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Abstract In this paper, numerical analysis of the nar-
row microstrip transmission-line on two and three layer-
substrate material at 0.5–1.0 THz frequency of the electro-
magnetic spectrum is presented. Various analytical results
are compared with simulations which have been performed
by commercially available simulators: (a) CST Microwave
Studio based on the finite integral technique and (b) An-
soft HFSS based on the finite element technique. The pro-
posed narrow microstrip transmission line with improved
performance is useful as interconnect for multilayer planar
components designed in the terahertz frequency regime of
the electromagnetic spectrum. The analysis of the proposed
structure has been validated with various reported literature.

Keywords Narrow microstrip-line · Effective permittivity ·
Multilayer-substrate · Characteristic impedance · Losses ·
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1 Introduction

Due to the increasing demand of the high-speed devices
and wideband communication appliances, the bandwidth en-
hancement is a potential requirement. Terahertz technology
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is considered as one of the potential method to solve this
problem [1]. The location of terahertz regime of the elec-
tromagnetic spectrum from 0.1 to 10 THz, which lies in be-
tween the electronics and photonics domains implies that
the optical, electronic, or the mixture of optical and elec-
tronic techniques can be used for its generation, detection
and processing. Compared with the microwave and photonic
regime of the spectrum, the terahertz region is not so fa-
miliar to various researchers and has remained as terahertz
gap in the electromagnetic spectrum since long time. With
the advancement in the semiconductor physics and technol-
ogy, it has attracted attention of scientists and researchers
to explore its potential applications in the field of biological
imaging and sensing, detection of explosive, spectroscopy
and high speed wireless communication [2–7]. For these ap-
plications and realization of the practical systems, the funda-
mental components including antennas, transmission lines,
filters, switches, modulators and polarizer are indispensable.
In particular, the narrow transmission-line is crucial for the
terahertz communication and multispectral imaging. Thus,
due to the growing importance and technical breakthrough,
various terahertz devices like sources, detectors and anten-
nas are being reported to work efficiently in this frequency
regime [8–12].

To convey the electromagnetic energy from one point
to the other at terahertz frequency in aforementioned de-
vices, one or other form of the microstrip transmission-
line is frequently used [13, 14]. Recently, due to the high
demand of system-on-chip/network-on-chip, the multilayer
substrate material has gained popularity. Apart from this, the
microwave and terahertz antenna geometry on multilayer-
substrate has also received a great deal of interest to control
the radiation property and impedance bandwidth [15–17]
where the microstrip transmission-line is used to excite these
antennas. With an increase in the number of substrate layers,
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the substrate thickness is also increased and the propagation
characteristic is governed by the order of the substrate layers
in between the ground plane and conducting strip-line of the
transmission-line.

At the terahertz frequency, the propagation characteris-
tic is the frequency dependent which needs to be explored.
On the way to explore the propagation characteristics of
a narrow microstrip transmission-line, this paper is moti-
vated to develop a Quasi-TEM formula which is used to
analyze the narrow microstrip transmission-line on the mul-
tilayer substrates at the submillimeter wavelength. The or-
ganization of the paper is as follow. Section 2 concerns with
the effective dielectric permittivity of the multi-layered sub-
strate material. In Sect. 3, the results of the frequency depen-
dent effective dielectric permittivity has been compared with
simulation and validated with reported literature. Section 4
discusses various kinds of losses to show the potential ad-
vantage of multi-layer substrate microstrip transmission-line
over the conventional microstrip transmission-line at tera-
hertz regime of the spectrum. Finally, Sect. 5 concludes the
work.

2 Effective dielectric permittivity expression

Design of any passive component at the microwave/terahertz
frequency begins with the selection of suitable substrate
material and the analysis of an effective dielectric per-
mittivity of the material. In general, the multilayer sub-
strate is represented by series capacitance model [18, 19].
The accuracy of this model decreases with the increase
in the operating frequency and the number of substrate
layers due to dispersive behavior of the substrate materi-
als. Frequency-dependent effective dielectric permittivity of
two-layer substrate material is calculated using a new ex-
pression [20] which is based on the integrated approach
dealt separately in [21–23] which is restricted to the two-
layer substrates material only. The schematic diagram of a
multilayer substrate material microstrip transmission-line is
shown in Fig. 1.

