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Abstract
A compact, wideband, and high-gain circularly polarized array antenna is proposed based
on substrate integrated gap waveguide (SIGW) using sequential rotational phase (SRP). The
array antenna consists of four 2 × 2 corner-cutting corner patches and an SIGW-SRP feeding
network. The SIGW-SRP feeding network is achieved by utilizing the spatial vector addition
property to compensate for phase, aiming to improve the bandwidth and gain. Unlike the tradi-
tional SRP feeding network, the proposed feeding scheme is simpler and easier to fabricate, and
each port can achieve more stable phase and bandwidth. In addition, benefiting from the sur-
face wave suppression and in-phase reflection property of SIGW, the proposed array antenna
has a stable radiation pattern and low cross-polarization covering wideband frequencies. The
measured results indicate that the −10-dB impedance bandwidth ranges from 12.2 to 17.3GHz
(34.6%), the 3-dB axial ratio bandwidth ranges from 13.5 to 16.7GHz (21.2%), and the peak
gain is 16 dBic.

Introduction

Antenna serves an important part of the communication system, and its performance directly
affects the quality and reliability of communication. Circularly polarized (CP) antennas have
strong anti-interference ability and good anti-multipath fading performance, providing stable
and reliable communication services in complex communication environments [1–3].

At present, there are many methods to achieve circular polarization, which are mainly
divided into single-point feeding [4, 5] and multi-point feeding [6, 7]. Specifically, in order
to improve the axial ratio bandwidth (ARBW), several methods have been proposed, such as
the use of multilayer structure [8, 9], metasurface antenna with periodic structure [10, 11], and
the use of sequential rotation phase (SRP) feeding network [12, 13]. The multilayer structure
improves the bandwidth by introducing additional resonant properties. In [14], a double-layer
radiating patch is proposed, where the lower patch consists of a square outer loop and a three-
quarter ring inner loop, and the upper layer is used for impedancematching, achieving a −10-dB
impedance bandwidth (IBW) of 15.2% and a 3-dB ARBW of 8.2%, as well as a peak gain of
7 dBi. Metasurface antenna achieves bandwidth expansion by changing the surface impedance
distribution by adjusting the size, shape, and arrangement of the periodic elements. In [15], a
low-profile coplanar waveguidemetasurface antenna is proposed, which is excited by a coplanar
waveguide (CPW) feeding with a certain rotation angle at the bottom, and achieves a −10-dB
IBW of 25%, a 3-dB ARBW of 19%, and a peak gain of 8 dBi. Compared with the previous
two methods, the CP array antenna implemented by SRP technology can improve CP char-
acteristics by introducing phase differences between different subarrays [16], it is easier to
achieve higher gain and wider bandwidth. In [17], a wideband CP antenna array is proposed
based on SRP using crossed-dipole elements, achieving a −10-dB IBW of 44%, a 3-dB ARBW
of 34.6%, a peak gain of 11 dBic, and its overall size is 1.89𝜆0 × 1.65𝜆0 × 0.11𝜆0. In [18], a
substrate integrated waveguide cavity antenna array based on metasurface is achieved, with a
−10-dB IBW of 38%, a 3-dB ARBW of 24.9%, a peak gain of 12.1 dBic, and an overall size of
2.18𝜆0 × 2.18𝜆0 × 0.06𝜆0. However, array antennas based on SRP generally suffer from the
issues of large design size and low gain, which is not suitable for the current development trend
of communication systems. Additionally, for space-limited scenarios, such as satellite commu-
nications, achieving high gain and high polarization purity (low cross-polarization) remains a
challenge.

To solve the above issues, a compact wideband and high-gain 2 × 2 CP array antenna is
achieved using SRP feeding network based on substrate integrated gap waveguide (SIGW).
SIGW is a novel waveguide structure that has been proposed in recent years [19, 20]. It merits
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(a)

(b)
Figure 1. (a) Structure of the array antenna. (b) SIGW dispersion
curve. The relevant parameters are: h1 = 0.813, h2 = 0.203,
h3 = 0.508, h4 = 0.813, Le = 2.4, Re = 0.3 (units: mm).

advantages such as low radiation loss and easy integration, making
it widely used in the design of various microwave devices, such as
filters [21] and antennas [22]. Compared to traditional SRP feed-
ing network, the SIGW-SRP feeding network structure proposed in
this paper is simple, easy to fabricate, and enables to achieve com-
pact array antenna.The final implemented wideband high-gain CP
array antenna has low cross polarization and low back radiation,

and achieves −10-dB IBWof 34.6%, 3-dB ARBWof 21.2%, and the
peak gain of 16 dBic.The overall size is only 1.5𝜆0×1.5𝜆0×0.11𝜆0.

