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In this paper, a novel dual-band photonic band gap (PBG) structure was proposed and applied to a dual-band micro-
strip antenna. The antenna resonates at 1.267 THz and 1.502 THz, exhibiting reflection coefficients of —58.177 dB and
—49.462 dB, and gains of 3.173 dBi and 5.232 dBi, respectively. Compared with the microstrip antenna based on the
homogeneous silicon substrate, the designed dual-band antenna based on the novel PBG structure shows improved
impedance matching, radiation efficiency, and gain. The paper simulated and analyzed the impacts of different filling
dielectric materials and the variations of dimensions, position, period, and corrugation depths of the dual-band PBG

structure on the resonances of the antenna. It is expected that the proposed novel dual-band PBG structure has great

application potentials, and such cancer diagnosis is done by utilizing the radiation characteristics of the antenna.
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Applications of the terahertz band (0.1—10 THz) have
evolved rapidly in the past decade because it constitutes
the electromagnetic wave with the highest frequency in
electronics and its single photon energy is merely one
millionth of that of the X-ray. Besides, owing to its short
wavelength, the terahertz wave can penetrate certain
non-metallic or non-polar materials!'™>. Moreover, the
spectra of most macromolecules are in the terahertz
band®. These bestow the terahertz wave with com-
mendable characteristics, such as low damage!”’, high
spectral resolution®™, good visualization”, and broad
bandwidth!"”), realizing extensive applications in the
fields of biomedicine, sensing, and communications''.
The terahertz antenna has also achieved rapid develop-
ment owing to the advancement in 5G'?, new materi-
als!®), and manufacturing technology'*. In 2014, NE-
JATI et al'™® increased the gain and bandwidth of the
patch antenna with a resonance frequency of 0.6 THz by
loading a photonic band gap (PBG) structure on the pol-
yimide substrate. In 2018, KUSHWAHA et al'® opti-
mized the terahertz patch antenna with a PBG structure
loaded on a polyimide substrate, achieving a gain of
7.934 dBi at a resonance frequency of 0.630 8 THz. In
2019, VAHDATI et al'”! introduced the design of a
high-frequency patch antenna with a resonance fre-
quency of 1.4 THz by loading a PBG structure on the
Rogers5880 substrate. In 2021, THAKUR et al'® used a

0.198 THz patch antenna with a PBG structure loaded on
a polyimide substrate for cancer detection.

Currently, the resonance frequency of designed tera-
hertz patch antennas is between 0.1 THz and 1 THZz?,
and the proposed PBG structure only applies to a single
resonance frequency.

In this paper, a new dual-band PBG structure is de-
signed and applied to a dual-band microstrip antenna
with resonance frequencies of 1—2 THz, significantly
improving the antenna performance. The design bases of
the PBG structure and dual-band antenna are discussed.
The influence of the dielectric material filled in the
dual-band PBG structure on the antenna performance is
simulated. The influence of geometric parameters of the
dual-band PBG structure on the antenna resonances is
discussed.

The design of the dual-band PBG structure and du-
al-band circular microstrip antenna, as shown in Fig.1, is
introduced in this section.

The antenna substrate is made of silicon, for which the
dielectric constant is 11.9, and the loss tangent is
0.000 25. The dual-band PBG structure comprises a
two-dimensional periodic ring cavity array corrugated in
the upper part of the substrate (upper cavity array) and a
two-dimensional periodic ring cavity array corrugated in
the lower part of the substrate (lower cavity array),
which are filled with dielectric materials (refer to
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Fig.1(b)—(d)). In this way, PBG provides resistance to
surface waves propagating inside the substrate, achieving
improved gain, directionality, bandwidth, and radia-
tion"”!.

The dielectric constant varies periodically on PBG and
is denoted by &(r), where r is the position vector of PBG.
The angular frequency is w, and the PBG equation cor-
responding to the polarization of £ and H is!*”)
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According to the above analysis, the electromagnetic
wave incident on the PBG will be decomposed into
E-polarization and H-polarization, which correspond to
different equations.

