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1. Introduction

Microstrip coupled transmission lines have been studied exten-
sively for applications as couplers and filters [1] and even applications
as sensors using a wide variety of analysis methods [2]. However, in
some applications, it is necessary to modify the basic geometry of the
microstrip lines to reduce or eliminate undesirable properties such as
spurious capacitive and coupling effects [1,3]. As computer clock rates
and frequency of operation increase and interline spacings decrease,
the need for accurate analysis of the coupling between multi-layered
microstrip transmission lines becomes very important. The distortion
due to the differences in even and odd mode propagation must also
be carefully studied and controlled. Furthermore, in order to achieve
signal transmission without any interference, the coupling between ad-
jacent lines should be minimized. The effect of capacitive coupling on
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the properties of microstrip transmission lines is of increasing impor-
tance because of high-power applications and emphasis on size reduc-
tion and packaging. Examples are found in monolithic microwave in-
tegrated circuits (MMIC). This technology began in the late 50s with
circuits etched on copper plated plastic sheets. It has now evolved to a
point where industrial MMICs are batch processed on substrates (sil-
icon or gallium arsenide) which includes interconnecting transmission
lines and semiconductor elements (diodes and transistors). Package di-
mensions are kept small as in analogue and digital ICs, and MIC circuit
elements and interconnections are densely packaged to obtain circuit
miniaturization. The effects of these closely spaced circuit elements,
interconnections, sidewalls, and package covers are similar to those of
digital and analogue ICs and can greatly influence the behavior of high
speed, high density integrated circuits and modules. Thus, the coupling
or crosstalk effects on MMICs are also of great interest to the MMIC
design engineer.

Over the past few decades, microstrip transmission lines (MTLs)
have been analyzed extensively to develop accurate and fast techniques
for design and fabrication of high frequency circuits. The method of
moments has been a primary candidate for solving transmission line
problems [4-7]. Some other techniques have also been used to solve
these problems. To cite only a few of those studies, Yamashita analyzed
a single-strip shielded transmission line using the variational method
technique [8]. Gladwell studied the behavior of the shielded and un-
shielded coupled microstrip problem where the charge distribution on
the strips was expanded using Chebyshev polynomials [9]. Cohn pre-
sented rigorous formulas for the odd and even characteristic impedance
of single and coupled microstrip lines [10]. Methods for computing the
line capacitance of transmission line using dual and triple integral equa-
tions have been investigated [11]. The theory of quasi-TEM modes on
coupled transmission lines in terms of voltage and current eigenvec-
tors was developed by Kajfez [12]. He has shown that the even and
odd propagating modes are possible only when the coupled transmis-
sion line is of symmetric shape. The purpose of this research is to
present a finite difference (FD) solution to analyze and further control
the coupling between the lines. This study introduces the possibility
of having a MTL embedded in or above a ground plane as shown in
Figs. 1 and 2. The analysis starts with the use of Lagrangian polynomi-
als which have been used to approximate the second order differential
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equation in Laplace’s equation. Then, the integral form of Gauss’s law
is used to derive an expression for the scalar potential on the dielectric
interfaces. An approximate (asymptotic) boundary condition (ABC) at
the artificial boundary is used to truncate the nonuniform FD mesh.
This method can handle finite and infinitely thin strips, however, we
did not include the strips thickness in our analysis in order to mini-
mize the complexity of the transmission line geometry. The charges on
the strips are computed from the potential distribution, then the MTL
parameters are evaluated. Finally, methods for controlling both cou-
pling capacitance and phase velocities of the even and odd modes are
discussed through numerical examples of open and embedded coupled
MTLs. These results will aid the microwave engineer in the design and
fabrication of microwave and millimeter wave MMICs as well as pro-
vide a basis for continued development of computer-aided-design and
simulation of these type circuits.

