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Abstract— We demonstrate an efficient back-fire to forward
wide-angle beam steering leaky-wave antenna (LWA) based
on a large dispersion gradient planar spoof surface plasmon
polariton (SSPP) transmission line (TL) with split-ring units.
To convert the highly confined SSPP waveguiding mode to a
radiation mode, two arrays of metallic patches are periodically
arranged on both sides of the SSPP TL. The patches are
designed as two combined half-elliptical shapes to mitigate the
open stopband effect and enhance the radiation performance.
We propose a theoretical method to interpret the mechanism and
predict the directional pattern of the LWA. To verify the proposed
method, the SSPP TL and LWA prototypes are fabricated and
measured. The calculation, simulation, and experimental results
match well and show that the main beam of the LWA can
steer a wide range of 112◦ from back-fire (−90◦) to the forward
quadrant of 22◦ passing through the broadside in 6.3–11 GHz,
demonstrating a large scanning rate of 2.07◦/%. Furthermore, the
LWA also possesses the advantages of low profile, high average
gain (12 dBi), high average efficiency (95%), and low sidelobe
level (<−13 dB). This work provides an alternative route to
achieving wide-angle LWAs for promising microwave radar and
wireless communication applications.

Index Terms— Beam steering, leaky-wave antenna (LWA),
spoof surface plasmon polaritons (SSPPs).

I. INTRODUCTION

FREQUENCY beam-scanning antennas have been studied
extensively owing to the scanning beam characteristics

enabled by the sweeping frequency, which have been widely
applied in microwave radar and wireless communication sys-
tems. As one type of frequency beam-scanning antennas,
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leaky-wave antennas (LWAs) have gained increasing attention
in recent years. LWAs usually generate leaky-wave radia-
tions by leaking the electromagnetic (EM) energy gradually
along with the structures [1], possessing great capabilities in
main beam manipulation and steering. The early leaky-wave
structures were realized on periodically slotted rectangular
waveguides [2]. Generally, LWAs have two typical structures:
the uniform and periodic structures [3]. The slotted rectangular
waveguide is one of the simplest traditional uniform LWAs,
which can only scan its main beam in the forward quadrant
space. The LWAs with periodic structures such as period-
ically loaded dielectric waveguides, impedance modulated
microstrips, composite right/left-hand (CRLH) transmission
lines (TLs) can scan both in forward and backward quadrant
space. For example, a number of LWAs based on periodic
half-width microstrips [4], coupled half-width microstrips [5],
substrate-integrated waveguides (SIWs) with period gaps [6],
[7], CRLH waveguides [8], and asymmetrically modulated
Goubau Line [9], [10] with high-efficiency wide-angle scan-
ning capability have been demonstrated. However, many previ-
ously proposed LWAs suffer from a limited scanning range in
a given narrow operating band and drastic degradation around
the broadside, namely the “open stop band” (OSB) effects [3].

The scanning range of an LWA is mainly dependent on the
dispersion relations of the TLs. To increase the scanning range
in a narrow band, many slow-wave spoof surface plasmon
polariton (SSPP) TLs with large gradient dispersion relations
were introduced into the LWA designs [11], [12]. SSPPs are
one variety of surface EM waves propagating along decorated
metallic surfaces at microwave and terahertz frequencies,
whose dispersion characteristics are similar to surface plasmon
polaritons (SPPs) in the optical region [13]–[16]. Recently,
a lot of SSPP TLs based on bulk and planar structures have
been proposed for high-efficiency SSPP propagation [17].
Owing to the advantages of smaller size, stronger confinement,
and easier fabrication, the corrugated ultrathin metallic SSPP
waveguides have attracted extensive attention. These TLs
provide a new way to achieve many versatile planar plasmonic
integrated devices and circuits such as SSPP filters, amplifiers,
couplers, splitters, and antennas in microwave and terahertz
regimes [18]–[26]. Owing to the strong slow-wave dispersion
characteristics of SSPPs, the SSPP-based LWAs usually show
high scanning rates, namely the scanning range divided by the
relative bandwidth (◦/%) [27], [28]. To convert the bounded
SSPP mode to radiation mode, the slow-wave SSPPs along the
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SSPP TLs should be converted to fast wave mode with k < k0

via periodic impedance modulation or patch array integration.
Recently, various SSPP LWAs have been proposed and studied
for their high radiation efficiency and wide scanning angle.