A single-band circular patch antenna is designed based
on the microstrip antenna theory, as demonstrated in
Fig.1(a). The working frequency f,, the relative dielectric
constant ¢, and the height 42 (um) of the substrate are
pre-determined. The effective radius of the circular patch
antenna can be computed from its geometric radius R,
using the following formula!?"!
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where M is a non-negative integer (in the present work,
M=1). Using the above expression and assuming that the
antenna resonates at 1.267 THz, the following expression
can be used to calculate the upper limit of the substrate
thickness &
2/0

, 4)
4><\/g
and actual height is #=20 pm. The width (W}) of the
feedline can be determined as follows

11.962,
We=—1" Q)

a

h:

where Z, indicates the normalized impedance of the an-
tenna, and A, represents the free space wavelength.

As illustrated in Fig.1, a rectangular slot with length S
and width T is introduced on the circular patch of the
single-band antenna, and the dual-band PBG structure is
loaded on the substrate. This forms a dual-band patch
antenna based on the dual-band PBG structure. Based on
the above design, a circular patch is used on the top of
the PBG substrate to excite resonance in the THz fre-
quency region and then the antenna was driven along the
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microstrip, and the antenna structure is designed with the
geometrical parameters specified in Tab.1.
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Fig.1 Dual-band patch antenna based on the du-
al-band PBG structure: (a) Radiating patch; (b) Upper
cavity array (radiating patch); (c) Lower cavity array;
(d) Inside view of the designed dual-band PBG struc-
ture

Tab.1 Geometrical parameters of the designed an-
tenna

Parameter Value (um) Parameter Value (um)
Wi 15.6 e 8.5
g 4 L¢ 20.6
W 100 L 100

i 3 R, 28.9
j 6 a 8
N 39 T 15
b c 9.5
R, 4 R, 2
R; 6 Ry 3.5
hy 10 hs 8
f 7.5

CST Microwave Studio is used to design the antenna.
The antenna performance is analyzed from the perspec-
tives of reflection coefficient, gain, and standing wave
ratio. Based on the uniform silicon substrate, the influ-
ence of the dielectric material filled in the PBG structure
on the radiation characteristics of the antenna is dis-
cussed in this section, which includes the upper cavity
array and the lower cavity array. The five types of an-
tenna are defined as follows.

Type A: This type of antenna is based on a uniform
silicon substrate and is devoid of the PBG structure.

Type B: The PBG structure is loaded, and the upper
and lower cavities are filled with gallium arsenide (rela-
tive dielectric constant is £=12.9).

Type C: The PBG structure is loaded, the upper cavity
is filled with polyimide (relative dielectric constant is
&=3.5), and the lower cavity is filled with gallium ar-
senide.
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Type D: The PBG structure is loaded, the upper cavity
is filled with gallium arsenide, and the lower cavity is
filled with polyimide.

Type E: The PBG structure is loaded, and both cavity
arrays are filled with polyimide.

The detailed geometric parameters of the five antennas
are enlisted in Tab.1. Type A antenna is a terahertz an-
tenna based on a uniform substrate, which is used as a
reference to evaluate the performance of the other types
of antennas. Type B, C, D and E antennas are terahertz
antennas which are loaded with ring cavities filled with
different materials. It can be observed from Fig.2 that the
antennas loaded with the PBG structure exhibit better
performance in reflection coefficient, gain, and standing
wave ratio compared with the reference Type A. Among
the antennas loaded with the PBG structure, Type E il-
lustrates the best reflection coefficient, gain, and stand-
ing wave ratio. One resonance frequency is at 1.267 THz
(relative bandwidth of 1.7%), the reflection coefficient is
reduced to —58.177 dB, the standing wave ratio is
1.002 8, the radiation efficiency is 86.4%, and the gain is
3.173 dBi. The other resonance frequency is at
1.502 THz (relative bandwidth of 3.0%), the reflection
coefficient is reduced to —49.762 dB, the standing wave
ratio is 1.006 6, the radiation efficiency is 89.2%, and the
gain is 5.232 dBi. When the periodic variation in the
dielectric constant of the two different materials is suffi-
ciently large, the dispersion relationship of the electro-
magnetic wave propagating in it becomes very different
from the original, leading to a band gap (i.e., PBG struc-
ture) where the electromagnetic wave cannot propa-
gate!”?. Furthermore, the Type E PBG antenna with the
largest dielectric constant difference (the difference be-
tween the dielectric constants of polyimide and silicon)
is better than Type B, C and D antennas. Therefore, Fig.2
reveals that the PBG structure can effectively eliminate
the surface wave effect of the antenna, and the larger the
difference in the dielectric constant of the PBG structure,
the more obvious the effect on the antenna.

