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Abstract

The terahertz (THz) band contributes significantly to high-speed data rates in short-distance communication. This article
proposes a unique design of the trigonal microstrip patch antenna on photonic crystal (PhC) substrate in THz communica-
tion. The PhC design structure employs unique air-hole shapes such as L, H, T, I and upturned L instead of regular periodic
latitude holes. The proposed antenna substrate uses Rogers RO4350 material, which helps to attain high gain and almost
negligible return loss at THz frequency. The antenna performance is investigated with different PhC air-hole shapes. The
I-shaped air-hole PhC antenna offered a meager return loss of — 58.99 dB with a high gain of 9.1 dB and directivity of 10.7
dBi. The CST studio tool helps to simulate the parametric analysis of the proposed antenna design. This compact PhC antenna

structure is apt for wireless communication, particularly in THz applications.

Keywords Trigonal patch antenna - photonic crystal - photonic bandgap - square lattice - terahertz frequency

Introduction

In recent years, the necessity of telecommunications is
increasing fast and the technology requires the high-speed
transmission of data. More researchers are trying to find out
how to increase the communication speed in the range of
terabytes per second (Tbps) by numerous techniques and
methods in THz antenna. The THz radiation waves or waves
of the submillimeter are occupied between 0.03 and 3 mm
in the International Telecommunications Union (ITU). The
frequency emission in the THz band ranges from 0.1 to 10
THz. THz communication helps to gain effective transmis-
sion at the rate of 1 Tbps. Various THz applications include
telecommunication,' satellite links, security applications
at airports, explosive detection, material identification,
detection of metallic and nonmetallic contamination.> THz
imaging includes detection of liver cancer, breast tumors,
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deoxyribonucleic acid (DNA) sensing,® spectroscopy and
various health monitoring systems.*

In communication systems, the microstrip patch antenna
is of interest due to its merits of compact,’ conformability
and easy placement on a printed circuit board. It plays a
significant role in satellite and missile applications.® The
microstrip patches are used in various shapes,’® such as
square, rectangle, circle, dipole, triangular, elliptical. This
paper designs the trigonal patch antenna since it reduces the
antenna size, radiation loss and increases directivity value.
The antenna design incorporates various feeding methods
microstrip line, coaxial probe, aperture coupling and sector
wavelength. This paper adopts the microstrip line feed tech-
nique because it is very much ingenious compared to other
feeds. One of the demerits in the microstrip patch antenna
is that more power radiated towards the substrate than the
air-side.

PhC and metamaterials are two different artificial mate-
rials used in the patch antenna design.” In PhC structure,
atoms and lattice constant are similar to the wavelength of a
= A and the diffraction has created the band gap. However,
in metamaterials, the non-natural atoms and lattice constant
have to be far smaller than the wavelength a << 4, so diffrac-
tion would not occur in this condition. Also, metamaterials
reveal a negative refractive index value.'*"!® The drawbacks
of a metamaterial antenna are low gain, more electrical
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losses and limited operational bandwidth. Hence, PhC is
different from metamaterials, and PhC is considered in this
paper for the antenna design.

PhC provides a solution to this complexity when
employed as a substrate. PhC helps to restrict and handle
light and it reduces the surface waves. PhC with a pho-
tonic band gap (PBG) precludes light propagating in some
directions with described frequencies in a low loss periodic
dielectric medium. So far, many researchers designed only
the circular air-hole®%!9-12:14-16 PhC antennas and analyzed
the antenna radiation characteristics. This paper delivers
the novel air-hole shapes in a PhC substrate instead of the
regular circular holes. The 2D PhC design is implanting the
square array of different shapes of air-hole in a dielectric
substrate.

This paper aims to design the PhC substrate for various
hole shapes such as L, H, I, T and inverted L. With the assis-
tance of CST microwave studio, the proposed five structures
are designed and simulated. The antenna performances of
all structures are compared with the conventional antenna.
The 2D PhC helps to enhance the bandwidth and gain of the
TMPA in THz frequencies. The arrangement of this paper,
sect. “Principle of Light Propagation in PhC” describes the
principle of light propagation in 2D PhC and sect. “Proposed
Design” explains the proposed design and simulation output.
Section “Discussion of Simulated Result” discusses the sim-
ulated output and sect. “Conclusion” states the conclusion.

