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Abstract: A compact high-scanning-rate circular-polarized leaky-wave antenna (LWA) based on a meandering
substrate integrated waveguide (SIW) with defected ground structures (DGSs) is presented. The meandering-SIW
design is employed to enhance the beam scanning rate, while circular polarization is achieved by etching n-shaped slots
on the top plane. To suppress the open stopband at broadside, offset circular DGSs are periodically etched on the
ground plane. Their impact on the reflection coefficient and axial ratio is then analyzed through a parametric study. A
prototype of the antenna is simulated, fabricated, and measured. Both simulated and measured results indicate a
scanning rate of approximately 8.6, with continuous beam scanning from — 41°to 59" across the 11.3—12.7 GHz
operating band. The antenna maintains an axial ratio below 3 dB within the 11.5—12.3 GHz range. This design shows
promise for use in wireless communication systems, particularly in environments with increasingly limited spectrum
resources.

Key words: leaky-wave antenna (LLWA) ; scanning rate; circular polarization; open stopband; defected ground

Vol. 42 No. 1

structure (DGS)

CLC number: TN825 Document code: A

0 Introduction

Leaky-wave antennas (LW As) have garnered
considerable attention in recent years, particularly
in wireless communication and microwave applica-
tions. This interest is largely due to their ability to
scan beams with frequency and their simple feeding
networks''®'. A key performance factor for LWAs is
their scanning range, which is critical in many appli-
cations. However, achieving wide-angle beam scan-
ning typically demands significant spectrum resourc-
es”*. This poses challenges for certain applica-
tions, as the antenna’ s excitation requires a broader
bandwidth, which can be difficult to implement in
practice.

Recently, several methods have been proposed

*Corresponding author, E-mail address: nzynj@nuaa.edu.cn.
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to enhance the scanning rate of linearly polarized
(LP) antennas, including slow-group-delay transmis-
sion lines'”™ , composite right/left-handed (CRLH)
transmission line structures'’', and long-delay ele-
ments®. In Ref.[9], an LWA based on a slow-wave
SIW achieved a scanning range of 35°with a fraction-
al bandwidth (FBW) of 3%. Similarly, in Ref.
[10] , a compact SIW-based LWA incorporating
metal vias to induce a slow-wave effect achieved a
50° scan angle within a 7.4% FBW. However,
these LLP antennas are limited to forward beam scan-
ning because they operate in the fundamental mode
of a fast wave. To achieve continuous beam scan-
ning through broadside, the well-known open stop-
band (OSB) issue must be addressed. Ref.[ 11] miti-

gated this by using metal posts to cancel reflections
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from each element, enabling continuous beam scan-
ning from backward to forward across a 60° range
within a 9.4% FBW, though the achievable scan an-
gle remains limited. To improve the scanning range,
Ref.[12] proposed a double-layer meandering struc-
ture that enhances both the scanning rate and the
scanning range. In Rel.[ 13], the impedance match-
ing theory was used to analyze the equivalent circuit
model of the unit cell for spoof surface plasmon po-
laritons (SSPPs) LW As, with the addition of a ca-
pacitive slot to suppress the OSB. In Ref.[14], a
sine curve pattern was introduced in the SSPPs
transmission line, which shifted the dispersion curve
into the fast wave region. However, the antenna
gain in this design was limited to no more than 5 dB.
In some cases, circularly polarized (CP) radia-
tion is preferred due to its ability to better suppress
rain and fog interference, as well as resist multipath
reflections during beam steering. Ref.[15] present-
ed a periodic SIW-based antenna with a wide CP
scanning range by adjusting the radiation pattern of
two types of slots. Similarly, Ref.[16] discussed a
CP LWA based on a CRLH transmission line struc-
ture. While these antennas operated over a wide
bandwidth, they suffered from a low scanning rate.
In Ref.[17], a CP meandering-SIW antenna was
proposed. However, the small phase difference be-
tween adjacent slots restricted its scanning rate, and
the axial ratio (AR) deteriorated as the beam scans
from backward to forward. Ref.[ 18] proposed a mil-
limeter-wave CP continuous transverse stub (CTS)
LWA with an improved scanning rate, achieved by
alternatively arranging periodic ridges on both plates
of a bent parallel plate waveguide (PPW ). The CP
radiation was generated by a modified metasurface
unit based on the Jerusalem cross. However, the an-
tenna’ s profile height was increased due to the use
of CTS arrays for radiation. In Ref.[19], a CP LW A
based on a slow-wave SIW structure with a high
scanning rate was introduced. The use of asymmet-
ric unit cells eliminated the OSB and achieved a 52°
scan angle through broadside. Nevertheless, the cir-
cular polarization was achieved by combining two
45° LP antennas through a 3 dB coupler, which
complicated the structure. As a result, a more

