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A novel periodic photonic crystal structure with through-holes drilled by a 4 × 7 array

based on the line source analysis method was proposed in this paper to improve the

gain and radiation of the microstrip antenna. The analysis results showed that, with the

help of the line source analysis method, this through-hole structure could improve the

gain and radiation of the antenna. The proposed through-hole structure was superior

to other periodic structures. The sizes of the antenna and the patch used were 46.86

× 60.86 × 1.6mm and 20.43 × 30.43mm, respectively. Through-holes were made on

three distinct layers: the patch, dielectric, and ground layers. The resulting operating

frequency was 2.95 GHz, the bandwidth ranged from 84.7 MHz to 2.9085–2.9932 GHz,

the return loss was 40.9455 dB, the voltage standing wave ratio (VSWR) was 1.011,

and the maximum gain was 4.88 dBi. The return loss of the through-hole design was

69.1% higher than that of the structure without holes and 18.3% higher than that of

the simulated structure. The gain increase of 58.4% was relatively non-porous. Good

agreement between simulation and measurement could be observed, indicating that the

proposed structure was effective. Its operating band can be used in radio navigation

systems and positioning systems (2.9–3 GHz).

Keywords: line source, microstrip antenna, gain, return loss, through-hole

INTRODUCTION

Patch antennas are a type of the most commonly used printed antennas, and have been widely
applied in many sectors due to their advantages of being light weight, small size, low profile,
low cost, having good mechanical strength, a wide frequency band, high efficiency, high gain,
high adaptability to surroundings, little radiation damage to the human body, and wide frequency
coverage [1]. Characterized by their low quality, low cost, small size, and simple design, microstrip
patch antennas are easy to manufacture, and are widely used in wireless communications, such
as radar, satellite communication, mobile communication, and navigation systems [2]. Microstrip
antennas are also very attractive in many transceiver system applications [3], but their use in
most wideband wireless communication systems is restricted because, as resonating antennas,
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they have narrow bandwidths [4]. Therefore, the optimization
of various independent antenna structures has become a hot
topic in the microstrip antenna design field recently. Over
the years, compact antennas, the radar cross section (RCS),
and microstrip antennas have been extensively used in many
modern communication systems [5–8]. Nowadays, science and
technology, as well as economic progress, are greatly promoted
by the 5G system, to which microstrip patch antennas are
indispensable [9, 10]. Therefore, it is extremely important to
develop a new antenna structure.

Microstrip antennas are known to have various feeding
modes, such as microstrip wire, coaxial, coupled, and slot feeds.
The wavelength of an electromagnetic wave is constant at a
fixed frequency in free space. The radiation ability of an antenna
is related to its size and shape. The lower the frequency, the
longer the wavelength, and the larger the size of the antenna
should be. For a typical rectangular patch antenna, the length
L of the non-radiating side is usually λ0/3 <L< λ0/2 (λ0 is
the wavelength in the free space). In [11], two frequency bands
(5.15–5.35 and 5.725–5.825 GHz) were generated via a coaxial
feed by adjusting the position and size of the slots within an
antenna with a fixed size of 12× 8mm. The antenna in [12] was a
broadband antenna with an operating band of 2.67–13 GHz and
a size of 60 × 60 × 0.8mm. It is also possible for it to be larger
in size. Article [13] reported a patch antenna with a size of 16.5
× 16.5 cm at 866.5 MHz, so it was not applicable to small-sized
products. A ground plane integrated with a short-end coplanar
waveguide (CPW) feed line was adopted in [14], but it achieved
unsatisfactory results as its return loss was >20 dB (overall). The
antenna in [15] was applied to the terahertz band, but it was
only designed and simulated in the paper without the verification
of test data. The study [16] used a metamaterial composed of
a composite resonator cavity to design a 2.4 GHz frequency
rectangular microstrip patch antenna, whose return loss reached
35 dBwhile VSWRwas 2:1 at 20MHz bandwidth. Even if the gain
of the antenna was increased in [17], its return loss was only about
20 dB. The photonic crystal microstrip antenna designed by [18–
20] showed an increased value of |S11|, but the photonic crystal
structure was only assembled on the substrate of the microstrip
antenna, not on the patch and the floor, making processing
difficult. In order to solve the above problems, further studies on
a variety of technologies are required.

