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Abstract In this paper, an effective permittivity of the two-
layer dielectric substrate material has been analyzed to en-
hance the electrical performance of the rectangular mi-
crostrip patch antenna at terahertz frequency. The frequency
dependent effective dielectric permittivity of the substrate
materials has been evaluated and result has been compared
with finite integral technique based CST Microwave Studio
a commercially available simulator. The input impedance
characteristic with electrical performance of the rectangu-
lar microstrip patch antenna on two-layer substrate materi-
als has also been analyzed at 600 GHz. Manipulation in the
input impedance characteristic of the antenna has led to a
slow wave structure. This slow wave structure has been ex-
amined at 542 GHz, and improvement in the performance
has been observed without increasing the overall dimension
of the proposed antenna.

Keywords Microstrip antenna - Dispersive behavior -
Terahertz frequency - Two-layer substrate - Slow-wave
antenna

1 Introduction

Recent technological breakthrough of the electromagnetic
energy radiation sources, components, and devices in the
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terahertz regime, which is one of the least explored and
most promising region of the electromagnetic spectrum for
a growing range of applications [1, 2] such as sensing, imag-
ing and wireless communications, detecting explosive [2]
or bio-weapons [3-7] and spectroscopic imaging for bio-
medical applications could become significant. The poten-
tial challenges to terahertz technology include making com-
pact and robust sources and detectors, enabling turnkey ap-
plication in laboratories of the non-specialist and enhanc-
ing the management of terahertz lights though the anten-
nas for both far-field and near-field. Far-field enhancement
can be performed by using special broadband antennas. As
we know that the antenna is a key component for the wire-
less communication systems. At terahertz frequency, the
implementation of this device is still the matter of explo-
ration. In designing a microstrip antenna at high-frequency,
the photonic crystal is widely used as a substrate material
[8-11]. Fernandes and Rocha [12] have designed an an-
tenna at high frequency using photonic band gap structure
as substrate. However, the design of such antenna at high
frequency where component size is reduced is a challenging
task. Brown and Parker [13] have proposed to enhance the
performance of planar antenna by using photonic substrate,
which suffers from high radiation loss. Several researchers
[8—13], have investigated the millimeter wave antenna by us-
ing the photonic crystals as substrate but the gain of antennas
is still low due to the enhancement in the bandwidth of the
antenna. However, at such a high-frequency (terahertz) even
10% bandwidth is quite capable of conveying a large volume
of the information. Dahele et al. [14] have studied the gain
enhancement technique in the lower microwave frequency
regime. Halim et al. [15] used electronic bandgap (EBG)
structure to enhance the gain of microstrip antenna up to
9 dB at 2.7 GHz. Noghanian and Safai [16] have studied
the gain enhancement technique for the annular slot antenna
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and achieved the directivity up to 11.36 dBi. Nishiyama
et al. [17] have studied the effect of stacked microstrip struc-
ture for proximity coupled microstrip antenna at 7.5 GHz
and have achieved maximum directivity of 9 dBi. Kumar
and Singh [18] have studied the input impedance charac-
teristics of the circular patch antenna. To enhance the per-
formance, various multilayer layer substrate antennas have
been studied in detail by [19-22], but they all are on the mi-
crowave/millimeter region of the electromagnetic spectrum
only.

The rectangular microstrip patch antenna at terahertz
frequency regime designed on stacked substrate and pho-
tonic crystal has been reported in [23-25], which suffers
from poor radiation efficiency and gain. Recently, Jha and
Singh [26] have reported a rectangular microstrip patch an-
tenna on two-layer substrate materials for surveillance sys-
tems in which various types of losses at terahertz frequency
is investigated. In [26], the effective dielectric permittivity
and losses of two-layer substrate material of a rectangular
microstrip patch antenna for communication systems have
been analyzed and simulated at terahertz frequency regime.
In the present paper, an effective dielectric permittivity of
multilayer microstrip terahertz antenna is analyzed and ex-
tended to design enhanced gain antennas at 0.5-0.7 THz
frequency range of the spectrum. The remainder organiza-
tion of the paper is as follow. Section 2 concerns with the
proposed antenna configuration and analysis of the effective
permittivity of the two-layer substrate material. Section 3
discusses about the analytical and simulated results of the
proposed antenna. In Sect. 4, the behavior of a slow-wave
antenna has been proposed and discussed. Finally, Sect. 5
concludes the work.