Principle of Light Propagation in PhC

In periodic structures, electromagnetic wave propagation
leads to pseudo-gaps due to the dispersion relation. Inside
the pseudogap, the propagating waves have frequencies only
for some k-points and forbid other k-points. The complete
‘band gap’ is acquired when the extension of the forbid-
den region covers all the directions of propagation related
to dispersion. With the support of the PBG effect, the elec-
tromagnetic waves are trapped and become unable to radiate
in any direction. It can hinder the spread along the axis of
the substrate side, so it diminishes the absorption of electro-
magnetic waves through an antenna substrate and raises the
reflection of electromagnetic waves towards space. All these
merits lead to gain improvement and reduce the return loss
of the antenna. This restraint helps to improve the antenna
efficiency'“?! and decreases the altitude of side lobes occur-
ring due to the surface wave diffraction at the boundaries of
the antenna substrate.

The 2D PhC design is done by creating holes in a suit-
able substrate. In 2D-PhC, there are two types of lattice
shapes, triangles and squares. This paper adopts the square
lattice arrangement for the design of the PhC structure;
these square lattices impose restrictions on the propagation
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of electromagnetic waves. Thy lessen the return loss and
enhance the gain with the partitioning of 2z/a with the
Brillouin zone. Figure 1 shows the PBG structure of the
proposed antenna. The band gap structure helps to calcu-
late the normalized frequency of the antenna. Normalized
frequency is a/A and the gap in the mid-gap frequency ratio
is Aw/w. The normalized frequency range of the I-shaped
antenna is 0.648-0.665 a/A. The band structure depends on
the value of the ratio r/a, where r is the radius of the air-
hole and a is the lattice parameter. The band gap swings
to advanced frequency ranges as the hole radii eases, and
the transmission coefficient decreases associated with the
increase of hole radius.

Proposed Design

The proposed work is the design of the TMPA array using
PhC substrate. The antenna substrate uses Rogers RO4350;
it offers great features such as excellent electrical proper-
ties, high-frequency performance and enhanced gain. The
dielectric constant is 3.48 and the loss tangent value is 0.004.
because of the presence of a surface wave, the design of
conventional 2 X 1 TMPA (Antennal) expels more power
loss and less gain. The design of the PhC antenna uses the
same conventional antenna configuration. It comprises five
different-shaped holes such as L, H, I, T, and inverted L
holes in the PhC substrate. The CST software simulates the
proposed antenna structures. The influence of various air-
hole PhC substrates is analyzed and compared with conven-
tional TMPA arrays.

Conventional Antenna

Figure 2 shows the proposed model of conventional TMPA.
In the arrangement of the TMPA array, the length and width
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of the ground are 27.8 x 25.4 pm?. The substrate follows the
exact dimension as the ground. For the ground, the patch
and the feed, copper material is used for its high electrical
and good corrosion resistance. The antenna dimensions are
calculated’>** using the resonating frequency (f,). Hence, f.
can be written as

2c
f=

- /6, ey

where ‘c’ is the light speed in vacuum, ‘f,’ is antenna reso-
nant frequency, ‘e,’ is the relative permittivity of the sub-
strate and ‘x’ is a side of the trigonal patch (letx = Ly = L,).

The trigonal side ‘a’ can be obtained from the following
equation,

2
L// 7
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Fig.2 Structure of conventional antenna design (Antenna 1)

Fig.3 L Shaped PhC substrate structure (Antenna 2)

= 2c ©
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In Fig. 2, the value of L, is 25.4 pm, L, is 27.8 pm, L,
and L, are 7 pm, Ls and L are 8 pm, L, is 12.9 pm and Lg
is 9 pm. The proposed conventional antenna (Antenna 1)
resonates at the frequency of 8.98 THz with a return loss
— 32.97dB. The obtained value of VSWR is 1.045, the gain
of the conventional antenna is 1.954 dB and the directivity
is 3.22 dBi.