As far as the author is aware, the application of the through-
hole array to a microstrip antenna has not been achieved. In
this paper, the analysis and calculation results suggested the
photonic crystal band gap (PBG) could suppress the higher
harmonics of the microstrip antenna and improve its gain
and radiation. In the main mode excitation case, a coaxial
feed technology in [21–25] was adopted and simulated via the
corresponding electromagnetic simulation software. According
to the theoretical analysis and structural comparison results, the
antenna designed and optimized with a 4× 7 through-hole array
showed the best performance. The simulation results indicated
that the measured return loss, VSWR, and the gain increased
by 0.0269, 10.3944, and 1.87 dB, respectively, but the frequency
and bandwidth remained almost unchanged. Theory and practice
were also in good agreement.

ANTENNA ANALYSIS AND DESIGN

Antenna
A common microstrip antenna consists of a metal radiating
plate connected to one side of a dielectric substrate, and it
is much thinner than the working wavelength. A continuous
metal layer is connected to the ground plane on the alternative
side of the substrate. The metal radiation patches are made
into different shapes according to different requirements. The
structural representation of the proposed antenna is depicted in
the common microstrip antenna, which is first printed onto an
FR4 substrate with a relative dielectric constant of 4.4, a loss
tangent 0.02, an area of L1 × W1, and a thickness of 1.6mm.
The 23.43 mm-long and 30.43-wide patch made of copper is then
attached to the central position of the FR4 side of the substrate,
while the other side of the substrate is the ground plane. In order
to achieve 50� of load welding, it should satisfy the condition of
a >R1. In the proposed design, the larger the absolute value of
the return loss, the better the antenna performance is likely to be.

The size of a common microstrip antenna patch is calculated
as follows:
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where Wp is the patch width, Lp is the patch length, f is the
central frequency, c is the speed of light (3 × 108m/s), ε is the
relative dielectric constant of the substrate, H is the height of the
substrate, and 1L the equivalent radiation gap length.

The array through-hole structure is embedded in the common
microstrip antenna with an improved structure, as shown in
Figure 1.

Theoretical Method
The structure proposed in [26] was used as a reference in this
paper, but unlike the omnidirectional calculation in [26], single
direction analysis was adopted. Figure 2 shows the geometry of
photonic crystals and line sources. The impressed electric line
source (J0(x,y)) located at the origin O of the x-y coordinate
system is sandwiched between two photonic crystals, with a
separation distance of t1. A common distance in the × direction
is represented by h and the distance between cylinders is d1. The
structure is arranged in a periodic array. The cylindrical elements
on the same layer of the array should have the same material
properties and dimensions, but those on difference layers do not
necessarily have to be the same. a1 is the radius of the cylinder
and εr1 is relative permittivity. The number of the photonic
crystal layers above the X-axis is assumed to be N1. The Y-axis
is analyzed in this paper.
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FIGURE 1 | The structural representation of the microstrip antenna. (A) The

geometry of the proposed antenna, (B) The structure of the patch, (C) The

cross-section view of the coaxial feed.

FIGURE 2 | Scheme of a localized Y line source embedded at the origin of the

coordinate system of bounded two-dimensional photonic crystals.

The conventional Floquet mode expansion method cannot
be directly used since the system concerned is not periodic.
Therefore, the expression of the localized line source in terms of
an infinite periodic array of linearly phased line sources in the
spectral domain is considered using the identity [27]:
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The electric field Ez,P(x,y, ) is radiated from a periodic array of
line sources defined as:

JP(x, y, ξ ) =
∞
∑

ℓ=−∞

δ(y)δ(x− ℓh)eiℓhξ (6)
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Therefore, the problem can be simplified to the calculation of the
electric field Ez,P(x,y, ) radiated from the infinite periodic array
of linearly phased line sources JP(x,y, ).

