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Abstract In this paper, a probe-fed rectangular microstrip patch antenna with partially
reflective superstrate at terahertz frequency (600 GHz) has been analyzed and simulated. The
analysis of the partially reflective surface shows the highly reflective property of the surface
over the wideband of the frequencies. The analysis of a specific configuration (rectangular
patch) of partially reflective surface predicts the directivity of antenna to be the order of
24 dBi and subsequently it has been validated with the simulation. The proposed antenna has
been simulated by using commercially available CST Microwave Studio simulator based on
finite integral technique. Next to this, the application scenario of this kind of the antenna
in the terahertz regime of the electromagnetic spectrum has been discussed and it has been
obtained that this antenna is capable to establish 9 m long communication link.

Keywords Probe-fed-microstrip antenna · Terahertz spectrum · Directivity ·
Frequency-selective-surface

1 Introduction

Demand is increasing for higher data rate in the wireless communications in order to keep
up with the remarkable speed-up of fiber-optic networks. One of the most direct and easiest
ways to achieve the higher data rate is to use carrier waves whose frequencies lies into the ter-
ahertz regime of the electromagnetic spectrum [1]. Recently, the communication systems in
the millimeter wave (60 GHz) have been developed. In addition to this, the terahertz wireless
communication system at 100 and 300 GHz is also being developed [2,3]. When the operating
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frequency of the system is increased, the overall performance of the system is deteriorated
due to the high atmospheric attenuation rate of the electromagnetic signal. Fortunately, there
are a number of low atmospheric windows in the lower terahertz frequency regime spec-
trum where the successful short distance wireless communication can be established [4].
However, it is necessary to increase the directivity of the antenna to combat the path-loss
and to increase the transmission and reception range of the wireless communication system.
A highly directive antenna can be realized by using the thick substrate material or the sub-
strate lenses [5,6]. However, there is the problem of energy trapping within the substrate
material.

The next class of the antenna at terahertz frequency is designed as the photoconductive
antennas [7]. However, the low gain and poor impedance matching is the inherent drawback
of this kind of the antennas. Moreover, this class of the antenna needs an integration of
source and radiator. On this way the practical application of these antennas in the communi-
cation systems is restricted. Apart from this, several antenna designs at 600 GHz have been
presented by various researchers [8–14]. Some of them show the improvement in the direc-
tivity but still lacks to meet the requirement of high directivity at terahertz frequency. In the
microwave frequency regime, the superstrate antennas with the frequency selective surfaces
(FSS) are frequently used to enhance the directivity and promising results have been obtained
[15–19]. However, there are enough evidences to support the propagation of the terahertz
electromagnetic wave over the metallic-clad low dielectric permittivity substrate materi-
als [20,21]. On this way, it is well understood that the highly directive microstrip antenna
with the help of low-dielectric permittivity copper-clad can also be designed at the terahertz
frequency.

This manuscript is aimed to the analysis and design of a highly directive terahertz micro-
strip antenna using the frequency selective surfaces and its application in the terahertz wireless
communication. The organization of the paper is as follows. The Sect. 2 of this manuscript
is concerns with the analysis of frequency selective method. The theoretical investigation of
the directivity of the cavity resonant antenna (CRA) with the partially reflective surface is
presented in the Sect. 3. The numerical analysis of the antenna by using CST Microwave
Studio is presented in the Sect. 4. The scaled down model of the antenna at 300 GHz and
its application in the terahertz wireless communication has been discussed in the Sect. 5.
Finally, Sect. 6 concludes the work.

2 Analysis of Frequency Selective Surface

A rectangular frequency selective surface is shown in Fig. 1. The capacitive type frequency
selective surface is made with the copper (σ = 5.8 × 107 S/m) patch of length, width and
thickness equal to 152, 110 and 20μm, respectively. The dielectric support to the patch

Fig. 1 Unit-cell of the frequency
selective surfaces
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Fig. 2 Frequency response of the frequency selective surface (a) magnitude and (b) phase angle

is PTFE material having relative dielectric permittivity and loss tangent 2.08 and 0.0004,
respectively. The length, width and the thickness of the support are 160, 120 and 50μm,
respectively. When this surface is excited by the normal incident wave (θ = 0◦) with the
electric field aligned along the length of the rectangular surface, it shows the high reflective
property. This property of the surface has been obtained by simulating the structure in the
transient solver of the CST Microwave Studio. The excitation procedure of the frequency
selective surface unit-cell is discussed in detail in [22]. However, we are only interested in
the reflection magnitude and phase of the unit-cell, therefore transmission property of the
frequency selective surface unit-cell is not discussed in the present manuscript.