Section 2 presents the structure and operating mechanism of
the proposed array antenna, including the antenna element and
the SIGW-SRP feeding network. Section 3 provides the measured
results of the proposed array antenna and some brief discussions.
Finally, Section 4 presents the conclusions.
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Figure 2. The overall structure of the antenna element. The relevant parameters of
the proposed antenna element are: T1 = 1.2, Lp1 = 4.2, S1 = 0.2, df = 1.8, Ls = 6,
Ws = 0.5 (units: mm).

Feed network structure design based on SIGW-SRP

Array antenna structure design

As shown in Fig. 1(a), the proposed array antenna is composed of
four layers of dielectric substrates, and all substrate materials are
Rogers 4003C (𝜀r = 3.55 and tan 𝛿 = 0.0027). Sub.#1 to Sub.#3
form SIGW structure (Sub.#1 consists of periodic Electromagnetic
Band Gap (EBG) cells, Sub.#2 serves as an isolation layer, and
the upper surface of Sub.#3 is printed perfect electric conductor
(PEC) as GND). Furthermore, the dispersion curve of SIGW is
shown in Fig. 1(b). It can be observed that the electromagnetic
bandgap range is 11–19.5GHz, and only one Quasi-Transverse
Electromagnetic Mode (Quasi-TEM) wave can propagate within
the bandgap, which means minimum distortion during signal
transmission. In addition, the array antenna consists of four 2 ×
2 corner-cutting patch elements placed orthogonally (achieving
stable and symmetry radiation patterns).

In SIGW, since the electric field is almost confined to the region
between the inner microstripline (MSL) and the upper PEC [23],
thenwhen all dielectric substrates of SIGWhave the samematerial,
SIGW can be approximated as the MSL with the relative per-
mittivity 𝜀r filled by the surrounding dielectric. In this way, the
characteristic impedance of SIGWcan be approximately calculated
using the characteristic impedance of MSL [16]:

ZSIGW ≅ √𝜀e
𝜀r
ZMSL (1)

where ZMSL is the characteristic impedance of MSL, ZSIGW is the
characteristic impedance of SIGW, and 𝜀e is the effective permittiv-
ity. The use of SIGW benefits the suppression of cross polarization
and back lobe radiation, and contributes to improve the forward
radiation of the array antenna [22].

Antenna element design and analysis

The antenna element structure is shown in Fig. 2, and the CP
radiation performance can be explained by the equivalent circuit.
The electric field ⃗E generated by the antenna element is decom-
posed into two orthogonal components ⃗E1 and ⃗E2. The equivalent
impedances on ⃗E1 and ⃗E2 directions are not equal because of
the perturbation caused by the exist of the corner-cutting on the
antenna element [24]:
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Figure 3. (a) MS of the first two modes. (b) CA of the first two modes.

Zi = Ri + jXi = 2Ri + j𝜔(2Li) + 1
j𝜔Ci

(2)

where Ri is the resistance of the patch, Li is the inductance gen-
erated from the patch to GND, and Ci is the capacitance due to
the gap between diagonal patches (i = 1, 2). When Xi = 0, the
antenna resonates and the resonant frequency can be obtained,
where Xi = 0 is the reactance. Since the corner-cutting increases
the gap of the diagonal patches, it will change the impedance value.
When the size of T1 is set appropriately, the circular polarization
condition can be satisfied, and the relationship between the two
electric field components is:

∣ ⃗E1∣ = ∣ ⃗E2∣ , ∠ ⃗E2 − ∠ ⃗E1 = 90∘. (3)

When the operating wavelength is given, a wide circular
polarization with good axial ratio can be achieved by select-
ing appropriate antenna dimensions and the relative permit-
tivity of the substrate. For a single corner-cutting patch, the
calculation formula for the size of the corner-cutting is as
follows:
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Figure 4. Surface current. (a) Mode1. (b) Mode2. (c) Mode3. (d) Mode4.

Figure 5. Far field. (a) Mode1. (b) Mode2. (c) Mode3. (d) Mode4.

