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A multi-frequency circularly polarized metasurface antenna array
based on quarter-mode substrate integrated waveguide for
sub-6 applications
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A miniaturized multi-frequency circularly polarized array is designed in this paper. The antenna array is composed
of three independent sub-arrays employing modified quarter-mode substrate ntegrated aveguide (QMSIW) to achieve three
circularly polarized frequency bands. By introducing strip-slot, the impedance bandwidth of the antenna array is broadened
while the dimension is decreased by 75% to realize miniaturization. Meanwhile, metasurface causes the impedance band-
width of the sub-array to be further enhanced. Moreover, the metal vias are employed in the antenna array design to further
achieve miniaturization. The antenna array is manufactured and measured to verify the design. Both the measured and
simulated results display that the array achieves the impedance bandwidths of 10%, 11.7%, and 14.8% and axial ratio band-
widths of 8.8%, 8.0%, and 8.5% at 2.5, 3.5, and 4.8 GHz, respectively. The gain is stable in the operating band within an
uncertainty of 0.7 dBi. The whole dimension is 0.92A4 x 0.63A x 0.04A, where A is the wavelength at the lowest resonant
frequency. Furthermore, the simple structure and miniaturization provides great convenience in sub-6 applications.

Keywords: substrate integrated waveguide, circularly polarized, quarter-mode, antenna

PACS: 41.20.Jb, 73.20.Mf

1. Introduction

The 5G wireless network technology leads to the fourth
industrial revolution. As the terminal of the wireless commu-
nication, the 5G antenna is a research hotspot.!!?! At present,
the commercial frequency band of 5G is focused on sub-6 fre-
quency bands.>*! The most popular bands are the n41/n78
and n79 frequency bands. The research on antenna miniatur-
ization is in the ascendant stage because of the limitation of
the installation platform size. Secondly, considering the cost
reduction and multi-function of antenna, multi-frequency band
or time-sharing mode is necessary.!>~ Thirdly, the circularly
polarized antennas are preferable in wireless communication
as compared with linearly polarized counterparts because of
mitigating multipath fading.!® Thus, the miniaturized multi-
frequency circularly polarized array has received more atten-
tion from researchers. In Ref. [9], a compact triple-band cir-
cularly polarized quadrifilar helix antenna through the combi-
nation of a UHF-band and an L/S-band is designed. A multi-
band circular polarization (CP) antenna operated in WLAN
and WiMAX band is designed in Ref. [10].

The substrate integrated waveguide (SIW) antennas are
widely used in the modern antenna design due to the advantage
of high Q value and easy integration with the circuitry.l!!=13]
The researchers introduced the principle of magnetic wall and
studied the half-mode and quarter-mode SIWs (QMSIW) to

realize the compact size.!'*!5] Recently, metasurface has re-
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ceived more and more attention. As a new developed tech-
nology, applications of metasurface are increasing, including
broadening the bandwidth,!'®! improving the gain,!'”! beam
control,['®1°1 and rotation of polarization.[?’! The metasur-
face plays an important role in improving the parameters of
the antenna. A lot of researchers have obtained many positive
achievements in the multi-frequency circularly polarized SIW
antennas.>!??] In Ref. [23], a novel SIW self-triplexing slot
antenna is proposed for multiple frequency application. Three
new designs of self-quadruplexing are presented with differ-
ent senses of CP in Ref. [24]. Four unequallength T-slots on
the top of an SIW cavity generate CP in four different bands.
However, in the process of designing multi-frequency antenna
array, the distance between units should satisfy certain require-
ments to avoid the grating lobe.!?>! Virtually, the antenna size
will increase, so reducing the antenna size as much as possi-
ble to achieve miniaturization is still a problem to be solved
urgently in the antenna design.

