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Abstract
Recent advancements in the next-generation wireless communication technologies require high gain and larger bandwidth. 
In this paper, a high gain novel 1 × 2 circular microstrip patch antenna array is proposed to operate around 0.65 THz based on 
different substrates. First, the proposed antenna array is designed based on air cylinders holes embedded in a thick polyimide 
substrate, and then by using air cuboids holes. The proposed antenna array model is compared with a homogeneous polyimide 
substrate. The simulation results showed that the performance of the proposed antenna array was enhanced especially by 
using air cuboids holes and achieved a minimal return loss of − 74.10 dB, a wide bandwidth greater than 290 GHz, a gain of 
10.57 dB, and radiation efficiency of 82.96% at a resonance frequency of 0.65 THz. Next, the gain of the proposed antenna 
array is investigated further by using two different substrates with a modified non-periodic photonic crystal where the air 
cylinders holes and air cuboids holes are mixed at the same time and embedded in the substrate with different diameter values. 
The simulation showed an enhancement in the gain where the highest gain was achieved by antenna array 4 of 12.03 dB. 
The proposed antenna array can be useful in imaging, sensing, and next-generation wireless communication technologies. 
The simulation is carried out by using the CST Microwave Studio simulator.

Keywords  Microstrip patch antenna array · CST · Photonic crystal · THz band · Terahertz application · Radiation 
characteristic

1  Introduction

Over the last decade, the THz frequency band 
(0.1 THz–10 THz) has gained a remarkable research interest 
because of its unique properties compared to micro-millim-
eter waves, such as high spectral resolution, non-ionizing, 
larger bandwidth, high-speed data transmission up to 100 
Gbps, and low power consumption [1–5]. This frequency 
band has a significant contribution to many necessary appli-
cations including the next-generation communication net-
works [6], defense and security screening [7, 8], imaging 
[9], medical diagnostic [10], and atmospheric spectroscopy 
[11]. Unfortunately, the THz frequency band suffers from a 
high path loss and signal attenuation caused by the atmos-
phere due to water vapor absorption at high frequencies [12]. 
Therefore, to use the THz frequency band efficiently, high 
gain transmitting and receiving devices are primary aspects. 
There are nine low-attenuation windows in the frequency 
range of 0.1–3 THz of the spectrum where the path loss is 
comparatively small, THz transmission could be established 
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at these low-attenuation windows to enhance the wireless 
link reliability. One of these windows exists around 0.65 
THz which has taken interest by many researchers in recent 
years [13]. The antenna is one of the most critical compo-
nents of THz research and technology advancement that can 
achieve unidirectional radiation with high gain [14]. Differ-
ent antenna structures have been discussed in the THz fre-
quency band, including, Yagi antenna [15], bow-tie antenna 
[16], lens integrated antenna [17], metallic horn antenna 
[18], on-chip antenna [19], dipole antenna [20], and Leaky 
wave antenna [21]. However, there are still complications in 
structure design and size miniaturization. Microstrip patch 
antennas offer greater potential for integration as compared 
to the other antenna structures candidates for THz applica-
tions [22–24] because of their low profile, low cost, high 
compatibility with integrated circuit technology, ease to 
design and fabrication [25–27]. Unfortunately, the conven-
tional patch antenna suffers from strong surface waves which 
deteriorate the patch antenna performance resulting in low 
gain and narrow bandwidth [28]. In order to enhance the 
gain and realize better radiation characteristics of the patch 
antenna, a variety of approaches have been investigated over 
the years by many researchers. Commonly used approaches 
are antenna array configuration [29], multilayered substrate 
technique [30], defected ground [31], metamaterial tech-
nique [32], epsilon-near-zero (ENZ) metamaterials [33], 
and photonic crystals structures [34–37]. Therefore, a patch 
array design with photonic crystals is definitely helpful in 
improving the performance of the patch antenna. The pho-
tonic crystal structures are also known as photonic band 
gap (PBG) structures, which are artificial materials made of 
periodic implants within a surrounding medium of a hollow 
air cylinder having circular, square, hexagonal, triangular, 
and elliptical in shape which are implanted in the dielectric 
substrate material. These structures have been developed in 
which electromagnetic wave propagation in any direction is 
completely prevented for all frequencies within a stop band 
[38]. There are different structures types of PBG such as 1D, 
2D, or 3D. Two-dimensional (2D) photonic crystals have 
gained the most interest from many researchers, as they 
are much easier to fabricate and design compared to three-
dimensional (3D) photonic crystals and have promising 
applications in planar waveguides, optical and microwave 
cloak [39, 40].