∣ΔS
S ∣ = 1

2Q0
(4)

S = (Lp1)2 (5)

ΔS = 1
2 (T1)2 (6)

where ΔS represents the area of the corner-cutting, S represents
the area of the patch, and Q0 is the total quality factor of the
antenna, which can be calculated using the following formula
[25]:

1
Q0

= 1
Qr

+ 1
Qd

+ 1
Qc

+ 1
Qsw

(7)

Qr = 𝜀rab
60𝜆0h𝛿0m𝛿0nGr

(8)

Qd = 1
tan 𝛿 (9)

Qc = h√u0𝜋fr𝜎 = 𝜋h√120𝜎/𝜆0 (10)

Qsw = 1

3.4√𝜀r − 1 h

𝜆0

Qr (11)

whereQr,Qd,Qc, andQsw represent the quality factors of radiation,
medium, dielectric loss, and surface wave, respectively. a and b
represent the length andwidth of the antenna, respectively.𝜎 repre-
sents the electrical conductivity of the patch metal. tan𝛿 represents
the tangent of the dielectric loss. 𝜇0 is the magnetic permeability of
vacuum.

If Gr ≈ 2Gs ≈ (a/𝜆0)
2 /45, then Qr ≈ 3𝜀rb/a

8(h/𝜆0)
. According to

the above method, the corner-cutting size T1 ≈ 1.2 mm can be
preliminarily determined.

(a)

(b)

Figure 6. The simulated results of Ant1. (a) |S11|, gain, and AR. (b) Radiation
pattern at 14.7 GHz.

In order to provide a clear physical mechanism, characteristic
mode theory is applied to analyze CP characteristics of the antenna
element. It provides several important characteristic parameters:
eigenvalue (𝜆), modal significance (MS), and characteristic angle
(CA). The relevant calculation formulas are as follows [26]:
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Figure 7. (a) SIGW-SRP structure. (b) SRP equivalent circuit. The relevant
parameters of SRP feeding network are: W1 = 0.8, Lt1 = 3, Lt2 = 2.85, Lt3 = 3,
Lt4 = 8.55, Lt5 = 2.8, L1 = 10.5, L2 = 5, L3 = 9.5, L4 = 5.4, L5 = 5, ds = 14.6
(units: mm).

MS = ∣ 1
1 + j𝜆n

∣ (12)

CA = 180∘ − tan−1𝜆n (13)

where 𝜆n is the eigenvalue of Mode n. MS can intuitively show
the possible characteristic patterns in the conductor structure. It
indicates the contribution of each characteristic mode to the total
field. When MS approaches 1, the mode is more likely to resonate
easily. When MS approaches 0, the mode is less likely to resonate.
Additionally, when MS ≥ 0.707, it is referred to as a significant
mode, indicating that the mode is more easily excited. CA is the
phase lag between the real characteristic current on the conduc-
tor surface and the tangential electric field. When the phase lag is
180∘, the corresponding mode is referred to as the most efficient
radiating mode [27]. For CP radiation, it is necessary to excite at
least two characteristicmodes simultaneously.Thesemodes should
have 𝜆 equal to 0, equal MS values that are all greater than 0.707,
and the phase difference between their CA close to 90∘ [28].

The antenna element without excitation is analyzed using CST
software. MS of the first four modes are shown in Fig. 3(a). Mode1
to Mode4 are resonant around at 14.6GHz, 16.9GHz, 16.5GHz,
and 16.7GHz, respectively. Moreover, Mode1 and Mode2 have

(a)

(b)

Figure 8. Simulated results of each port of SIGW-SRP. (a) S-parameter curves.
(b) The phase difference curves.

Figure 9. Current distribution of the array antenna at 15 GHz.
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Figure 10. Electric field distribution of the array antenna at 15 GHz. (a) Without SIGW. (b) With SIGW.
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Figure 11. Effect of SIGW on transverse electric field distributions.

equal MS at around 15.8GHz and a phase difference of about
90∘ in Fig. 3(b). Therefore, the antenna element can produce CP
radiation near 15.8GHz.

To further characterize the radiation performance of the
antenna element, the current distributions and radiation patterns
of the first fourmodes at their respective resonance frequencies are
shown in Figs. 4 and 5, respectively.Mode1 andMode2 both exhibit
co-directional currents and have orthogonal distributions, indicat-
ing that they are a pair of degeneratemodes. It is worthmentioning
that if the characteristic modes excite counter-directional cur-
rents, it can result in radiation cancellation, leading to no radiation
energy in the radiation direction. This is evident in the cases of
Mode3 and Mode4.