The amplitude and phase of the reflection coefficient at 580–620 GHz frequency regime of
the spectrum is shown in Fig. 2(a),(b), respectively. From Fig. 2(a), it is revealed that the mag-
nitude of the reflection coefficient |S11| > 0.97 over the simulated frequency range, which
predicts that the highly directive antenna can be designed with the help of this frequency
selective surface over the wide frequency range. It also indicates the potential advantage of
the capacitive type of frequency selective surface in which the highly reflective property can
be obtained over the wide range of the frequency [23].

3 Resonance Estimation Using Ray-Tracing

At any operating frequency f , the ray-tracing technique is used to predict the height of the
superstrate above the ground plane. The height of the superstrate above the ground plane is
expressed by the expression as given in [24].
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h = Nλ

2
+ ((

φg + φF SS
)
/π

) λ

4
forN = 1, 2, 3 . . . . (1)

In Eq. (1), h, N , λ, φg , and φF SS are the height of superstrate above the ground plane, an
integer number, wavelength in free-space, reflection phase angle of the ground plane and
reflection phase angle of the superstrate unit-cell, respectively. The value of φF SS is obtained
from Fig. 2(b) and it is equal to −171.5◦ at 600 GHz. The value of φg is obtained by using
the expression:

φg = π − 2 tan−1(Zd tan(βd)/Z0) (2)

where Zd and Z0 are the characteristics impedance of the substrate dielectric and the air,
respectively, β is the dielectric phase constant and d is the substrate thickness. By using the
above formula as stated in Eq. (2), the value of φg for the above-mentioned substrate material
at 600 GHz is 96.99◦. On this way, the value of h is equal to 200μm to resonate the cavity
at 600 GHz and the bore-sight directivity of the cavity with respect to the primary source is
obtained by using the following expression [25,26].

D = 1 + |�F SS( f, θ = 0◦)|
1 − |�F SS( f, θ = 0◦)| (3)

From Fig. 2(a), it is revealed that the value of |�F SS( f, θ = 0◦)| is equal to 0.97 and relative
directivity of the cavity is 18 dBi. Therefore, when a primary source of the directivity 6–7 dBi
(such as microstrip antenna) is placed inside the cavity, the total directivity must increase
to 24–25 dBi. However, it is important to mention here that the predicted directivity on this
way is achievable only with the semi-infinite ground plane and semi-infinite array of the
frequency selective surface.

4 Numerical Simulation

For the clarity of the vision, the wire frame view of two probe-fed microstrip patch antennas
are shown in Figs. 3 and 4. The front view of the frequency selective surfaces array is shown in
Fig. 5. In the wire-frame view of the structure, black and blue boundaries indicate the copper
and PTFE material, respectively. The length (L), width (W) and the thickness of the radiating
patch are 152, 110 and 20μm, respectively. In other words, its geometrical parameters are
same as the geometrical parameters of the frequency selective surfaces unit-cell. The patch
is followed the PTFE substrate (εr = 2.08, tan δ = 0.0004) of length, width and thickness

Fig. 3 The frequency selective surfaces superstrate antenna with the reduced ground plane size
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Fig. 4 The frequency selective surfaces superstrate antenna with the extended ground plane size

Fig. 5 Front view of the
frequency selective surfaces
superstrate antenna

equal to 2,000, 2,000 and 50μm, respectively. The substrate is followed by a copper ground
plane whose dimensions are same as the substrate dimensions in the case of the antenna as
shown in Fig. 3. However, to analyze the effect of the size of the ground plane on the electrical
performance of the antenna, the length and width of the ground plane of the antenna as shown
in Fig. 4 has been increased to 4,000μm. The patch is excited by a copper wire of radius
5μm. The feed point is located at x0 = 70μm where x0is the distance of feed point from
the centre of the patch on the x-axis. The simple geometry of the patch antennas as shown in
Figs. 3 and 4 is loaded by the frequency selective surfaces superstrate array having 16 × 29
cells along x- and y-axis, respectively. These frequency selective surface cells are supported
by the same dielectric material as of the substrate with the same thickness. The height of
the frequency selective surface array above the substrate is 205μm which is in the close
agreement to the height predicted in Sect. 3. To predict the correct height of the superstrate
above the antenna, several simulations have been run but to reduce the manuscript length
they are not shown here.

When the antenna as shown in Fig. 3 is simulated by using CST Microwave Studio Tran-
sient solver, it does not provide the expected directivity. Due to the reduced ground plane size
in comparison to the frequency selective surfaces array size, the reflected electromagnetic
wave by this array is not confined and it is scattered in the surrounding environment. On this
way, the perfect collimation of the field in the intended direction does not take place. The
scattering phenomenon in this case can be seen in its radiation pattern which is shown in
Fig. 6. Due to the scattering of the electromagnetic wave, the antenna also shows the poor
impedance matching at the port and it is shown in Fig. 7. On this way, it is emphasized that
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Fig. 6 Radiation pattern of the antenna shown in Fig. 3 at 600 GHz

Fig. 7 S11 (dB) parameter of the antenna proposed in Fig. 3

the ground plane size must be able to cover the entire the frequency selective surfaces cells
for the perfect collimation of the wave.