A miniaturized multi-frequency circularly polarized array
based on quarter-mode substrate integrated waveguide is pro-
posed for sub-6 applications in this paper. The antenna array
is composed of three independent sub-arrays to achieve three
circularly polarized frequency bands (2.5/3.5/4.8 GHz). And
each of the sub-arrays employs the modified QMSIW. By in-
troducing a strip-slot, the impedance bandwidth of the antenna
array is broadened while the dimension is decreased by 75% to
realize the miniaturization. Four elements are assigned in the
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rotation order!?®! to achieve the circular polarization. Mean-
while, the metasurface leads the impedance bandwidth of the
sub-array to be further enhanced. Taking the antenna operating
at 2.5 GHz for example, the sub-array achieves an impedance
bandwidth of 11.6% and an axial ratio bandwidth of 8.8%.
And the gain is 6.2 dBi in the operating frequency band. More-
over, the metal vias are employed in the antenna array de-

(27 The antenna array

sign to further achieve miniaturization.
is manufactured and measured. Both the simulated and mea-
sured results show that the antenna array achieve impedance
bandwidths of 10%, 11.7%, and 14.8% and axial ratio band-
widths of 8.8%, 8.0%, and 8.5% at 2.5 GHz, 3.5 GHz, and
4.8 GHz, respectively . Meanwhile, the gain is stable in the

operating band within an uncertainty of 0.7 dBi.

Top substrate

Middle
substrate

2. Antenna sub-array design and analyze
2.1. Configuration of antenna aub-array 1

The top view and the side view of the antenna sub-array 1
are given in Fig. 1. The whole sub-array 1 consists of three
substrate layers and four metal layers. The metasurface is
etched on the upper face of the top substrate with a thickness
of 1.5 mm. The slot plate and ground are etched on the dou-
ble faces of middle substrate with a thickness of 1.5 mm. And
the metal vias each with diameter of Dg;y, and distance of Py,
are employed to connect the patches and ground. The feed-
ing network is on the back side of the bottom substrate with
a thickness of 0.6 mm. The end of the feeder is connected to
patch by metal pin to feed. There is one air layer of 1.0 mm
between the top substrate and middle substrate. All of the sub-
strates are F4b with a dielectric constant of 2.65.

Metasurface

Slot plate

Ground

Feeding
network

Metal via

Fig. 1. Top view and side view of antenna sub-array 1, with dimensions being Ly, = 6, Ly = 11.6, Dy = 1.2, Hy = 1.5, Hy = 1.5, H3 = 0.6, and H,i; = 1,

all in units of mm.

2.2. Design of antenna element

Figurel shows the main radiation body of the antenna
sub-array 1 which includes the middle substrate and patch
etched on its double faces. The four modified QMSIW units
are assigned in the rotation order to constitute the correspond-
ing input ports with phases of 0°, 90°, 180°, and 270°, re-
spectively. The structure of the proposed element is given in
Fig. 2 and the element is coaxial feed. The metal vias with
diameter of Dy, and distance of Py, are employed to con-
nect the patches and ground. In recent years, many researchers
have conducted the theory and application analysis of QMSIW
and obtained a lot of research achievements.[?8] Although the
typical QMSIW antennas reduce the antenna size,*! the op-

erating bandwidth is narrow. As shown in Fig. 2, to further

improve the operating bandwidth and usability of antenna, the
antenna element is modified by introducing the strip slot on
the basis of a typical QMSIW antenna. The antenna element is
compact in structure and easy in fabrication, which integrates
the advantages of SIW and the operating bandwidth.

In the previous study, it has been found that for QMSIW,
the upper right metal edge is the equivalent to magnetic wall
while the lower left edge separated by the metal vias is electri-
cal wall. The electrical wall can reduce the energy loss which
can provide the basis on further studying the shared metal vias.
As is well known, etching the slot on the radiation patch to
attach parasitic mode is a kind of effective mean to broaden
the operating bandwidth. In Fig. 2, the whole metal patch
is taken as QMSIW and the patch is divided into two simi-
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lar parts by the strip slot. The triangle at the upper right can
be regarded as the eighth-mode SIW. Then the modified an-
tenna attaches the eighth-mode on the basis of quarter-mode
and both of the two modes operate together to broaden the op-
erating bandwidth. Figure 3 shows the curves of simulated
S11 versus frequency of antenna with and without strip slot
(QMSIW and the proposed element). It is clearly manifested
that by introducing this strip slot, the element bandwidth is
improved from 20 MHz (2.49 GHz-2.51 GHz) to 120 MHz
(2.5 GHz-2.62 GHz).