streamlined approach is needed to enhance the scan-

ning rate of CP antennas while maintaining design
simplicity and performance efficiency.

In this paper, a high-scanning-rate circular-po-
larized SIW LWA with continuous beam scanning is
proposed. A meandering structure is utilized to mini-
mize the antenna’s longitudinal size and improve the
scanning rate. Unlike antennas designed by other re-
searchers that employ meandering structures, the
proposed design incorporates a ground plane that
not only functions as a reflective surface to facilitate
electromagnetic wave propagation, but also intro-
duces defected ground structures (DGSs) to en-
hance overall performance. The DGSs effectively
suppress the OSB while maintaining stable CP
beams. Furthermore, they contribute to the im-
proved polarization purity at broadside. This integra-
tion of meandering structure and DGSs results in a
compact and high-performance antenna design, of-
fering continuous CP beam scanning. The proposed
LWA is straightforward to fabricate due to its sim-

ple feeding mechanism and fully slotted design.
1 Antenna Design and Analysis

1.1 Antenna configuration

The full configuration of the antenna is shown
in Fig.1(a). The proposed antenna is designed on the
substrate RO4003 with relative permittivity 3.55
and loss tangent of tand = 0.002 7. The in-phase
superposition of reflected waves at the abrupt right-
angle turns leads to impedance mismatching. To ad-
dress this, metal vias are placed at each turning
point of the meandering structure, reducing the in-
put reflection coefficient and enabling more effective
wave propagation.

The proposed STW unit is illustrated in Fig.1(b).
The top metal surface features two identical trans-
verse slots and one longitudinal slot, which radiate
electromagnetic waves. The bottom layer contains a
circular slot, offset by a distance w, from the center
along the x-axis, serving as a DGS. DGSs have
played an instrumental role in various applications,
including filters, coplanar waveguides, and anten-
nas “*'. In this design, they disturb the current
flow on the ground plane and contribute to the radia-

tion of electromagnetic energy. The specific parame-
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ter values are: dvr = 3.5 mm, dy =3.4 mm, /, =

7.6 mm, /, = 5.2 mm, w;, = 10 mm, w, = 3 mm,

w; = 2.4 mm, w, = 1.2 mm, w, = 0.4 mm,
w, = 1.68§ mm, d = 1.2 mm, s = 2 mm, r, =
1.8 mm.
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(b) Geometry of the unit

Fig.1 Antenna structure

1.2 Scanning rate enhancement

The beam scanning rate at the operating fre-
quency f; can be described by the partial derivation
of 0( f) with respect to f'**', shown as

a0(f) 1 [ 2.
a /eocosﬁ(fo)[ ¢ Sme(ﬁ))}

Usg —

af

(1)
where 4, 1s the free-space wavenumber, £ the propa-
gation constant of the leaky mode, and ¢ the speed
of light. It indicates that the scanning capability is af-
fected by the rate of change of £ with respect to fre-
quency. Once the radiation angle is set, a larger 33/
df leads to a higher scanning rate.

In modern electronic systems, the fractional
bandwidth is a more effective measure of spectrum
efficiency. Thus, the scanning rate can be defined as
the scanning range divided by the FBW. To achieve
a high wve, it is essential to increase the total scan-

ning range. The beam direction can be expressed as

0 = arcsin
ko p (2)

Ap =g, L
where Ag is the phase difference, p the period of
the structure, L the effective distance between adja-
cent units, and S, the propagation constant of the

SIW. It implies that the propagation path of the elec-

tromagnetic wave can be extended by bending the
waveguide. In a conventional SIW, B, remains con-
stant when the material and operating frequency are
fixed. Hence, the increasing L can ultimately en-
large the beam scanning angle, i.e., adopt a mean-
der-line structure.