In 2015, Xu et al. [29] proposed an SSPP emitter with a
1-D phase-gradient metasurface to achieve surface-plasmon-
like modes to spatial radiated mode conversion. In 2016,
Kong et al. [30] proposed an LWA using a sinusoidally modu-
lated SSPP TL based on nonuniform corrugated metallic strips
with the scanning range steering from the backward to the
forward quadrant. SSPP LWAs with single or double array of
circularly metallic patches were presented in [11] and [31].
In 2019, Du et al. [32] proposed a wideband LWA using
the odd-mode SSPP fish-bone structure for end-fire radiation.
Ma et al. [33] proposed a compact high-gain LWA based on
microstrip SSPPs and substrate integrated waveguide TE220

mode. Han et al. [34] proposed an LWA based on hybridization
of the quasi-TEM mode and SSPP mode to obtain linear
frequency steer characteristics. In 2020, Jiang et al. [35]
proposed an LWA using inductive and capacitive meander-
line to achieve a consistent gain in the whole operation band.
Another wide-angle LWA combined SSPPs with substrate-
integrated waveguide was demonstrated in [28] and [36] to
achieve better broadside radiation efficiency. Moreover, wide-
angle and circularly polarized LWAs based on double-layer
structures with the top layer radiating patches fed by the bot-
tom microstrip SSPP TLs [37], [38] were also demonstrated.
In 2021, Zhu et al. [39] proposed a kind of patch-loaded SSPP
LWAs. However, despite the recent progress, how to design
high-performance SSPP LWAs with a wider scanning range,
larger scanning rate, higher radiation efficiency, as well as bet-
ter OSB effect suppression remains a fundamental challenge.

In this article, we proposed an efficient back-fire to forward
wide-angle beam steering LWA based on SSPPs. The LWA
is composed of a low dispersion asymptotic frequency split
ring-shaped SSPP TL and two combined half-elliptical-shaped
metallic patch arrays on both sides, enabling the high scanning
rate and OSB effect suppression. To investigate the proposed
LWA design, we proposed a theoretical method and carried
out numerical simulation and experimental verification. The
results show that the proposed LWA has excellent radiation
performances with a wide scanning range of 112◦, an average
gain of 12 dBi, an average efficiency of 95% in frequency band
6.3–11 GHz, as well as good OSB effect suppression. Benefit
from the larger gradient dispersion relations of the split ring
unit, the scanning rate of the proposed SSPP LWA reaches
2.07◦/%, which is much higher than many previously reported
designs. The proposed SSPP LWA may find some applications
in microwave radar and wireless communication systems.

II. DESIGN AND PRINCIPLE

The proposed SSPP LWA is composed of an ultra-thin
metallic split-ring-unit-based planar SSPP TL loaded with two
arrays of metallic patches on a flexible dielectric substrate,
as illustrated in Fig. 1. The metallic layer and the dielectric
substrate are copper with a conductivity of 5.8 × 107 S/m
and Rogers RT 5880 with a permittivity (εr) of 2.2 and loss