Ly

z

I—*y L.

T

Dsiw Psiw Metal via

Vo~
m T
Fig. 2. Top view and side view of proposed antenna element, with dimen-
sions Ll = 45, L2 = 25, L3 = 6, L4 = 13, L5 = 1.8, W1 = 0.8, Dsiw = 0.5,
and Py = 0.9, all in units of mm.
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Fig. 3. Curves of simulated S;; of antennas with and without strip slot for
QMSIW and proposed antenna.
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Fig. 4. Simulated surface current distribution of antenna element.

The simulated surface current distribution of proposed an-
tenna element at resonance points including 2.52 GHz and
2.6 GHz are given in Fig. 4 to analyze the operating princi-
ple. We can see that the surface current distribution focuses on
the lower right part at 2.52 GHz while on the whole patch at
2.6 GHz. This shows that the lower frequency band of the an-
tenna element is due to the eighth-mode while the QM mainly
affects the higher frequency band.
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Fig. 5. Curves of simulated S versus frequency (a) for different vales of
W), and (b) for different vales of Ls.

In order to find the optimal solution and simplify the de-
sign of antenna, parameter learning is conducted. We change
only one parameter each time, with other parameters remain-
ing unchanged, so as to determine the optimal solution and
obtain good impedance matching. To verify the correctness of
analysis and analyze the influence of the strip slot on the an-
tenna, we simulated Sy by using different vales of Ls and W,
and show the results in Fig. 5. As demonstrated in Fig. 5(a),
as W) increases, the lower resonant frequency moves towards
higher frequencies while the higher part remains unchanged.
This indicates that the width of the strip slot affects only the
attached mode (eighth-mode), but not the radiation mode ob-
tained by the antenna itself. Therefore, choosing appropriate
value of W; can appropriately adjust the operating bandwidth.
Figure 5(b) displays the curves of simulated Sy versus fre-
quency with different values of slot edge distance Ls. Both the
lower and the higher resonant frequencies move to the cen-
ter and the impedance matches becomes better, which implies
that the slot changes the original current distribution. As Ls in-
creases, the lower right triangle part becomes smaller and the
resonant frequency rises. So the lower frequency band moves
towards higher frequency, which verifies the deduction that the
lower resonant frequency is obtained by the attached mode.

054102-3



Chin. Phys. B 31, 054102 (2022)

Meanwhile, the varying Ls results in the transformation of the
left triangle. Also, when the current distribution is changed,
the resonant frequency at higher band is affected. Ultimately
Ls = 1.8 mm is selected following the changing rule of Ls.

2.3. Feeding network

The feeding network of sub-array 1 is shown in Fig. 6 and
is composed of a 50-Q microstrip line and a 70.7-Q microstrip
line situated on the bottom of the substrate while the other side
is ground. Among the input phase of port 2, port 3, port 4, and
port 5, the phase difference between the two adjacent ports is
90° thereby constituting a feed form required by the circularly
polarized array. The phase difference is adjusted by the length
of 50-Q microstrip line. It is worth mentioning that the port 4

Ly, Z

W3
l ﬁport 5‘\‘Jort 4(<—W2

L3

Metal pin

i

Port 1

Ly
)
Lo
L,

Fig. 6. Structure of feed network, with dimensions Lg = 37.5, Ly = 7.2,
Lg=17,Lg=132,L;p=11.1,L;; =16.3,L1,=9.8,L13=7.5,Lj4 =38.1,
W, = 1.66, and W3 = 0.9, all in units of mm.
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Fig. 7. Curves of simulated (a) Sj; versus frequency and (b) phase versus
frequency of feed network.

and port 5 have a 180° difference in comparison with the port
2 and port 3. This difference in phase is adjusted by the length
of the C-shaped microstrip line. All metal pins of the ports are
connected with patch elements to guarantee the feeding of the
sub-array 1. Figure 7 shows the curves of simulated S param-
eter and phase versus frequency for feed network. As can be
seen from Fig. 7(a), the S1; < —10 dB in a frequency range
from 2.2 GHz to 3.0 GHz and the magnitudes of S;,—S;5 are
almost the same. From Fig. 7(b), we can see that the phase
difference between the two adjacent ports in the four ports is
about 90° near the frequency point 2.5 GHz. So the proposed
feeding network satisfies the requirement for sub-array.