Previously, Kushwaha et al. [28] designed a novel micro-
strip patch antenna based on photonic crystals and polyimide 
substrate and obtained a gain of 7.934 dB, a resonance fre-
quency of 0.6308 THz, and bandwidth of 36.25 GHz. Also, 
Hocini et al. [33] designed a rectangular microstrip patch 
antenna based on periodic and aperiodic photonic crystals 
with polyimide substrate around 0.65 THz which yielded 
the gains of 8.95 dB and 9.19 dB, respectively, and band-
width greater than 230 GHz. Unfortunately, the low gain is 

still the main problem that can not meet the requirement of 
the next-generation wireless communication technologies. 
In this paper, a novel 1 × 2 circular microstrip patch antenna 
array with a corporate feeding technique instead of a single 
rectangular patch is proposed to achieve high gain and bet-
ter radiation characteristics around 0.65 THz. The proposed 
antenna array is designed based on the photonic crystals that 
include air cylinders holes, air cuboids holes, and mixed air 
cylinders holes with air cuboids holes embedded in a thick 
polyimide substrate, which can be useful in imaging, sens-
ing, and next-generation wireless communication technolo-
gies. This paper is organized as the following: In Sect. 2, 
we investigated and compared the radiation characteristics 
of the 1 × 2 circular microstrip patch antenna array to the 
conventional one by defining two different photonic crystals 
substrate including air cylinders holes and air cuboids holes. 
In Sect. 3, we describe two different enhancements to the 
photonic crystal substrate by mixing the air cylinders holes 
with the air cuboids holes with different diameter values to 
improve the gain of the proposed antenna array. Finally, we 
concluded our work in Sect. 4.

2 � Antenna array design based on cylindrical 
and cuboid photonic crystal substrate

Microstrip patch antenna comes in various shapes like rec-
tangular, circular, triangular, and other irregular shapes too 
that can be fed by various feeding techniques [41]. In this 
study, a 1 × 2 microstrip patch antenna array is proposed 
which consists of two identical radiating patches which are 
circular in the shape of radius 195 µm designed with the 
parallel feed arrangement and separated by a distance of 
690 µm. The parallel or corporate feed has a single input 
port and multiple feed lines in parallel with the output port, 
each of these feed lines is terminated at an individual radiat-
ing patch [42]. Impedance matching techniques can be cat-
egorized into two broad categories i.e. Distributed Method 
and Lumped Element Method. Distributed Method can be 
done by structural modification via stubs and transformer, 
however, this method increases the size of the antenna and 
is not recommended for array systems. Lumped Element 
Method can be done by inserting a matching network i.e. 
inductor and capacitor, which is introduced to realize imped-
ance matching between antenna array patches and feed struc-
tures [43]. The resonant input resistance of the edgefed patch 
antenna array can be easily tuned to 50 Ω. Therefore, the 
width of the feed network W is given by [44]:

(1)W = exp
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where Zc is the impedance of the feed line W, ϵr, and h are 
the dielectric constant and the height of the substrate mate-
rial, respectively. The lengths L and Lf provide impedance 
transformation and phase matching on the radiated patches, 
respectively, which can be obtained using the following for-
mulas [44]:

where P and Q are non-negative integers (in our work we 
chose P = Q = 1), λ is the operating wavelengths and ∆L is 
patch length extension due to the fringing field effect [45]. 
The proposed antenna array structure is designed based on 
the photonic crystal substrate whose host material is polyim-
ide where ϵr=3.5 and tan δ = 0.0027 of thickness 85 µm. The 
photonic crystal structure is made of air cylinders holes and 
air cuboids holes embedded in a polyimide dielectric mate-
rial. The geometric configuration of the air cylinder hole and 
air cuboid hole embedded in the dielectric substrate unit cell 
is shown in Fig. 1. The dimensions of the square unit cell for 
both the air cylinder hole and air cuboid hole are similar of 
109 × 109 µm2 with a lattice constant and diameter of 109  
µm and 44 µm, respectively, and thickness of 85 µm. Hence, 
the proposed 1x2 microstrip patch antenna array structure is 
designed based on two different photonic crystal substrates, 
antenna array 1 is designed based on periodic air cylinders 
holes and antenna array 2 is designed based on periodic 
air cuboids holes. Antenna array 0, namely a conventional 
antenna array based on the homogeneous polyimide sub-
strate, which is designed and simulated for comparison and 
analysis purposes. Figure 2 shows the structures of antenna 
array 0, antenna array 1, and antenna array 2 based on the 

(2)L = (2P + 1) ×
�

4

(3)Lf = (2Q + 1) ×
�

2
+ 2ΔL

homogeneous and periodic PBG substrates, respectively. 
The physical dimension of each element is shown in Table 1. 
The thickness of the employed metal was 0.5 µm. The radia-
tion characteristics of the proposed antenna arrays 0, 1, and 
2 are investigated and analyzed around 0.65 THz using the 
CST Microwave Studio in terms of return loss, bandwidth, 
gain, directivity, and radiation efficiency. Figure 3 shows 
the return loss versus the frequency for the different antenna 
array configurations, which indicates that antenna array 0 
had a return loss of −20.75 dB at a resonance frequency of 
0.63 THz and bandwidth greater than 194 GHz, whereas, 
antenna array 1 achieved a return loss of −33.85 dB at a 
resonance frequency of 0.637 THz and bandwidth greater 

Fig. 1   The geometry of the unit 
cell

Table 1   Parameter values for antenna array 0 based on a homogene-
ous substrate, antenna array 1, and antenna array 2 based on a peri-
odic PBG substrate

Parameter Value (µm)

Antenna array 0 Antenna 
arrays 1 
and 2

Patch radius (R) 180 195
Distance between patches (d) 565 690
Substrate thickness (h) 85 85
Lattice constant (a) ** 109
Substrate width (Ws) 14 × a 14 × a
Substrate length (Ls) 9 × a 9 × a
Cylinder/Cuboids diameter (D) ** 44
Width of 50 Ω microstrip line (W) 235 235
Length of 50 Ω microstrip line (L) 160 160
Width of 100 Ω line to the patch (Wf) 15 15
Length of 100 Ω line to the patch (Lf) 150 111.4
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than 286 GHz. Finally, antenna array 2 resonated exactly 
at the frequency of 0.65 THz with a minimal return loss 
of −74.10 dB and achieved the largest bandwidth which is 
greater than 290 GHz. Thus, there was a noticeable improve-
ment in the return loss and the bandwidth after employing 
the photonic crystal substrate. The gain and radiation effi-
ciency versus the frequency of all the designed antenna 
arrays in the frequency range of 0.58–0.70 THz are shown 
the Fig. 4a and Fig. 4b, respectively. The results clearly 
showed that the gain and radiation efficiency were enhanced 
for antenna array 1 and antenna array 2 based on periodic 
photonic crystals substrate. So, antenna array 2 achieved the 
maximum gain and radiation efficiency in this section with 
the values of 10.57 dB (20.11%) and 82.96%, respectively at 

0.65 THz, then, antenna array 1 achieved a gain of 10.35 dB 
(17.61%) and radiation efficiency of 81.96% at 0.637 THz, 
compared to antenna array 0 based on a homogeneous sub-
strate that obtained a gain of 8.80 dB and radiation efficiency 
of 80.55 % at 0.63 THz.