TABLE I

DIMENSION PARAMETERS OF THE PROPOSED LWA

tangent of 0.0009. The thicknesses of the metallic layer and the
substrate are 0.018 and 0.508 mm, and the length and width
of the whole antenna are set as L = 300 mm and W =
30 mm, respectively. In this design, the antenna structure
is composed of three sections, Section A, Section B, and
Section C, respectively. In Sections A and C, the microstrip-
SSPP transitions are made up of a tapered defected ground
structure (DGS) and a series of gradually graded-length split-
ring SSPP unit cells (seven units) to achieve smooth wave-
vector matching and efficient mode-conversion between the
quasi-TEM mode of the microstrip and the SSPP mode of
SSPP TL. The length and width of the microstrip are set as
lm and w, and the curve function of the DGS is designed as
f (x) = q ·(exc/lg − 1)/(ec − 1) [40], where q , lg, and c are the
height, length, and curvature, respectively. In Section B, the
uniform SSPP TL surrounding by two periodically arranged
metallic patch arrays severs as the major radiation section of
the LWA, where most of the EM energy is radiated from this
area. The patches are designed as two combined half-elliptical
shapes with one identical x-axial radius rx , and two y-axial
radiuses ry1 and ry2 to mitigate the open stopband (OSB) effect
and enhance the radiation performance. Two patch arrays
distribute periodically on both sides of the SSPP TL with the
period p and an x-axial offset a to adjust the far-field pattern
of the antenna. The gap between the top of the SSPP TL and
the bottom of the patch along the y-axis is g. The detailed
dimension parameters of the antenna are shown in Table I.

The radiation principle of the LWA is based on the gener-
ation of radiating space harmonics. According to Floquet the-
ory, periodic perturbations on the infinite length SSPP TL can
introduce infinite space harmonics of the guided SSPPs waves.
If the TL attenuation is ignored, the EM waves in different
TL periods only have phase differences. Here, we assume the
EM waves propagate along the SSPP TL in the x-direction.
The electric field distributions in the first TL period can be
expressed as E(x), then the E-field in the second period can
be written as E(x)e− jβx p, where βx is the propagation constant
in the TL and p is the period of the metallic patch perturbation.
Based on this, we can write the propagation constant of these
space harmonics as

βm = βx + 2mπ

p
(m = 0,±1,±2, . . . . . .). (1)

Although the fundamental mode of the SSPP TL is a slow
wave (βx > k0, where k0 is the propagation constant in free
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Fig. 1. Schematic diagrams of the proposed antenna. The detailed dimension parameters are listed in Table I.

Fig. 2. Equivalent model of the proposed SSPP-based LWA.

space), by choosing a proper p, the negative harmonic modes
(m < 0) can become fast waves (βm < k0) radiating into the
free space. In order to achieve the high radiation efficiency,
the m = −1 harmonic mode with −k0 < β−1 < k0 is selected
for the LWA to excite leaky-wave radiation. Then, the main
beam direction can be approximately calculated by

θ = sin−1

(
β−1

k0

)
. (2)

The metallic patches are designed as the radiating ele-
ments of LWA fed by guided waves on the SSPP TL.
To facilitate analysis, an equivalent model of the proposed
SSPP LWA is plotted in Fig. 2. The directional pattern of
a similar non-isotropic point source array is the product of
the individual source directional pattern and the isotropic
point source array directional pattern with the same position,

relative amplitude, and phase. Here, each radiation element
is regarded as an individual source, and the triangular grid
array is regarded as the isotropic point source array, as shown
in Fig. 2.

The offsets of the two radiation element arrays are dx (equal
to a in Fig. 1) in the x-direction and dy in the y-direction.
By considering the radiation loss, the phase constant for
m-order harmonic wave can be expressed as

γ = βm − j · α (3)

where j is the imaginary unit and α is the attenuation constant
introduced by radiation. Therefore, the phase difference of the
adjacent elements along x-direction can be written as

δ = γ · dx . (4)

In this work, the beam directional pattern in ϕ = 0 plane
is more concerned. According to the antenna array theory, the
directional pattern can be calculated as

fT (θ) = sin(Mψ)

sin(ψ)
+ sin[(M + 1)ψ]

sin(ψ)
(5)

where M presents the number of patch columns on both sides
of the antenna, and ψ is given as

ψ = dxk0 sin θ + δ = dx(k0 sin θ + γ ). (6)

To obtain a proper period p for the LWA radiation in the
range of 6–12.3 GHz, it is necessary to analyze the relationship
between the wavenumber βm of space harmonics and the
frequency f . According to (1), the radiation condition can
be written as

−k0 < β − 2π

p
< k0. (7)
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It means that p should in the range

1
β

2π + f
c0

< p <
1

β
2π − f

c0

(8)

where c0 is the light velocity in free space. By substituting the
start and end frequencies f and their relative phase constant
β into (8), the proper range of p is obtained.