Figure 1. Geometries of microstrip transmission lines above a ground

plane.
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Figure 2. Geometries of microstrip transmission lines embedded in a

ground plane.
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2. Finite Difference Analysis

For the quasi-static 2D problems shown in Figs. 1 and 2, the
potential V can be described using Laplace’s equation by:

∂2V

∂x2
+
∂2V

∂y2
= 0 (1)

The FD technique approximates the derivatives involved in
Laplace’s equation based on the potential at a certain node in terms of
the potential at neighboring grid points, or nodes. In general, assum-
ing that we have three consecutive nodes L,P,R, as shown in Fig. 3,
Lagrange’s form of interpolating polynomial is described as [13]

f(x) � P2(x) =
(x− xP )(x− xR)

(xL − xP )(xL − xR)
f(xL)

+
(x− xL)(x− xR)

(xP − xL)(xP − xR)
f(xP )

+
(x− xL)(x− xP )

(xR − xL)(xR − xP )
f(xR)

(2)

where P2(x) represent a second degree polynomial which coincides
with the exact values of the function f(x) at the three nodes L,P,R .
In order to apply Laplace’s equation over the potential V (x, y), the
second order derivatives need to be approximated in both the x and
y directions. The Lagrange interpolating polynomial will then have to
be differentiated twice. That is,

df(x)
dx

=
(x− xP ) + (x− xR)
(xL − xP )(xL − xR)

f(xL) +
(x− xL) + (x− xR)
(xP − xL)(xP − xR)

f(xP )

+
(x− xL) + (x− xP )
(xR − xL)(xR − xP )

f(xR)

(3)

d2f(x)
dx2

=
2f(xL)

(xL − xP )(xL − xR)
+

2f(xP )
(xP − xL)(xP − xr)

+
2f(xR)

(xR − xL)(xR − xP )

(4)
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Similar expressions for the derivatives with respect to the y coordinate
can be obtained.

Figure 3. Second degree Lagrangian interpolating function.

The boundary conditions for the MTLs shown in Figs. 1 and 2
are: V = V 1 on strip 1; V = V 2 on strip 2; V = 0 on the ground
plane; and at a point on a dielectric interface

∮
s
�D · �ds = Q , where

Q is the charge on the dielectric interfaces surrounded by the closed
surface s. Applying Laplace’s equation to point C in a homogeneous
source free region yields

VL
(xL − xC)(xL − xR)

+
VC

(xC − xL)(xC − xR)

+
VR

(xR − xL)(xR − xC)
+

VT
(yT − yC)(yT − yB)

+
VC

(yC − yT )(yC − yB)
+

VB
(yB − yC)(yB − yT )

= 0

(5)

where the subscripts L,R,B, and T refer to the left, right, bottom
and top nodes relative to node C . It is important to note that this
type of analysis applies to uniform as well as to nonuniform meshes. At
the intersection between four different homogeneous dielectric source
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free regions as shown in Fig. 4, Gauss’s law is applied over a closed
surface surrounding C which yields

−VC
2

[ ε1 + ε2
yT − yC

+
ε1 + ε4
xC − xL

+
ε4 + ε3
yC − yB

+
ε3 + ε2
xR − xC

]

+
VT
2

(
ε1 + ε2
yT − yC

)
+
VL
2

(
ε1 + ε4
xC − xL

)

+
VB
2

(
ε4 + ε3
yC − yB

)
+
VR
2

(
ε3 + ε2
xR − xC

)
= 0

(6)

Figure 4. Node C between 4 different homogeneous dielectric media.

The main advantage of the FD technique is that the resulting
matrix is banded and can be easily manipulated using well known
matrix inversion routines. Contrary to the finite element method, the
construction of a sparse or banded matrix requires much more involved
node arrangements.
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3. Approximate Boundary Condition

For the MTLs shown in Figs. 1 and 2, the outer artificial bound-
ary could be grounded perfect conductor (shielded), and hence, the
potential at the boundary is set to zero. However, when the transmis-
sion line is not shielded by a ground plane, an approximate boundary
condition (ABC) should be applied at that boundary in order to trun-
cate the infinite mesh so that numerical analysis could be carried out.
The ABC used here is proposed by Khebir, et. al. [14], and used by
Gordon and Fook for a simpler geometry [15]. Therefore, only the final
expressions needed are listed here. The finite difference approximation
for a point C on the right boundary as shown in Fig. 5 is given by

VL[KR +KL] + VC [KRCC +KP ]
+ VB[KRCB +KB] + VT [KRCT +KT ] = 0

(7)

where

CC =
−2∆
xC

(
1 + yC

(yC − yB) + (yC − yT )
(yC − yB)(yC − yT )

)

CB =
−2∆yC
xC

(
(yC − yT )

(yB − yC)(yB − yT )

)

CT =
−2∆yC
xC

(
(yC − yB)