The primary field Eiz(x, y, ξ ) radiated from the periodic line
sources JP(x,y, ) defined by Formula (13) is expressed using the
Fourier integral representation of the Hankel function:
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where k0 = 2π/λ0. The incidence of plane waves in the scattered
fields can be calculated using the reflection and transmission
matrices of layered periodic arrays in [28] since the primary
field is expressed as a superposition of the Floquet mode. The
space harmonics obtained by Formula (16) are described with the
amplitude vector s( ) defined as:

s(ξ ) =
[

2

hκℓ(ℓ)

]

(12)

As shown in Figure 3, photonic crystal layers located above
the line source may be substituted by the plane boundary
at y=t1. The said plane boundary is characterized by the

generalized reflection and transmission matrices (R
−
N1
, F

+
N1
),

whose derivation was described in [29].
Then, by ray tracing the orthogonal space harmonics, the

following relations are obtained:
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FIGURE 3 | Multiple scattering processes of space harmonics mainly radiated

from the periodic array of line sources. The plane boundary characterized by

the generalized reflection and transmission matrices R−N1
, F+N1

takes the place

of the photonic crystals.

The field Ez(x,y) radiated from the localized line source (14)
is obtained by plugging Formula (25) into Formula (15). A
conventional numerical integration scheme is used to calculate
the finite integral in Formula (15) with respect to the spectral
parameter x. The singularities in the integrand are the poles that
satisfy D(x) = 0, whose branch points meet κℓ(ξ ) = 0. The poles
correspond to the propagation constants of TE guided modes
(usually limited within y < t1). The far-zone fields are obtained
from the spectral response for the propagating space harmonic
components as follows:
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where ρ =
√

x2 + y2 and φ are the observation angles. The
directive gain of the radiation G(φ) is given by:
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The poles would degrade the radiation efficiency of the antenna
and adjusting the lattice parameters of the photonic crystals could
possibly eliminate the poles within the spectral range concerned.
The pole removal can be easily achieved [28] by choosing the
lattice parameters, enabling one of the eigenvalues η of the
transfer matrix for space harmonics across the single layer of
the array to satisfy |η|=1 in the far-zone radiation field. Without
calculating the integration in Formula (15), the conventional
asymptotic method [30] can be used to assess the contribution
of the branch points. The photonic crystal array structure can
significantly improve the radiation and gain of the antenna.

Technical Analysis
The through-hole structure is applied to the microstrip antenna
in this paper. The equivalent circuit model of the structure with a
single passing hole is shown in Figure S1, where the passing hole
generates the parasitic capacitance of C and parasitic inductance
of L.

C = 1.41εrH
d1

d2− d1
(21)

L = 5.08H

[

ln

(

4H

d

)

+ 1

]

(22)

The outer diameter of the through-hole is d1, the diameter of
the power separation zone is d2, the thickness of FR4 is H, εr is
the relative dielectric constant of the substrate, and d is the inner
diameter of the through-hole.

The resonance generated between capacitance and inductance
of a single hole or the resonance produced between holes will
greatly affect the performance of the excitation antenna.

The series resonance formula is

f0 =
1

2π
√
LC

(23)
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1
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The parallel resonance formula is
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1

2π
√
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(25)

Q = ω0CR =
R

ω0L
= R

√

C

L
(26)

where f 0 is resonance frequency, ω0 is resonance angular
frequency, Q is the quality factor, and R is the resistance value.

