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Two substrate integrated waveguide (SIW) cavity antenna arrays based on metasurface are proposed in this paper. By
rotating the metasurface element, circularly polarized and high gain antennas are achieved respectively. Firstly, multi-mode
resonance theory is employed to broaden the bandwidth of the slot antenna. And then, an SIW cavity composed of 4 x4
cornercut elements is added on the top of the slot antenna to achieve the circular polarization and improve the front-to-back
ratio. Thirdly, the metasurface elements are sequentially rotated and a high gain antenna with 2-dBi enhancement on average
in the operation band is obtained. Based on the two antenna units, two 2x2 antenna arrays are designed. The circularly
polarized and high gain antenna arrays are both fabricated to verify the correctness. Furthermore, the novel wideband phase
shifter is employed in the circularly polarized antenna to obtain an operating bandwidth of 38% (4.05 GHz-5.95 GHz)
and AR bandwidth of 24.9% (4.4 GHz-5.65 GHz). The bandwidth of the high gain antenna can reach 42.7% (3.95 GHz—
6.1 GHz) and with the gain enhancement of 2 dBi compared with that of the circularly polarized antenna. The gain remains
steady in most of operating band within a variation of 1 dBi. It is remarkable that the rotating of the metasurface element
has a great influence on the antenna performance, which provides a new explication for the multi-function antenna design.
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1. Introduction

As the terminal of communications system, antenna plays
an important part in the whole system. The detection dis-
tance represents the performance of antenna. For an antenna,
the detection distance and accuracy are reflected in the gain
of the antenna.l'"*! The higher the gain, the longer the de-
tection range is. High gain antennas have been studied ex-
tensively. A metasurface high gain antenna is proposed in
Ref. [5]. The array designed for wideband operation and high
gain has achieved an impedance bandwidth 31% with a peak
gain of 14.5 dBi. In Ref. [6], a hybrid metasurface broadband
array is proposed. In all operating band, the impedance band-
width is 28%, meanwhile the peak gain is 8.4 dBi. On the
other hand, compared with linearly polarized counterparts, the
circularly polarized antennas are favorable in wireless commu-
nications on account of its capability of mitigating multipath
fading.!”-1) How to broaden the circularly polarized band-
width and realize the broadband circularly polarized antenna
is a difficult problem. The presence of sequential rotation pro-
vides a new idea to achieve the broadband circularly polarized
antenna.!!'=131 A broadband circularly polarized (CP) antenna
array fed by a sequential-phase (SP) network is proposed in
Ref. [11]. In Ref. [12], a Ka-band CP array antenna with high
efficiency and wide axial ratio (AR) bandwidth is designed.
It has 21.2% AR bandwidth and maintains stable gain in the
operating band.

The SIW antennas are frequently employed in modern an-

fCorresponding author. E-mail: wgming01 @sina.com
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac6b22

tenna design due to their high Q value and easy integration. !4
Also the low-profile cavity-backed slot antennas based on SIW
technology have received a lot of attention.!!>1%! The backed
cavities and feeding elements of this antenna can be com-
pletely constructed at a single substrate. And the antenna has
the advantage of high radiation performance, low-profile, low-
cost fabrication, and seamlessly planar integration.!!”-!8] In
Ref. [19], a broadband 4-unit cavity-backed slot array based
on SIW is demonstrated. This antenna adopts unit stack and
multi-feed technology to obtain a wide operating bandwidth.
Good radiation performance is obtained in the working band.
As the new developed technology, metasurface has received
the attention of researchers recently.?%->!l Metasurface is em-
ployed to improve the antenna performance, such as broad-

(241 polarization

ening the bandwidth,?>?3! beam controlling,
transformation, 3! and gain enhancement. [26] Tn Ref. [27], a
metasurface multilayer wideband CP antenna array is pro-
posed for Q-band applications. The antenna array has reached
32% of S;1 bandwidth, 25.8% of 3-dB AR bandwidth, and
27.6% of 3-dB gain bandwidth, and 18.2-dBic peak gain. In
Ref. [28], the complemental boundaries is introduced for the
first time into the periodic metasurface antenna, further enlarg-
ing the effective aperture of radiation and increasing the gain
by about 1.5 dB through new technical improvements.

