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Abstract – In this paper, a 4×4 dual-band circularly-
polarized (CP) substrate integrated waveguide (SIW)
slot antenna array with a small frequency ratio (FR)
is investigated in the Ka-band. The proposed antenna
array achieves the small FR by radiating two high-
order modes, i.e. TM130 and TM230, with close resonant
frequencies. To realize CP performance, a sequential
rotated feeding (SRF) network is used to design a 2×2
subarray. A 4×4 CP antenna array is further developed
to enhance the directivity. Measured results show the
antenna array achieves impedance bandwidth (|S11| < -
10 dB) of 27.35-27.96 GHz at the lower band and 29.62-
30.58 GHz at the higher band with an FR of only 1.1. The
measured 3-dB axial-ratio (AR) bandwidths are obtained
as 27.66-27.78 GHz and 30.34-30.45 GHz with right-
handed circularly-polarized (RHCP) peak gains of 16.9
and 16.8 dBi, respectively. The proposed antenna array
is a potential candidate for millimeter-wave communica-
tion systems.

Index Terms – Circularly-polarized (CP) antenna, dual-
band, slot antenna, small frequency ratio (FR), substrate
integrated waveguide (SIW).

I. INTRODUCTION
With the rapid development of modern wire-

less communications, 5G wireless communication
has emerged as a widely adopted technology. The
millimeter-wave (mmWave) technology has the poten-
tial to meet the channel resources required by 5G com-
munication systems, due to its characteristics of wide
bandwidth, short wavelength, and low delay. More-
over, circularly-polarized (CP) antennas are preferred for
the merits of reducing polarization mismatch and mul-
tipath effect. Therefore, many mmWave CP antennas
are reported in recent years, including magneto-electric
(ME) dipole antennas [1, 2], patch antennas [3–5], and
substrate integrated waveguide (SIW) antennas [6, 7].

However, the aforementioned antennas operate at
single band. To enhance the channel capacity and reduce
the volume of the antenna, several dual-band CP anten-

nas in mmWave band are proposed [8–12]. In [9], the
SIW cavity backed antenna achieves dual-band CP per-
formance at 28 GHz and 38 GHz by using two pairs of
patches. In [10], two pairs of ME-dipoles are used to gen-
erate CP waves at 20 GHz and 30 GHz. In [11], a stacked
dielectric resonator antenna also achieves dual-band CP
radiation at 20 GHz and 30 GHz.

Nevertheless, these antennas have a frequency ratio
(FR) larger than 1.36. In many situations, small FR
antennas are desired. However, in the literature, most
of the dual-band CP antennas with small FR operate
at microwave band and use microstrip structures [13–
15]. With the increase of the working frequency of the
antenna, the loss caused by dielectrics also increase. To
reduce losses in higher band, SIW technology is exten-
sively used in antenna designs. In [16], a dual-band SIW
CP antenna using triangular slots achieves a small FR
of 1.26. The SIW CP antenna with circular slots in [17]
achieves an FR of 1.27. Although many dual-band SIW
CP antennas in mmWave band have been proposed, it
is still challenging to realize a SIW CP antenna with a
small FR.

In this paper, a dual-band CP SIW slot antenna
array with a small FR is proposed in the Ka-band.
Two high order mode, i.e. TM130 and TM230, with
close resonant frequencies are radiated by properly curv-
ing slots on the surface of the SIW cavity. Hence, the
antenna achieves dual-band performance and small FR.
A sequential rotated feeding (SRF) network is employed
to design a 2×2 subarray to achieve CP performance.
Finally, a 4×4 CP antenna array is further designed, fab-
ricated, and evaluated, which has a measured FR of 1.1.
The measured results demonstrate its suitability for 5G
communication systems.

II. ANTENNA ELEMENT DESIGN AND
ANALYSIS

A. Antenna configuration
The configuration of the proposed SIW antenna ele-

ment is displayed in Fig. 1. The antenna element consists
of three metal layers and two 0.254 mm Rogers 5880
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(a)

(b) (c)

Fig. 1. Configuration of the antenna element: (a) 3-D per-
spective, (b) overhead view of Substrate 1, and (c) over-
head view of Substrate 2

substrates (εr =2.2, tanδ =0.0009). The SIW resonant
cavity is designed in Substrate 1 and the feeding SIW
is designed in Substrate 2. To radiate high-order modes,
six radiating slots are etched on the top metal layer. A
slot is used to transfer electromagnetic energy. The bot-
tom metal layer serves as the ground plane. A match-
ing post is introduced in Substrate 2 to adjust impedance
matching.

The resonant frequency of TMmnp in the SIW cavity
can be calculated as follows [18]:
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where relative permittivity and permeability of the sub-
strate are represented by εr and µr, respectively. The
equivalent SIW cavity’s length, width, and height are
denoted by ae, be, and d. The variables m, n, and p rep-
resent the number of variations in the standing wave pat-
tern along the x, y, and z axis, respectively. Furthermore,
d1 refers to the diameter of vias while S represents the
spacing between adjacent vias, respectively. To get the
specific parameters of the antenna, the dual-band antenna
is firstly decided to operate in millimeter-wave band.
Secondly, high-order modes TM130 mode and TM230

mode are decided to realize the dual-band antenna. After
calculation and optimization, the detailed physical sizes
of the antenna element are tabulated in Table 1. Given
the physical parameters, some resonant frequencies are
calculated according to equations (1-3) and shown in
Table 2.