2.4. Performance analysis of antenna sub-array 1

In the previous research, metasurface is used to further
broaden the operating bandwidth. By adding the new radia-
tion mode on the basis of original main radiation body, the new
resonant point is introduced and thus the bandwidth is broad-
ened. In the proposed sub-array 1, metasurface is introduced
as shown in Fig. 1. The metasurface is on the upper face of the
top substrate. Four QMSIW elements constitute a radiation
array and the operating bandwidth can be further improved.
To prove the validity of the design, the sub-array 1 is fabri-
cated and measured. The array is measured by an AV 3672B
vector network analyzer and the standard anechoic chamber.
The simulated and measured results of sub-array 1 antenna
with and without metasurface are given in Fig. 8. As shown in
Fig. 8(a), the operating bandwidth is improved from 140 MHz
(2.53 GHz-2.67 GHz) to 290 MHz (2.42 GHz-2.71 GHz)
by introducing metasurface. And the metasurface mainly af-
fects the lower frequency band. The measured bandwidth is
260 MHz (2.44 GHz-2.70 GHz) and is close to the simulated
result. Little difference is due to the machining error. Fig-
ure 8(b) shows the gain of the sub-array 1 antennas with and
without metasurface. The gain of the proposed sub-array 1 is
stable in the whole working frequency band. Compared with
the gain in the case without metasurface antenna, the gain at
lower frequency band is improved. The new resonance mode
is obtained and the lower frequency range is broadened. The
upper frequency range remains unchanged which shows the
metasurface mainly improves the operating bandwidth and the
gain improvement is limited.

The sub-array 1 is of left hand circular polarity (LHCP).
The simulated and measured axial ratio and gain at 2.5 GHz
are given in Fig. 9 respectively. As shown in Fig. 9(a), the
axial ratio is less than 3dB at a frequency band of 2.43 GHz-
2.65 GHz, which conforms to the circular polarization condi-
tion. Figure 9(b) shows the gain of the sub-array 1 at 2.5 GHz,
we can see that the measured results accord well with the sim-
ulated results. The cross-polarization characteristic is good,
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and the antenna shows good circular polarization characteris-
tics.
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Fig. 8. Curves of simulated and measured (a) Sy; versus frequency and (b)
gain versus frequency of sub-array 1 antennas with and without metasurface.
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Discussed above is the sub-array 1 which operates at
the n4lfrequency band (2515 MHz-2675 MHz) of sub-
6. The proposed tri-frequency antenna is composed of
sub-array 1 operating at n4l (2515 MHz-2675 MHz)

band, sub-array 2 operating at n78 band (3400 MHz-
3500 MHz/3500 MHz-3600 MHz), and sub-array 3 operat-
ing at n79 band (4800 MHz—4900 MHz). In the same way,
we can obtain the sub-array 2 and sub-array 3 by adjusting
the corresponding parameters. The simulated and measured
results of sub-array 2 antennas with and without metasurface
are given in Fig. 10. According to Fig. 10(a), the operating
bandwidth is improved from 310 MHz (3.51 GHz-3.82 GHz)
to 440 MHz (3.38 GHz-3.82 GHz) by employing the meta-
surface. The measured results are in good agreement with the
simulation results. Figure 10(b) shows the gain of the sub-
array 2 antennas and we can see that the gain is stable in the
whole operating bandwidth. Compared with the gain of an-
tenna without metasurface, the gain at lower frequency band
is improved which has the same varying tendency as sub-array
1. And this explains in more detail that the metasuface im-
proves mainly the operating bandwidth and the gain improve-
ment is limited. The sub-array 2 is of LHCP, the simulated
and measured axial ratio and gain at 3.5 GHz are shown in
Fig. 11. The axial ratio is less than 3 dB in a frequency band
of 3.4 GHz-3.64 GHz which conforms to the circular polar-
ization condition as shown in Fig. 11(a). Figure 11(b) shows
the gain of the sub-array 1 at 3.5 GHz, indicating that the mea-
sured results are in satisfactory agreement with the simulated
results. The cross-polarization characteristic is good and the
antenna possesses good circular polarization characteristics.
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Fig. 10. Curves of simulated and measured (a) S| versus frequency