In this work, a high gain and circularly polarized sub-
strate integrated waveguide (SIW) cavity antenna array is pro-
posed. And both of the arrays are designed based on meta-
surface. By rotating the metasurface element, two arrays are
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achieved respectively. To verify the design, both the circu-
larly polarized antenna array and the high gain antenna ar-
ray are fabricated and measured. The operating bandwidth
and the AR bandwidth of the circularly polarized array are
38% (4.05 GHz-5.95 GHz) and 24.9% (4.4 GHz-5.65 GHz)
respectively. The bandwidth of the high gain antenna can
reach 42.7% (3.95 GHz—-6.1 GHz) and the gain enhancement
of 2 dBi compared with the counterpart of the circularly polar-
ized antenna. The gain of 1 dBi remains steady in most of the
working bands. We can see that the rotation of the metasur-
face element has a great influence on the antenna performance
which can be widely used in the antenna design.

2. Antenna unit configuration and results
2.1. Structure of sub-array

The structure of the proposed high gain antenna sub array,
which is made up of three-layer metal patches and two-layer
substrates, is shown in Fig. 1. The metasurface is etched on
the upper layer of the 3-mm-thick top substrate. The ground
with slot is printed on both layers of the 0.8-mm-thick bot-
tom substrate. The metal vias with spacing Py, and diame-
ter of Dy, are constructed to connect the ground and patches.
The feeding network is on the lower layer of the bottom sub-
strate. All substrates are of Rogers 4003C with the relative
permittivity of 3.38. From Fig. 1, we can see that the antenna
unit is fed by the multi-mode slot antenna, which is a com-
mon and classic method to broaden the bandwidth used by
some researchers.?”! Two short horizontal lines with uniform
gaps are symmetrically added near zero. Additional radiation
modes are introduced. Then, broadband slot antenna with two
resonances is obtained by combining full-wavelengths pro-
vided by the first slot. Metasurface is added on the top of the
radiation antenna to further improve the antenna performance.
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Fig. 1. Structure of proposed high gain antenna sub array, with dimen-
sions being L} =73, L, =55, L3 =3, Ly = 11, Ls = 4.5, L = 44,
L7 = 38, Lg = 5.4, Lg = 88, Wl = 1.8, Wz = 242, 8 = 1, Dsiw = 1,
P;w = 1.9, H =3, and H, = 0.8, and all in unit: millimeters.

On the other hand, the front-to-back ratio of the tradi-
tional slot antenna is small, which means more energy loss. In
this work, the SIW cavity is employed to enhance the front-
to-back ratio. Above all, the gain of the antenna is improved

by 2-dBi enhancement through optimizing the metasurface el-
ement. To illustrate the effect of metasurfaces on the sub array,
figure 2 gives the difference between the antenna performance
with and without the metasurfaces. By loading the metasur-
face, the bandwidth is increased by 10.1% and the gain is im-
proved by a maximum value of 3dBi, proving the necessity of
introducing the metasurface in the antenna unit.
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Fig. 2. Comparison of (a) S-parameter and (b) gain between antenna
with and without metasurface.

2.2. Evolution of sub array

To further analyze the design solution of the antenna, the
evolution of the sub array is given in Fig. 3. It is apparent
from Fig. 3 that the antenna (Ant.) is made up of two-layer
substrates and fed by the multi-mode slot antenna. Metasur-
face consists of 4x4 corner-cut elements which is on the top
of the first layer substrate. Based on Ant. 1, the SIW cavity is
introduced at the metasurface periphery to form Ant. 2. And
then, the metasurface element of Ant. 1 is modified by rotat-
ing the elements located in the first and third quadrant by 180°,
and optimizing the corner-cut size. In the same way, Ant. 3 is
formed. Finally, on the basis of Ant. 3, the SIW cavity is in-
troduced at the metasurface periphery to form Ant. 4 which is
the designed antenna sub-array.

Figure 4 plots the comparisons of index among Ant. 1
to Ant. 4. It is evident that the operating band increases
from 1.5 GHz (4.15 GHz-5.65 GHz) of Ant. 1 to 1.7 GHz
(4.3 GHz-6 GHz) of Ant. 3.