The PBG substrate has a periodic ring cavity, whose
geometric parameters can alter the resonances of the an-
tenna. For the 50 Q feed port setting, the influence of the
geometric parameters of the ring cavity on the antenna
resonance frequencies is simulated and analyzed in this
section. The geometric parameters discussed in this sec-
tion include the cavity's radius, period, filling depth, and
position. Refer to Tab.1 for design parameters.

In the case of a dual-band antenna loaded with the
PBG structure, the outer radius R; of the upper cavity is
increased from 3 pm to 5 um with a step of 1 pum,
whereas the inner radius R, is increased from 1 um to
3 um with a step of 1 um. Similarly, the outer radius R;
and the inner radius R4 of the lower cavity are increased
from 5um to 7 pm and from 2.5 pm to 4.5 um with
steps of 1 um, respectively. As demonstrated in Fig.3, for
the PBG ring cavity, the antenna resonance frequency
increases with the increase in R, and R; and decreases
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with the increase in R, and Ry. Since the PBG structure is
built by loading a polyimide-filled ring cavity on a uni-
form silicon substrate, the structure of the PBG substrate
alters when the radius of the ring cavity is modified.
Therefore, its effective dielectric constant changes, lead-
ing to the shift of the resonance frequency. The simula-
tion results in Fig.3 also illustrate that when other radii of
the cavities are fixed as in Tab.1, the individual setting of
R=4 pm, Ry=2 pm, R;=6 pm, and R,=3.5 pm leads to
the smallest reflection of the antenna, and an optimum
matching effect between feed line and antenna is
achieved.
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Fig.2 Comparison among antennas based on a ho-
mogeneous silicon substrate and PBG substrates
filled with different dielectric materials: (a) Reflection
coefficient; (b) Gain; (c) VSWR
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In 2015, NEJATI et al'' proved that the arrangement
and shape of photonic crystals are the key parameters
affecting the material properties, such as effective di-
electric constant, magnetic permeability, and negative
reflection. The results in Fig.3 also infer that the reso-
nance frequency changes with the radius of the ring cav-
ity in the PBG structure. This suggests that in addition to
the arrangement and shape, the size of the PBG structure
also causes changes in the effective dielectric constant
and permeability of the photonic crystal, leading to cer-
tain changes in the resonance frequency of the antenna.

In the x-axis direction, the distance ¢ between the up-
per cavities is increased from 7 um to 12 um with a step
of 2.5 um, whereas the distance i between the lower cav-
ities is increased from 1 um to 5 um with a step of 2 pm.
In the y-axis direction, the distance e between the upper
cavities is increased from 6 um to 11 um with a step of
2.5 um, whereas the distance j between the lower cavi-
ties is increased from 4 um to 8 um with a step of 2 um
(refer to Fig.1(b) and (c)).

The simulation results in Fig.4(a) and (b) reveal that
for the PBG ring cavity, the first resonance frequency of
the dual-band antenna reduces with the increase of ¢ and
e, i.e., the period of the upper cavity. Fig.4(c) and (d)
reveals that the second resonance frequency of the du-
al-band antenna decreases with the increase of i and j,
i.e., the period of the lower cavity. Meanwhile, it can be
inferred from the simulation results of Fig.4 that when
the other periods are unchanged, individual setting of
¢=9.5 um, ¢=8.5 pm, =3 um, and j=6 pm leads to the
smallest reflection of the antenna, and the matching ef-
fect between the feed line and antenna is optimized.
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Fig.3 Influence of the radius variation of the PBG ring
cavities on the reflection coefficient: (a) Outer radius
of the upper cavity; (b) Inner radius of the upper cav-
ity; (c) Outer radius of the lower cavity; (d) Inner ra-
dius of the lower cavity
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Fig.4 Influence of the period variation of the PBG ring
cavities on the reflection coefficient: (a) Period of the
upper cavity in the x direction; (b) Period of the upper
cavity in the y direction; (c) Period of the lower cavity
in the x direction; (d) Period of the lower cavity in the
y direction