The through-hole on the antenna designed in this paper has
the following characteristics:

The resonant effect between the capacitance and the
inductance can improve the reflection in the antenna design.
Holes also resonate with each other. The air hole in the proposed
design results in the corresponding reduction of substrate
material, increasing the gain of the substrate. The influence of the
array hole on parameters needs parameter optimization.

The equivalent circuit model of an ordinary rectangular
microstrip antenna is shown in Figure S2A, where ZS is gap
impedance and Z is impedance produced by the feeding point.
The equivalent circuit of a microstrip antenna with drilling holes
is shown in Figure S2B, where Zk is the impedance of the hole.
Figure S2C shows the resonance produced by C and L. f 0 and f 1
are not the same resonance frequency.

The resonance frequency is expressed as:

f1 =
1

2π
√
LC

(27)
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FIGURE 4 | The simulation of return loss of the antenna with one-line drilled holes on the patch center. (A) Different dimensions of R2, (B) Different dimensions of D2.

FIGURE 5 | The simulation of D3 and different lines of drilled holes. (A) Different dimensions of D3, (B) Return loss of antenna with 1, 2, 3, 4, 5, and 6 lines of holes.

FIGURE 6 | The simulation of return loss of the antenna with four lines of drilled holes. (A) The different dimensions of R2, (B) The different dimensions of D2.

Antenna Design
The through-hole array made from an ordinary rectangular
microstrip antenna is applied to the patch of the antenna
proposed in this study. Three gigahertz is taken as the reference
frequency of the antenna. The antenna elements are simulated via
High Frequency Simulator Structure (HFSS.15), and the return

loss value is simulated by adjusting the size, spacing distance, and
number of drilled holes.

First, seven through-holes are embedded into the patch
according to the patch width. Then, the radius of the through-
holes and the distance between holes are simulated and analyzed,
as shown in Figures 4A,B. According to Figure 4A, the return
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FIGURE 7 | The simulation of D3 as well as four-line and one-line holes. (A) The different dimensions of D3, (B) Comparison between the unperforated antenna and

the antenna with four-row holes.

FIGURE 8 | The planar structure of the through hole, the square hole, and the

triangular hole.

TABLE 1 | Comparison of perforated antennas with the unstructured antennas.

Name Return

loss (dB)

Difference

value (dB)

Increased

percentage (%)

Antenna

(unstructured)

24.2125 / /

Antenna 10 34.6069 10.3944 42.9

Antenna 11 32.2879 8.0754 33.3

Antenna 12 26.9484 2.7359 11.3

Antenna 13 26.9484 2.7359 11.3

loss shows little difference when R2 = 0.6mm (23.5534 dB) and
R2 = 1mm (23.3522 dB). Thus, the radius of the holes on the
designed antenna can take R2 = 1mm. It can be seen from
Figure 4B that the return loss effect is the best when D2 = 4mm
(23.3522 dB). When two rows of holes are drilled, the distance
D3 should be adjusted and the value of D2 needs to be taken into
account. The simulation results show that the return loss of the
antenna is optimal at 2.9 GHz when D3= 4, which is 24.3307 dB
(Figure 5A).

Furthermore, 1, 2, 3, 4, 5, and 6 lines of holes are drilled
on antennas with R2 = 1mm, D2 = 4mm, and D3 = 4mm
separately, and the resulting return loss of these six kinds of

TABLE 2 | Detailed parameters of the proposed antenna.

Parameter Value (mm) Parameter Value (mm)

L1 46.86 R1 0.6

W1 60.86 R2 1

L 20.43 D1 5.8

W 30.43 D2 4

H 1.6 D3 4

antennas are compared. As shown in Figure 5B, the return loss of
antennas with one-line, two-line, three-line, four-line, five-line,
and six-line holes is 23.3522 dB at 2.89 GHz, 24.3307 dB at 2.90
GHz, 27.9562 dB at 2.94 GHz, 34.6069 dB at 3.00 GHz, 33.7554
dB at 3.00 GHz, and 34.4763 dB at 3.00 GHz, respectively. The
simulation results of the proposed antennas with multiple drilled
holes are satisfying as the return loss reaches 34.6069 dB at 3
GHz (Figure 5B). D2, D3, and R2 of the four-line structure are
optimized to eliminate uncertainties, as shown in Figures 6A, 7A.
The compassion between antennas with and without apertures
reveals that the return loss of the designed antenna is 10.3944 dB
higher than that of the antenna without apertures (Figure 7B).

