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Abstract In this paper, a dielectric slab with periodic im-
plantation of the air gaps has been analyzed. An effective
dielectric permittivity of the 1-D photonic bandgap substrate
material (PBG material) with host material as Polytetraflu-
oroethylene (PTFE) has been computed at 600 GHz. Based
on the extracted effective dielectric permittivity, a rectan-
gular microstrip patch antennas on thin and thick 2-D PBG
material as substrate have been designed. The electrical per-
formances of the antennas have been simulated by using two
different simulators, CST Microwave Studio based on the fi-
nite integral technique and Ansoft HFSS based on the finite
element method. This proposed antenna on the PBG mate-
rial as substrate shows the significant enhancement in the di-
rectivity. To validate the homogenized medium approxima-
tion, the effect of the antenna position on the substrate ma-
terial has been observed. The response of antenna has been
found to be independent of its position. Various electrical
parameters of the proposed antennas have been compared
with reported literature. In addition to this, the operating fre-
quency of one of the antenna has been scaled down by the
factor of 50 and its various results have been compared with
the results obtained at 600 GHz.
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1 Introduction

Terahertz regime of the electromagnetic spectrum extends
from millimeter through micrometer in wavelength encom-
passing frequency approximately 0.1 to 10 THz. This band
of electromagnetic spectrum finds a number of potential ap-
plications in various fields [1, 2]. In addition to these con-
ventional applications, the terahertz wireless communica-
tion system is also being explored in detail [3, 4]. For an
efficient communication in this band of the spectrum and
to combat path losses, there is the requirement of highly
directive antennas. In general, the terahertz radiators are
designed using photomixer and photoconductive materials
[5, 6]. However, these kind of the antennas suffer from poor
directivity and reduced impedance bandwidth due to the
high output impedance of the source and mismatch between
the source and radiator [7–9]. In addition to this, the source
power is also relatively low. To overcome this limitation,
the high power integrated as well as discrete sources, effi-
cient detectors and mixers are being developed [2, 4, 10, 11].
With the development of interconnects and passive radiators,
these discrete devices can be integrated in the conventional
source-interconnect-radiator-detector as a terahertz commu-
nication chain. Ultimately, it would be possible to realize a
complete terahertz communication system with the devel-
opment of interconnects and efficient radiators apart from
sources and detectors. To meet the requirement of intercon-
nects, waveguides and varieties of planar transmission line
can be designed and implemented in the terahertz wireless
communication system. The most versatile interconnect is a
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waveguide, which can be used up to 1.0 THz [12]. Kadoya et
al. [13] have investigated the microstrip lines and coplanar
waveguides in the time domain at the terahertz frequency by
using low dielectric permittivity substrate material both nu-
merically as well as experimentally. They have also studied
the propagation characteristics of the wave in this regime of
the spectrum. Yeh et al. [14] have designed a terahertz rib-
bon type waveguide to convey the energy from one point to
the other point and have shown the superiority of this device
over the conventional microstrip-line.

It indicates that a microstrip antenna can be suitably in-
tegrated with sources and detectors and advantages of this
kind of the antenna like low-cost, compatibility, and relia-
bility can be harnessed for the terahertz wireless communi-
cation. However, the main drawback of the microstrip an-
tenna is its poor directivity and the low gain at the mi-
crowave frequency [15]. At the terahertz frequency, to com-
bat the path-loss, it is necessary to improve the directivity
and gain of the antenna so that it could play a crucial role
in the successful implementation of the wireless communi-
cation system. In the microwave frequency regime, various
researchers have used high dielectric permittivity or thick
substrate material [16–19] to improve the electrical perfor-
mance of the microstrip antenna. However, the application
of high dielectric permittivity material leads to shock wave
at the air-substrate interface in the millimeter or terahertz
regime of the spectrum [20]. Further, the application of thick
substrate leads to surface wave loss due to the trapping of en-
ergy within the substrate [21] and reduction in the substrate
thickness reduces the performance and mechanical strength
of the antenna. To reduce the surface wave loss, either effec-
tive dielectric permittivity or thickness of material has to be
reduced. To reduce the effective dielectric permittivity, the
property of material is artificially altered with by using the
periodic air-defects in the homogeneous host material. This
heterogeneous material is called photonic bandgap material.