2 Analysis
2.1 Antenna configuration

The geometrical configuration of a rectangular microstrip
patch antenna is shown in Fig. 1. The antenna is de-
signed on two-layer substrate material of the surface area
400 x 410 umz. The thickness of lower substrate (PTFE,
& = 2.08tané = 0.0004) and upper substrate layer (Arlon
AR 600, ¢ = 6.0tan§ = 0.0035) are h; = 300 ym and
hy = 100 pm, respectively. The radiating patch and the
ground plane are made of 50 um thick copper. The surface
area of radiating patch is equal to 200 x 200 um?. There are
several methods to excite the antenna at the microwave fre-
quency. However, realization of all these techniques at the
terahertz frequency is a challenging task due to the reduction
in the dimension of the device. Considering this difficulty
and to reduce the fabrication error, the microstrip feed-line
has been used in the present design. Due to the on planar

Fig. 1 Geometrical configuration of the proposed rectangular mi-
crostrip antenna on two-layer substrate material at terahertz frequency

feeding, the fabrication process of the antenna is simplified.
A copper microstrip line of width 40 pm, length 90 um and
thickness 50 um excites this proposed antenna.

2.2 Effective permittivity

As we know that the proper selection of substrate mater-
ial is the key factor of an antenna design at any frequency
range. The output electrical parameters like gain, directiv-
ity and radiation efficiency of an antenna is influenced by
the selection of substrate material. At microwave frequency,
the high dielectric permittivity substrate material is used for
the component design. In general, the dimension of a mi-
crowave device is a sub-multiple of the guided wavelength.
On this way, at the terahertz frequency, size of the device
is reduced to the extent where ordinary fabrication process
can not meet the dimensional accuracy. With increase in the
dielectric permittivity of the substrate, this situation is de-
teriorated further. To overcome this problem, low-dielectric
permittivity material is a potential option. However, practi-
cally it has been seen that application of this kind of mate-
rial leads to the reduction in the gain and enhancement in
the cross-polarization of a microstrip antenna. To overcome
these problems, two-layer substrate material concept is an
excellent choice. In this configuration, upper and lower sub-
strates are chosen as high and low dielectric permittivity ma-
terial, respectively and the thickness of these materials is se-
lected on such a way that the fabrication error is minimized.
Apart from this constraint, another challenge is the high at-
tenuation rate of the signal at the terahertz frequency. In ad-
dition to the atmospheric loss, the signal is also attenuated
by the component itself in the form of conductor and dielec-
tric losses. To analyze the conductor and dielectric losses at
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any frequency, the effective dielectric permittivity of the ma-
terial is required to be evaluated. At the higher frequency, the
effective dielectric permittivity of the substrate is frequency
dependent. Recently, we have explored these losses and de-
signed a dual-band microstrip antenna at terahertz frequency
in which the effective dielectric permittivity of the material
was extracted by using two-capacitance model [26]. In the
present work, we have explored the feasibility of improve-
ment in the accuracy of an effective dielectric permittivity of
the two-layer substrate material and after successful calcu-
lation of the effective dielectric permittivity of the material.
We have also studied various electrical performances of the
terahertz antenna using this composite dielectric material as
the substrate material.