Table 1: Dimensions of the antenna element (unit: mm)
W W1 L1 W2 L2 W3
15 13.1 13.1 4 2.4 6.6
L3 W4 L4 W5 W6 Ws1
4.9 1 1.1 1.9 5.3 0.8
Ls1 Ws2 Ls2 d1 d2 S
3.2 0.7 4.4 0.6 0.7 0.8

Table 2: Resonant frequencies of high-order modes (unit:
GHz)
PPPPPPPPn

m 1 2 3

1 12.29 19.43 27.47
2 19.43 24.57 31.32
3 27.47 31.32 36.86

B. Dual-band radiation mechanism
High-order modes are decided to realize dual-band

antenna. To achieve dual-band radiation with a small FR,
TM130 and TM230 modes with resonant frequencies of
27.47 GHz and 31.32 GHz, respectively, are employed
according to Table 2, implying a FR of 1.14. All sim-
ulated results are performed by using CST Microwave
Studio 2018. The E-field distributions of TM130 mode
at 27.47 GHz and TM230 mode at 31.32 GHz in the
SIW cavity without coupling slot excitation are shown in
Fig. 2. The E-field distributions of TM130 mode at 27.34
GHz and TM230 mode at 30.12 GHz in Substrate 1 with
coupling slot excitation is displayed in Fig. 3. Note that
the resonant frequencies are slightly reduced owing to

(a) (b)

Fig. 2. E-Field distributions in the SIW resonant cavity
without coupling slot excitation: (a) TM130 mode and (b)
TM230 mode.
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the existence of the coupling slot. In Fig. 3 (a), it can
be clearly seen that the phases of the E-field on both
sides of the coupling slot are reversed, which means that
the TM130 mode is converted into a quasi-TM230 mode
upon excitation. Hence, the same radiating structure can
be utilized to radiate TM130 and TM230 modes simul-
taneously. Therefore, six slots, as radiating structures,
are curved in each subregion where the standing wave
reaches its peak. The slots are arranged alternatively on
either side of the centerline to ensure that they emit elec-
tromagnetic energy with identical phase. Finally, TM130
and TM230 modes are radiated, thereby achieving a dual-
band performance.

(a) (b)

Fig. 3. E-Field distributions in the SIW resonant cavity
with coupling slot excitation: (a) TM130 mode and (b)
TM230 mode.

C. Antenna element performance
A dual-band antenna element is achieved after opti-

mizing the antenna parameters. As illustrated in Fig. 4,
the simulated impedance bandwidths (|S11|< -10 dB) of
the antenna element are 27.27 to 27.40 GHz and 30.07
to 30.16 GHz. The simulated peak gains are 11.1 dBi at
27.34 GHz and 10.4 dBi at 30.12 GHz, and the cross-
polarization is less than -55 dB in both bands, as shown
in Fig. 5.

Fig. 4. Simulated |S11| of the antenna element.

(a) (b)

Fig. 5. Simulated radiation patterns of the antenna ele-
ment at (a) 27.34 GHz and (b) 30.12 GHz.

III. ANTENNA ARRAY DESIGN
A. 2×2 CP antenna subarray

A 2×2 CP subarray is first designed based on the
antenna element, which can be found in Fig. 6. To
achieve CP performance, an SRF network is utilized to
design the antenna subarray. The antenna elements are
placed sequentially on the four ports of the SRF network.
In Fig. 6 (b), a 1-to-4 power divider using SRF network is
designed on Substrate 2. To ensure equal power distribu-
tion among the four output ports, the lengths of the paths
taken by the electromagnetic wave are carefully adjusted.
A matching post is introduced in each way of the feed-
ing network to achieve good power division and phase
shift performance. Hence, the adjacent ports of the SRF
network have the phase difference of 90◦. Therefore, the
adjacent antenna elements are not only spatially orthogo-
nal, but also the feed phase. CP performance is achieved
by the antenna subarray.

The simulated reflection coefficient and axial-ratio
(AR) of the subarray are shown in Fig. 7. Since Figs. 4
and 7 are produced by different models, these two figures
are separated. The subarray achieves -10 dB impedance
bandwidths at the range of 27.27-27.61 GHz and 30.14-

(a) (b)

Fig. 6. Geometry of the 2 × 2 CP antenna subarray:
(a) top view of the antenna subarray and (b) feeding
network. The parameters of the antenna subarray are:
Ld1 = 30.9 mm,Ld2 = 16.1 mm,L5 = 2.4 mm,Ls3 =
3.7 mm,Ws3 = 0.5 mm, and W7 = 1.4 mm.
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30.38 GHz. Due to the employment of the SRF net-
work, right-handed circularly-polarized (RHCP) radia-
tion is achieved with bandwidths of 27.44-27.52 GHz at
the lower band and 30.28-30.34 GHz at the higher band
with FR of 1.1. Figure 8 displays the simulated radiation
patterns of the antenna subarray, which exhibit signifi-
cant directivity enhancements. The peak gains simulated
by the subarray are 12.2 dBi at 27.48 GHz and 12.0 dBi
at 30.31 GHz.