Next, the antenna element is simulated using ANSYS HFSS.
From Fig. 6(a), it can be observed that IBW ranges from
13.41 to 16.08GHz, ARBW ranges from 14.37 to 16.95GHz,
and the gain is greater than 9 dBic. Figure 6(b) shows the
radiation pattern at 14.7GHz in the XOY and YOZ planes,
which has greater the left-hand circular polarization (LHCP)
gain.

It is worth noting that CP resonance point obtained from CMA
is at 15.8GHz, while the actual simulated CP resonance point is
at 14.7GHz. Due to the aperture coupling feeding used, the res-
onance generated by the slot can introduce some interference to
the antenna’s own resonance, thereby causing a deviation in CP
resonance point.
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Figure 12. Comparison of simulated radiation patterns with and without SIGW at 14 GHz and 15GHz.

(a) (b)

Figure 13. AR under different parameters. (a) T1. (b) G1.
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Figure 14. (a) Overall prototype photo of the proposed array antenna. (b) Disassembly prototype photo of the proposed array antenna. (c) The VNA screenshots of
S-parameters outcomes.

(b)(a)

Figure 15. The simulated and measured results of Array1. (a) |S11| and gain. (b) AR.
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Figure 16. The simulated and measured radiation patterns at 14 GHz, 15 GHz, and 16GHz.

Feeding network structure design based SIGW

The feeding network structure based on SIGW-SRP is shown
in Fig. 7(a). The essence of SRP is to optimize the radiation

performance of an antenna by utilizing the vector addition of
electromagnetic waves and compensating for phase variations by
changing the antenna position. According to characteristic mode
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Table 1. Comparison to the recently reported CP array antennas based on SRP.

Ref. year f 0 (GHz) Element num. IBW (%) ARBW (%) Peak gain (dBic) Size (𝜆0
3)

[17] 2023 14.6 2 × 2 44 34.6 11 1.89 × 1.65 × 0.11

[18] 2023 5 2 × 2 38 24.9 12.1 2.18 × 2.18 × 0.06

[29] 2022 10 2 × 2 21 18 13.2 3.7 × 3.7 × 0.11

[30] 2023 6 2 × 2 37.3 22.5 13 1.81 × 1.81 × 0.05

[31] 2024 28 2 × 2 41.6 16.6 13.9 2.02 × 1.74 × 0.17

[32] 2024 31 2 × 2 40.7 27.4 11.1 1.46 × 1.46 × 0.076

This work 14.5 2 × 2 34.6 21.2 16 1.5 × 1.5 × 0.11

theory, it can be determined that achieving CP characteristics
requires a phase difference of 90∘. Therefore, by sequentially delay-
ing the output energy of each port of the feeding network by 90∘,
the array antenna can exhibit different CP resonance characteris-
tics to expand bandwidth [18].

Todemonstrate theworkingmechanismof the feedingnetwork,
the equivalent circuit of SRP is shown in Fig. 7(b). Equal power
distribution among the ports of the feeding network is achieved
by varying the widths of the branches. Furthermore, the desired
sequential rotation of phase by 90∘ for each port is achieved by
adjusting the lengths of the branches. Due to equal power distri-
bution is desired among the ports, the following can be obtained:

P2 = P3 = P4 = P5 = P1
4 (14)

l3 = l2 + l𝜆/4 (15)

l5 = l4 + l𝜆/4 (16)

l45 = l23 + l𝜆/2 (17)

where Pn represents the power at each port and ln represents the
electrical length of each branch (n = 1, 2, …).

From Fig. 8(a), it can be observed that S-parameter curves
of all ports in the SRP feeding network. Within the range of
12.5–16.5GHz, |S11| is consistently less than −15 dB, and |S21| to
|S51| are all within the range of −6 ± 2 dB. Additionally, from the
phase difference curves of adjacent ports in Fig. 8(b), it can be
observed that within the range of 12.5–16.5GHz, the phase dif-
ference between adjacent ports remains within 90∘ ± 30∘. Since
SIGW can achieve a wide and stable IBW, the SIGW-SRP feeding
network achieves the wide bandwidth and stable phase difference
curves [19].

In summary, the design procedures of the proposed antenna are
as follows:

(1) The SIGW structure is designed to operate in the Ku-band to
reduce back radiation and surface wave leakage.