It is well known fact that with the increase in frequency,
the behavior of material changes and an effective dielectric
permittivity of composite material also changes. In the past,
various researchers [27-31] have investigated the dispersive
behavior of multilayer substrate but they have been confined
to the microwave regime only. Hammerstad and Jensen [32]
have devised a formula to calculate an effective dielectric
permittivity of substrate material with the high accuracy at
low frequency. However, this formula does not take in to
account the dispersive behavior of material. Kobayshi [33]
has proposed the formula to calculate the frequency depen-
dent effective dielectric permittivity of the composite ma-
terial. Nevertheless, this formula has also been validated at
low frequency (below 100 GHz) and the analysis is based
on the single substrate layer. For multilayer dielectric ma-
terial, two-capacitance model using conformal mapping is
frequently used [34]. However, all these formulas are in-
dependent and have been investigated in different low fre-
quency regime. In order to calculate the effective dielectric
permittivity at the high frequency, we propose to integrate
these formulas to obtain new tool to calculate an effective
permittivity at terahertz frequency. This value has been cal-
culated by using the two-capacitance model [26]. Since the
capacitance is directly proportional to the dielectric permit-
tivity and inversely proportional to the distance between two
plates, the relative dielectric permittivity of the composite
material is:

dy+dp
i &

ey

Erc =

where ¢, is the dielectric permittivity of composite mater-
ial. &1 and & are dielectric permittivity of top and bottom
layer of composite material. By using conformal mapping
technique d; and d; are calculated as:

K (k1) 1

Kty T Cosh(Z2 @
Kk Kk 1

d= K0 KR - k= 3
K (k) K (kl) COSh(m)

@ Springer

In the generalized way, (2) and (3) have been calculated us-
ing approximate formulas [25].

K_ 1 (,1+Vk
K' 7 1_\/§

_[;1 ( ifg)} 0<k<07 4)

where K (k) is the complete elliptic integral of the first kind
and complementary module k' = +/1 — k2. After calculat-
ing the value of composite dielectric permittivity &,., which
behaves as the dielectric constant of equivalent single layer
dielectric material, frequency dependent effective dielectric
permittivity of composite material is calculated by using the
following formula [33].

) 0.7<k<1

erc — €¢(0)
£ =&r— ———— 5
(N =tre = T 5)
where
_ fo
Ja= _ 173
0.75+ (0.75 - 0.332¢,. ")w/ h
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1+1+w/h(0 15 — 0.235¢0-45f/fa)
forw/h <0.7
1 forw/h>0.7

me =

There are various methods to calculate the static effective
dielectric permittivity €,(0) of the material at low frequency
with certain accuracy. In order to improve the accuracy, we
have used S-H formula [32] to calculate &, (0).

eret 1 gpe—1 120\ 1/2
0) = 1+ —
£.(0) 7 + 2 < + ” )
1
+ F(grc’ h) - 0'217(8rc - 1)ﬁ (6)
where
0.02(5,c — D(1 —w/h)? f h<l
Fleye.h) = (&rc )( w/h) orw/h <
0 forw/h>1

