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Abstract—A novel high-order mode substrate integrated cavity leaky-
wave antenna (LWA) with high gain, low cross-polarization, and continu-
ous beam scanning is proposed. The proposed antenna element employs
mirror-symmetric arc-shaped slots within a circular substrate integrated
cavity (CSIC), fed by a grounded coplanar waveguide. Moreover, the
high-order TM119 mode of CSIC is employed to form an equivalent
two-element array, enhancing element directivity and beam scanning
capability. Unlike conventional LWAs, the proposed LWA achieves wide
scanning and gain flatness enhanced by utilizing element-level beam scan-
ning. Additionally, the open stopband is suppressed through impedance
tuning of the arc-shaped slots, without degrading polarization purity.
Experimental results demonstrate that the proposed LWA achieves a
beam scanning range of —78° to 28° within a frequency range of 6.7 to
13 GHz, with a maximum gain of 17.3 dBi at 11 GHz, a peak radiation
efficiency of 91%, and a cross-polarization ratio exceeding 45 dB.

Index Terms—High-order mode, leaky-wave antenna, low cross-
polarization, open stopband, substrate integrated cavity.

1. INTRODUCTION

N antenna systems, beam scanning is generally achieved via

phase or frequency scanning techniques. Phase scanning relies on
adjusting the relative phase of signals feeding each array element,
typically requiring complex and expensive phase-shifter networks.
By contrast, leaky-wave antennas (LWAs) achieve beam scanning by
varying the operating frequency, leveraging the inherent dispersive
properties of the antenna. This frequency-dependent approach avoids
the need for phase control networks, simplifying antenna design and
reducing system complexity and cost. By leveraging these benefits,
LWAs are promising for applications in mobile networks [1], direction
finding systems [2], remote sensing systems [3], near field focusing
systems [4], and point-to-point communication systems [5].

Although LWAs exhibit significant advantages in beam scanning,
enhancing their gain remains a key research focus. Several methods
have been explored: (1) Increasing the length of LWAs [6]-[8]. For
example, a waveguide-based LWA with the length of 11.4\ (where
A is the wavelength at the center frequency) achieved a gain of 16
dBi [6], and a substrate-integrated gap waveguide-based LWA with a
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length of 28 reached 17.67 dBi [7]. However, the lengths of these
LWAs limit their practical applications. (2) Using high-gain elements
[9]-[11]. Magneto-electric dipoles have been employed to achieve
gains of 16.55 dBi and 15.1 dBi at 7.9\ and 8.5\, respectively [9],
[10]. However, these high-gain elements restrict the scanning range
because of their narrow beamwidth. (3) Utilizing high-order modes
in transmission lines [12]-[16]. For example, TE2q, TE30, and TE5q
modes were excited in [12]-[14], achieving a maximum gain of 20.6
dBi. Moreover, the TM1; mode in metallic [15] and dielectric-filled
[16] rectangular waveguides achieved peak gains of 15.4 dBi (—4° to
14° scan) and 11.15 dBi (36° to 58° scan), respectively, but their
narrow impedance matching bandwidth limits the achievable beam
scanning range.

Open stopband (OSB) is an inherent phenomenon of the LWAs.
It causes a degradation in broadside radiation due to the in-phase
superposition of reflected waves. In such case, the reflected coefficient
will be higher at the excitation ports, leading to a decrease in
gain and efficiency. OSB must be suppressed to achieve continuous
beam scanning from the backward to forward [17]. One method is
to employ composite right-/left-handed transmission lines (CRLH-
TLs) [18], which enables smooth transition from negative to positive
refraction, achieving continuous beam scanning. Most CRLH-TLs
LWAs operate in the fundamental harmonic, which inherently limits
the scanning range [19]. Moreover, suppression OSB is restricted to
a narrow operating bandwidth due to the highly dispersive nature of
CRLH-TLs [20]. Another common OSB suppression method is to
achieve impedance matching through periodic structure optimization.
Traditional techniques, include employing quarter-wavelength spacing
slots [21], combined lateral and longitudinal slots [22], and structural
asymmetry [23]. Each technique has its limitations: the former two
often suffer from low radiation efficiency or narrow impedance
bandwidth, while the latter may result in poor cross-polarization per-
formance. Recently, [24] achieved OSB suppression by implementing
reflection wave cancellation to realize impedance matching while
maintaining structural symmetry, thereby achieving favorable cross-
polarization and wide impedance bandwidth. However, it exhibits
a relatively large gain variation of 9.7 dB. To address this issue,
[25] introduced spoof surface plasmon polaritons (SSPPs) as the feed
structure to regulate leakage rate, reducing gain variation to 3.1 dB,
although peak gain is limited to 13.2 dBi.