By optimizing the metasurface element, the bandwidth
increases by 200 MHz (4%). Meanwhile, the gain of Ant. 3
is enhanced to a certain extent compared with that of Ant. 1
in the whole working band, with a minimum gain improve-
ment of 1.29 dBi (4.6 GHz) and a maximum one of 2.2 dBi
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(5.5 GHz), which is displayed in Fig. 4(c). At5 GHz, the gain
on the broadside (Z axis) is increased by 1.9 dBi as shown in
Fig. 4(d). By introducing SIW cavity into Ant. 1 and Ant. 3,
Ant. 2 and Ant. 4 are achieved respectively. We can see that the
impedance bandwidths of the two antennas are both enhanced
in this lower frequency band, with enhancement of 200 MHz
and 100 MHz, respectively. Meanwhile, the gain is improved
by 0.4 dBi and the axial ratio is virtually unaffected. This
means that the SIW cavity will not have a negative effect on the
original antenna. From Fig. 4(d), it can be clearly seen that the
SIW cavity can reduce the backward radiation effectively and
improve the front-to-back ratio. Owing to the SIW cavity’s
constraint of energy, the energy loss is reduced and the gain is
improved to some degree. Simultaneously, the backward radi-
ation is reduced due to the radiation characteristic of the SIW
cavity itself. Thus, the front-to-back ratio is improved. Sig-
nificantly, first, the classical corner-cut element is employed
by Ant. 1 and Ant. 2 to obtain the circular polarization. But
the bandwidth is only 350 MHz (4.55 GHz—4.9 GHz) and is
very narrow. To further improve the bandwidth, the classical
rotation of feed network is introduced which will enhance the
availability. Second, although the gain is stable in the most
working band, which can be seen from Fig. 4(c), a drop disap-
pears in the higher band. Take the Ant. 4 for example, the
variation of the gain is 1.1 dBi in the band from 4.3 GHz
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to 5.9 GHz, while 2 dBi in the higher part from 5.9 GHz to
6.1 GHz. On the whole, the entire operation band satisfies the
3-dB gain bandwidth and is highly practicable. How to im-
prove the gain in the higher band is the key research content
of the next step.
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Fig. 4. Comparisons of index among Ant. 1 to Ant. 4.

2.3. Analysis of current distribution

Comparisons between the current diagrams (5 GHz) in
some elements of Ant. 1 and Ant. 3 are demonstrated in Fig. 5

to further explain the principle of improving the gain by mod-
ifying the metasurface. For Ant. 1, the direction of the current

in the same phase is almost the same due to the identical 4 x4
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elements. If the 8 elements in the first quadrant and the third
quadrant are rotated 180° as shown in Fig. 5(b), the direction
of the current in the first quadrant and the third quadrant will
change with the rotation while the second quadrant and the
fourth quadrant do not change. It can be clearly seen that the
direction of the current changes obviously and the current in-
tensity increases with the superposition that leads the radiation
energy to improve. Thus, the gain is improved.

Fig. 5. Comparison of current diagram (5 GHz) among some elements in
(a) Ant. 1 and (b) Ant. 3.

3. Study and discussion of antenna array
3.1. Design of antenna array

Based on Ant. 2 and Ant. 4, array 1 and array 2 are ob-
tained respectively as shown in Fig. 6. Figure 6(a) exhibits
the extended diagram of the proposed circularly polarized ar-
ray which consists of two layers of substrates and three layers
of metal patches. The blue part is the feed network. The dis-
tance between the elements is D and the whole dimension is
143 mmx 143 mmx3.8 mm.

cde
o,

(a) Array 1 (b) Array 2
Fig. 6. Structure of the proposed array 1 and array 2 (D = 15 mm,
M = 2.5 mm).

The four sub-arrays are placed in order to improve the
AR bandwidth and are fed by the network shown in Fig. 7.
The configuration of the feed network and the novel wideband
phase shifter and the detailed description of each part are given
in Fig. 7. By adjusting the width of the phase shifter W3, the
length of the branch L;; and L, the phase control will be
achieved in the broad operating band. The curve of frequency
dependent S parameter of the phase shifter and the curve of
frequency dependent phase variation are displayed in Fig. §,
from which we can see that the phase difference is 90° 4+ 3.5°
in the entire operating band. The high gain antenna array of the

similar structure with unit is displayed in Fig. 6(b). The array
has a size of 131 mmx 134 mmx3.8 mm with the unit spac-
ing of M. The SIW cavity has the great ability to restrain the
energy leakage and the coupling between the adjacent units is
small which has been verified by other researchers. (1] Thus,
the spacing M is chosen to be as small as possible to reduce the
size and achieve miniaturization. The blue part is feed network
composed of traditional one in four constant-amplitude same-
phase power divider. This design is simple which provides a
great availability in the practical application.

Broad phase shifter

Port 3 Port 2
4| | Mi
Port 4
Port 5
ZT_’ y
€z L
Port 1
Fig. 7. Feed network of CP antenna array.
30 180
20
10F 90
m 0 ke o
c CR 0 N
= 10PN |l — P
— % <
~ — <
@ —20 \ 90 £
—30 N
FSiil\/ M, —180
—40
—50 —270

3 4 5 6 7 8 9 10
Frequency (GHz)

Fig. 8. Frequency-dependent S parameter of phase shifter and phase.