Fig. 7. Simulated reflection coefficient and AR of the
antenna subarray.

(a) (b)

Fig. 8. Simulated radiation patterns of the antenna subar-
ray at (a) 27.48 GHz and (b) 30.31 GHz.

B. 4×4 CP antenna array
To improve the directivity even further, a 4×4 CP

antenna array is developed. The overall configuration
of the antenna array can be seen in Fig. 9, while the
detailed geometries of the three substrates are provided
in Fig. 10. which contains a grounded co-planar waveg-
uide (GCPW) to SIW transition and a 1-4 power divider.
The GCPW-SIW serves as the feeding port for the
antenna array. The electromagnetic energy is input from
the feeding port. An SIW feeding network is designed
in Substrate 3 and coupled to Substrate 2 through the
power divider. An SRF has been incorporated into Sub-
strate 2 to facilitate coupling of electromagnetic energy
to the antenna elements located in Substrate 1.

Fig. 9. Configurations of the 4×4 CP antenna array.

(a) (b) (c)

Fig. 10. Detailed geometries of the three substrates.

IV. RESULTS AND DISCUSSIONS
The 4×4 CP antenna array is fabricated as shown

in Fig. 11 (a), and the anechoic chamber for testing the
far-field radiation pattern is presented in Fig. 11 (b).
The |S11| of the antenna is measured using an Agilent
vector analyzer E8363B. Comparison between the sim-
ulated and measured |S11| and AR results can be seen
in Fig. 12. The measurement results are consistent with
the simulation results. At the lower band, the simulated
and measured impedance bandwidths are 27.43-27.83
GHz and 27.35-27.96 GHz, while both simulated and
measured 3-dB AR bandwidths are within the range of
27.63-27.72 GHz and 27.66-27.78 GHz, respectively. At
the higher band, the simulated and measured impedance
bandwidths are 30.28-30.52 GHz and 29.62-30.58 GHz.
For AR bandwidths, they lie within a range of 30.37-
30.44 GHz and 30.34-30.45 GHz, respectively. The mea-

Fig. 11. Photographs of the fabricated antenna array: (a)
antenna array prototype and (b) measurement setup.
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Fig. 12. Simulated and measured |S11| and AR.

sured results indicate that a small FR of 1.1 is achieved.
The measured bandwidths are slight wider than the sim-
ulations, which is most likely due to the air gap between
the different substrates.

Figures 13 and 14 depict the normalized radiation
patterns of the proposed antenna array at frequencies
of 27.68 GHz and 30.41 GHz, respectively. The sim-
ulated and measured radiation patterns and gain are in
good agreement for both bands. The measured 3-dB AR
beamwidths at 27.68 GHz are approximately 11◦ in the
xoz-plane and 9◦ in the yoz-plane, respectively. Similarly,
the measured 3-dB AR beamwidths are approximately
9◦ in the xoz-plane and 7◦ in the yoz-plane, respectively,
at 30.41 GHz. The cross-polarization levels of the main
beams remain below -28 dB for both operating bands
The simulated and measured peak gains of the antenna
array are 18.8 dBi and 16.9 dBi at the lower band, as
well as 18.5 dBi and 16.8 dBi at the higher band, respec-
tively. Sidelobe levels remain under -9 dB for both bands.
The discrepancies between simulated results versus mea-
surement may be attributed to fabrication inaccuracies or
assembly errors during antenna construction process.

Table 3 compares the performance between the pro-
posed antenna and some previous dual-band CP anten-
nas. The proposed antenna array has advantages of a
small FR 1.1, while keeping high gain, dual-band and
CP performances.

In this paper, a dual-band CP SIW slot antenna array
based on high-order modes is proposed. The antenna ele-
ment achieves dual-band performance and a small FR
by radiating TM130 and TM230 modes simultaneously.
To achieve CP performance, an SRF network is used
to firstly design a 2×2 CP antenna subarray. Further-
more, a 4×4 CP antenna array is further constructed to
enhance the directivity. Measurement results show that
the antenna array achieves RHCP performance in both
bands. The proposed antenna could find applications in
modern mmWave communication systems.

(a) (b)

Fig. 13. Simulated and measured normalized radiation
patterns at 27.68 GHz (a) ϕ = 0◦ and (b) ϕ = 90◦.

(a) (b)

Fig. 14. Simulated and measured normalized radiation
patterns at 30.41 GHz (a) ϕ = 0◦ and (b) ϕ = 90◦.

Table 3: Comparison with previous dual-band CP
antennas

Reference Technique FR Imp. BW
(−10dB)%

[13] Microstrip 1.12 3.3/2.6
[19] Microstrip 1.42 3.6/3.3
[20] Patch 1.1 3.0/2.7
[21] Patch 1.55 0.5/1.3

Proposed SIW 1.1 2.2/3.2
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