(yT − yB)(yT − yC)

) (8)

KL =
1

(xL − xC)(xL − xR)
, KR =

1
(xR − xL)(xR − xC)

KT =
1

(yT − yC)(yT − yB)
, KB =

1
(yB − yC)(yB − yT )

KC =
1

(xC − xL)(xC − xR)
+

1
(yC − yT )(yC − yB)

(9)

On the left boundary the corresponding expression is

VR[KL +KR] + VC [−KLCC +KC ]
+ VB[−KLCB +KB] + VT [−KLCT +KT ] = 0

(10)
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and for the top side of the outer boundary, we obtain

VB[KT+KB]+VC [KTC
′
C+KC ]+VR[KTC

′
R+KR]+VL[KTC

′
L+KL] = 0

(11)
where

C ′C =
−2∆
yC

(
1 + xC

(xC − xL) + (xC − xR)
(xC − xL)(xC − xR)

)

C ′R =
−2∆xC
yC

(
(xC − xL)

(xR − xL)(xR − xC)

)

C ′L =
−2∆xC
yC

(
(xC − xR)

(xL − xC)(xL − xR)

) (12)

At the right corner of the artificial boundary, we get

VCρC + VB

(
−ρB + ρB

φC − φB
φL − φB

)
+ VL

(
−ρL

φC − φB
φL − φB

)
= 0 (13)

And at the left corner, we obtain

VCρC + VR

(
−ρR + ρB

φC − φR
φB − φR

)
+ VB

(
−ρB

φC − φR
φB − φR

)
= 0 (14)

where the angles are defined in Fig. 5.

(a) Top boundary

Figure 5. Setup system for ABC.
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(b) Left boundary (c) Right boundary

(d) Left corner (e) Right corner

Figure 5. Setup system for ABC.

4. Computation of Total Charge and Line Parameters

To find the characteristic impedance and the phase velocities for a
transmission line having an inhomogeneous medium requires calculat-
ing the capacitances of the structure, with and without the dielectric
substrate [16]. Since the capacitance per unit length is directly related
to the charge per unit length on the strips, the problem is reduced to
finding the total charge per unit length on the strips. If Guass’s law is
applied to a closed path g enclosing the cross-section of the ith con-
ductor, the total charge per unit length on that conductor Qi is then
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expressed as:

Qi = −
∮
g
ε(x, y)

∂V (x, y)
∂n

dg (15)

where n is a unit vector normal to the closed path g . The integral
in equation (23) is converted to a numerical summation over the grid
points surrounding the ith strip [17]. In this process, the expression
in equation (3) is used for the derivative of the potential. The self and
coupling capacitances are then computed from the known total charge
density on the strips using the following set of equations.

Q1
e,o = C11V

1
e,o + C12(V 1

e,o − V 2
e,o) (16)

Q2
e,o = C21(V 2

e,o − V 1
e,o) + C22V

2
e,o (17)

where the subscripts e and o represent the even and odd modes of
propagation, respectively, and V 1

e = V 1
o = V 2

e = −V 2
o = 1 . The ex-

pressions for the odd and even phase velocities (Vo, Ve) and character-
istic impedances (Zo, Ze) in terms of the charges can then be written
as

νe = C

√
Qae
Qe

, νo = C

√
Qao
Qo

(18)

Zoe =
1

C
√
QeQae

, Zoo =
1

C
√
QoQao

(19)

where C is the velocity of light and the subscript a stands for the
charges with all dielectric materials replaced by air. When this cou-
pled transmission line is used as a coupling device, its characteristic
impedance is usually given by

Zo =
√
Zoe Zoo (20)

Another important parameter that describes the electrical cou-
pling factor between strip 1 and strip 2 is defined as ke = V 2