PhC Antenna Using L-Shaped Hole Structure

The PhC substrate can reduce the power loss and raise the
gain compared with the conventional antenna. Different
shapes are used to drill holes into the substrate materials,
such as circles, squares, and hexagons. Instead of using a
circular air hole in the PhC substrate, the proposed anten-
nas are designed with T, L, H, I and inverted L air holes.
In this section, the trigonal patch antenna is placed on the
topmost surface of the PhC substrate with L-shaped holes.
The L-shaped (1.5 x 1.5 um?) air columns are punched
into the square lattice PhC substrate. This PhC substrate
consists of 4 X 5 arrays of L-shaped holes in the Rog-
ers slab, as shown in Fig. 3. In patch antenna design, the
substrate height plays a vital role; hence it is necessary to
find the effective ‘h’ value. The height of the PhC substrate
is varied for different ‘4’ values and the antenna perfor-
mances are analyzed, which is shown in Table I. Based on
the output characteristics of various antennas, the opti-
mal value is found as 3 pm. This particular L-shaped PhC
structure helps to control the light flow and decreases sig-
nal loss. The influence of L-holes PhC structure improves

1.5 um
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Fig. 5 H-shaped PhC substrate structure (Antenna 3)

Table | Impact of various ‘i’ values of the L-shaped PhC structure

‘n Freq. in Return loss  VSWR  Gainin dB Directiv-
values THz in dB ity in

in pm dBi

1 14.28 - 11.87 1.68 2.75 2.12

3 9.74 —41.05 1.01 5.67 7.70

5 4.21 —18.44 1.27 1.56 1.96

7 1.91 - 7.59 243 2.34 2.54

9 1.87 —10.16 1.89 1.16 3.53

11 1.77 -12.72 1.60 3.81 2.89

the return loss of — 41.05 dB at a resonant frequency of
9.74 THz. Figure 4 illustrates the radiation pattern of this
structure. The maximum radiation was obtained at the
angle of both 0° and 60° with a good directivity of 8 dBi.
Due to the suppression of the surface wave by PhC sub-
strate, the major power radiation occurs in the air-side.

@ Springer

The VSWR obtained for this structure is 1.017, which is
near unity. Also, the PBG structure increased the gain of
the L-shaped PhC structure is 5.67 dB. The energy of the
electric field absorbed by the traditional antenna from sur-
face waves is, of course, more than most of that consumed
by the PBG antenna. As a result of PBG, the accumulation
of electromagnetic waves by the substrate is decreased and
their energy is replicated in the open space so that the gain
and return loss are greatly amended.?%->*26

PhC Antenna Using H-Shaped Hole Structure

W

& 1.5pum

This PBG structured TMPA (Antenna 3) is designed with
4 x 5 small H-shaped holes (1.5 X 1.5 pm?) in Rogers sub-
strate material and is shown in Fig. 5. This PhC structure
acts as a reflective wall to disrupt the surface wave. It also
supports obtaining the minimal return loss value — 42.16dB
at 10.21 THz over an L-shaped PhC antenna. The VSWR of
this structure is 1.015 around unity. From the simulation,
the output gain and the directivity of small H-shaped PhC
are 8.3 dB and 7.5 dBi. The radiation plot of this structure
is shown in Fig. 6. The major lobe has a maximum peak
at the angle of 0°, which increases the antenna directivity.
The minimum power radiates in the PhC substrate bottom,
whereas it is less than that of the power radiated from the
top face of the substrate. Further, the design involves differ-
ent antennas by altering the substrate height value. Table II
lists the performances of these antennas. It shows the output
characteristics of different ‘%’ values of the patch antenna. It
is observed that the proposed antenna performance is good
for the structure with an ‘4’ value of 3 pm and this structure
is considered an ideal one.
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The minimal return loss value — 55.84 dB at 9.66 THz is
attained and it is better than the H-shaped PhC antenna.
Figure 8 shows the radiation pattern of the T-shaped air
hole structure. The major power radiates towards the air
side of the substrate between the angle of 0° to 30°. The
VSWR of this structure is 1.003 around unity and the
directivity is 7.55 dBi. The gain of the T-shaped PhC
antenna is acquired in the value of 5.5 dB. The discussed
output parameters are obtained from the structure with
substrate height ‘4’ of 3 pm. Also, various patch antennas
are designed and simulated for different ‘%’ values and
the analysis is made. Table III shows the various antenna
performances for different structures. It is concluded that

—15 Ny

4

Fig.7 Trigonal PhC patch antenna structure (Antenna 4) with a T-shaped hole

Table Il Effect of various ‘A’ values of H-shaped PhC structure

‘h Freq. in Return loss VSWR  Gain in dB Directiv-
values THz indB ity in

in pm dBi

1 4.79 -15.19 1.42 1.72 2.09

3 10.21 —42.16 1.01 7.50 8.30

5 4.40 - 17.88 1.29 2.58 3.94

7 2.04 —-7.92 2.34 1.45 2.58

9 1.98 —10.84 1.80 3.74 1.57

11 1.87 —-15.30 1.41 2.87 2.87

PhC Antenna Using T-Shaped Hole Structure

The T-shaped holes in the PhC structure are designed
by considering Rogers as a substrate material. Figure 7
shows the PhC substrate comprising a 4 X 5 array of
T-shaped structures (1.5 X 1.5 pm?) in the antenna model.

h = 3 pm exhibits better antenna characteristics than the
other values.