In the above equations, 7 = h| + hy, w = width of strip-line
and ¢ is the thickness of metallization. The frequency f is in
GHz. To calculate the effective dielectric permittivity of the
composite materials used as substrate in the proposed mi-
crostrip antenna as shown in Fig. 1, we have simplified the
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approach and considered only narrow microstrip feed-line
placed on the substrate. At the high frequency, in the narrow
microstrip line, the current distribution is not uniform and
variation in the characteristic impedance is faster in com-
parison to the wide microstrip transmission line. It indicates
that analysis of narrow microstrip line would also predict the
behavior of the whole antenna. A microstrip transmission
line of 90 um length and 40 pm width is investigated using
(1)—(6) and effective dielectric permittivity of the material
is obtained analytically. To validate the analytical result, the
effective dielectric permittivity has further been calculated
using PACAAD 21 calculator (Simtel Legacy Co.) and fi-
nally simulated using different solvers in CST Microwave
Studio. The comparison of analytical and simulated results
is shown in Fig. 2. In order to simulate the structure us-
ing transient solver (space discretized set of Maxwell’s grid
equations) in CST Microwave Studio, the microstrip-feed
line of the antenna is placed under the open boundary con-
dition except E; = 0 at Zniy. In other word, the microstrip
feed-line is simulated in the real working condition in place
of enclosed boundary condition. Next to this, the structure
has been simulated at different discrete frequency points us-
ing frequency domain solver (based on Maxwell’s equations
in the harmonic case) under the same boundary condition by
replacing the two layer dielectric permittivity by single layer
of equivalent dielectric permittivity equal to 3.689 obtained
using (1)-(4) with total thickness of the substrate equal to
400 um. Further, the same microstrip line has been simulated
using eigenmode solver (based on the eigenvalue equation
for non-driven and loss-free harmonic problems). Finally, to
investigate the deviation of an effective dielectric permittiv-
ity of the material for the proposed antenna, whole structure
as shown in Fig. 1, has been simulated using transient mode
solver. The comparison of the effective dielectric permittiv-
ity of the composite substrate materials obtained by using
different techniques is shown in Fig. 2.

550 600 650 700

frequency (GHz)

Figure 2 reveals that the analytical result is in close agree-
ment with simulated results except in the transient solver. In
the transient solver, the substrate materials are stacked as
to work in the real environment. In other simulation tech-
niques, a single equivalent substrate material whose permit-
tivity has been obtained by using simple two-capacitance
model replaced these two substrates. Generally, in the analy-
sis of the effective permittivity of multilayer substrate, vari-
ous substrates are represented by its equivalent capacitances.
However, these representations need that the material must
be sandwiched between two conducting layers but in real
practice, these are placed one above the other without any in-
terfacing conducting material. Due to this tolerance, the re-
sult obtained by using transient solver, deviates with respect
to the analytical result. When an equivalent single layer sub-
strate replaces the two-layer substrate, results obtained by
various techniques converge to the analytical result. At the
last, when the complete antenna structure is simulated; the
effective permittivity is identical to the effective permittiv-
ity of the material obtained by considering the narrow mi-
crostrip line only. On this way, the frequency dependent di-
electric permittivity of multilayer material can be extracted
in the terahertz frequency regime to improve the accuracy of
the performance.

3 Antenna design

The input impedance of radiating patch is an important para-
meter to be consideration in designing any microstrip patch
antenna. The input impedance of the patch predicts the elec-
trical performance of the antenna. The input impedance of
resonating patch is calculated using approximate two-slot
conductance method to validate the correctness of an ef-
fective dielectric permittivity and to further investigate the
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Fig. 3 Variation of the input 300
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behavior of electrical performance. The radiating edge- slot
conductance is approximated as [35].

Gi — 1 [w 2 @
"= 90\ %o
Gy 1
2= 12072
T ain( Kowi 2
sin(=5-" cos 0) . . 3
X —=— | Jo(koL1sin®)sin’ 0d6
0 cos6
(3
and
1
=T )
2(G1=Gr2)

where wy, Ao, ko, L1 and Jy are width of radiating patch,
free space wavelength, free space wave-number, length of
radiating patch and first kind of zero order ordinary Bessel
function, respectively. However, the value of G, can be ne-
glected if the distance between two slots is large as the effect
of mutual coupling is negligible. In the present proposed de-
sign, the length of patch is greater than A, /2 at 600 GHz and
on this way, the mutual conductance is negligible. The calcu-
lated value of input resistance under the resonance condition
at this frequency is equal to Ry, = 282 2 and associated re-
actance must vanish at the resonance frequency. To analyze
this effect, the radiating patch is excited at the one of the
radiating edge and simulated value of impedance is shown
in Fig. 3. It is revealed from Fig. 3 that the actual resonance
occurs at about 598 GHz where the reactive component is
equal to zero. At the intended frequency 600 GHz, the value
of impedance is equal to 231.8 — j21.59 Q. The real part
of the impedance moderately varies from the analytical re-
sult. In the narrow microstrip patch at the high frequency,
the distribution of the current density is non-uniform and
due to this, the impedance value changes sharply. However,
these two results give a good approximation of the input im-
pedance seen by the microstrip feed-line if placed at the edge
of the patch. The capacitive reactance as shown in Fig. 3 is
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due to the capacitive nature of the patch. We have extracted
the equivalent capacitive reactance of the patch by using (10)
and (11) and have found it equal to 21.76 €2, which is again
in the close agreement to the value shown in Fig. 3.