Fig. 1 Schematic of the multi-layer narrow microstrip transmis-
sion-line at terahertz frequency

To extend the analysis of the two-layered-substrate ma-
terial microstrip transmission line to the multilayered-
substrate material microstrip transmission-line, the formula
presented in [20, 21] is modified as:

εrc = |d1| + |d2| + · · · + |dn|
| d1
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cosh( πw
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In the above equations, h1, h2, . . . , hn are the substrate
thicknesses of different layers starting from the top (be-
low the conducting strip of the microstrip transmission-
line). In the above equations, the ε1, ε2, . . . , εn are the
complex relative dielectric permittivity of the respective
substrate layers and w represents the width of the line.
The value of K()

K ′() is calculated by using following for-
mula [24]
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= 1

π
ln

(
2

1 + √
kn

1 − √
kn

)
for 0.7 ≤ kn ≤ 1 (7)

By using (1) to (7), the frequency-independent relative
dielectric permittivity of the multilayer-substrate mate-
rial (εrc) is obtained. After calculating the frequency-
independent relative dielectric permittivity of the multi-
layer substrate, the frequency dependent relative dielec-
tric permittivity is obtained by using following expressions
[22, 23]

εe(f ) = εrc − εrc − εe(0)

1 + (f/fa)m
(8)
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where
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In the above equations, h = h1 +h2 +h3, w, and t are the
total substrate thickness, width of the transmission-line and
the thickness of the conductor, respectively. Here, it is im-
portant to mention the reason to consider the absolute value
of the parameters in (1). For the three or more substrate lay-
ers, the value of dn as shown in (4) and (5) may be negative.
However, its value should remain positive to represent the
distance between two parallel plates of the equivalent capac-
itance model of the substrate. To overcome this limitation,
the absolute value of dn has been used in (1). In addition to
this, to follow the quasi-TEM characteristics, the substrate
thickness must be smaller than the operating wavelength. On
this way, we restrict the total substrate thickness to approxi-
mately equal to λ0/10.

3 Analysis of the effective dielectric permittivity and
characteristic impedance

3.1 Effective dielectric permittivity

To validate the expression presented in the Sect. 2, we
have analyzed the frequency-dependent effective dielec-
tric permittivity of a two- and three-layer substrate ma-
terial narrow microstrip transmission-line. We have ar-
bitrarily selected a three-layer microstrip transmission-
line as the schematic of the n-layer substrate material
narrow microstrip transmission-line is shown in Fig. 1.
The width w and length l of the proposed conducting
strip of the microstrip transmission-line are 20 µm and

1000 µm, respectively. The substrate materials of the mi-
crostrip transmission-line are arranged in the following
manner. The first substrate layer below the conducting strip-
line has height h1 = 5 µm, relative dielectric permittivity
ε1 = 6.15, and tan δ = 0.0025. A substrate material of thick-
ness h2 = 40 µm, relative permittivity ε2 = 2.2, and tan δ =
0.0009 follows this layer. The substrate layer above the
ground plane is made of thickness h3 = 5 µm, the relative di-
electric permittivity ε3 = 2.45 and tan δ = 0.0019. The sur-
face area of substrate and ground plane is 1000 × 400 µm2.
The microstrip-line and ground plane are made of copper
of thickness t = 20 µm each. To compare the analysis, the
structure has been simulated by using: CST Microwave Stu-
dio and Ansoft HFSS. To maintain the accuracy of the sim-
ulation in CST Microwave Studio, the computational region
has been increased to 500 µm which is 10 times the total sub-
strate thickness. The computation region is filled with vac-
uum to take in to the account of fringing field. The structure
and computational region are surrounded by the perfect elec-
trical boundaries. The number of perfect boundary approxi-
mation (PBA) mesh cells have been increased to 12,89,600.
The transmission line is exited by the wave-port of 250 µm
height and 400 µm width which are 5h and 20w, respec-
tively. The structure has been simulated in the time-domain
transient solver and an effective dielectric permittivity has
been obtained from the port information. However, in the
Ansoft HFSS, which is based on the finite element method,
13,232 tetrahedral cells have been used. The analytical and
simulated value of the effective dielectric permittivity of the
three-layer substrate material is shown in Fig. 2.