Figure 5 shows the radiation pattern in dB for the pro-
posed antenna arrays at their resonant frequencies in the 
plane containing the solid angle θ at which the maximum 
radiation was achieved. The maximum radiation in the pat-
tern of antenna array 0 occurred at θ = 45◦ with a directivity 
of 9.74 dBi. Then, the maximum radiation in the pattern 
of antenna array 1 occurred at θ = 39◦ with a directivity 
of 11.20 dBi. Finally, the maximum radiation in the pat-
tern of antenna array 2 occurred at θ = 40° with maximum 

Fig. 2   The geometry of the proposed antenna arrays based on the homogeneous and periodic PBG substrates
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directivity in this section of 11.40 dBi. The directivity has 
increased a lot after employing the photonic crystal substrate 
also it is noticed that the side lobes were increased at some 
angles with higher directivity compared to the homogene-
ous substrate. Therefore, considering the obtained results, 
the performance of the proposed antenna array improved 
by using photonic crystals. Also, it could be worth interest-
ing to observe that by using air cuboids holes embedded in 
the substrate, an extra performance is observed compared to 
the air cylinders holes embedded in the substrate as found 
in antenna array 2 and antenna array 1, respectively, due to 
the reflection of electromagnetic waves falling in the non-
transmission range.

For more clarity, the radiation characteristics of a single 
element patch such as return loss, bandwidth, gain, and radia-
tion efficiency are shown in Fig. 6. Antenna 1 is the single 
element patch of antenna array 1, which is designed based on 
periodic air cylinders holes. Antenna 2 is the single element 
patch of antenna array 2, which is designed based on periodic 
air cuboids holes. So, antenna 1 offers at a resonant frequency 
of 0.65 THz a return loss of −27.73 dB, a bandwidth greater 
than 213 GHz, a gain of 7.75 dB, and radiation efficiency of 
78.96 %, whereas, antenna 2 offers at a resonant frequency of 
0.656 THz a return loss of −31.42 dB, a bandwidth greater 
than 209 GHz, a gain of 7.92 dB, and radiation efficiency of 
79.32 %. Clearly that the performance of an array antenna 
outperforms a single element patch in terms of return loss, 
bandwidth, gain, and radiation efficiency.

3 � Antenna array performance investigation

In this section, and in order to enhance the gain, two other 
antenna arrays were designed based on the structures of 
antenna array 1 and antenna array 2, but the substrate 
included mixed air cylinders holes and air cuboids holes 
at the same time which is divided into several sets, where 
each set of air cylinders holes and air cuboids holes had 
different diameters, as shown in Fig. 7. Therefore, Fig. 7a 
shows antenna array 3 with five sets of air cuboids holes 
and four sets of air cylinders holes that are horizontally 
different, where the values of diameters are D1=52 µm, 
D2=36  µm, D3=60  µm, D4=48.26  µm, D5=48  µm, 
D6=10  µm, D7=30  µm, D8=70  µm, and D9=34  µm. 
Fig.  7b shows antenna array 4 with seven sets of air 

Fig. 3   Return loss versus the frequency of the proposed antenna 
arrays

Fig. 4   Gain and radiation efficiency of all proposed antenna arrays in the frequency range of 0.58–0.70 THz



164	 Analog Integrated Circuits and Signal Processing (2023) 114:159–170

1 3

cylinders holes and air cuboids holes that are vertically 
different, where the values of diameters are D1=98 µm, 
D2=14  µm, D3=90  µm, D4=11.38  µm, D5=86  µm, 
D6=38  µm, D7=50  µm, D8=42  µm, D9=40  µm, 
D10=100 µm, D11=18 µm, D12=70 µm, D13=10 µm, and 
D14=100 µm. We compare the performance of antenna 
arrays 3 and 4 to the performance of antenna arrays 1 and 
2 in order to see the effect of the non-periodic photonic 
crystal substrate on the gain and antenna array perfor-
mance in the THz frequency band.