Earlier, various researchers [22–24] have used PBG ma-
terial as the substrate to enhance the electric performance of
microstrip antenna in the microwave frequency range. Re-
cently, Singh et al. [25, 26] have proposed the rectangular
microstrip patch antenna using PBG material as the sub-
strate at terahertz frequency. Apart from this, the terahertz
microstrip antennas on the thin and thick homogeneous sub-
strate material have also been reported in [27–29]. The gain
and radiation efficiency of these antennas are quite low and
there is the lack of the analysis of PBG substrate material
behavior. In general, the dielectric permittivity of the PBG
materials is reduced which is used to enhance its electrical
performance. However, the phenomenon of reduction of the
effective dielectric permittivity of the PBG material using
low relative dielectric permittivity substrate material as the
host with the air-defects has not been discussed in the tera-
hertz frequency regime.

In the present contribution, we have analyzed the effect
of the periodic air-defects in the low dielectric permittivity
1-D and 2-D substrate material. Further, the work has been
extended to find its suitable application as the substrate ma-
terial to improve the electrical performance of the microstrip
antenna in the terahertz spectrum. The organization of the
paper is as follow. In Sect. 2, we have computed an effec-
tive dielectric permittivity of the PBG materials at 600 GHz.
In Sect. 3, we have designed and simulated a patch antenna
on the thin substrate to show the permittivity reduction phe-
nomenon. In Sect. 4, we have designed an antenna on the
thick substrate material and compared the performance of
this antenna by using two different simulation techniques in
Sect. 5. In Sect. 6, we have compared the electrical perfor-
mance of the thick-substrate-antenna with the reported lit-
erature. In Sect. 7, the scaled down model of the antenna is
presented. Finally, Sect. 8 concludes the work.

2 Analysis of photonic bandgap as substrate

In general, to reduce the refractive index of a material, meta-
materials are used which have the negative dielectric permit-
tivity, permeability, or both. To designs this kind of material,
the conducting wires or split ring resonators are frequently
used. However, the implantation of thin conducting wire in
the microstructure homogeneous substrate at the terahertz
frequency is relatively challenging task. To overcome this
problem, in place of conducting wire, air-defects may be
used to reduce the effective permittivity of the material. In
this way, the PBG materials can be fabricated by using the
techniques reported in [30, 31]. Recently, Lu and Prather
[32] have studied the behavior of air-cylinder defect PBG
materials and found that this kind of material can attain neg-
ative dielectric permittivity and magnetic permeability, si-
multaneously. It indicates that the refractive index of the
homogeneous substrate can be reduced below 1.0 with the
periodic implementation of the air-cylinders in it. The re-
fractive index would depend on the lattice factor (k) of the
defect material where k is the ratio of radius of air cylinder
(r) to the distance (a) between two air-cylinders. Since the
dielectric permittivity of the substrate can be brought in the
negative region, it may also be possible to control the dielec-
tric permittivity to a value lesser than 1.0. In order to inves-
tigate this possibility, we present the front view of 1-D PBG
material in Fig. 1. The host material of the PBG material
is Polytetrafluoroethylene (PTFE) (εr = 2.08) whose length
and width are 1000 µm and 100 µm, respectively. In the host
material, cylindrical air defects of radius r = 10 µm and
centre-to-centre inter-cylinder spacing a = 100 µm, have
been used. The substrate thickness and the length of air
cylinders are 200 µm.
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Fig. 1 Perspective view of 1-D photonic bandgap

Fig. 2 Simulated (a) magnitude and (b) phase of the scattering param-
eters of the 1-D PBG material slab

This structure is simulated by using the CST Microwave
Studio with the following boundary condition. Top and bot-
tom (z-axis) of PBG material is assigned with perfect elec-
tric conductor (PEC) where tangential component of electric
field is zero (Et = 0). Other four faces of the cuboids is as-
signed with the open boundary i.e. perfectly matched layer
(PML). In other word, the structure is placed in the paral-
lel plate waveguide. Two wave-ports with electric field ori-
ented along the z-axis are placed at the left and right bound-
ary (along x-axis). The magnitude and phase (degree) of
the transmission and reflection coefficients of the proposed
PBG materials at frequency range 100–800 GHz are shown
in Fig. 2(a) and (b), respectively.