V 1 , where
V 2 is the voltage induced on strip 2 due to V 1 applied on strip 1
[18]. Hence, from the open circuit capacitive voltage splitting for a
symmetric MTL, ke for symmetric geometries reduces to

ke = 20 log10

[
C12

C11 + C12

]
(21)
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5. Numerical Results

Two separate programs have been written for the analysis of the
MTLs shown in Figs. 1 and 2. In the following sections, all the numer-
ical results shown here will be derived assuming that both conductors
have the same number of grid points, that is NW1=NW2, unless oth-
erwise specified. The code written for the MTL shown in Fig. 1 was
tested and compared with results based on the method of moments [19].
The geometry selected was W1 = W2 = 0.5 , S = 0.5 , E1 = E2 = 0.5 ,
h1 = h2 = 0.5 , h0 = 1 , F1 = F2 = 0.5 , εrl = 9.7 , εr2 = 2.2 . Table 1
lists the values of Zoe , Zoo , C11 , and C12 along with the order of
the matrix and the number of points on one strip for the two different
solutions. As shown in Table 1, the results obtained from this study by
using the FD technique along with the ABC and those from [19] agree
very well. The advantage of using the FD technique over the MoM
is that the matrix formed in the former is sparse and banded which,
when taken advantage of, significantly reduces the CPU running time
and the storage capacity. The CPU time is reduced by a factor of at
least 100 when using banded matrix solver relative to a full matrix
solver [20].

Table 1. Comparison between the computed MTL parameters using the

MoM and FD solutions.
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Another test was also performed to verify the developed code for
the MTL shown in Fig. 2. A shielded MTL was selected such that
W1 = W2 = 0.5 , S = 0.5, E1 = E2 = 3.25 , h1 = h2 = 0.5 , h0 = 1 ,
F1 = F2 = 0 , εr1 = εr2 = 3.8 . The results obtained were then com-
pared to the work done by Pompei, et. al., where the approach of their
analysis may be summarized as an extension of Kirchhoff’s theory to a
system of N parallel coupled transmission lines [21]. The values of Zoe
and Zoo have been graphically measured from Fig. 15 in [21] which
are approximately 105.0 and 68.0, respectively, and our corresponding
values are 103.42 and 66.89, respectively. Our values of Zoe and Zoo
are in good agreement with those from [21] with a maximum difference
of 1.5%.

The importance of placing the artificial boundary at the correct
position is vital to the analysis of the MTL. It is always desired to
place the artificial boundary as close to the strips as possible and yet
not effect the performance of the line. The closer the distance from the
artificial boundary to the strips, the smaller the mesh would be and,
consequentially, less computer storage is required and faster execution
is possible. In order to study the behavior of the MTL as the height
and width of the artificial boundary changes, a geometry, similar to
the one used for Table 1, was selected with the strips on top of the
two substrates (strips up). The outer widths of the artificial boundary,
F1 and F2 , shown in Fig. 1, were then varied from 0.1 to 1.9 with
F1 = F2 and h0 = F1 + 0.5 . The results shown in Fig. 6 (strips up)
suggest that the height of the artificial boundary should be of the order
of the combined height of the substrates. The same geometry was then
repeated with the strips in between the two substrates (strips down).
It was found in this case that the artificial boundary could be placed
at closer distances to the strips than with the strips up without a
significant change in the behavior of the MTL, as shown in Fig. 6 (strips
down). This kind of behavior for the transmission line is due to the fact
that the field lines are heavily concentrated in the upper substrate. This
concentration, however, depends on the dielectric constant of the upper
substrate, the width of the strips, and their separation distance. Thus,
having a relatively close artificial boundary, with the strips between
the two substrates, does not significantly affect the performance of the
transmission line. The same behavior is observed for the embedded
microstrip line [20].



14 Elsherbeni et al.

Figure 6. Coupling coefficient vs F1, F2 (W1 = W2 = 0.5, S = 0.5, E1 =
E2 = 0.5, h1 = h2 = 0.5, h0 = F1 + 0.5, A = 2.5, εr1 = 9.7, εr2 =
2.2, NW1 = 7).
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The convergence behavior of both even and odd mode character-
istic impedances, Zoe and Zoo , is investigated, as the order of the
matrix N is increased. Figure 7 shows Zoe and Zoo as a function of
1/N for the MTL geometry in Fig. 1. From this figure, one notices that
the percentage error is less than 2% when the order of the matrix is
2000.

Figure 7. Convergence of impedance (W1 = W2 = 0.5, S = 0.5, E1 =
E2 = 0.5, A = 2.5, h1 = h2 = 0.5, h0 = 1, F1 = F2 = 0.5, εr1 = 9.7, εr2 =
2.2, strips up).