L
c=_-! (10)
Zovp
1
Z=——— 11
joC

On this way, an equivalent circuit model of the radiating
patch, which consists of resistance in series with capaci-
tance, may be drawn. Next to this, the microstrip feed-line
is modeled as a combination of inductance in series with
resistance circuit. In a narrow microstrip transmission line,
the accuracy of the impedance is inconsistent and tends to be
high which cannot be determined by using the design formu-
las. To determine the impedance of the microstrip feed-line,
we placed the equivalent lumped impedance of the radiat-
ing patch in series with the transmission line and obtained
the input impedance of this combination at the port. Fur-
ther, it is compared with the input impedance seen by the
port when whole structure is simulated which is depicted
in Fig. 4. From Fig. 4, it is seen that two impedances are
close to each other at 600 GHz. By inspecting this figure,
it is concluded that the behavior of the microstrip feed-line
is inductive and its effective impedance is extracted by sub-
tracting the patch impedance as shown in Fig. 3 from the im-
pedance of the whole structure. The calculated value of the
impedance of the microstrip feed-line is equal to 854 j59.8
and 91 + j42.53 Q in these two cases, respectively. These
results are also in the close agreement at this high frequency.
Further, it is believed that the antenna with feed-line can be
modeled as series RLC network. From this analysis, it is also
concluded that the antenna would resonate near 600 GHz
where, the reactive component is close to zero. The ex-
act analysis of the return loss of antenna is difficult due
to variation in the characteristic impedance of the port. In
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Fig. 4 The input impedance of 00

the antenna at 600 GHz by using
lumped element approach

Input impedance (olun)

-400

Input impedance of antenna sttructure with feed-line

Input impedance of feed line in series with equivalent
lunped impedance of patch

500 550

general, the microstrip transmission-line formulas are ex-
tracted in the closed form. However, to investigate the ra-
diation characteristics of antenna, it is necessary to operate
the antenna in an open environment by adding open space
above the radiating patch. The added space above the ra-
diator influences the effective permittivity and the charac-
teristic impedance of the antenna. The variation in effective
permittivity is evident from Fig. 2 and when the wave port
is used to excite the device in the CST Microwave Studio,
it is considered that the port is matched to the device seen
by the port at every frequency point. On this way, it is con-
cluded that the line impedance seen by the port is nothing
but the characteristic impedance of the port itself. To an-
alyze the return loss, we have obtained the characteristic
impedance of the port by selecting full deembedding radio
button in the transient solver of the CST Microwave Studio
and have extracted the return loss by using following for-
mula.

Zin — Zy

RL=-20log|T"|dB whereI' =
Zin+ Zo

(12)
where, RL, I", Z;, and Z; are return loss, reflection co-
efficient, input impedance seen by the port and charac-
teristic impedance of the port, respectively. In the above
analysis, we have considered the impedance of the feed
line in series with equivalent lumped impedance of the
patch shown in Fig. 4 as Zj,. The analysis shows vari-
ation in the S;; parameter which is mainly due to the
variation in the impedance of the patch in the analysis
and simulation. However, both the results show a wide-
band impedance bandwidth and minimum return loss near
600 GHz. To support the simulation obtained by CST Mi-
crowave Studio, which is based on finite integral method,
the structure was re-simulated in Ansoft HFSS a commer-
cial simulator based on the finite element technique, which

600 650 700

Frequency / GHz

is in agreement to the previous simulation. These three re-
sults are shown in Fig. 5. The result can be improved by
considering the input impedance of the circuit as the im-
pedance of the antenna structure with feed-line as shown
in Fig. 4.

