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Abstract—The response of a two-layer structure of orthogonal
coupled microstrip transmission lines illuminated by an external
electromagnetic field has been studied. A simple model for the
crosstalk region using lumped capacitance and inductance elements
is used. The effect of the external EM field on the microstrip lines
will be obtained using the method taking into account the EM field in
order to reach transmission line equations along the lines. The model is
finally validated using the full wave analysis simulator, HFSS. Voltage
and current along the lines obtained by the present method are in
good agreement with the results of the full wave analysis (HFSS). The
proposed model has been used for voltage and current in terminal ports
up to 10 GHz. This method can be developed simply for multilayer
structures.

1. INTRODUCTION

A large number of papers have been devoted to the analysis of various
types of planar transmission lines with multilayer dielectric media.
Among them, the quasi-static analysis gives reasonable results with less
computational effort. Recent advances in microwave solid-state devices
have stimulated interest in the integration of microwave circuits. Multi-
layered coupled-microstrip lines are being widely used at present in
designing microwave integrated circuits.

A transmission line theory has been introduced to study the effect
of electromagnetic field on a microstrip in the dielectric substrate [1].
A new model for crossed orthogonal lines in [2–5] has utilized lumped
elements taking into account the coupling in the crosstalk region.
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A new and simple lumped model was introduced for two crossed
orthogonal coupled strip lines in [2]. This idea was generalized in [3]
for an arbitrary number of orthogonal interconnects in an arbitrary
number of layers. There are a lot of classical models to analyze simple
and parallel coupled multiconductor lines on the same layer or on
different layers [5–10]. Different parameters of coupled microstrip lines
have been studied [20–25] and many electronic devices using coupled
MTLs have been fabricated with IC technology [26–38]. Multilayer
printed circuit boards are used in several applications to reduce the
coupling phenomenon between adjacent layers. Orthogonal strip lines
decrease the coupling effect between the lines in two different layers.
The problem of crossed lines in the time and frequency domains
has been considered in [11, 12]. Static analysis of crossed planar
multiconductor structure has been examined in [11] using the method
of lines. Also, [12] analyzed coupled strip lines with crossed strips in
the frequency domain.

In this paper, a rigorous electromagnetic theory for quasi-static
fields [1] and a model of the cross talk region [2, 3] have been used
in order to model the effect of an external electromagnetic field
on orthogonal microstrip lines in a two-layer structure. The entire
coupling phenomenon between the lines is assumed to be concentrated
in the crosstalk region located in the center of both lines.

Lumped elements of capacitances and inductances are used to
simulate the coupling in the cross talk region. This model simulates
the behavior of an orthogonal coupled microstrip transmission line in
two different layers exited by external fields with a great accuracy.

The voltage and current of the equivalent circuit are calculated
along the length of the lines and compared with those obtained from
full wave analysis (HFSS). The results show good agreement up to
3GHz.

2. THE STRUCTURE AND ITS EQUIVALENT MODEL

Figure 1 shows the structure considered in this work, where two
orthogonal microstrip lines of length Lx and Ly are illuminated by
a time harmonic uniform plane wave. The upper strip with width
wup and height d is directed along the x-axis on the boundary of the
dielectric and free space, and the lower strip with width wdown and
height d − h is directed along the y-axis in the dielectric media. The
width and height of these lines are designed for a 50Ω characteristic
impedance. The ground plane and the strips are perfect conductors
and the dielectric is a lossless substrate with the permittivity εrε0.

In the quasi-TEM approximation, for each line, the electric field
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Figure 1. Two orthogonal microstrip lines illuminated by an external
EM wave.
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Figure 2. Model of the orthogonal lines including the crosstalk region.

lines are tied vertically to the ground planes and magnetic field lines
in this mode are closed around the strips. In the crosstalk region,
most of the electric field lines of the upper strip are closed to the down
strips. Fig. 2 shows the model that has been used for this region.
The entire coupling phenomenon in this model is assumed to be in
the crosstalk region in the center of both the strip lines. So we have
4 uncoupled sections of transmission lines and a network of lumped
elements representing the cross talk region, as shown in Fig. 2. T1 and
T2 represent the lower strip and T3 and T4 represent the upper strip.
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There are many formulas for the capacitance and inductance per
unit length of ideal microstrip and strip lines [13–19]. The coupling
between two layers has been simulated with Cc in this model. So, the
mutual capacitance of the cross talk region is obtained as [13, 14]:

Cc =
wdown
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εr − εr − εeff

1 + G
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)2
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In (2) Zw is characteristic impedance.
Some of the E-field lines of the lower strip are closed to the

ground plane. This effect is modeled by the capacitance Cg

(
F
m

)
. For

a microstrip line structure, the capacitance per unit length can be
obtained from [15]:
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Inductances in this model represent the length of crosstalk region.
Assuming the current distribution of the strips to be uniform, one
has [19]:
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when u = l/w, udown = wup

2wdown
and uup = wdown

2wup
.
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3. TRANSMISSION LINE EQUATIONS

Voltage and current induced in the upper and lower strips will be
studied using a distributed source transmission line model [1]. We
consider the equation ∇ × E = −jωµH and integrate over the area
enclosed by the path shown in Fig. 3. Using Stokes’ theorem we have

− d

dy

∫ −h

−d
E(0, y, z) · ẑdz = jωµ

∫ −h

−d
H(0, y, z) · x̂dz (9)

Next the quantity ∇ · (J + jωεE) = 0 is considered. It is integrated
over the volume shown in Fig. 4 which encompasses the strip and the
divergence theorem is applied:

d

dy

∫ wdown
2

−w2
down
2

Js(x, y) · ŷdx

= −jωε1

∫ wdown
2

−w2
down
2

[E(x, y,−h+)− E(x, y,−h−)] · ẑdx (10)

Figure 3. Contour of integration in the y-z plane.