From Fig. 2(a), it is revealed that the structure opposes
the transmission of the wave in this material. The magnitude
of the S21 parameter is always less than 0.22 in the simulated
frequency range. We are interested to investigate an effective
dielectric permittivity of this material near cross over the fre-

quency of S11 and S21 parameter which is 600 GHz. At this
frequency, the magnitude and phase of the scattering param-
eter is presented in Table 1. There are number of techniques
to extract the effective dielectric permittivity and magnetic
permeability of the metamaterials. Among them, an effec-
tive medium approach is quite efficient because it simplifies
the sign ambiguity of the impedance, which is dependent
on the transmission and reflection parameter of the material
[33]. As per this technique, the effective dielectric permit-
tivity and magnetic permeability are related to the refractive
index and wave impedance as

μeff = nz, εeff = n/z (1)

where μeff , εeff , n and z are the effective magnetic perme-
ability, effective dielectric permittivity, refractive index and
wave impedance, respectively. The wave impedance z is re-
lated to scattering parameters as follow.

z = ±
√

(1 + S11)2 − S2
21

(1 − S11)2 − S2
21

(2)

ejnβa = S21

1 − S11
z−1
z+1

(3)

where z and n are complex numbers. The solution of (3)
may be written in the following form [33].

n = Im{ln(ejnβa)} + 2mπ − j Re{ln(ejnβa)}
βa

(4)

However, to design an antenna on a substrate material, the
knowledge of the real part of the effective dielectric permit-
tivity (εeff ) is required to obtain various geometric parameter
of the antenna. The real part of the effective permittivity of
the substrate is obtained by simplified Eq. (3) and resultant
equation is shown (5).

jnβa = ln

(
S21

1 − S11
z−1
z+1

)
= x + jy (5)

After separating real and imaginary part of (5), we get the
value of n equal to

n = y

βa
(6)

where β and a are the free space wave number and the inter-
cylinder-spacing, respectively [34]. The value of real part of
the effective permittivity (ε′

eff ) can be easily determined and
it may lie below 1.0 depending on the value of n and z′.
The extracted value of the wave impedance, refractive index
and effective dielectric permittivity from Fig. 2 are shown in
Table 1.

From Table 1, it is seen that the dielectric permittivity
is less than 1.0 and it has been achieved for low-dielectric
permittivity host material. Further, the value of the effective
permittivity of the material may be varied by changing the
lattice constant (k) [35].
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Table 1 Effective permittivity of pbg materials at 600 GHz

εr |S11| ∠ S11 (deg) |S21| ∠ S21 (deg) z n εeff

2.08 0.208 62.52 0.218 69.17 1.17+j0.41 0.686 0.743

3 Design of rectangular microstrip antenna on thin
substrate

In general, the relative dielectric permittivity of the material
is independent to its thickness (d) for d � λ0 [34]. Hence,
we have designed a microstrip antenna on 50 µm thick sub-
strate in this section using the value of effective dielectric
permittivity of the material presented in Table 1 as substrate.
Since the physical dimensions of the microstrip antenna are
governed by the substrate permittivity, we have not consid-
ered the effect of the change in the relative magnetic per-
meability. However, the change in the relative magnetic per-
meability may contribute to the change in the surface wave
efficiency of the microstrip antenna [36] and it can be inves-
tigated independently.