To validate the expression, we have considered two-layer
substrate microstrip transmission-line by choosing the value
of n = 2. On this way, the third substrate layer (h3) and
relative dielectric permittivity (ε3) as mentioned in (1)–(7)
have been set equal to zero. The total substrate thickness
in the present case is 45 µm and other parameters are un-
changed. The analytical value of the frequency-dependent
effective dielectric permittivity of the two-layer-substrate
material along with the simulated results is shown in Fig. 3.
From Fig. 2 and Fig. 3, it is revealed that the analytical and
simulated results are comparable. The maximum deviation
occurs in the case of CST Microwave Studio Simulation.
However, the maximum relative error for three-layered and
two-layered-substrate microstrip transmission line is about
0.98% and 1.2%, respectively. It is worthy to mention here
that the presented result in this manuscript shows improve-
ment in the accuracy of effective dielectric permittivity in
comparison to our recently reported work [20]. Apart from
this, there is the significant improvement in the accuracy of
the present model in comparison to [25] at 1000 GHz.
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Fig. 2 Frequency dependent an
effective dielectric permittivity
of the three-layer substrate
materials narrow microstrip
transmission-line

Fig. 3 Frequency dependent an
effective dielectric permittivity
of the two-layer substrate
material narrow microstrip
transmission-line

3.2 Characteristic impedance

Due to the dependence of the effective dielectric permit-
tivity on the frequency, the characteristic impedance of the
microstrip transmission-line also changes. To examine this
effect on the multilayer substrate microstrip transmission-
line, we have analyzed the frequency dependent character-
istic impedance of the transmission-line in this section. It
is seen that the characteristic impedance of the line also in-
creases with the increase in the frequency which is mainly
due to the increase in the effective dielectric permittivity of
the substrate material. The dispersive behavior of the char-
acteristic impedance on the multilayered substrate material
can be predicted by following set of formulas [23, 26].

Zc(f ) = Zc
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√
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(10)
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w
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To calculate the value of Zc(f ), the value of εe(f ) and εe(0)

are obtained from (8) and (9), respectively. The analytical
and simulated value of the characteristic impedance for two-
layer and three-layer transmission-line is shown in Fig. 4(a)

and (b), respectively. From Fig. 4(a) and (b), it is revealed
that the characteristic impedance of the transmission-line
increases with the increase in the operating frequency. In
both the cases, simulation as well as analytical curve fol-
lows the same pattern. The maximum relative error which
occurs at 1000 GHz is equal to 2.8% and 6% in the case
of two-layer substrate and three-layer substrate microstrip
transmission-line, respectively. It indicates that with the in-
crease in the number of substrate layers, this error may in-
crease even though for the same overall substrate thickness.
The relative error in the characteristic impedance of two-
layer substrate microstrip transmission line is comparable to
the relative error reported in [27].

3.3 Effect of the number of substrate layers on the
characteristic impedance of the transmission line

From (10), it is seen that the value of Zc(f ) depends
on εe(f ). Moreover, the accuracy of Zc(f ) is dependent
on the degree of the accuracy of εe(f ). In order to check
the correctness of the proposed numerical model for the
multilayer substrate material microstrip transmission-line,
we have applied the presented model in this manuscript on
the four-layer and five-layer substrate-material microstrip
transmission-line while keeping the overall height of the
substrate constant. In both the configurations of the multi-
layered substrate material, the heights of the various sub-
strate layers are denoted by h1, h2, and hn, respectively. The
substrate layer configuration of the four- and five-layered
substrate material microstrip-transmission-line is shown in
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Fig. 4 Frequency dependent
characteristic impedance of the
narrow microstrip
transmission-line on (a) two
layer and (b) three layer
substrate material

Table 1 Configuration of multi-layer substrate material

Four-layered substrate Five-layered substrate

Layer
No.

Thickness
(µm)

εr tan δ Layer
No.

Thickness
(µm)

εr tan δ

h1 10.0 7.0 0.001 h1 10.0 7.0 0.001

h2 5.0 6.15 0.0025 h2 5.0 6.15 0.0025

h3 40.0 2.2 0.0009 h3 20.0 4.5 0.0009

h4 5.0 2.45 0.0019 h4 20.0 2.2 0.0009

h5 5.0 2.45 0.0019

the Table 1. The total substrate thickness in the both cases is
equal to 60 µm. The value of Zc(f ) has been calculated by
using (10)–(12). To compare the result, the multilayer sub-
strate structure has also been simulated in CST Microwave
Studio and Ansoft HFSS. The results for the four-layered
and five-layer substrate are shown in Figs. 5 and 6, respec-
tively.