For the geometry shown in Fig. 2, the 3D plots of the potential
distribution with shielded as well as ABC, are shown in Figs. 8 and 9,
respectively. It is worth noting that the two conductors were raised to
a potential of 1 volt each. The 3-D plots of the potential show that the
potential on the artificial boundary takes a finite value, as expected,
and drops to zero for the shielded case.
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Figure 8. Potential distribution for shielded case (W1 = W2 = 0.5, S =
0.5, E1 = E2 = 3.25, A = 8, h1 = h2 = 0.5, h0 = 1, F1 = F2 = 0, εr1 =
εr2 = 3.8, NW1 = 6, strips up).

Figure 9. Potential distribution for ABC-1 (W1 = W2 = 0.5, S =
0.5, E1 = E2 = 3.25, A = 8, h1 = h2 = 0.5, h0 = 1, F1 = F2 = 0, εr1 =
εr2 = 3.8,NW1 = 6, strips up).
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The effect of the dielectric constant of the substrate material was
then studied. The geometry in Fig. 2, (embedded structure), is selected
such that W1 = W2 = 0.5, S = 0.5, E1 = E2 = 1 , h1 = h2 = 0.5 ,
h0 = 1 , F1 = F2 = 1 , NW1 = 7 with the strips up then down. The
two dielectric constants of the substrates, εr1 and εr2 , were then both
set equal and varied from 1 to 20. The same geometry was then tested
with the microstrip above a ground plane as shown in Fig. 1, (open
structure). Figures 10 and 11 show the coupling coefficient and the nor-
malized phase velocity as a function of εr1 and εr2 , respectively. As
shown in Fig. 10, the coupling coefficient, ke , decreases as the dielec-
tric constant is increased. However, with the strips down, the coupling
coefficient, ke, increases as εr1 and εr2 increases. That could be sim-
ply explained by the fact that the upper substrate is actually behaving
as an overlay when the strips are down. This behavior of the microstrip
transmission line with an overlay on top of the strips is investigated in
depth in [7,22]. Since the coupling capacitance between the two con-
ductors is directly proportional to the dielectric material, the coupling
coefficient is thus expected to increase as εr1 increases. It should also
be noted that the difference in the odd and even normalized phase ve-
locities, νe and νo , shown in Fig. 11 (strips down) is approximately
zero. For this specific geometry, the distortion on the transmission line
is almost eliminated. The results shown in Figs. 10 and 11 also show the
advantage of using an embedded microstrip compared to an open one.
By using the embedded microstrip, the coupling between the strips is
decreased by approximately 0.6 dB, as shown in Fig. 10 (strips up).
Consequently, distortion on the line is reduced. This phenomenon is
also clearly shown in Fig. 11 (strips up), where νe − νo for the em-
bedded lines is closer to the zero line compared to the case with a
microstrip above a ground plane. Figure 12 shows the coupling (C12)
and self (C11) capacitances as a function of the dielectric constant
of the substrates, εr1 and εr2 . The linearity behavior of the capaci-
tances as εr1 and εr2 increase is clearly depicted in the figure. This
phenomenon, however, is restricted to having only one homogeneous
medium.
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Figure 10. Coupling coefficient vs εr1, εr2 (W1 = W2 = 0.5, S = 0.5, A =
3.5, E1 = E2 = 1, h1 = h2 = 0.5, h0 = 1, F1 = F2 = 1, NW1 = 6).
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Figure 11. Difference in normalized phase velocity vs εr1, εr2 (W1 =
W2 = 0.5, S = 0.5, A = 3.5, E1 = E2 = 1, h1 = h2 = 0.5, h0 = 1, F1 =
F2 = 1, NW1 = 6).
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Figure 12. Self and mutual capacitance vs εr1, εr2 (W1 = W2 = 0.5, S =
0.5, A = 3.5, E1 = E2 = 1, h1 = h2 = 0.5, h0 = 1, F1 = F2 = 1, NW1 = 6).
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Figure 13. Coupling coefficient vs εr1 (W1 = W2 = 0.5, S = 0.5, A =
3.5, E1 = E2 = 1, h1 = 0.2, h2 = 0.8, h0 = 1, F1 = F2 = 1, NW1 = 6).
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Figure 14. Difference in normalized phase velocity vs εr1 (W1 = W2 =
0.5,S = 0.5, A = 3.5, E1 = E2 = 1, h1 = 0.2, h2 = 0.8, h0 = 1, F1 = F2 =
1, εr2 = 2.2, NW1 = 7).
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Another geometry was picked to study the effect of the dielec-
tric constant of the upper substrate, εr1, for the embedded and open
MTLs. The geometry picked was such that W1 = W2 = 0.5 , S = 0.5 ,
h1 = 0.2 , h2 = 0.8 , h0 = 1 , F1 = F2 = 1 , εr2 = 2.2 , and NW1 = 7 .
The dielectric constant of the upper substrate, εr1 , was varied from 1
to 20. One notices that, for this case, the coupling coefficient increases
as the dielectric constant of the upper substrate is increased, as shown
in Fig. 13 (strips up). One also notices from Fig. 14 (strips up) that
the νo and νe are equal at approximately εr1 = 3.5. When the strips
are down it has been found that the coupling coefficient increases as
εr1 increases, as shown in Fig. 13. However, in this case, νe and νo
are equal for εr1 = 3.0 as shown in Fig. 14. The same analysis, as in
Figs. 13 and 14, was then repeated with εr2 = 9.7. The behavior of the
coupling and phase velocities is found to be basically the same as with
εr2 = 2.2. However, it is noticed that the coupling is significantly re-
duced compared to the case with εr2 = 2.2. Also, the phase velocities
are equalized at higher value of the dielectric constant of the upper
substrate [20].