The filling depth /; of the upper cavity is increased
from 9 pm to 11 um, whereas the filling depth /; of the
lower cavity is increased from 7 pm to 9 um, both with a
step of 1 um (refer to Fig.1(d)). As represented in Fig.5,
for the ring cavity with the PBG structure, the resonance
frequency of the dual-band antenna increases with the
increase of /; and A3;. The change in filling depth alters
the effective dielectric constant, leading to the frequency
shift. The simulation results in Fig.5 also demonstrate
that when the depth of the other ring cavity array is fixed
as in Tab.1, individual setting of #;=10 pm and /#;=8 um
leads to the smallest reflection of the antenna, and the
matching effect between the feed line and antenna is the
best.

In the x-axis direction, the distance a between the up-
per cavity and substrate edge is increased from 6 pm to
10 um, with a step of 2 um, whereas the distance f be-
tween the lower cavity and substrate edge is increased
from 5 pm to 10 pm, with a step of 2.5 pm. In the y-axis
direction, the distance b between the upper cavity and
substrate edge is increased from 1 pm to 5 um, with a
step of 2 um, whereas the distance g between the lower
cavity and substrate edge is increased from 2.5 pm to
5.5 um, with a step of 1.5 pm (refer to Fig.1(b) and (c)).
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As illustrated in Fig.6, with the change of a, b, fand g,
i.e., the position of the ring cavity on the substrate, the
resonance frequency barely changes, but the reflection
coefficient increases. This suggests that changing the
position of the ring cavity has a significant impact on the
impedance matching to the feed line. The reflection co-
efficient of the antenna input port increases as the posi-
tion deviates from the matching position. The simulation
results in Fig.6 also reveal that when the other position
parameters are fixed as in Tab.l, individual setting of
a=9.5 pm, b=3 um, =7.5 pm, and g=4 um leads to the
smallest reflection, and the matching effect between the
feed line and the antenna is optimized.
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Fig.6 Influence of the position of the PBG ring cavity
on the reflection coefficient: (a) Distance between the
upper cavity and the substrate edge in the x direction;
(b) Distance between the upper cavity and the sub-
strate edge in the y direction; (c) Distance between
the lower cavity and the substrate edge in the x di-
rection; (d) Distance between the lower cavity and the
substrate edge in the y direction

In this paper, the dual-band antenna operating at
1.267 THz and 1.502 THz and having a PBG structure
substrate filled with different dielectric materials are de-
signed and compared with the antenna based on a uni-
form silicon substrate. The simulation results reveal that
the Type E antenna with polyimide filled in both the up-
per and lower cavity arrays exhibits the optimum reflec-
tion coefficient, standing wave ratio, and gain (refer to
Fig.2). The influence of the geometric parameters of the
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dual-band PBG structure on the antenna resonances is
also investigated. The designed dual-band terahertz an-
tenna is compared with the existing terahertz antenna
with a PBG structure, as mentioned in Tab.2.

Tab.2 Comparison of the designed PBG antenna with
the existing PBG antennas

Dual- Frequency S11 Gain
Reference VSWR .
band (THz) (dB) (dBi)
[15] No 0.67 —24 — 5.52
[16] No 0.630 8 —44.71 1.0115 7.934
[23] No 0.888 2 -56.5734  1.002 8 —
0.198, —68.53, 1.000 7, 3.43,
[18] Yes
0.319 -32.72 1.04 —
[24] No 0.63 -59.15 1.001 9.45
This 1.267, —58.18, 1.002, 3.17,
Yes
work 1.50 —49.76 1.006 5.23

The comparison highlights that the designed dual-band
antenna functions well at both resonance frequencies,
demonstrating the prospects of the proposed dual-band
PBG structure to be applied to various dual-band tera-
hertz antennas, and it could be used for the early detec-
tion of cancer®,
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