of
symmetric CPS on a single layer dielectric with ¢;,; = 4.6.
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Fig. 5. Effective dielectric constant and characteristic impedance of
asymmetric CPS on four layer dielectrics with /iy, = hp) =
]’lu] = huz = hu3 = 0.2W1, & = 1, &) = 1, &3 = 1, Epy = 96,
ep1 = 4.6, ¢,1 = 3.84, and ¢,, = 2.65.

proportional to s/(2w + s), which decreases as 4, /(2w + s) increases. The effec-
tive dielectric constant increases as the /4, /(2w + s) grows whereas the change in
s/(2w + s) has little effect on the effective dielectric constant.

Fig. 5 illustrates the computed effective dielectric constants and the character-
istic impedances for the asymmetric CPS inserted into multilayer dielectrics. The
results are shown as a function of w;/w, for several s/w,. As the ratio of the
distance to the width (s/w-,) grows, the characteristic impedance increases while the
effective dielectric constant decreases. As w/w; increases from 0.1 to 1 (in a
symmetric CPS case), the characteristic impedance is shown to gradually decrease
while the effective dielectric constant slightly grows and then slowly diminishes,
as seen in Fig. 5. Note that there is no limitation for the number of dielectrics
enclosing CPSs in our approach.

The dielectric constants and the characteristic impedances for the asymmetric
CPS on a single layer dielectric layer are investigated since it is generally employed
in MICs. Fig. 6 shows both of these results as functions of w/w, and s/w, when
thickness /45, and the permittivity of the single layer are 0.5w; and 4.6 respectively.
In this case, the characteristic impedance of the asymmetric CPS (see Fig. 6(a)) is
more sensitive to the changes of other parameters when the CPS maintains small
wi/wy and large s/wj. It means that the reproducibility of the characteristic
impedance in the manufacturing process is greatly improved as the distance s is
reduced and the width of lines is similar to each other. However, the effective
dielectric constant (see Fig. 6(b)) shows nearly constant in the range from 2 to 2.3,
and it has the smallest value in the condition of around s/w, = 0.1. The analysis
performed in Figs. 4, 5, and 6 would offer the geometrical information of CPS
required to design various microwave components.
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Fig. 6. Effective dielectric constant and characteristic impedance of asym-
metric CPS on a single layer dielectric with /;; = 0.5w; and

ep1 = 4.6: (a) characteristic impedance and (b) effective dielectric
constant.

4 Conclusion

The mode-matching method was applied to the analysis of symmetric and asym-
metric CPS surrounded by multilayer dielectrics. The characteristic impedances and
the effective dielectric constants for various CPS on multilayer dielectrics were
estimated. Based on the validation of the quasi-static analysis, the accuracy of the
mode-matching method was verified in comparison with the conformal mapping
technique. The presented formulation and the analyses for various CPS structures
would provide useful information for the design of diverse microwave components

using CPSs.
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