From Figs. 5 and 6, it is seen that the analytical model
closely follows the simulated results achieved by the sim-
ulating the structure by using CST Microwave Studio as
well as in Ansoft HFSS software. The maximum devia-
tion in the analytical and simulated model occurs at the
lower frequency band. The relative maximum deviation of
the analytical result in comparison to the simulated results
in the four-layer and five-layer substrate structure is 3.16%
and 10.7%, respectively. The comparison of the character-
istic impedance for two-layer, three-layer, four-layer and
five-layer substrate material microstrip transmission-line is

shown in Figs. 4(a), 4(b), 5 and 6, respectively, which in-
dicates that the model can predict the behavior of the mi-
crostrip transmission-line correctly up to four-layer sub-
strate material. With an increase in the number of layers
above four, the relative error increases to a significant value.
However, the error is reduced with the increase in the oper-
ating frequency and it indicates the potential application of
the presented model at the higher frequency. It is also impor-
tant to mention that the practical application of the five-and
more-layer substrate material is reduced due to the fabrica-
tion complexity. In the view of this fact, the proposed model
finds a practical application in the analysis and design of the
multilayer substrate material microstrip transmission-line.

4 Losses in the microstrip transmission-line

In this section, we have calculated two types of losses (a) di-
electric loss and (b) conductor loss. The analysis has been
compared with the simulated results obtained by using CST
Microwave Studio and Ansoft HFSS simulation.

4.1 Dielectric loss

Here, it is important to note that the effective dielectric per-
mittivity is frequency dependent complex quantity. In the
case of multilayer substrate, the loss tangent of composite
material is also modified in accordance with the position of
substrate layers. The frequency-independent loss tangent of
the multilayer transmission line can be obtained by a simple
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Fig. 5 The
frequency-dependent
characteristic impedance of
four-layer substrate material
narrow microstrip
transmission-line

Fig. 6 The
frequency-dependent
characteristic impedance of
five-layered substrate material
narrow microstrip
transmission-line

series-capacitance-method in which the relative dielectric
permittivity of each layer is replaced by its complex value
and the equivalent complex relative dielectric permittivity of
the substrate layers is calculated. After calculating the value
of frequency independent loss tangent, it can be substituted
in the following expression to obtain the frequency depen-
dent dielectric attenuation constant αd(f ) of the multilayer
substrate material [28, 29]

αd(f ) = 8.686π
εe(f ) − 1

εrc − 1

εrc

εe(f )

tan δ

λg

dB/unit length (13)

In (13), the value of εrc and εe(f ) are obtained from (1)
and (8), respectively. Other variables such as λg is the
guided wavelength and tan δ is obtained from a simple se-
ries capacitance model of the multilayer substrate material.

To simulate the dielectric loss in the CST Microwave Stu-
dio, we have activated E-field and H-Field monitor at each
frequency point of the interest and calculated the dielectric
quality factor (Q) of the multilayered-substrate microstrip
transmission line by using the loss and quality factor cal-
culation macro. The calculated value of quality factor can
be placed in the following formula to obtain the frequency
dependent attenuation constant [30]

αd(f ) = 8.686β/2Qd dB/unit length (14)

In (14) β and Qd are phase constant in dielectric and di-
electric quality factor, respectively. Based on (13) and (14),
we have calculated the frequency dependent dielectric at-
tenuation constant for the three-layer substrate microstrip
transmission-line which was analyzed in the preceding sec-
tion and the result is presented in Fig. 7.

From Fig. 7, it is revealed that, the dielectric loss also in-
creases with the increase in frequency. Further, it is noticed
that the two curves are close to each other at each frequency
point.