From this proposed analysis, we can also predict about
the electrical behavior of the antenna under the investiga-
tion. In an inset-fed microstrip patch antenna, the radiation
resistance is associated to the input resistance of the antenna
by the following formula [35, 36].

Rin = R, cos®(wxs/L1) for R, > Rin (13)
G, =1/R, (14)
2
D= e (15)
15G, \ xo

In the above equations, R, x ¢, G, and D are radiation resis-
tance, inset distance from the radiating edge, radiation con-
ductance and directivity of the antenna, respectively. In the
present design, we have approximated the value of directiv-
ity of the antenna by letting x s = 0, as the antenna is fed at
the edge of the radiating slot. Based on the previous analy-
sis of the input impedance of the radiating patch, which is
equal to Rj, = 282 €2, the analytical value of the directivity
of the antenna is equal to 8.762 dBi, which is validated by
simulating the structure by CST Microwave Studio and sim-
ulated directivity is equal to 9.396 dBi. The far-field radia-
tion pattern of the antenna is shown in Fig. 6. The radiation
pattern indicates that the antenna is directive in the princi-
ple H-plane and maximum gain and radiation efficiency are
7.968 dBi and 71.98%, respectively. The —3 dB beamwidth
of the mean beam in the principle H- and E-plane are 7.2°
and 102.8°, respectively.
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Fig. 5 Variation of the Sy 0

parameter (dB) of the proposed
antenna
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Fig. 6 Far-field radiation pattern of the proposed antenna at 600 GHz

4 Slow-wave antenna

From the series RLC model of the proposed antenna as dis-
cussed in the previous section, it is concluded that the reso-
nance condition can be altered by simply adding a reactive
component in the series. The addition of this reactive com-
ponent would make the antenna suitable to operate in the
wide range of the terahertz spectrum and addition of the in-
ductive reactance would move the resonance condition to the
higher frequency whereas addition of capacitive reactance
would shift the frequency to lower side on the frequency
axis in Fig. 5. However, the implementation of capacitive
reactance is a better choice in comparison to the inductive
impedance due to the constraint on the physical dimension.
To analyze this effect, a series gap feeding technique is in-
vestigated in which the patch is fed by microstrip transmis-
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Fig. 7 Antenna structure with the gap-capacitance

sion line via a series gap of variable gap-length (g). The gap
has been created by reducing the length of feed-line, which
is shown in Fig. 7.

To investigate the effect of series capacitance loaded mi-
crostrip antenna, the gap distance is varied up to 10 pm in
the 1 pm step size. This variation in the gap results the vari-
ation in the capacitance value. The net added capacitance in
series is extracted by following approximate formulas [37].

C,=0.5C, —0.25C, (16)
Co _ ge(f) 08 8 o ko
W(PF/m)—( 9.6 ) (W) e (17)
Ce 2O\ (g \™
W(pF/m)_12< 0.6 ) (W) e (18)
with

w
my, = 7[0.61910g(W/h) —0.3853] (19)
ko =4.26 — 1.4531og(W/ h) (20)
m, = 0.8675 21)
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In above equations, Cg, C, and C, are gap, odd-mode and

even-mode capacitance of the gap, respectively. To extract

the capacitance, radiating patch is considered as a transmis-

sion line whose width is equal to the width of the feed-

Gap distance (g){micron)