PhC Antenna Using Inverted L-Shaped Hole
Structure

This structure was designed as an inverted L-shaped struc-
ture, as shown in Fig. 9. This PhC substrate comprises 4 X 5
inverted L air holes (1.5 x 1.5 pm?) and it helps to increase
the antenna performances. The various inverted L-shaped
PhC antennas are designed for different substrate heights.
The ‘h’ values vary between 1 pm and 11 pm. The output of
various structures is analyzed, and Table IV shows the out-
put. Based on the output characteristics of various antenna
structures, the best ‘4’ value is 3 pm. The S11 parameter of
this structure is — 58.51 dB; it is a lot less than the other ‘A’
value antennas. Other exclusive antenna parameters such as
gain and VSWR are 6.5 dB at 9.77 THz and 1.002. Figure 10
shows the radiation plot of this antenna. It is observed that
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Fig.8 Radiation pattern of a T-shaped PhC antenna

Table Il Consequence of various ‘i’ values of T-shaped PhC struc-
ture

‘W Freq. in Return loss  VSWR  Gain in dB Directiv-
values THz in dB ity in

in pm dBi

1 14.28 —26.04 1.10  2.63 1.95

3 9.66 —55.84 1.00 555 7.55

5 4.04 - 12.62 1.61 3.48 4.89

7 1.89 —7.69 240 229 3.56

9 1.85 —10.05 1.91 2.50 453

11 1.77 —13.09 1.56 1.71 3.55

the main lobe is at an angle of 65° with a magnitude of 8
dBi. The maximum directivity is obtained in the upper face
of PhC and the directivity at the bottom face is significantly
less.

Fig.9 Inverted L-shaped PhC substrate structure (Antenna 5)

@ Springer

PhC Antenna Using I-Shaped Hole Structure

This design shows the antenna with the I-shaped structure.
Figure 11 shows the antenna designed with the I-shaped
air hole structure using a Roger structure. This I-shaped air
hole (1.5 x 0.8 pm2) PhC antenna helps decrease the sur-
face waves. It provides good return loss, improved gain, and
directivity compared with the antenna structures mentioned
above. The proposed THz TMPA offers the minimum return
loss of — 58.99 dB at & = 3 pm. The remaining ‘A’ values
of antenna structures exhibit poor performances as shown
in Table V. Hence, the antenna with a substrate height of
3 pm is proven to be the ideal value. The obtained voltage
standing wave ratio is 1.002 at 9.3 THz. Figure 12 illus-
trates that the large main lobe occurs in between angles of 0°
and 90°. With the influence of radiation mode, the I-shaped
PhC antenna exhibits a power more significant than the other
structures. The gain and directivity of the I-shaped antenna
are obtained as 9.1 dB and 10.7 dBi.

Discussion of Simulated Result

Detailed Analysis of Different Proposed Antenna
Works

Table VI denotes the entire performance of all the six pro-
posed structures, which are operating in the THz frequency
with all the required parameters. There is more signal loss in
the traditional TMPA due to surface waves and — 32.97 dB
return loss is achieved. The table explains the characteristics
of various PhC antenna models. A PhC antenna has better
output than the conventional one, and Fig. 13 illustrates the

1.5 pm——y

1.5 um
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Fig. 10 Radiation characteristics of inverted L-shaped PhC antenna

Table IV Consequence of various ‘A’ values of inverted L-shaped
PhC structure

‘W Freq. in Return loss  VSWR  Gain in dB Directiv-
values THz in dB ity in

in pm dBi

1 13.88 - 138 1.02 270 2.03

3 9.77 —58.51 1.00 659 8.00

5 4.11 —14.64 1.45 1.53 3.93

7 1.87 —17.65 241 327 2.54

9 1.87 -9.19 2.06 2.59 453

11 1.77 - 11.78 1.77 1.75 1.53

S11 parameter. Because of the arrangement on a dielectric
substrate, the PBG act as a stopband of electromagnetic
waves. The PhC substrate antenna designs give minimal

Fig. 11 I-shaped PhC substrate structure (Antenna 6)

return loss, wider bandwidth, and high gain; hence, radiat-
ing energy coupling increases in free space.