3.1 Antenna design on thin substrate

As we know, with the reduction in the effective dielectric
permittivity of the material, the guided wavelength is in-
creased. At the microwave frequency, the device dimension
is in sub or multiple integer of the wavelength. Therefore,
with the increased guided wavelength, the overall size of
the circuit on the substrate is increased. However, at tera-
hertz frequency where wavelength is quite small, the ap-
parent longer wavelength reduces the fabrication complexity
and increases the error tolerance. To see the effect of reduc-
tion in the effective dielectric permittivity of the material,
we have designed a microstrip antenna on 2-D PBG ma-
terial as substrate of dimension 1000 × 1000 µm2 whose
effective dielectric permittivity has been investigated and
presented in Table 1. The radiating patch, feed-line and
ground plane are made of copper of thickness 20 µm. Gener-
ally, in the microwave region, the patch dimensions for the
positive dielectric permittivity materials are calculated us-
ing following formulas provided substrate thickness (h) �
free-space wavelength (λ0) [37].

W = c

2fr

√
2

εeff + 1
(7)

In (7), W,c,fr and εeff are the width of the radiating patch,
velocity of the light, resonance frequency and effective per-
mittivity of the substrate, respectively. In the present case the
value of W is equal to 267 µm. However, the suitable length
of the radiating patch (L) has been obtained by the paramet-
ric study. The effect of the L on the resonance frequency is
shown in Fig. 3.

Fig. 3 Effect of the length (in µm) of the antenna on the resonance
frequency

In Fig. 3, the value of L has been varied from 240 µm to
340 µm in the step of 20 µm. With the increase in the length
of the radiating patch, the resonance frequency shifts down-
ward. However, in all these conditions, the length of the ra-
diating patch is always greater than the free-space half wave-
length at the resonant frequency. In general, for the substrate
with εeff > 1, the length of the resonator is calculated by us-
ing the following formula.

L = c

2fr
√

εeff
− 2�l (8)

where

�l = 0.412h
(εeff + 0.3)(W

h
+ 0.264)

(εeff − 0.258)(W
h

+ 0.8)
(9)

In the antenna design, the length of the radiating patch is
kept less than the half of the free space wavelength i.e. L <

λ0/2 as the maximum length of the radiator in the free space
is equal to λ0/2. The value of L is further reduced due to the
use of the dielectric substrate and the fringing effect and it
is inversely proportional to the square root of εeff as shown
in (8). From Fig. 3, it is seen that the patch length is always
greater than λ0/2 which indicates that this condition is met
by using the concept of the reduced effective permittivity
below 1.0. From this analysis, it is clearly revealed that the
calculated value of εeff and ε for the 1-D substrate is less
than 1.0.

3.2 Feeding mechanism

At terahertz frequency, the planar feeding technique is com-
paratively better choice against others due to the simplicity
in the fabrication. However, the width of feed line is an im-
portant factor in antenna design to match the impedance. To
achieve the better matching, contact feeding with narrow mi-
crostrip line has been used. The advantage of using narrow
feed-line has been described in [38]. The length and width
of the feed-line are 250 µm and 20 µm, respectively.

Based on the parametric study as discussed earlier, the
value of L has been optimized and it is equal to 308 µm.
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Table 2 Comparisons of the gain and directivity at 600 GHz

Substrate CST Microwave Studio Ansoft HFSS

Finite ground Infinite ground

Directivity (dBi) Gain (dBi) Directivity (dBi) Gain (dBi) Directivity (dBi) Gain (dBi)

Homogeneous 8.993 8.325 7.21 7.18 10.44 10.40

PBG Material 9.086 8.807 9.06 8.86 11.02 10.94

Fig. 4 Schematic diagram of the proposed antenna

However, the value of W has been kept equal to 267 µm as
calculated using (7). The antenna has been designed on the
1000×1000 µm2 2-D substrate and ground plane size. Other
parameters of the substrate are same as discussed in the
previous section. The radiating patch, feed line and ground
plane are made of copper of thickness 20 µm. The layout of
the antenna is shown in Fig. 4.

The structure has been simulated in the 500–700 GHz
band by using the CST Microwave Studio in the transient
solver. To excite the antenna, the wave-port has been em-
ployed. The width and height of the port is equal to 200 and
120 µm, along y- and z-axis, respectively. The port is placed
at xmin position equal to −500 µm. To achieve the maximum
accuracy, the adaptive mesh refinement radio button in the
transient solver has been activated. To see the correctness
of the analysis, we have re-simulated the structure by using
Ansoft HFSS, another commercial simulator with the wave-
port and resonance occurs at 600 GHz. The S11-parameter
(dB) of the antenna is shown in Fig. 5. From this figure, it
is seen that the resonance condition of the antenna is satis-
fied by the selected value of W and L in the both simulation
environment.