4.2 Conductor loss

The conductor loss of narrow microstrip line is influenced
by the width of metallization and characteristic impedance
of the line. However, the characteristic impedance of the
line itself is an inconsistent parameter at terahertz frequency,
which makes the analysis of conductor loss a challenging
task. We have successfully used the formula proposed in
[31, 32] to calculate the conductor attenuation constant of
a narrow microstrip transmission-line at terahertz frequency

αc(f ) = 8.68

2π

Rs

Zc(f )h

[
1 −

(
we

4h

)2]

×
[

1 + h

we

+ h

we

(
ln

2h

t
− t

h

)]

for
1

2π
≤ w

h
≤ 2 (15)

where

Rs =
√

πf μ

σ

In (15), the value of Zc(f ) and we have been calculated by
using (10) and (12), respectively. To compare the analysis,
the conductor attenuation constant has also been simulated
by using the CST Microwave Studio. In this case conductor
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Fig. 7 Frequency dependent
dielectric attenuation constant of
the narrow microstrip
transmission-line

Fig. 8 Frequency dependent conductor attenuation constant of the nar-
row microstrip transmission-line at terahertz frequency

quality factor (Qc) has been extracted from the simulation
and it has been substituted in (14) in place of Qd as:

αc(f ) = 8.686β/2QC dB/ unit length (16)

The resultant conductor attenuation constant obtained by
analysis and simulation is shown in Fig. 8.

From Fig. 8, it is seen that simulated as well as analytical
attenuation constant curves follow almost the same pattern
except a deviation near 750 GHz. The maximum relative er-
ror of analysis and simulation is 7% at this frequency. Next
to this, total attenuation constant due to the conductor and
dielectric loss is shown in Fig. 9.

In Fig. 9, the first curve from the bottom shows the
sum of the conductor and dielectric attenuation constant ob-
tained by extracting the quality factors by using the CST
Microwave Studio. The next curve to this shows the sum
of conductor and dielectric attenuation constant obtained
from the numerical analysis. The first curve from the top
shows the total attenuation when the proposed three-layer
substrate microstrip line is simulated by using the Ansoft
HFSS. From Fig. 9, it is seen that the sum of conductor
and dielectric attenuation constant obtained from analysis
and CST Microwave Studio simulation are comparable in
the range of 0.5–1.0 THz frequency. However, the radiation

loss has not been considered in these calculations. The An-
soft HFSS simulation (first line from the top of Fig. 9) shows
the total loss in the transmission line. From the above analy-
sis, we conclude that the variation between the first curve
and second curve from the top indicates other losses. How-
ever, the radiation loss is dominant at the high frequency and
we conclude that this variation is due to the radiation loss.
Further, with an increase in the frequency, the variation be-
tween these curves increases and indicates that the radiation
loss increases with the increase in the operating frequency.
The total loss at 1 THz is 455 dB/m. However, the pre-
dicted loss in the multilayer transmission line in this manu-
script is smaller than the figure predicted by Yeh et al. [33].
According to them, for the conventional microstrip trans-
mission line, the total attenuation is 150 dB/m at 300 GHz
and it increases at the rate of f 3/2 with the increase in the
operating frequency. On this way, the expected attenuation
in a conventional microstrip transmission-line at 1 THz is
912 dB/m. However, three-layered transmission-line as pre-
sented in this manuscript shows quite more smaller value
of the total loss. Further, it is required to mention that the
size of the terahertz devices are in the order of micrometer
and multilayered-transmission line can serve the purpose of
interconnects.

5 Conclusion

In this paper, we have analyzed and simulated a narrow mi-
crostrip transmission-line on the two- and three-layer sub-
strate materials at terahertz frequency. The analysis shows
that the proposed expressions are useful for the computation
of various important characteristics parameters of a narrow
microstrip transmission-line up to the four-layered substrate
materials at the terahertz frequency. We have compared the
results of proposed analysis with simulation by using two
commercially available simulators such as CST Microwave
Studio and Ansoft HFSS. The analytical results are com-
parable with the two simulated results. However, the pro-
posed technique is limited by the ratio of h ∼= λ0/10 and
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Fig. 9 Total, conductor, and
dielectric attenuation constant of
the three layer substrate narrow
microstrip transmission-line

w/h ≤ 1. In this manuscript, the effect of surface roughness
of the conductor has not been considered in the analysis and
it would be communicated in the near future. In addition
to this, the improved analysis of five- and more-layered–
substrate microstrip transmission-line would be reported in
the due course of the time.
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