(2) The size of the antenna element corner-cutting is calculated
by theoretical formula. Characteristic mode analysis method
is used to guide the antenna element design, and the first
two modes (a pair of degenerate modes) are selected as the
operating modes to achieve wide IBW and generate CP waves.

(3) The SIGW-SRP feed network is designed with a phase differ-
ence of 90∘ between two adjacent ports. By utilizing spatial

vector superposition, the axial bandwidth is further expanded,
and the gain is improved.

(4) The antenna element and the SIGW-SRP feeding structure are
designed in combination to finally form a 2× 2 array antenna.

Verification and analysis

Figure 9 shows the current distribution of the proposed array
antenna at 15GHz, and the current flows in the clockwise direction
at 0∘, 90∘, 180∘, and 270∘ phases, explaining the left-hand circular
polarization (LHRP) operation mechanism.

To further illustrate the advantages of SIGW, the antenna with
SIGW and the antenna without SIGW are simulated respectively.
Figure 10 shows the electric field distribution observed on a ref-
erence plane. It can be seen that the antenna loaded with SIGW
has almost no back radiation compared to the antenna without
SIGW loading. Figure 11 shows the transverse electric field dis-
tribution on a reference line, where loading SIGW reduces the
edge electric field by 26 dB and 15 dB on both sides, respectively,
proving that loading SIGW can significantly suppress the trans-
verse radiation. At themidpoint, both curves have a slight decrease
because there is no radiating element in the center of the array
antenna. The above simulation results show that loading SIGW
can suppress the back radiation and transverse radiation, which
is because SIGW can achieve in-phase reflection and suppress
surface wave leakage at the high frequency band [22]. Figure 12
shows the radiation pattern of the two antennas at 14GHz and
15GHz. It can be seen that the antenna loading SIGW has an
average backlobe reduction of about 3.8 dB in the 180∘ direc-
tion and an average cross-polarization reduction of about 4.6 dB
in the 0∘ direction, which proves the effect of SIGW to suppress
the back radiation to improve directivity and suppress the cross
polarization.

To improve the circular polarization performance, parameter
analyses are conducted. As shown in Fig. 13, both the corner-
cutting size of the antenna element and the spacing between the
patches affect the circular polarization characteristics, with the
corner-cutting size having a more significant impact.

To validate the performance of the proposed array antenna, a
prototype is fabricated. The prototype photos and the vector net-
work analyzer (VNA) screenshots are shown in Fig. 14. As seen
fromFig. 15(a), themeasured −10 dB IBW is from12.2 to 17.3GHz
(34.6%), while the simulated one is from 12.4 to 16.4GHz (27.8%).
As seen from Fig. 15(b), the measured 3 dB ARBW ranges from
13.5 to 16.7GHz (21.2%), while the simulated one ranges from13.3
to 16.5GHz (21.5%), and the measured peak gain is 16 dBic, while
the simulated peak gain is 16.1 dBic. It is worth noting that due to
factors such as processing accuracy, measuring, and the connecter,
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there are some deviations between the measured results and the
simulated results.

Figure 16 shows the radiation patterns of the proposed array
antenna at different frequencies. It can be observed that the pro-
posed array antenna is LHCP with good symmetry. In addition,
from the electric field distribution in Fig. 10, it can be well
explained that the proposed array antenna can suppress the cross-
polarization of about 17 dB at the 0∘ axial radiation direction due
to the use of SIGW.

In order to further describe the performance of the proposed
array antenna, some recently reported SRP array antennas are listed
in Table 1. Compared with [17, 18, 30] and [32], although the pro-
posed array antenna has a narrower bandwidth, it has higher gain.
Overall, the proposed array antenna has obvious advantages in
size and gain, which aligns with the trend toward miniaturization
development.

Conclusion

A compact, wideband, and high-gain CP array antenna based on
SIGW-SRP feeding network is proposed in this paper. Due to
the antenna element can only achieve narrow bandwidth and low
gain, a 2 × 2 array antenna is achieved through the compensa-
tion phase of the SIGW-SRP feeding network, which can greatly
expand the bandwidth and improve the gain.Themeasured results
show that the −10-dB IBW of the antenna is from 12.2 to 17.3GHz
(34.6%), the 3-dB ARBW is from 13.5 to 16.7GHz (21.2%), and
the peak gain reaches 16 dBic. Simulation results show that load-
ing SIGW can reduce the back radiation and transverse radiation.
The proposed antenna achieves broadband, high gain, and com-
pact size, making it suitable for space-limited communication
applications.
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