Structural Comparison
After deciding to drill 4-line through-holes on the antenna
structure, structures with square, triangular, and spherical holes
are compared (Figure 8).

The comparison is made under unchanged D1, D2, and D3
in this paper, and only four rows are observed. In the one-line
and two-line antennas (Figure S3), the triangle structure has
better return loss. As for the three-line and four-line antennas
(Figure S4), the through- hole structure has better return loss.
This paper also compares the spherical holes with a radius of
0.8mm (Figure S5). Table 1 shows the comparison of return
loss between perforated antennas and the unstructured antenna.
From the above analysis, antenna 10 (the four-row through-hole
structure) designed in this paper is the most ideal, which verifies
the above design about through-hole structures.
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FIGURE 9 | (A) The photo of front and back of the designed antenna; (B) simulation and measurement data of the designed antenna.

TABLE 3 | Simulation and measurement results of the proposed antenna with

four-line holes.

Name Simulated Measured

Frequency (GHz) 3 2.95

Return Loss (dB) 34.6069 40.9455

VSWR 1.0379 1.011

Bandwidth≤-10 dB (MHz) 90.2 84.7

Gain (H-plane) (dB) 4.95 4.88

Gain (E-plane) (dB) 4.95 4.77

Gain (dBi) 4.95 4.88

Simulation Index
The above antennas with four-row holes are compared under
different R2, D2, and D3 values. Some of the four-row drilled
holes are on the patch and others are on the substrate. The
best return loss effect is achieved at 3 GHz when R2 = 1mm,
D2 = 4mm, and D3 = 4mm, so the antenna with four-row
holes meeting these parameters is designed. This antenna is
then compared with the unperforated antenna. As shown in
Figure 7B, the return loss of the designed antenna increases the
output by 42.9%, when compared to the unperforated antenna,
which has an overall return loss of 24.2125 dB.

The horizontal current on the surface of the patch at the
TM mode with a coaxial feed coupling structure is distributed
forward (please see Figure S6). The distribution of current is such
that the reflection of electromagnetic waves is fine.

The return loss of the simulated antenna is 34.6069 dB and the
corresponding VSWR is 1.0379. When the return loss is 10 dB,
it has a 90.2 MHz bandwidth. The parameters of the proposed
antenna are shown in Table 2.

As can be seen from the following figures, the simulation
results of performance parameters of the designed antenna are
satisfactory. Its gain is 4.9533 dBi at 3 GHz (Figure S8B), and
its input impedance is about 50� at 3 GHz (Figure S9B).
For other simulation indicators, please see the figures in the
Supplementary Materials.

MEASUREMENT

Precision machining and measurements of the four-row aperture
structure designed in this paper were performed. The designed
antenna was processed and tested using network analyzers
(CETC41, AV3629A) in a 7 × 4 × 3m rectangular microwave
darkroom in the School of Electronic Engineering of Xidian
University. Before the test, the most classic two-port system error
calibrator, TOSM (through, open, short, match), also known
as SOLT, was used for network analyzer calibration. Before the
far-field test, the tester dealt with the test environment and
equipment, including instrument calibration, cable loss zeroing,
turntable debugging, etc. The 50� SMA connector was used
for back-feed at D1 from the center of the patch. To verify
the results of the simulated design, a photo of the proposed
antenna prototype was taken, and its return loss was simulated
andmeasured (Figure 9). The patch ismade from copper, and the
antenna surface is coated with tin to prevent oxidation. Table 3
shows the simulated and measured performance parameters of
the proposed antenna with four-row holes. The measured 2-
D radiation patterns (E-plane and H-plane) at 2.90, 2.95, and
3 GHz are shown in Figure 10. The simulated and measured
peak gains are about 4.95 dB at 3 GHz and about 4.88 dB at
2.95 GHz, respectively. Figure 11 shows the relationship between
gain and frequency when both angles are zero. The simulation
and measurement results of the antenna are basically identical.
According to Table 4, the parameter improvement in this paper
is effective.