In this communication, a novel high-order mode substrate in-
tegrated cavity LWA (HMSIC-LWA) is proposed. The innovative
design features mirror-symmetric arc-shaped slots within circular
substrate-integrated cavities (CSICs), fed by a grounded coplanar
waveguide. The high-order TM;19 mode of CSIC is utilized to form
an equivalent two-element array, enhancing directivity and beam
scanning capability. Unlike previous LWAs based on TE2q, TM11,
or CRLH-TL modes, the proposed HMSIC-LWA employs the TM 110
mode of CSIC and simultaneously achieves wide-angle continuous
beam scanning, OSB suppression, enhanced gain flatness, and low
cross-polarization within a compact structure.
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Fig. 1. Geometry of the proposed basic element and HMSIC-LWA. (a) Basic
element. (b) Geometry of the proposed antenna.

TABLE I
PARAMETERS OF PROPOSED HMSIC-LWA (UNITS: mm)
Variables Wo SO W1 1 2
Values 0.8 0.11 1.3 21° 30°
r ra rs P w |
8.3 7 8.6 17.5 19.2 192.5

II. ELEMENT DESIGN AND OPERATING PRINCIPLE
A. Antenna Configuration

Fig. 1 shows the schematic of the proposed HMSIC-LWA, which
consists of 11 radiating elements. The entire structure is designed on
a single layer substrate with a relative permittivity of 2.2 and a loss
tangent of 0.001. The thickness of the substrate is 2 mm. In addition,
the radiation element consists of CSIC and mirror-symmetrical arc-
shaped slots, and the antenna is fed through a grounded coplanar
waveguide (GCPW). The distance between the metallic vias is 0.8
mm, and the diameter of the vias is 0.4 mm. The detailed dimensions
of the proposed HMSIC-LWA are provided in Table I.

B. Gain Enhancement and OSB Suppression Utilizing TM110 Mode

The SICs support various modal field distributions and are typically
used for broadband standing-wave antennas. To our knowledge,
high-order modes of circular SICs have not been used as LWA
elements. Here, the TM11o field distribution of CSIC is excited to
form symmetric apertures with a specific phase difference, producing
traveling-wave radiation and enhanced directivity.

Fig. 2 shows the surface current distributions of CSIC in different
modes. In the TMg10 and TMa219 modes, surface currents at the edges

Simulated surface current distribution in CSIC for different modes.
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Fig. 3. (a)—(d). Simulated electric field distributions and equivalent magnetic
current vectors for Models I and II. (a) and (b) Model I with TM119 and
TM210 at 7 GHz and 12 GHz, respectively. (c) and (d) Model II with TM110
at 7 GHz and 12 GHz, respectively. (¢) Radiation patterns at 12 GHz on the
xoz-plane. (f) Directivity in the scanning direction.

around the cavity exhibit an out-of-phase distribution. Meanwhile,
these currents present an in-phase distribution in the TM110 mode.
Compared with the TMo10 mode, the TM110 mode can be combined
with slots, providing more favorable in-phase currents for the forma-
tion of a single main lobe.

Fig. 3 provides an analysis of the operating principles and validate
the radiation performance improvements of the proposed HMSIC-
LWA element. In particular, Figs. 3(a) and 3(b) illustrate the electric
field distributions and the corresponding equivalent magnetic current
distributions of Model I at different frequencies, revealing the mode
behavior and the relationships of the equivalent currents. Figs. 3(c)
and 3(d) highlight the role of the short-circuited stubs introduced
in Model II, which effectively suppress the undesired TM21¢9 mode
while preserving the operation of the desired TMi10 mode. Figs.
3(e) and 3(f) compare the radiation characteristics of Models I and
II, validating the improvement in beamforming and directivity.

The first proposed Model I, which features an annular slot etched
on CSIC, effectively cuts surface currents around the cavity. As
illustrated in Figs. 3(a) and 3(b), the electric field distributions and
equivalent magnetic currents at different frequencies are presented,
with the red dashed lines indicating the equivalent magnetic current
distributions. In Model I, the TM110 mode is successfully excited at
7 GHz, exhibiting in-phase equivalent magnetic currents. At higher
frequencies, such as 12 GHz, the TM21¢ mode is also excited, leading
to out-of-phase equivalent magnetic currents and producing a dual-
lobe radiation pattern, as illustrated in Fig. 3(e).

To suppress the TM219 mode in Model I, two short-circuited
stubs are introduced at the location of the minimum electric fields,
transforming Model I into Model II, which is also the proposed LWA
element. As shown in Figs. 3(c) and 3(d), these stubs effectively
suppress the TM2109 mode, without affecting the desired TM 119 mode.
This condition ensures that Model II operates in the TM110 mode
throughout the operating bandwidth. As shown in Fig. 3(e), the in-
phase current distribution results in a more focused radiation pattern.
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Figs. 3(e) and 3(f) validate the proposed method by comparing
the radiation performance of Model I (without stubs), Model II (with
stubs), and Model II under half-field excitation. The results show
that the stubs effectively suppress the TM210 mode and enhance
directivity. Notably, full-field excitation achieves a 2.4 dB directivity
improvement over the half-field case, confirming the critical role of
in-phase interference between the symmetric slots.