The −10 dB impedance bandwidth of the antenna is 12 %
and 10.6 % in the case of Ansoft HFSS and the CST Mi-
crowave Studio, respectively. To compare the directivity and
gain of the proposed antenna, we have replaced the PBG
substrate material by a homogeneous substrate of relative di-
electric permittivity 2.08 (host material) while keeping other
parameters constant and simulated the structure by using

Fig. 5 Reflection co-efficient (dB) of the proposed rectangular mi-
crostrip antenna on PBG material as substrate at terahertz frequency

these two simulators. Comparison of the directivity and gain
is shown in Table 2.

Table 2 indicates that the gain is marginally increased
with the implementation of PBG crystal in comparison to
the homogeneous substrate. In the case of Ansoft HFSS sim-
ulation, we have considered finite as well as infinite ground
planes and the result on the infinite ground is fairly good.
The directivity of the antenna can be further improved by
optimizing the lattice constant (k).

3.3 Effect of lattice constant of PBG substrate material on
the electrical parameter of the antenna

In the above analysis, we have used the PBG material of
square lattice where the radius of the air cylinder r is 10 µm
and distance between two cylinders a is 100 µm. In this way,
the lattice factor (k) is equal to 0.1. The lattice factor can be
used as an additional tuning parameter to improve the per-
formance of the antenna. We have used this parameter to en-
hance the gain and the directivity of the proposed antenna.
The radius of the air cylinder has been varied from 0.0 to
45.0 µm in the step of 5.0 µm and improvement in the direc-
tivity has been observed which is shown in Fig. 6.

From Fig. 6, it is seen that with the increase in the lat-
tice factor up to k = 0.25, the directivity increases and there
after it reduces and for k = 0.40, the directivity is 8.80 dBi
which is below the directivity obtained with the homoge-
nous substrate as shown in Table 2. Here, it is important to
note that with the increase in the value of k, the volume of
the air-defects in the substrate is being increased. With the
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Fig. 6 Effect of the variation in k on the directivity of the proposed
antenna at 600 GHz

Fig. 7 Radiation pattern of the proposed antenna in (a) xz plane and
(b) xy plane

increase in k, the directivity must either increase or decrease
in the monotonous way. However, after k = 0.25, the direc-
tivity starts falling in spite of the increase in the volume of

Fig. 8 Proposed antenna with (a) shift in position (p in µm) and (b) its
effect on S11 parameter (dB)

the air-defects and it indicates that first of all the dielectric
permittivity of the material is reduced below 1.0 and then it
tends towards the permittivity of vacuum.

To meet the bandwidth criteria and resonance frequency,
a trade-off between k and directivity can be made. However,
in our design, we have kept this value equal to k = 0.1 only.
The directivity radiation pattern of this antenna obtained by
using the Ansoft HFSS for k = 0.1 is shown in Fig. 7 in xz

and xy-plane. The radiation pattern of this antenna is maxi-
mum at the θ = 90° and φ = 0° and the maximum directivity
is 11.02 dBi.

3.4 Effect of the antenna position on the electrical
performances

To analyze the effect of the antenna position on the finite size
(4λ2

0 µm2) substrate material and ground plane, the position
of the feed line and radiating patch has been shifted from its
original position. The position of the radiating patch of the
antenna shown in Fig. 4, has been shifted by a variable p

along y-axis and it is shown in Fig. 8(a). For three different
values of p, the S11 parameter has been obtained by sim-
ulating the structure in the CST Microwave Studio which
is shown in Fig. 8(b). From Fig. 8(b), it is revealed that
there is maximum 0.5 dB variation in the S11 parameter at
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Fig. 9 Simulated reflection co-efficient (dB) on the thick substrate an-
tenna

the 500–700 GHz frequency range. Moreover, the resonance
frequency converges in all these cases near 600 GHz. The re-
sult obtained in this case is similar to the result presented in
Fig. 5 achieved by the same simulator. Apart from this, the
directivity of the antenna is also consistent and is equal to
9.08 dBi as mentioned in Table 2. In this way, we conclude
that the homogenized medium approximation is validated.