The effect of the separation distance between the two conductors
was then studied. The geometry selected for that case was such that
W1 = W2 = 0.5, h1 = 0.2, h2 = 0.8,h0 = 1, F1 = F2 = 1, εr1 = 9.7,
εr2 = 2.2, and NW1 = 7 , with the strips up then down. The sepa-
ration distance between the strips, S, was then varied from 0.1 to 2.2
while keeping the width of the MTL, A, equal to 3.5. From Fig. 15, it
is clear that the coupling coefficient, ke , decreases as the separation
distance increases for both cases with strips up and down. Another
important behavior of the microstrip is that at any separation be-
tween the strips, for the embedded microstrip case, it is possible to
significantly reduce the coupling between the strips compared to the
open microstrip structure. It is also worth noting that as the strips
are separated, the odd and even mode characteristics of the line are
also decoupled, as shown in Fig. 16, where the difference between νe
and νo is almost zero. Another phenomenon that was also studied is
the effect of varying the separation distance between the strips with a
uniform dielectric medium. The same analysis was then repeated as in
Figs. 15 and 16, however, in this case, the dielectric constants of the
upper and lower substrates were both set equal to 9.7. It is very clear,
from Fig. 17, that distortion is significantly reduced, compared to the
case with two substrates. Also, with the strips down, it was possible to
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equalize νe and νo at approximately S = 0.6. The dielectric constant
of the substrates were then changed to εr1 = 2.2 and εr2 = 9.7. The
coupling coefficient, is further reduced compared to that in Fig. 15,
however, distortion is increased [20].

The height of the upper substrate is of great importance to the
behavior of the microstrip transmission line, [23]. Usually, the height
of the substrates should be selected carefully in order to equalize the
phase velocities. To study the effect of this substrate height, a case
was tested where W1 = W2 = 0.5 , S = 0.5, h0 = 1 , E1 = E2 = 1 ,
F1 = F2 = 1 , εr1 = 9.7, εr2 = 2.2, and NW1 = 7 with the strips up
then down. The height of the upper substrate, h1 , was then varied from
0.1 to 0.9. The coupling was reduced and showed a peak at h1

∼= 0.3 .
When the strips are up, νe and νo are equal when the height of the
substrate, h1 , is approximately 0.83 with the embedded MTL, and
for the open MTL, νe and νo were equal at approximately h1 = 0.88
[20]. The effect of varying the height of the upper substrate with the
dielectric material of the upper and lower substrates equal to 2.2 and
9.7, respectively, was then investigated. For this case, the phase veloc-
ities did not intersect as shown in Fig. 18. It is clear, as shown in Fig.
19, that the coupling is reduced to almost -44 dB at h=0.9 compared
to -16 dB with εr1 = 9.7 and εr2 =2.2. Hence, in order to reduce the
coupling between the strips, the dielectric constant of the upper sub-
strate should be smaller than that of the lower substrate. The same
conclusion was also obtained in [24].