III. RESULTS AND DISCUSSION

A. Characteristics of the SSPP TL Based on Split-Ring Units

Before investigating the proposed LWA properties, we first
study the characteristics of SSPP TL based on split-ring units.
Fig. 3(a) shows the split-ring unit of the SSPP TL, which is
composed of a central strip connected by two symmetric stubs
with the width wstub and the height hstub, and two symmetric
split-rings with the outer radius r1, the inner radius r2, and
the gap angle �. The period of the unit is p0 along the
x-direction. The dispersion characteristics of this split-ring
unit are simulated by using the Eigen mode solver of the CST
Microwave Studio. The fundamental mode (mode I) dispersion
curves for the split ring unit under different gap angle (�) are
shown in Fig. 3(b). It is observed that all the dispersion curves
deviate from the light line, which is similar to that of SPPs at
optical frequencies. As the gap angle (�) decreases from 315◦,
255◦, 195◦, 135◦, 75◦ to 15◦, the asymptotic frequency of the
dispersion curve decreases from 50.13, 34.65, 24.22, 18.64,
14.56 to 12.54 GHz, respectively. Notably, the dispersion
curve greatly deviates from the light line when � = 15◦,
showing an extraordinary flatness feature when βx p0/π >
0.5. Generally, an SSPP TL with a lower dispersion curve
possesses the characteristics of larger wave-vector βx under a
given operating frequency, larger phase difference for the same
frequency change, and also shows stronger field confinement
compared to an SSPP TL with a higher dispersion curve.
Therefore, in this LWA design, the gap angle of the split unit
in the SSPP TL in Section B is set as � = 15◦, and other
dimension parameters are shown in Table I. Moreover, the
dispersion curves for the first three modes of the split ring unit
are also presented in Fig. 3(c). It is observed that the cutoff
frequencies of the next two higher-order modes II and III
are located at 12.3 and 24.5 GHz, respectively. Clearly,
to achieve single-mode transmission, the operating frequency
of the SSPP TL based on split-ring units should be lower
than 12.3 GHz.

The characteristics of the whole SSPP TL are both simulated
and experimentally verified. Fig. 4(a) shows the top-view and
bottom-view of the SSPP TL, whose parameters are shown in
Table I. Fig. 4(b) displays the comparison of the simulated and
measured scattering parameters of the SSPP TL. The reflection
coefficient S11 is lower than −10 dB and the transmission
coefficient S21 is higher than −3 dB from 6.1 to 12.3 GHz,
demonstrating a smooth conversion of the design from the
quasi-TEM mode of microstrip to fundamental SSPP mode
of the SSPP TL. Furthermore, a sharp roll-off with the cut-
off frequency of 12.3 GHz is observed, which is close to
the asymptotic frequency of 12.54 GHz for the fundamen-
tal mode dispersion curve of the split-ring unit shown in

Fig. 3. Schematic and dispersion diagram of the split ring unit. (a) Top-view
and bottom-view of the unit structure, (b) fundamental mode (mode I)
dispersion diagram under different gap angle �, and (c) dispersion curves
for the first three modes (modes I, II, and III) of the split ring unit. The
detailed dimension parameters are listed in Table I.

Fig. 3(b) and (c). In general, the measured results are in good
agreement with the simulation, while some minor deviations
may result from the fabrication tolerance and impedance
mismatching from the SMA connectors. To further study the
propagation properties, the simulated near electric field |E |
distributions on z = 0 plane at 5, 7, 10.5, and 13.7 GHz are
plotted in Fig. 4(c)–(f), respectively. It is observed that the EM
waves propagate smoothly in the passband and the EM energy
is bounded tighter with the frequency increasing as shown in
Fig. 4(d) and (e). When the frequency is higher than 12.3 GHz,
most of the EM energy is reflected, as shown in Fig. 4(f).