In general, the main beam direction of a LWA
can be approximated as = arcsin(3/k,). If the
structure is meandering and additional transmission
lines are incorporated, the beam direction should be

calculated as

0 = arcsin pL = (3)

op

where AL’ is the total phase shift over the unit cell
and w the phase reversal between adjacent units.
The total unit length needs to be nd,/2, where n is
an odd integer and A, the waveguide wavelength. To
strike a balance between the antenna size and beam
scanning range, n—>5 1s chosen for this design.
Fig.2 illustrates the electric field distribution E of the
antenna at a frequency of 11.9 GHz. The five cur-
rent distribution centers indicate nearly five and a

half wavelengths, confirming that Ag is 5 times =.

6%
006
2 9%p

Y.
i 3
Fig.2 Electrical field distribution of the antenna at 11.9 GHz

1.3 OSB suppression and parametric studies

The reflection coefficient of the antenna, which
features only slots on the top plane, is illustrated in
Fig.3(a). The curve shows a noticeable bulge, with
IS,,| rising above — 10 dB in the 11.8—12 GHz fre-
quency range. This indicates that the antenna experi-
ences an OSB. In the OSB region, the reflection co-
efficient degrades, and the antenna gain drops signif-
icantly. The increase in reflection within this range
is a result of structural mismatch in the design. The
simulated ARs of the antenna with only slots on the
top plane in the main beam directions also deterio-
rates within the OSB, as shown in Fig.3(b). To miti-
gate this issue, offset circular slots are introduced
on the ground plane as DGSs. This modification ef-

fectively eliminates the OSB in the proposed anten-
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na and reduces the AR at broadside. Fig.3(¢) com-
pares the gain of antennas with and without DGSs,
demonstrating that the former exhibits higher gain.
This improvement is attributed to the inevitable dis-
turbance of the fields around the top surface slots
caused by the DGSs, leading space harmonics radi-
ating to the upper space across the entire {requency
band. The electric field diagrams before and after
the loading of DGSs at the OSB frequency of 11.9
GHz are shown in Fig.4. It can be observed that the
electric field magnitude on the top radiating slots of
antenna with DGSs is stronger than that of the an-
tenna without DGSs. In the antenna without DGSs,
as shown in Fig.4(a), the effective radiation is limit-
ed to the first few units. In contrast, the antenna

with DGSs, as shown in Fig.4(b), generates effec-
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Fig.3 Comparison of simulated results for antennas with

and without circular slots

tive radiation across all units. Furthermore, the sup-
pression of the OSB is supported by the dispersion
diagram of the proposed unit cell. Both the attenua-
tion constant @ and phase constant 8 can be calculat-
ed using the formulas provided in Ref.[24]. Accord-
ing to Eq.(3), there is a phase reversal between adja-
cent units in the meandering structure, requiring a
revision of the phase constant. The corresponding
dispersion diagram, shown in Fig.5 (a) , reflects
this adjustment. The revised phase shift of zero at a

specific frequency indicates normal beam radiation

(b) The antenna with DGSs
Fig.4 Electric field distribution of the antenna with different
units at the OSB frequency of 11.9 GHz
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Fig.5 Antenna beam scanning performance
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at broadside and confirms OSB suppression. Final-
ly, the radiation angle extracted from full-wave sim-
ulations aligns closely with the angle calculated from
Eq.(3), as depicted in Fig.5(b) , further validating
the design.