Figure 8 shows the return loss of the proposed antenna 
arrays based on the photonic crystals versus the frequency, 
the resonant frequency is that frequency where most of the 
power fed goes to the radiated patch when the best imped-
ance matching happens between the feed line and the 
radiated patch with very less power being reflected back. 
Antenna arrays 3 and 4 have almost the same resonance 
frequency due to the symmetrical structures with the same 
feeding method. Therefore, antenna array 3 resonated at the 
desired frequency of 0.65 THz with a minimal return loss of 
−69.04 dB, bandwidth greater than 287 GHz, and radiation 
efficiency 82.56%. Whereas, antenna array 4 resonated at 
0.66 THz with a minimal return loss of −70.14 dB, band-
width greater than 282 GHz, and radiation efficiency 82.52 
%.

Figure 9 depicts the VSWR performance of the proposed 
antenna arrays. At their resonant frequencies, antenna array 
0 obtained VSWR of 1.2. Whereas, antenna arrays 1, 2, 3, 
and 4 obtained the values of 1.042, 1.0004, 1.0007, and 
1.0006, respectively. The achieved values of VSWR are less 
than 2, which satisfied the condition for perfect impedance 
matching. The ideal value of VSWR should be equal to 1 
which means 100 % power is accepted and zero reflection 
[49].

Figure 10 shows the input impedance characteristic of the 
proposed antenna arrays, which defines impedance matching 
between the input signal and the feed line. At their resonant 
frequencies, the input impedance of antenna arrays 0, 1, 2, 3, 
and 4 are 54.86 Ω in the real part and 9 Ω in the imaginary 
part, 59.28 Ω in the real part and 2.18 Ω in the imaginary 
part, 60.34 Ω in the real part and −0.02 Ω in the imaginary 
part, 60.27 Ω in the real part and −0.023 Ω in the imaginary 

Fig. 5   The radiation pattern of proposed antenna arrays based on the 
periodic photonic crystals and the homogeneous substrate at their res-
onant frequencies for the θ plane, which defines the solid angle of the 
maximum radiation

Fig. 6   Single patch element performance based on photonic crystals
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part and 60.43 Ω in the real part and 0.011 Ω in the imagi-
nary part, respectively. The value of the input impedance 
should be around 50 Ω in real and around 0 Ω in imaginary 
to properly match the input signal and the feed line [50].

There was a remarkable enhancement in the gain by 
using non-periodic photonic crystals substrate compared to 
periodic photonic crystals substrate and the homogeneous 
substrate. Thus, antenna array 3 achieved a gain of 11.14 dB 
with enhancements of 5.4, 7.63, and 26.60%, compared to 
antenna arrays 2, 1, and 0, respectively. Finally, antenna 
array 4 achieved the highest gain among all designed antenna 
arrays of 12.03 dB with enhancements of 13.81, 16.23, and 
36.70% compared to antenna arrays 2, 1, and 0, respectively. 
The reason why antenna array 4 achieves the highest gain 

in this work, is because antenna array 4 has more sets of 
optimized air holes compared to antenna arrays 1, 2, and 3. 
Also, more sets of optimized air holes with different diam-
eters create a discontinuity in the substrate which reduces 
the dielectric permittivity, thereby causing dielectric loss 
and conductor loss. These losses will definitely contribute 
to a drop in radiation efficiency. The radiation characteris-
tics such as return loss, bandwidth, and radiation efficiency 
of antenna arrays 3 and 4 remained close to the maximum 
radiation characteristics that were achieved by antenna array 
2, however, the gain was enhanced after employing non-
periodic photonic crystals substrate.

Figure 11 shows the effect on the gain with similar and 
different diameters for mixed air cylinders and air cuboids 
in antenna arrays 3 and 4, the value of the diameters has 

Fig. 7   Geometry of the proposed antenna arrays based on non-periodic photonic crystals

Fig. 8   Return loss of proposed antenna arrays based on photonic 
crystals versus the frequency

Fig. 9   VSWR of the proposed antenna arrays
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been varied from 5 to 45 µm, clearly that the gain of antenna 
arrays 3 and 4 strongly depends on the diameters of the air 
cylinders and the air cuboids, furthermore, distinct diameters 
leads to higher gain.