The table clearly shows the various comparisons for the
different parameters of the antenna. The excellent return loss
has been obtained from the I-shaped PhC structure (Antenna
6). It concludes that Antenna 6 provides better directivity
and gain at an operating frequency of 9.3 THz. The charac-
teristics of the proposed structures’ electromagnetic trans-
mission are drastically enhanced due to the PhC substrate’s
contact.”’” The PhC informs the substrate frequency and
directional selectivity that are standout in the microwave
field. The stopband of the PhC rejects most of the inten-
sity emanated by an antenna anchored on its layer in the
absence of shorting out the driving-point impedance. As for
radiation magnitude, the microstrip patch antenna on the
I-shaped PhC structure exhibited a gain value 4.7 times more
than that of the conventional TMPA. It is observed that the
impact of a slight discrepancy from the collinearity of the
conventional patch antenna. Most of the radiation dispersed
from the dielectric substrate commits oneself to the forward
planisphere. For the photonic crystal substrate, polar plots
having an indistinguishable eccentric scale that increases
gain and lower return loss.

Ameliorating the Lattice Value (a) of I-Shaped Hole
PhC Structure

This section investigates the antenna structures by mutating
the multiple spacing values ‘a’ between the holes from 1 to
10 pm. Table VII shows the obtained antenna characteristics

€ 0.8um—y
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30  Pphi=270

Fig. 12 Radiation characteristics of the I-shaped PhC antenna

from the various lattice values. The table also shows the
impact of the return loss of different lattices values. At a
= 5.2 um, the antenna exhibits excellent features such as
— 58.99 dB return loss at 9.3 THz with a bandwidth of 0.93
THz and proves that it is the optimum value compared to
the others. The consequence of modifications in the lattice
constant ‘a’ was investigated and antenna performances are
enhanced in 2D PhC. The lattice constant plays a vital role
in the structural parameter that determines the enhancement
ratio of antenna efficiency. When the lattice value changes,
a shift occurs in the operating frequency. The impact of the
overlapped electric field leads to changes in the refractive
index. Hence, the refractive index variations into the air
holes result in a shift in the frequency band.”®%

Comparison of the Proposed Antenna Design
with Prevailing Works

The entire antenna features of the proposed structure are
compared with the prevailing structures, as illustrated in
Table VIII. Anand et al.*!> proposed a THz antenna with
PBG substrate and obtained the gain value around 5 dB for
the frequency of 0.75 THz and 2.15 THz. Tripathi et al.®!3
designed the PBG antenna, which resonates at a frequency of
1.04 THz and 0.69 THz with a gain of 7.99 dB and 5.74 dB.
Shahid et al.'® investigated the THz antenna with PBG mate-
rial which produces 6.88 dB gain at 0.69 THz. Ritesh et al.>
proposed a PBG antenna that gave the value of return loss

and gain of — 44.71 dB and 7.9 dB. Vahdati et al.*° studied a
PBG antenna structure that produced a gain of 7.7 dB. Britto
et al.’? studied a PhC antenna with a triangular lattice struc-
ture and obtained—57.81 dB at 2.37 THz. Amarveer et al.>*
designed a PhC antenna PBG and obtained a gain and direc-
tivity of around 5 dB at 0.67 THz. The above-mentioned
existing research works examined only the standard circular
air hole PhC structure. Hence, the proposed antenna with
the unique air hole produces the best output and it is more
efficient than the regular PhC pattern with circular holes.