The introduced DGSs must be shown not to
compromise the original circular polarization of the
antenna. The mechanism of most CP LW As can be
explained from the point of axial asymmetric struc-

%! In this case, the slots on the top plane inter-

ture
sect both transverse and longitudinal currents, suc-
cessfully generating circular polarization due to the
axial asymmetry required for phase quadrature.
Fig. 6 displays the surface current distributions on
both the top and bottom planes of the antenna at
11.9 GHz. As the phase angle varies from 0 to
360", the surface current rotates clockwise. This is
because the slots on both the upper and lower surfac-
es produce currents with the same handedness, lead-
ing to a combined left-handed CP radiation over the

broadside of the antenna. The simulated normalized

—LHCP

radiation patterns, shown in Figs.7 (a—e), further
confirm that the left-handed circular polarization
(LHCP) is significantly stronger than the right-
handed circular polarization (RHCP). Additionally,
the DGSs applied to the LWA lead to power leak-
age on the ground plane, as indicated by the back
lobes in the radiation patterns. This leakage can be
mitigated by placing a reflective grid at an appropri-
ate distance behind the antenna. Despite this, the
DGSs do not negatively impact the CP radiation

performance.

(b) Bottom plané

Fig.6 Simulated surface current distribution at 11.9 GHz
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Fig.7 Simulated normalized radiation pattern at different frequencies

A parametric study is conducted to analyze the
impact of the circular-shaped DGSs on the S, pa-
rameter and AR characteristics in the main beam di-
rections. As shown in Fig.8, the reduction in |S|

within the middle frequency band contributes to the

optimization of the AR. When the offset w, increas-
es gradually from 1.6 mm to 1.8 mm, the AR at the
middle frequency rises, while it decreases at both
ends of the operating band. In contrast, as the radi-

us r, increases from 1.7 mm to 1.9 mm, the AR im-
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Fig.8 Simulated results of antenna performance as a function of offset w, and radius 7,

proves at the middle {requency but shows a slight in-
crease at the band edges. Considering practical an-
tenna losses, the final values for w, and r, are select-

ed for optimal performance.

2 Experiment and Discussion

The proposed antenna is simulated using AN-
SOFT HFSS, with a total dimension of 149.2 mm X
61.2mm X 0.8 mm. A sample of the antenna is de-
signed, fabricated, and measured. The fabricated
prototype, produced using standard printed circuit
board technology, is shown in Fig.9. The reflection
and transmission coefficients are measured by a
Keysight N5245A vector network analyzer, and the
corresponding results are presented in Fig.10. Over-
all, the measured and simulated results have similar
trends throughout the band. The measured impedance
bandwidth (|S,,] <<—10 dB) ranges from 11 GHz to
12.8 GHz, with minor frequency shifts attributed to
small fabrication tolerances. The measured [S,| is
approximately 5 dB lower than the simulated val-
ues, primarily due to connection losses, manufactur-
ing tolerances and measure reflections in the en-

vironment.

|NETRRE

Fabricated prototype

8
5
o
60 ——Simulated §;, = ——Simulated S,,
------- Measured S,,  -------Measured S,
11.0 11.5 12.0 12.5 13.0
Frequency / GHz

Fig.10 Simulated and measured S;;,S,,

The far-field radiation patterns are measured in
a microwave anechoic chamber, as shown in

Fig.11. To minimize the influence of external fac-
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tors during measurement, absorbent materials are 12 120
affixed to both sides of the antenna. The simulated or H‘“:::'"ﬂ"t:t':}'u":f::“*- 12
and measured radiation patterns in the xz-plane at g 6 " Tee. 160 S
eight different frequencies are plotted in Fig.12. P i _ 1k g"
While the deviations between the simulated and mea- S of '—-:éimulated gain 1° §
sured results are within 3°, the overall patterns close- | ;lswl;a;izi:;i angle- =0
ly align. The measured main lobe of the 12.7 GHz Rl o Measured scan angle | .
directional pattern exhibits asymmetry due to partial 112 11.6Frequ<311'12<;2/GH212’4 12:.8
reflection in the experimental setup when the antenna Fig.13 Simulated and measured gain and scan angle at

scans at a large angle. As shown in Fig.12, the DGSs
in the antenna induce additional radiation on the
ground plane. This effect can be suppressed by plac-
ing a reflective grid at an appropriate distance behind
the array. The simulated and measured gain and
main-beam direction versus frequency are shown in
Fig.13. It can be noted that the measured gains are
slightly lower than the simulated ones, likely due to
material losses and partial absorption of energy by
the absorbent materials during large-angle scanning.
Despite this, a measured beam-scanning range of
100° is achieved as the frequency varies from
11.3 GHz to 12.7 GHz. As shown in Fig. 14, the