Since the gain and directivity are proportionally related, 
an enhancement in the directivity also is noticed. There-
fore, the maximum directivity is achieved by antenna array 
4 of 12.90 dBi where the maximum radiation in the pattern 
occurred at θ = 40◦, whereas, antenna array 3 achieved a 
directivity of 12 dBi where the maximum radiation in the 

pattern occurred at θ = 39◦. The far-field radiation patterns 
are shown in Fig. 12 for all designed antenna arrays based 
on the photonic crystal substrate.

Figure 13 displayed the surface current distribution of 
the proposed antenna arrays 0, 1, 2, 3, and 4 at their reso-
nant frequencies with the phase of 120. It can be seen that 
the surface current distribution is sort of arrows, which is 
intense in the transmission line and radiated patches edges 
towards the direction of the y-plane. The surface current 
distribution is also presented in the substrate due to the fact 
that the simulated polyimide substrate is a lossy dielectric. 
The utilization of the periodic and non-periodic photonic 
crystal structures reduces the effective permittivity of the 
substrate which leads to a different variation of the surface 
current distribution.

The simulation results indicated that the performance of 
the proposed antenna array based on the photonic crystal 
substrate containing air cylinders holes and air cuboids 
holes improved in terms of the return loss, bandwidth, 
gain, and radiation efficiency due to the suppression of the 
surface waves that are found in the conventional antenna 
array based on a homogeneous substrate. The novelty 
of this study is the enhancement of the antenna array 
gain by using mixed air cylinders holes and air cuboids 
holes embedded in the substrate as shown in Fig. 7 caus-
ing more suppression of the undesirable excited surface 
waves in the substrate which enhances the gain. These 
results showed that the shape of the photonic crystal has 
an influence on the antenna array performance. The pro-
posed antenna arrays based on periodic and non-periodic 
photonic crystal substrates exhibit larger bandwidth and 

Fig. 10   The imput impedance characteristics of the proposed antenna 
arrays

Fig. 11   Effect of diameters of the photonic crystals on the gain of 
antenna arrays 3 and 4

Fig. 12   The radiation pattern of the proposed antenna arrays based on 
periodic and non-periodic photonic crystals at their resonant frequen-
cies
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higher gain with resonance frequencies close to the desired 
frequency of 0.65 THz as required for the next-generation 
wireless communication technologies and other interest-
ing applications.

Table. 2 presented the overall radiation characteristics 
of the proposed antenna arrays in comparison with previ-
ously reported works. The highest gain achieved in this 
study was 12.03 dB which shows superior performance 
compared with the results of existing antennas in the liter-
ature with the enhancements of 51.51% [28], 34.41% [34], 
30.90% [34], 208.46% [46], 27.30% [47], 77.10% [48], and 
most interestingly 36.70% compared to the antenna array 
0 based on the homogeneous substrate.

4 � Conclusion

In this study, photonic crystal and homogeneous substrate 
structure with a novel 1 × 2 circular microstrip patch antenna 
array have been studied and compared around 0.65 THz in 
terms of return loss, bandwidth, gain, and radiation efficiency. 
The effects of the photonic crystal have been investigated 
by using air cylinders holes and air cuboids holes embed-
ded in a thick polyimide substrate. The simulation results 
showed that the best radiation characteristics were achieved 
when the air cuboids holes are employed as found in antenna 
array 2 which achieved a minimal return loss of − 74.10 dB, 

Fig. 13   Surface current distribution of the proposed antenna arrays at their resonant frequencies with the phase of 120
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bandwidth larger than 290 GHz, a gain of 10.57 dB, and radia-
tion efficiency of 82.96%. Next, a novel technique for the gain 
enhancement of the proposed antenna array is done by mixing 
the air cylinders holes with the air cuboids holes with a modi-
fied diameter value. This technique resulted in an enhance-
ment in the gain as found in antenna array 4 which achieved 
a gain of 12.03 dB. Hence, the proposed antenna arrays are 
suitably employed for imaging, sensing, and next-generation 
wireless communication technologies.
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