To further enhance radiation performance towards the broadside of
HMSIC-LWA, suppressing OSB is essential. Based on transmission
line theory, the S-parameter method is widely used to extract the
phase and attenuation constants of LWAs. An element can be modeled
as a two-port network, and the propagation constants for one element
of period p are given in [26].

o 1 Im | cos—! 1 — 511522 + S12521 (1)
D 2551
1Bl = - Re [cos ! (1 — 511‘22522—1’_ 512521)} (1b)

In LWAs, the propagation constant comprises two essential pa-
rameters: the leakage rate a and the phase constant 8. To enable
continuous beam scanning from the backward to forward direction
while avoiding the OSB effect at the broadside, the leakage rate «
must vary smoothly with frequency to prevent abrupt changes, while
the phase constant 3 should exhibit a linear variation across the
operating band to avoid the formation of bandgaps. These propagation
characteristics can be engineered by carefully designing the slot
structure [22], [27]. To effectively suppress OSB and reduce the
reflection coefficient, arc-shaped slots are initially adopted, which
are equivalent to shunt admittances in the equivalent circuit. The
admittance value can be tuned by adjusting the arc length and width
of the slot. In the current work, a parametric analysis is conducted
to identify the optimal values of 6y, 02, and w; for investigating
the propagation constant. The results show that, impedance matching
can be achieved at the broadside by properly selecting the slot
dimensions, enabling complete suppression of OSB and excellent
radiation performance.

Figs. 4(a) and 4(b) illustrate the variation of the propagation
constant with respect to the arc-shaped slot parameters w; and 6.
The simulation results indicate that a properly designed arc-shaped
slot not only enables a continuous variation of the phase constant
within the operating band, avoiding the formation of bandgaps, but
also allows the leakage rate to be smoothly controlled by optimizing
wy and 6,, effectively suppressing the OSB effect at the broadside.
In particular, when w1 = 1.3mm and 62 = 30°, OSB is completely
suppressed, indicating that good impedance matching and continuous
radiation are achieved. Furthermore, Figs. 4(c) and 4(d) analyze the
relationship between the propagation constant and the short-circuit
stub angle 6;. The results show that as 6, increases from 10° to 50°,
the phase constant shifts to higher frequencies. In particular, when
01 varies between 15° and 40°, the leakage rate remains relatively
stable across the operating band, providing greater design freedom for
frequency tuning. That is, 61 effectively controls the frequency of the
broadside radiation, while w; and 62 mostly contribute to impedance
matching. These characteristics enhance flexibility and tunability in
designing the propagation and radiation behavior of LWAs.

C. Enhanced Gain Flatness Based on Element Beam Scanning

Many conventional LWA designs focus primarily on array-level
characteristics while neglecting the impact of the element-level beam
steering on the overall antenna array, leading to gain fluctuations or
reduced gain during backward scanning [9], [27]. Fig. 5 illustrates

1.0
0.8
50 g g
Kl 06§ 3
£ 5 E
@ 0. Z2 o0
o0 = on
] 0438 2
g g g
= 0. |
025
78 9 10 11 1z 13 6 7 8 9 10 11 12 13
Frequency (GHz) Frequency (GHz)
(a) (b)
0.20 1.0 0
Y -o,=10°
N N\ o =21°
05k \ o, =30 LI
s o, =400 S
‘E 0, =500 0.6 E a2
© 0.10 £ =
g 045 &7
§005 4 i
- > ¢~ - 025
1A
0.00 0.0
6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13
Frequency (GHz) Frequency (GHz)
(c) (d)

Fig. 4. Effects of dimensional parameters on the propagation characteristics
and impedance matching of Model II. (a)-(c) Leakage rate and phase constant

Element pattern with generallzed pattern synthesis
- ~ Broad\ldc

-~ \

10G]-lz

12 SGHZ Lndfre

vS. Wi, o,and 1. (d) 811 VS. 1.

T 2
| Element pattern without generalized pattern synthesis i
I sesessscceestcnnes + Broadside i
a . H a
1 ™ a— i
H 7GHz 10GHz 2. SGHzJ,,/ :
: Pecsssccsssccccna .“"N \/ :
| No contribution to backfire and forward H
' (a) (al) (a2) a3) i
i .................. Broadslde i
| i
: IOGHz 12.5GHz :
E Less c(m(rlhull(m to backfire i
' (b) (b1) (b2) :
1

1

i

1

More contribution to backfire and forvmrd :
'
i

Fig. 5. Comparison of normalized radiation patterns. (a) Single-slot element.
(b) Double-slots element. (¢c) Model II element.

the normalized radiation patterns of three LWA elements: single-
slot, double-slots, and the proposed Model II. Within the range of
7 to 12.5 GHz, the single-slot element maintains an approximately
constant beam direction, while double-slots element supports forward
beam scanning. The proposed Model II element enables continuous
beam scanning from the backward to forward direction, exhibiting
behavior similar to that of a two-element array. Furthermore, the beam
direction of the Model II element can be tuned by adjusting parameter
01, as illustrated in Fig. 6(a). 67 is optimized to 21°, directing the
beam of the Model II element toward the broadside at 10 GHz.
Beam-level scanning capability plays a crucial role in LWA de-
signs. As shown in Fig. 6(b), the comparison of the beam directions
of the double-slots and Model II elements with their respective array
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