and (b) gain versus frequency of sub-array 2 antennas with and without
metasurface.
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Similarly, the simulated and measured results of sub-
array 3 antennas with and without metasurface are shown in
Fig. 12. It can be clearly seen from Fig. 12(a) that the band-
width is broadened from 420 MHz (4.59 GHz-5.01 GHz) to
600 MHz (4.39 GHz—4.99 GHz) when the metasurface is in-
troduced. The measured operating band is from 4.38 GHz

to 4.94 GHz (560 MHz), which shows good agreement with
the simulated results. Figure 12(b) gives the gains of the sub-
array 3 antennas with and without metasurface and we can see
that the stability of the gain is good. Also the sub-array 3
is of LHCP, the axial ratio bandwidth ranges from 4.46 GHz
to 4.8 GHz as shown in Fig. 13(a). The simulated gain and
measured gain of the sub-array 3 are given in Fig. 13(b) and
good agreement is obtained, showing good circular polariza-
tion characteristic. The parameters of the three antenna ele-
ments are shown in Table 1.
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Fig. 13. Curves of simulated (Sim.) and measured (Mea.) (a) axial ratio
versus frequency and (b) gain versus 0 of sub-array 3 antenna.

Table 1. Antenna parameters (in units of mm).

Parameter Element 1 Element 2 Element 3
L 45 30 21
L, 25 18.4 13.2
L 6 5 3
Ly 13 11.4 4.5
Ls 1.8 0.8 1.1
W 0.8 0.8 0.6
Dyiw 0.5 0.5 0.5
Piiw 0.9 0.9 0.9

3. Antenna array design and discussion

In the above analysis, we mentioned that for QMSIW, the
metal vias edge is the equivalent to electrical wall. And the
coupling of the adjacent elements will be small. So consider-
ing the limitation of sub-6 antenna array size, the shared metal
vias are introduced to further achieve miniaturization. The
configuration of the antenna array is given in Fig. 14 and the
array is composed of three substrate layers and four metal lay-
ers the same as the sub-array. The QMSIW sub-array is placed
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in triangle and the adjacent elements in the center shares the
metal vias to reduce the antenna size. The antenna array is
fabricated and measured to verify the design. The array is
measured by an AV 3672B vector network analyzer and the
standard anechoic chamber. Figure 15 shows a prototype of
the antenna array and the measurement environment.

Side view

Fig. 14. Configuration of antenna array.

Fig. 15. Configuration of antenna array.

The simulated and measured S;; of the antenna array are
given in Fig. 16 and the Sj; of the antenna array does not
change much compared with the S;; of sub-array. The sim-
ulated Si2, S13, and S»3 are less than —20 dB in the whole
frequency band, which shows the validity of shared metal
vias. Although the three sub-arrays are close to each other,
the coupling is small due to their strong independence. The
simulated/measured operating frequency bands are 250 MHz
(246 GHz-2.71 GHz)/230 MHz (2.49 GHz-2.72 GHz),
410 MHz (3.39 GHz-3.80 GHz)/360 MHz (3.40 GHz-
3.76 GHz), and 710 MHz (4.37 GHz-5.08 GHz)/700 MHz
(4.32 GHz-4.92 GHz), respectively.