4 Antenna design on relatively thick substrate

In the previous section, we have discussed the possibility
of the use of the reduced effective dielectric permittivity
substrate in antenna design on the thin substrate. However,
the main objective is to increase the antenna’s directivity to
compensate the loss of energy in the terahertz spectrum. In
general, the electromagnetic energy is trapped in the thick
substrate and it causes the surface wave loss. To overcome
this problem, the relatively thicker PBG material substrate
may be the better choice. In order to investigate this effect,
we have considered a microstrip patch antenna on the sub-
strate thickness of 200 µm. In this case, all geometrical pa-
rameters of the antenna structure except the substrate thick-
ness is unchanged. The substrate thickness of the antenna
has been increased to 200 µm. The reflection co-efficient of
the antenna in this case is shown in Fig. 9.

To simulate this structure, the mesh cells have been in-
creased to 1358265 by increasing the number of lines per
wavelength equal to 30 in the mesh density control and us-
ing adaptive mesh refinement in the CST Microwave Stu-
dio. To check the correctness of the analysis, the structure
has also been re-simulated using Ansoft HFSS. The reflec-
tion co-efficient (in dB) obtained by these simulations are
shown in Fig. 9. The structure shows the resonance near
600 GHz. However, the antenna can support a wide −10 dB
impedance bandwidth. The wide impedance bandwidth is
attributed to the increase in the substrate thickness.

Fig. 10 Radiation pattern of the proposed antenna on thick substrate at
600 GHz obtained by using (a) CST Microwave Studio and (b) Ansoft
HFSS

5 Comparison of radiation pattern of the antenna on
the thick substrate

To check the correctness of the analysis of the antenna on
the thick substrate material, the directivity of the proposed
antenna on the thick substrate has been obtained by simu-
lating the structure by two different simulation techniques
and the results are convergent in these cases. The radiation
pattern of the structure obtained by CST Microwave Studio
and Ansoft HFSS are presented in Fig. 10(a) and (b), respec-
tively.

The directivity of the proposed antenna obtained by us-
ing CST Microwave Studio and Ansoft HFSS are 16.99 dBi
and 16.542 dBi, respectively. Only a variation of 0.448 dBi
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Table 3 Comparison of electrical performance with Yagi–Uda type antenna

Frequency (GHz) Proposed antennas Ref. [29]

Substrate thickness (50 µm) Substrate thickness (200 µm) Substrate thickness (300 µm with
296 µm cut in substrate)

Direct. (dBi) Rad. efficiency (%) Direct. (dBi) Rad. efficiency (%) Direct. (dBi) Rad. efficiency (%)

590 9.799 93.62 17.02 88.17 10.9 80.8

636 8.175 93.92 17.14 89.14 10.9 80.1

has been noticed between these two simulations. The radi-
ation efficiency and gain of the proposed antenna are about
87.91 % and 16.43 dBi, respectively. The half power beam-
width of the proposed antenna in xy and yz plane is 21.7°
and 21.4°, respectively.

6 Comparison of results

We have compared the performance of the proposed antenna
with various reported literature which have been obtained
by using the CST Microwave Studio Simulation. Initially,
we have compared the performance of the proposed an-
tenna with respect to the Yagi–Uda type antenna [29] which
has been designed on a high dielectric permittivity substrate
material of overall thickness 300 µm with the removal of
296 µm thick substrate beneath the antenna structure. How-
ever, the overall surface area of the antenna is quite large.
Comparison of various electrical parameters is presented in
Table 3.