Absorbent
materials

Fig.11 Measurement environment
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Fig.14 Simulated and measured AR at different frequencies

measured ARs of the main beam directions consis-
tently remain below 3 dB within the 11.5—
12.3 GHz range, indicating strong circular polariza-
tion performance.

A comparison of key performance parameters
between previous works and the proposed antenna is
provided in Table 1. While the antennas discussed
in Refs. [9-13] achieve a high scanning rate, they
exhibit the higher gain variation and are unable to ra-
diate CP waves. In contrast, the antennas from
Refs.[16-19] share the same polarization character-
istics as the proposed design but face other limita-
tions. Specifically, the antennas in Refs.[16-17] re-
quire additional bandwidth to cover scanning range,
as reflected in their FBW, which results in a re-
duced scanning rate. Additionally, the antenna in
Ref.[18], composed of a PPW-based CTS array, a
power divider-based linear source generator, and a
linear-to-circular metasurface polarizer, achieves a
high scanning rate but results in an increased overall
profile. Similarly, the antenna in Ref.[19], which
integrates two slow-wave LP antennas to achieve

both circular polarization and a high scanning rate,
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Table 1 Comparison of performance with different references

Reference Implementation method Center fre- FBW/ Size Scanning Polflriza- Gfxin vari-

quency/GHz % range/ (°) tion ation /dB
[9] Slow-wave SIW 13.7 3 8.681,X0.914,0.024, 35(2—37) Lp 117 4.1
[10] Slow-wave SIW 8.1 7.4 8.114,X1.084,X0.031,  50(15—65) LP 6.7 7.0
[11] Meandering STW 25.45 9.4 N/A 60(—30—30) LP 6.4 3.5
[12] DL-Meandering STW 13.15 6.5 4.02,X3.64,X0.042, 107(—58—49) LP  16.5 4.7
[13] Microstrip SSPPs 9.45 15.9  7.372,X0.792,X0.054, 140(—72—68) LP 8.8 5.5
[16] CRLH SIW 9.1 33.0  3.614,X0.572,X0.054, 109(—38—71) CP 3.3 2.4
[17] Meandering SIW 16 18.8  4.272,X1.712,X0.034, 69(—47—22) Cp 3.7 4.5
[18] PPW -+ Metasurface 30.05 11.6  8.224,X6.014,X3.54, 108(—56—52)  CP 9.3 3.8
[19] Slow-wave SIW 10.3 9.7 11.431,X1.372,X0.024, 52(—30—22) CP 5.4 4.0
This work ~ Meandering STW 12 11.7  5.972,X2.452,X0.034, 100(—41—59)  CP 8.6 2.5

DL:Double-layer; N/A:Not available; SR: Scanning rate.

introduces additional structural complexity. In con-
trast, the proposed LWA has a simpler and low-pro-
file design with a high scanning rate over a wide
scanning range, relatively low gain variation, and
enables seamless beam scanning from backward to

forward.

3 Conclusions

A compact, high-scanning-rate, circular-polar-
ized meandering-SIW LWA with continuous beam
scanning is proposed. The challenge of achieving cir-
cular polarization using only upper surface slots in
the meandering structure is analyzed across the oper-
ating band. By embedding circular DGSs periodical-
ly on the ground plane, the OSB is effectively sup-
pressed, and the circular polarization purity at broad-
side i1s enhanced. The proposed antenna achieves a
high scanning rate of 8.6, with a wide scan angle
from —41° to 59° within the 11.3—12.7 GHz oper-
ating band, while maintaining strong circular polar-
ization between 11.5 GHz and 12.3 GHz. This an-
tenna, with its rapid beam scanning capability, is
well-suited for narrow-band wireless communication

systems that require circular polarization.
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