Conclusion

This paper analyzed the 2D PhC antenna operating in the
THz frequency. The proposed PhC antenna utilizes various
air hole shapes such as T, L, H, I and inverted L. These
structures are simulated and the antenna characteristics are
contrasted. When an L-shaped hole is introduced on the PhC
substrate, it produced a return loss of — 41.46 dB, which is
low compared with the conventional antenna return loss of
— 32.97 dB. Further, the return loss values of other shapes

-30 4 p=== H shape (antenna 3)

fem= | shape (antenna 6)

f== Inverted L shape (antenna 5)
f== « L shape (antenna 2)

« =T shape (antenna 4)

= = Conventional (antenna 1)

Retumn Loss in dB
8

40 -

-50 4

Frequency in THz

Fig. 13 Frequency versus return loss for various simulated antenna
structures

TableV Result of various ‘A’

‘h’ values Freq. in THz Return loss in dB VSWR Gain in dB Directivity in dBi
values of I shaped PhC structure in pm
1 13.82 -16.72 1.34 1.66 3.99
3 9.30 —58.99 1.00 9.10 10.78
5 3.92 —13.68 1.52 1.51 2.94
7 1.83 — 744 2.48 1.29 1.65
9 1.79 - 8.85 2.12 1.53 2.52
11 1.72 —10.36 1.87 1.76 1.53
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Table VI Comparison of

. Proposed antennas Antenna parameters

five different antennas

with conventional antenna f.inTHz ReturnlossindB VSWR Directiv- GainindB Band-

parameters ity in width in

dBi THz

Antenna 1 (TMPA) 8.98 -32.97 1.045 3.22 1.95 0.78
Antenna 2 (L-shaped) 9.74 —41.05 1.017 7.7 5.67 1.24
Antenna 3 (H-shaped) 10.21 —-42.16 1.015 8.3 7.5 1.41
Antenna 4 (T-shaped) 9.66 —55.84 1.003 7.5 5.5 0.57
Antenna 5 (Inverted L-shaped) 9.77 —58.51 1.002 8 6.5 0.61
Antenna 6 (I-shaped) 9.30 —58.99 1.002  10.7 9.1 0.54

Table VIl Impact of various

. : Lattice constant Antenna parameters
lattice values in I hole structure

value ‘a’ in pm

F,in THz Return loss in dB VSWR Directivity Gain in dB Band-

in dBi width in
THz
1 9.56 —22.31 1.113 3.58 2.48 0.51
2 9.74 —26.13 1.103 3.76 2.34 0.53
3 9.47 —33.24 1.044 3.59 2.20 0.74
4 9.37 —38.16 1.025 3.49 2.14 0.90
5 9.24 —44.47 1.012 3.50 2.17 0.90
5.2 9.30 — 58.99 1.002 10.7 9.1 0.93
54 9.34 —25.65 1.110 343 2.14 0.92
5.6 9.36 —24.95 1.119 3.34 2.09 0.88
5.8 9.39 —25.30 1.114 342 2.14 0.70
6 9.34 —37.62 1.026 3.46 2.14 0.90
7 9.03 —27.94 1.083 3.30 2.01 1.2
8 9.03 —29.88 1.066 3.25 1.98 1.3
9 9.17 —27.56 1.087 3.44 2.07 0.9
10 9.15 —30.07 1.064 343 2.08 0.6
Table VIl Comparison of o Existing works references Antenna characteristics
proposed antenna characteristics
with existing structures Frequency Returnloss (dB)  Gain (dB)  Directiv- VSWR
(THz) ity (dBi)
Proposed PhC Structure [Antenna 6] 9.3 —58.99 9.1 10.7 1.002
Anand et al.® 0.75 - 5.09 5.71 -
Tripathi et al.® 1.04 - 7.99 8.42 -
Anand et al.’’ 2.15 <-15 4.97 - -
Shahid et al.'® 0.69 -349 6.88 7.01 1.043
Ritesh et al.2 0.63 —44.71 7.94 8.61 1.011
Vahdati et al.* 1.4 -285 7.7 - -
Tripathi et al.3! 0.69 - 5.74 6.57 -
Britto et al.? 2.37 - 57.81 9.2 - 1.002
Amarveer et al.? 0.67 - 5.22 5 -

such as H, T and inverted L. PhC antenna has reduced to  I-shaped hole antenna. The gain of the conventional antenna
— 42.16 dB, 55.84 dB and — 58.51 dB. Finally, the opti-  is 1.04 dB, whereas the PhC antenna obtains gain up to a
mum value of return loss — 58.99 dB is obtained from the  value of 9.1 dB with a directivity of 10.7 dBi. The structure
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of the antenna is small in size, so that it consumes only a
small amount of power. This proposed PhC antenna structure
supports high-speed data rate wireless systems, automotive
radar sensors, and aircraft register.

Conflict of interest The authors declare that there are no conflicts of
interest related to this article.
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