Finally, the electrical performance of the proposed an-
tenna on the thick substrate has also been compared with the
electrical performance of photonic crystal substrate antenna
[26]. In this work, the antenna has been designed on the high
permittivity substrate material of the same thickness and lat-
tice factor. It is interesting to note that, the patch and feed
size of the antenna reported in that work is quite larger than
the proposed antenna in this manuscript. Due to this reason,
performance of the antenna is inferior to the present struc-
ture. In order to show the superiority of proposed antenna,
we have compared the directivity, gain and radiation effi-
ciency at 693.45 GHz. The computed gain and directivity of
the proposed antenna at 693.45 GHz are equal to 16.99 dBi
and 17.33 dBi in comparison to 4.50 dBi and 6.239 dBi re-
ported in [26], respectively. In addition to this, the proposed
structure shows the directivity and gain equal to 16.94 dBi
and 17.23 dBi, respectively at 740.8 GHz which is quite bet-
ter than the reported work in [25, 28].

7 Scaled down model of the proposed antenna

The microwave frequency is scalable. When the operating
frequency is decreased by constant factor, the thickness of

Fig. 11 S11 parameter (dB) of the scaled down model of the proposed
antenna

the substrate must be increased by the same factor. In order
to meet this requirement, the operating frequency of the pro-
posed antenna on 50 µm thick substrate as shown in Fig. 8(a)
with p = 0, has been scaled down by the factor of 50. To
scale down this model, the geometric parameters of the an-
tenna except the thickness of copper have been multiplied
by a factor of 50. The thickness of copper clad has been kept
equal to 20 µm as mentioned earlier. Since the commercial
copper clad substrates are found to have the metallization in
the order of micrometer so we have not changed this value
while scaling down the frequency. At microwave frequency
regime, the accuracy of the numerical analysis techniques:
(a) CST Microwave Studio and (b) Ansoft HFSS are already
proven. In other word, the similarity of various responses of
the scaled down model with the result of high frequency re-
sponses as shown in Fig. 5 and Fig. 7 would prove the cor-
rectness of analysis technique and results. To analyze this
effect, we have simulated the scaled down structure in the
8–16 GHz range by using Ansoft HFSS simulator. The S11

parameter response of the model is shown in Fig. 11.
From Fig. 11, it is seen that the resonance of the antenna

occurs near 12 GHz. The scattering parameter pattern of the
scaled model of the antenna is similar to the pattern obtained
at high frequency by the same simulation technique which
is presented in Fig. 5, except a shift in the magnitude of S11

parameter by 6 dB at the resonance frequency. This devia-
tion is attributed to the metallization thickness as we have
not scaled up this value and kept it equal to 20 µm only. The
−10 dB fractional bandwidth of the antenna at 12 GHz cen-
tre frequency is equal to approximately 10 % a comparable
value of 12 % at 600 GHz. The directivity radiation pattern
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Fig. 12 Radiation pattern of the scaled down antenna at 12 GHz in
(a) xz plane and (b) xy plane

of the antenna in xz and xy plane at 12 GHz is shown in
Fig. 12. From Figs. 12(a) and (b), it is seen that the radiation
pattern at 12 GHz is similar to that of at 600 GHz as shown
in Figs. 7(a) and (b). In addition to this, the directivity of the
scaled down antenna at 12 GHz is about 10.92 dBi against
the 11.02 dBi at 600 GHz mentioned in Table 2.

8 Conclusion

In this paper, a 1-D PBG material as substrate of the mi-
crostrip antenna at terahertz frequency has been analyzed.
A method to calculate an effective dielectric permittivity of
the PBG substrate material and its application in the antenna
design has been proposed. Based on our predicted value of
the effective dielectric permittivity, we have successfully de-
signed two microstrip patch antennas on 2-D substrate ma-

terial with different substrate thickness. Designed antennas
show a good agreement in terms of resonance frequency. It
verifies the dimension independent property of the extracted
permittivity of the substrate material. The directivity of the
proposed antenna is quite high to make it suitable for the
application in the terahertz communication system. To check
the correctness of the analysis, various parameters have been
coherently simulated by using two different simulation tech-
niques which are in the good agreement. In order to show the
advantage of proposed technique and antenna, we have com-
pared various electrical parameters with reported literature.
In addition to this, we have scaled down the antenna’s op-
erating frequency by 50 and compared its performance with
the high frequency response. The analysis will be extended
to other materials and antenna topologies.
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