line. This assumption simplifies the analysis but a little error
within reasonable limit may occur. The error would be in-
significant due to the microscopic dimension of the antenna.
In the above analysis, we have ignored the parallel parasitic
capacitance between transmission-line and ground because
of its insignificant value at terahertz frequency.
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Figure 8 indicates that with increase in the gap distance,
the series gap capacitance decreases and correspondingly re-
active impedance (capacitive) increases at 600 GHz. Fur-
ther, it reveals that the addition of negative impedance at
this frequency causes the slope of reactive component of
impedance as shown in Fig. 4 to change. On this way, cross-
over point to zero reactive impedance shifts left (downshift).
In other word, the resonance frequency is reduced below
600 GHz. It indicates that the behavior of the antenna can
be changed to a slow-wave structure [38]. In a normal con-
dition, to reduce the resonance frequency of the antenna, it is

H ]11511e
E plane

180

t 1 0
75 20 [dBi]

270

Fig. 11 Directivity radiation pattern of the proposed antenna at
542 GHz

15

required to increase the dimension of the radiator, but in the
present case without altering this dimension, the resonance
frequency is shifted to the lower frequency. The immediate
advantage of this configuration is the compactness of the mi-
crostrip antenna. The effect of variation in the gap distance
on the return loss parameter is shown in Fig. 9.

Apart from the variation in S-parameter, the gain/
directivity and radiation efficiency increases monotonously
which is shown in Fig. 10. In addition to shift in reso-
nance condition, the return loss at 600 GHz increases to-
wards —10 dB and this limits its application beyond certain
value of the gap distance. From Fig. 9, it is concluded that
the maximum resonance is obtained for the gap distance of
5 pum and structure optimally matched at 542 GHz. The ra-
diation pattern at this frequency is shown in Fig. 11. The
—3 dB mean beamwidth in this case in the principle H- and
E-planes are 8.7° and 50.6°, respectively. The gain is in-
creased mainly due to reduction in angular beam-width in
E-plane.

From Fig. 11, it is clear that the antenna is directive in
principle H-plane in comparison to principle E-plane. The
directivity is maximum at ¢ = 6 = 90°. This result shows
that the directivity of the antenna is equal to 10.94 dBi and
other electrical parameters such as the gain and radiation ef-
ficiency are equal to 9.585 dBi and 73.12%, respectively.
In this case, the directivity of the antenna is increased by
1.571 dB with respect to the directivity of the antenna at
600 GHz. In addition to this, the radiation efficiency is also
increased up to 1.14%. The polarization effect of this an-
tenna is shown in Fig. 12. From Fig. 12, it is seen that
the cross-polarization is significantly less which is equal to
about —315 dB in the whole range of elevation angle (6)
in the yz plane and also significantly less around 6 = 0° in
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Fig. 12 Co-and cross-polarization of the antenna at 542 GHz
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the xz plane. It indicates that the field would be the linearly
polarized.

5 Conclusion

In this paper, an expression to calculate the effective dielec-
tric permittivity of the two-layered substrate material at the
terahertz frequency has been analyzed. Maximum deviation
of analytical result with respect to frequency domain solver,
full-wave calculator, eigenmode solver and transient solver
is 0.427%, 1.41%, 1.14% and 2.09%, respectively. The de-
viation in result with respect to transient solver is attributed
to the integration technique and simplification in capacitive
model with addition to the open space above the patch. The
maximum deviation in result of microstrip line and antenna
(whole structure) when simulated using transient solver is
equal to 1.29% which indicates that analysis of an effective
dielectric permittivity performed on a simple microstrip line
can be extended to the antenna structure with minimum er-
ror. Based on the above calculation, a rectangular microstrip
antenna has been analyzed and simulated at 600 GHz. The
slow-wave effect has been investigated on this proposed an-
tenna, which is useful in designing a compact antenna. By
using the slow-wave concept, another antenna has been ana-
lyzed and simulated at 542 GHz, which shows the potential
improvement of the electrical performance. The methodol-
ogy can also be extended to other topology in the terahertz
spectrum.
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