Figure 4. Volume chosen for integrating the quantity equation.
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Defining following quantities:

induced voltage

V (y) = −
∫ −h

−d
E(0, y, z) · ẑdz (11)

induced current

I(y) =
∫ wdown

2

−w2
down
2

Js(x, y) · ŷdx (12)

electric charge per unit length

Q(y) =
∫ wdown

2

−w2
down
2

[E(x, y,−h+)− E(x, y,−h−)] · ẑdx (13)

and magnetic flux per unit length

φ(y) = −µ0

∫ −h

−d
H(0, y, z) · x̂dz (14)

we will have {
d
dyV (y) = −jωφ(y)
d
dy I(y) = −jωQ(y)

(15)

Based on the solving method of [1] we separate the contribution of
the external field from that of the scattered field. The total field
is decomposed to sum of a “primary” and “secondary” field with
superscripts p and s, respectively:{

E = Ep + Es

H = Hp + Hs (16)

The “primary” field is defined as the field exited by the incident
electromagnetic field in the presence of the ground plane and the
dielectric substrate, and in the absence of the metal strip. The
“secondary” field is the field scattered by metal strip when exited
by the “primary” field in the presence of the ground plane and the
dielectric substrate. From (15) and (16) we have

{
d
dyV (y) = −jωφs(y)− jωφp(y)
d
dy I(y) = −jωQ(y)

(17)

where

φi(y) = −µ0

∫ −h

−d
H i(0, y, z) · x̂dz; i = p, s (18)

Now with the assumption that all of the fields are quasi TEM, we can
define a per unit length inductance L and a per unit length capacitance
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C:

L =
φs

I
= −

∫ −h
−d Hs(0, y, z) · x̂dz

∫ wdown
2

−w2
down
2

Js(x, y) · ŷdx
(19)

C =
Q

V s
=

∫ wdown
2

−w2
down
2

[Es(x, y,−h+)−Es(x, y,−h−)] · ẑdx

∫ −h
−d Es(0, y, z) · ẑdz

(20)

It is clear that L and C are independent from the incident wave and
determined only by the physical structure. We can rewrite (17) using
these definitions{

d
dyV (y) = −jωLI(y)− jωφp(y)
d
dy I(y) = −jωCV (y) + jωCV p(y)

(21)

From (21) the transmission line equations describing this structure can
be written in the form{

d
dyV (y) + jωLI(y) = VF (y)
d
dy I(y) + jωCV (y) = IF (y)

(22)

which VF (y) = −iωφp(y) and IF (y) = jωCV P (y). The structure is
illuminated by a uniform plane wave propagating in the ẑl direction
that forms an angle θi with the z axis (Fig. 1):

~Ei = ~E0e−j ~Ki·~r (23)

~Hi =
√

ε0
µ0

ẑi × ~E0e−j ~Ki·~r (24)

~Ki = K0ẑi = ω
√

µ0ε0ẑi (25)
ẑi · ẑ = − cos θi (26)

The propagation vector ~Ki can be decomposed into transverse and
axial components with respect to the ẑ direction

~K = ~Kt + Kz ẑ = Ktv̂ + Kzẑ (27)
û× v̂ = ẑ (28)

In this new coordinate system the plane of incidence is the v-z plane.
The incident plane wave is decomposed into the sum of TE (E normal
to the plane of incidence and directed as û) and TM (E lying in the
plane of incidence) waves.
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Based on transmission line theory, the current and the voltage
along the length of a line oriented in the y axis will be written in the
form of two coupled differential equations:{

dV
dy + jZKzI = 0
dI
dy + j Kz

Z V = 0
(29)

If we use the transmission line model to analyze our structure, by a
comparison between (29) and Maxwell equation (∇×E = −jωµH,∇×
H = jωεE) for TE and TM mode, we will have

ZTM
wj =

Kzj

wεj
, j = 1, 2 (30)

ZTE
wj =

ωµ0

Kzj
, j = 1, 2 (31)

and the propagation constants are:

Kzj = K0

√
(εrj − 1) + (ẑi · ẑ)2, j = 1, 2 (32)

In (30)–(32) the index j = 1 refers to the dielectric substrate and j = 2
to the free space; εr1 is the relative permittivity of the substrate and
εr2 that of free space. Finally for the lower strip we obtain