The effect of the width of the strips was then investigated. The
geometry selected was such that S = 0.5, h1 = 0.2 , h2 = 0.8 , h0 = 1 ,
E1 = E2 = 1 , F1 = F2 = 1 , and εr1 = εr2 = 9.7 , with the strips up
then down. The width of the strips, W1 and W2 , were then varied
from 0.25 to 1.45. Figure 20 shows the coupling coefficient as a function
of W1 and W2 . It is clear that the strips get decoupled as their width
increases. As shown in Fig. 21, for case with the strips down, and using
the embedded microstrip line, it is possible to equalize the normalized
phase velocities at W1 = W2 = 1.35 . However, this was not possible
with the open microstrip line. The same test was repeated with two
different substrates, εr1 = 9.7 , εr2 =2.2 or εr1 = 2.2 and εr2 = 9.7 . It
has been found that for this case, the normalized odd and even phase
velocities are not equal anymore for any width of the strips [20].
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Figure 15. Coupling coefficient vs S (W1 = W2 = 0.5, A = 3.5, h1 =
0.2,h2 = 0.8, h0 = 1, F1 = F2 = 1, εr1 = 9.7, εr2 = 2.2, NW1 = 7).
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Figure 16. Difference in normalized phase velocity vs S (W1 = W2 =
0.5, A = 3.5, h1 = 0.2,h2 = 0.8, h0 = 1, F1 = F2 = 1, εr1 = 9.7, εr2 =
2.2, NW1 = 7).
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Figure 17. Difference in normalized phase velocity vs S (W1 = W2 =
0.5, A = 3.5, h1 = 0.2,h2 = 0.8, h0 = 1, F1 = F2 = 1, εr1 = εr2 =
9.7, NW1 = 7).
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Figure 18. Difference in normalized phase velocity vs h1 (W1 = W2 =
0.5, S = 0.5, E1 = E2 = 1, h0 = 1, F1 = F2 = 1, εr1 = 2.2, εr2 =
9.7, NW1 = 7).
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Figure 19. Coupling coefficient vs h1 (W1 = W2 = 0.5, S = 0.5, E1 =
E2 = 1, A = 3.5, h0 = 1, F1 = F2 = 1, εr1 = 2.2, εr2 = 9.7, NW1 = 7).
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Figure 20. Coupling coefficient vs W1, W2 (s = 0.25, h1 = 0.2, h2 =
0.9, h0 = 0.2, F1 = f2 = 1, A = 3.5, εr1 = 9.7, εr2 = 9.7).
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Figure 21. Difference in phase velocity vs W1, W2 (s = 0.25, h1 = 0.2,
h2 = 0.9, h0 = 0.2, F1 = f2 = 1, A = 3.5, εr1 = 9.7, εr2 = 9.7).
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6. Summary and Conclusions

The finite difference technique has been used for the analysis of a
two-conductor microstrip transmission line with two layers of dielectric
substrate. The solution is based on a quasi-TEM approach where the
thickness of the conductors is assumed to be zero. Dielectric materials
are assumed to be lossless, isotropic, and homogeneous. Two differ-
ent kinds of transmission lines have been investigated. The first is a
microstrip transmission line located above a ground plane and the sec-
ond is the same structure embedded in a ground plane. The procedure
consists of formulating the necessary scalar potential equation at ev-
ery node using second degree Lagrangian polynomials. Then, the total
charge on the strip is computed using Gauss’s law. Finally, from the
total charge on the strips, the line capacitances, electrical coupling,
odd and even phase velocities, and characteristic impedances of the
transmission line are evaluated.

The coupling between circuit interconnection limits the band-
width of dense microwave circuits and logic speed of digital and com-
puting circuits and systems. Thus, it is usually desired to reduce the
coupling on the lines. In this study, it is shown that the use of the em-
bedded microstrip structure reduces the coupling between the strips
and equalizes the phase velocities for a substrate of smaller dielectric
constant compared to that needed for a microstrip above a ground
plane. It is also shown that to significantly minimize the coupling,
wider strips (smaller characteristic impedance) should be employed. In
order to further reduce the coupling, it is suggested that the dielec-
tric constant of the upper substrate be smaller than that of the lower
one. It is also demonstrated that the self and mutual capacitances, for
a homogeneous substrate, vary linearly as a function of the dielectric
constant of the substrate. The results also indicated that the use of the
embedded microstrip with two substrates can be used to reduce line
coupling and to obtain distortionless transmission.
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