3.2. Measurement and discussion

The circularly polarized and high gain antenna array is
fabricated to verify the design correctness. The two pho-
tographs of the arrays are displayed in Fig. 9. The S-parame-
ters and radiation characteristics of the arrays are respectively
measured by an AV 3672B vector network analyzer and in the
anechoic chamber. Figure 10 demonstrates the photographs of
the measurement environment. The measured and simulated
S parameters of the antenna arrays are shown in Fig. 11. We
can see that the simulated operating band of the high gain ar-
ray is 2.15 GHz (3.95 GHz-6.1 GHz) while the measured one
is 2.1 GHz (4 GHz-6.1 GHz). And the simulated operating
band of the CP array is 1.9 GHz (4.05 GHz-5.95 GHz) while
the measured one is 1.8 GHz (4.15 GHz-5.95 GHz). The dif-
ference between the simulated and measured results originate
from the machining error and welding quality. We note that
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the bandwidths of the two antenna arrays are improved com-
pared with the S parameter of the corresponding units. This is
attributed to the feed network, especially the feed network of
the circularly polarized which has obvious effect on broaden-
ing the bandwidth.

Array 1 Array 2

Fig. 9. Photographs of antenna arrays.
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Fig. 11. Simulated and measured curves of § parameter versus fre-
quency of antenna array.

Figure 12 shows the frequency dependent AR curve of the
circularly polarized array, and the simulated operating band
that is 1.25 GHz (4.4 GHz-5.65 GHz) while the measured one
is 1.3 GHz (4.2 GHz-5.5 GHz). It can be clearly seen that the
AR bandwidth is broadened compared with the counterpart in
Fig. 4(b). This is credited with the sequential rotation which
further verifies the validity of sequential rotation and the de-
signed broadband phase shift network.

The simulated and measured gains of the antenna arrays
are plotted in Fig. 13, we can see that the gain of the array
is improved by 3 dB due to the forming array. This matches
the basic theories of antenna and means that the grating lobe

does not appear to affect the antenna performance. The gain
variation of the high gain array is 10.4 dBi—14.2 dBi in the op-
erating band and 0.9 dBi in the band of 3.95 GHz-5.75 GHz.
The gain variation of the circularly polarized array is 9.1 dBi—
12.1 dBi in the operating band and 1 dBi in the band of
4.05 GHz-5.65 GHz. At the same frequency points, the gain
of the high gain array is improved by 2 dBi in comparison
with that of the circularly polarized array. Furthermore, the
simulated gains of the two arrays are similar to the sub arrays,
which verifies the validity of the design. The measured results
accord well with the simulated results and have high stability.
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Fig. 12. AR versus frequency curve of circularly polarized array.
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Fig. 13. Simulated and measured gain versus frequency of the antenna
array.

Figures 14 and 15 show the measured and simulated E-
and H-plane radiation patterns at 5 GHz of the circularly polar-
ized array and high gain array, respectively. It is demonstrated
that the simulated results are in good agreement with the mea-
sured results, especially those of the main lobe. The difference
results from the machining error and the influence caused by
the measured environment. The comparisons between other
reported designs and the proposed high gain array are listed
in Table 1. We can see that in the similar frequency bands,
the working bandwidth of the proposed antenna is wider. Fur-
thermore, the gain is further improved and the gain remains
steady in the whole operating band due to introduce of novel

metasurface structure.
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Table 1. Comparison between proposed antenna and other designed antennas in references.

Ref. Frequency (GHz) Bandwidth (%) Peak gain (dBi) Array Dimensions (4¢)
[5] 5.5 31 14.5 2%x2 1.78x1.78 x0.07
[6] 5 28 8.4 2x2 1.58x1.58 x0.07
[27] 45 32 18.2 4x4 5.1x4.1 x0.11
[28] 5.8 53 10.75 2x2 0.97x0.97 x0.07

This work 5 42.7 14.2 2%x2 2.18%2.18 x0.06
Note that A is the wavelength at the lowest resonant frequency.
4. Conclusions Acknowledgement

Two substrate integrated waveguide (SIW) cavity meta-
surface antenna arrays are proposed in this work. By rotat-
ing the metasurface element, the circularly polarized antenna
and high gain antennas are achieved. Firstly, multi-mode reso-
nance theory is employed to broaden the bandwidth of the slot
antenna. Secondly, an SIW cavity composed of 4 x4 corner-
cut elements is added on the top of the slot antenna to achieve
the circular polarization and improve the front-to-back ratio.
Thirdly, the metasurface elements are sequentially rotated and
a high gain antenna with 2-dBi enhancement on average in the
operation band is obtained. And then, two 2 X2 antenna arrays
are formed. The simulation and measurement results are in
good agreement with each other , indicating the efficiency of

the design.
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