IF (y) = jωCV p(y) = j2Kt
C

ε1

sinKz1(d− h)
Kz1

e−jKyy

× E0 · v̂
jZTM

w1 sinKz1d + ZTM
w2 cosKz1d

(33)

VF (y) = −jωφp(y) = j2ωµ0
sinKz1(d− h)

Kz1
e−jKyy

×
[

E0 · v̂û · x̂
jZTM

w1 sinKz1d+ZTM
w2 cosKz1d

+
E0 · ûv̂ · x̂

jZTM
w1 sinKz1d+ZTE

w2 cosKz1d

]
(34)

There are relations like those mentioned above for the strip on
the boundary of the substrate and free space. There is a subtle
modification in the equations describing the voltage and the current
in the upper strip. First of all the change in the height and width of
the upper strip in comparison with those of the lower strip should be
considered, and then it is very important to do replacements of x → y
and y → −x for the upper strip because of the change in rectangular
coordinates.

For each line we have a system of equations with 4 unknowns. In
order to solve these differential equations and determine the voltage
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and current along the length of the lines, boundary conditions should
be written at x = 0± and x = ±`/2 for the upper strip and y = 0±
and y = ±`/2 for the lower strip. Boundary conditions at ±`/2 are
related to the termination ports and at 0± to the network model of the
crosstalk region. Now we have the following 8 boundary conditions
and our equations are solvable:

V1

(
`

2

)
= ZwI1

(
`

2

)
(35)

V2

(
− `

2

)
= −ZwI2

(
− `

2

)
(36)

V3

(
`

2

)
= ZwI3

(
`

2

)
(37)

V4

(
− `

2

)
= −ZwI4

(
− `

2

)
(38)

V1(0) + jωLdownI1(0) = V2(0)− jωLdownI2(0) (39)
V3(0) + jωLupI3(0) = V4(0)− jωLupI4(0) (40)

−I1(0) + I2(0)− I3(0) + I4(0) = jωCG

[
V1(0) + jωLdownI1(0)

]
(41)

I4(0)− I3(0) = jωCc [V3(0) + jωLupI3(0)]

−jωCc

[
V1(0)+jωLdownI1(0)

]
(42)

The indexes 1–4 in (35)–(42) represent the respective transmission lines
in Fig. 2.

4. RESULTS AND COMPARISON WITH HFSS

The model described in the previous sections applied to the study of the
effect of an external plane wave illumination on the orthogonal coupled
MTL structure. The results are given as the voltage and current along
the length of the lines up to a frequency 3 GHz.

The structure under consideration had these specifications:

Lx = Ly = 15 cm
εr = 2.55

wup = 3.85mm, wdown = 1.925mm
Zw = 50Ω

The incident uniform plane wave is a TM wave with an electric field
intensity of

√
2 in the y-z plane (H i directed as the x axis) and its

plane of incidence is also coincident with the y-z plane with θi = 45◦.
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Figure 5. Lower strip voltage from the model in comparison with
HFSS: (a) Magnitude, (b) phase.
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Figure 6. Upper strip voltage from the model in comparison with
HFSS: (a) Magnitude, (b) phase.
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incidence in the z axis: (a) Magnitude, (b) phase.
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Fig. 5 shows the magnitude and phase of voltage for the lower strip
and Fig. 6 shows those of the upper strip obtained from the proposed
model analyzed by MATLAB programming in comparison with the full
wave analysis using HFSS along the length of lines.

Figures 5 and 6 show good agreement of the proposed model
with the full wave analysis and validate the claim of great precision
of this model in practical fabrication experiments. When the plane of
incidence is in the z axis and the electric field with intensity of

√
2 is

coincident with the bisector of x-y plane, there is a special excitation.
Figs. 7 and 8 show the voltage and current in the terminal port of the
lower strip (T1) obtained from the model up to 10 GHz respectively.
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Figure 8. Current from the model in Terminal T1 for a plane of
incidence in the z axis: (a) Magnitude, (b) phase.
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Finally voltage and current in the terminal port of the lower strip
(T1) obtained when θi = 45◦ and electric field intensity is 1 V/m were
found. Figs. 9 and 10 show these voltages and currents up to 10 GHz,
respectively, when φi equals to 0◦, 45◦ and 90◦. φi is the angle between
~Kt and x axis.
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Figure 10. Current from the model in terminal T1 for θi = 45◦: (a)
Magnitude, (b) phase.

5. CONCLUSION

In this paper, a simple model is presented to analyze crossed orthogonal
microstrip lines exited by a uniform plane wave. This structure is
simulated using the model of a MTL radiated by an external plane
wave and a lumped model of the cross region.

It is shown that this model has a good agreement up to 7 GHz
compared to HFSS. Full wave analysis of such a complicated structure
with HFSS or CST is time consuming and needs huge processing
systems. For example, analysis using the proposed model and
MATLAB takes a few seconds but HFSS reaches a convergent solution
in more than an hour.

This model can be used to model more complicated structures
like crossed orthogonal coupled EMTL (Edged MTL) and multilayer
coupled structures. It is shown that the proposed model can be used
to design two layer crossed orthogonal microstrip lines with a good
accuracy.
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