Figure 17 displays the frequency-dependent measured
and simulated gains and axial ratios of the antenna array. The
axial ratio bandwidths of the antenna array are wide, they be-
ing 220 MHz (2.46 GHz-2.68 GHz), 280 MHz (3.4 GHz-
3.68 GHz), and 410 MHz (4.42 GHz—4.83 GHz) respectively.
The axial ratio bandwidths of the three frequency bands are all
in the impedance bandwidth, which shows that the frequency
bands are effective. The variation trend of the antenna array
gain is the same as those of the three sub-arrays and maintains
a steady state. This well attests that the shared metal vias has
little influence on the operating band and the influence on the
radiation characteristic is controllable. In the first operating
band 2.5 GHz, the gain rises from 5.9 dBi to 6.4 dBi gradu-
ally. In the second operating band 3.5 GHz, the gain decreases
from 6.2 dBi to 5.5 dBi little by little. In the third operating
band (4.8 GHz), the gain changes from 5.7 dBi to 6.3 dBi. We
can see that the uncertainties of the gain in the three frequency
bands are all less than 0.7 dBi, which shows the gain is stable.

0
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a
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= 40l
)
—60 I I _Simulated S,
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%0 - Simulated|{Si3 i—--- Bimulated Ss3
2 3 4 5 6
Frequency (GHz)
Fig. 16. Configuration of antenna array.
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Fig. 17. Simulated and measured axial ratio and gain versus frequency of
antenna array.
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Fig. 18. Radiation patterns of antenna array at different frequency points at frequency (a) 2.5 GHz, (b) 3.5 GHz, and (c) 4.8 GHz.

054102-7



Chin. Phys. B 31, 054102 (2022)

Table 2. Comparison between proposed antenna and other designed antennas reported in the literature.

Ref. Frequency (GHz) Bandwidth (%) Peak gain (dBi) Polarization Dimension (1)
[71 2,3.5,52 11.2,5.14,3.9 1.7, 1.85,5.38 CP,LP, LP 0.27 x 0.33 x 0.01
[10] 2.4,3.5,53,58 15.2,79.3 5.95,6.92,6.37, 6.07 CP, CP, CP, CP 1.06 x 1.06 x 0.26
[21] 3.6,25.8 23.45,4.8 10.88, 22.4 VP, VP ~1.08 x 1.08 x 0.08
[23] 6.53, 7.65, 9.09 ~<4,4,4 3.68, 4.76, 4.54 LP,LP, LP 0.7 x 0.6 x 0.03
[24] ANT. II 8.8,10.3,11.3,12.2 3,3.6,4.6,5.2 6.7,6.4,54,6.8 CP, CP, CP, CP ~1.32x1.32x0.02
Proposed 2.5,3.5,4.8 10, 11.7, 14.8 6.4,6.2,6.3 CP, CP, CP 0.92 x0.63 x 0.04

A is the wavelength at the lowest resonant frequency.

Figure 18 shows the radiation patterns of antenna array at
different frequency points. The measured results accord well
with the simulated results and the cross-polarization is main-
tained at a low level. The comparison between the proposed
antenna array and other designed antennas reported in the lit-

erature are given in Table 2.

4. Conclusions and perspectives

In this paper, a multi-frequency circularly polarized ar-
ray based on QMSIW is proposed for sub-6 applications. The
antenna array is composed of three independent sub-arrays to
achieve three circularly polarized frequency bands and each
of the sub-arrays employs the modified QMSIW. The strip-
slot is introduced to broaden the impedance bandwidth while
the dimension is decreased by 75%. Four elements are as-
signed in the rotation order to achieve the circular polarization.
Meanwhile, a metasurface is introduced to further improve the
impedance bandwidth of the sub-array. The measured results
accord well with the simulated results. The axial ratio band-
width of the antenna array is wide and 220 MHz (2.46 GHz-
2.68 GHz), 280 MHz (3.4 GHz-3.68 GHz), and 410 MHz
(4.42 GHz—4.83 GHz) respectively. Meanwhile, the gain is
stable in the operating band within uncertainty of 0.7 dBi.
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