As shown in Figure 9B, the difference between the measured
and the simulated data is 50 MHz, which may be caused
by a number of reasons. First, there are some errors
between simulation and measurement. In general, the resonance
frequency of the antenna after processing will be reduced, so it
may lead to this situation. The HFSS software used for simulation
in this study could be another reason. The method of selecting
the feed and establishing the model by HFSS may be influencing
factors. Third, the antenna processing accuracy, the feed welding
during the test, the test cable loss in the antenna measurement,
and the antenna test environment could also possibly result in
the difference between the measured and the simulated data.
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FIGURE 10 | Measured 2-D radiation patterns at (A) 2.90GHz, (B) 2.95GHz, and (C) 3GHz (E-plane and H-plane).

FIGURE 11 | Measured radiation gain of the proposed antenna.

CONCLUSION

The process of antenna designing is subject to theoretical
analysis, technical analysis, antenna design, antenna comparison,
processing, and testing. This paper tries to achieve the design
through theory discovery and software testing. The achieved
return loss of the design is 69.1% higher than that of the antenna
without holes and 18.3% higher than that of the simulated
antenna. The gain increase of 58.4% is relatively non-porous.
The results of this study suggest that a 4 × 7 array through-
hole structure can improve the gain and radiation of microstrip
antennas and can be realized based on the line source analysis and
parameter optimization by using ANSYS HFSS. The simulation
results are consistent with the experimental ones, even though
there are some errors for the test frequency.

Innovations are made in the following four aspects: structure,
theory, design optimization, and metrics improvement. First, in
terms of structure, a 4 × 7 array through-hole structure is used
to integrate the functions of photonic crystal and microstrip
antennas. Second, theoretical analysis finds that the line source
of the design structure, i.e., the 4× 7 array hole, is different from

TABLE 4 | The comparison of return loss and gain.

Number Name Return loss (dB) Gain (dBi)

1 Antenna (no structure) 24.2125 3.08

2 Antenna10 (simulated) 34.6069 4.95

3 Antenna10 (measured) 40.9455 4.88

4 Compare (2 and 1) 42.3% 60.7%

5 Compare (3 and 1) 69.1% 58.4%

the reference line source. The line source in a semicircle direction
is also analyzed, with the corresponding formula deduced. The
photonic crystal array structure can obviously improve the
radiation and gain. Third, the structural design and optimization
is investigated. The single-, double-, three-, four-, five-, and
six-row holes are compared, and the hole spacing is explored.
After design and optimization, the optimal scheme is finally
determined for theoretical analysis and verification. Fourth, to
improve the metrics, the 4× 7 array structure is compared with a
structure without holes. It is obvious that the return loss increases
substantially. section Structural Comparison makes comparisons
between several structures, which reveal that antenna 10, namely
the 4× 7 array structure, can deliver the best outcomes.

This paper promotes the research of photonic crystals and
antennas and may offer help to researchers in the in-depth
mining of the array hole structure in the future. This research
also has some limitations. For instance, its bandwidth is not
wide enough, but this issue will be improved in the future.
The materials used to fabricate the prototype are low-cost, and
the antenna is small in size, with easy heat dissipation and
high mechanical strength. The simple structure can facilitate
manufacturing and integration with other circuits. The wiring
can also pass through the holes. The antenna designed in this
paper can be used in the frequency band of radio navigation
systems and positioning systems.
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