From Fig. 6, the scattering of the wave in E- plane is clearly visible for the antenna pre-
sented in Fig. 3. The simulated directivity and bandwidth of the antenna is about 15.5 dBi
and 7.0 GHz, respectively. In spite of the larger superstrate size, the directivity has reduced
significantly in the case of the antenna structure presented in Fig. 3.

The directivity of this antenna can only be improved by increasing the ground plane size.
Here it is clearly revealed that the ground plane size must be equal to or greater than the
size of frequency selective surfaces array. In order to meet this requirement, the size of the
ground plane (copper plate) has been increased from 2000×2000μm2 to 4000×4000μm2 as
shown in Fig. 4. In this situation, the directivity of the antenna has increased to 24.67 dBi. Its
S11 parameter (in dB) and radiation pattern at the resonance frequency are shown in Figs. 8
and 9, respectively. From Fig. 8, it is seen that the resonance frequency of the antenna is
decreased with the increase in the size of the ground plane. The reduction in the resonance
frequency is mainly due to the change in the dielectric permittivity of the medium above
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Fig. 8 S11 (dB) parameter of the proposed antenna in Fig. 4

Fig. 9 Radiation pattern of the antenna at 592 GHz

the radiating patch and it is in agreement to the statement made in [23]. The bandwidth of
the antenna is reduced to about 3 GHz at 592 GHz resonance frequency. However, the direc-
tivity is significantly increased to 24.67 dBi as shown in Fig. 9. Apart from the directivity
enhancement, the beam shape is also improved in both planes. The result presented in Fig. 9
is in the close agreement to the predicted directivity in Sect. 3. Therefore, it is concluded that
the ray-tracing method can only be satisfied by the semi-infinite ground plane and frequency
selective surfaces array size.

It is interesting to note that the capacitive patch has highly reflective property over the
wide range of the frequency as discussed in Sect. 2 which indicates that high directivity is
achievable in the wide frequency range. It is confirmed from the simulated directivity pattern
as presented in Fig. 10 where the minimum directivity is 16 dBi.
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Fig. 10 Directivity pattern of the proposed antenna over a wide frequency range

5 Scale Down Model of the Antenna

Presently, the research in the field of the Terahertz communication is focused around 300 GHz
due to the low atmospheric absorption of the electromagnetic wave [3,27] in this region. For
the transmission of the wave at this carrier frequency over 10 m, there is the need of 31 dBi gain
antenna [27] for the line-of-sight (LOS) communication. Here to demonstrate the practical
application of the CRA antenna at this frequency, the structure of the antenna as shown in
Fig. 5 has been scaled up by a factor of two and in other way, the operating frequency has
been reduced by this factor. In 300 GHz range also the antenna shows the same directivity
of 24 dBi and the gain is 23.95 dBi. The gain radiation pattern of the antenna at 297 GHz is
shown in Fig. 11.

Based on this value of the gain of the antenna, the line-of-sight (LOS) distance of the
terahertz communication system has been calculated with the assumptions made in [27] for
binary Phase Shift Keying (BPSK), for the bit-error-rate (BER) 10−6. In the present model,
the channel bandwidth is 2.11 GHz at 297 GHz carrier which is shown in Fig. 12.

For 2.11 GHz bandwidth at 297 GHz carrier, the calculated value of the LOS distance is
9 m and it is quite close to the 10 m distance as indicated in the said literature. Although,

Fig. 11 Gain of the scaled down antenna at 297 GHz
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Fig. 12 S11 parameter of scaled down antenna

the LOS distance in the present model is close to the value of 10 m in the said literature, the
gain requirement of the antenna is significantly reduced but at the cost of the bandwidth. The
reduction in the gain requirement of the antenna increases the applicability of the microstrip
antenna in the terahertz domain. Further, due to the reduction in the channel bandwidth, the
channel noise is significantly reduced. With the reduction in the channel noise (Pn = kT B),
channel capacity may be increased by using the advanced modulation scheme.

6 Conclusion

In this manuscript, a high directivity microstrip patch antenna at terahertz frequency has
been theoretically analyzed and simulated. The simulated result shows its superiority over
the various antennas presented in this band of the frequency [8–14]. The effect of the ground
plane on the performance of the antenna has also been investigated. Moreover, a scaled down
model of the antenna at 300 GHz has been simulated and the similar gain has been obtained.
At the last, the application scenario of this kind of the antenna has been discussed and it has
been noted that even with the reduced antenna gain, the communication link can be setup
and with the enhancement in the modulation scheme, high data rate can be maintained.
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