B. Properties of the SSPP LWA Based on Split-Ring Units

According to the previous discussion, the period p of
radiation elements plays a critical role in the performance and
operation band of the SSPP LWA. The range of the p value
can be theoretically calculated by substituting the start and end
frequencies and the corresponding phase constants obtained
from the dispersion relation of the LWA into (8). It should be
pointed out that the dispersion relations of the split-ring unit
shown in Fig. 3(b) and (c) are obtained by using the Eigen
mode solver by assuming that the SSPP TL is composed of
infinite periodic units. However, the proposed LWA is based
on a finite SSPP TL (Section B, 126 units) surrounded by two
radiation patch arrays and connected two microstrip-SSPP TL
transitions (Sections A and C). Therefore, it is not accurate
enough to use the phase constants simply from the dispersion
relation of the split-ring unit for the SSPP LWA period
p calculation. Here, to be more accurate, we calculate the
fundamental mode (mode I) dispersion relation for the SSPP
LWA from simulated S-parameters by using the numerical
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Fig. 4. Fabricated SSPP transmission line and the simulated and measured S-parameters of the proposed SSPP TL. (a) Top-view and bottom-view of the
SSPP TL. (b) Simulated (dash lines) and the measured (solid lines) S-parameters of the proposed SSPP TL. (c)–(f) Simulated |E| distribution at (c) 5 GHz,
(d) 7 GHz, (e) 10.5 GHz, and 13.7 GHz in the z = 0 plane.

calibration method [41], as shown in Fig. 5(a). It is found
that both dispersion curves, βx versus frequency f , obtained
from the finite-length structure calculated by the calibration
method and from the infinite long structure simulated by
the CST MWS Eigen mode solver have similar trends with
a little difference. In 0–6 GHz, the calculated dispersion
curve is slightly above the simulated dispersion curve. The
calculated dispersion curve is below the simulated dispersion
curve when the frequency is above 6 GHz. Although the
difference between the two curves is not large, this difference
will have a great impact on the antenna’s frequency steering
angle prediction. Considering the single-mode transmission
passband of the SSPP TL shown in Figs. 3(c) and 4(b), we set
the start and end steering frequencies of SSPP LWA at 6.3
and 12.2 GHz, respectively. From (8), we obtain that 19.8 <
p < 21.4 (unit: mm). In this work, we select p = 20 mm for
the LWA design. Referring to (1), the dispersion relation of
different space harmonic modes βm (m = 0, −1, −2) versus
f of the SSPP waveguide unit using the calibration method
is shown in Fig. 5(b). It is found that m = −1 harmonic is
located in the light cone in 6.3–12.2 GHz and the m = −2
harmonic is located in the light cone in 11–12.2 GHz range.
To better indicate the dispersion characteristics of the proposed
LWA, βm /k0 and the corresponding attenuation constant α/k0

versus frequency f are further calculated in Fig. 5(c). The
βm /k0 of the antenna in the fast-wave region is ranging from
−1 to 1, which agrees well with those shown in Fig. 5(b).

According to (2), the radiation beam angle is dependent
on βm /k0.

As shown in Fig. 5(c), the m = −1 space harmonic
entered in the fast-wave region from 6.27 to 12.22 GHz
included the set start and end frequencies of 6.3 and 12.2 GHz,
respectively. According to (2), theoretically, the radiated m =
−1 harmonic wave can scan continuously from −90◦ to
90◦ through broadside (0◦ at about 9.5 GHz) from 6.27 to
12.22 GHz. However, it is worth noting that m = −2 order
space harmonic wave enters the fast-wave region when the
operation frequency is larger than 11 GHz. The presence of
both −1 and −2 order harmonic waves will lead to the lobe
of LWA split into two lobes (one main lobe generated by −1
order and the other side lobe generated by −2 order) in both
backward and forward steering space in the frequency range
11–12.22 GHz. The generation of the secondary lobe will
disperse the radiation energy and decrease the gain of the main
lobe further. Thus, we mainly focus on m = −1 harmonic
radiation performance of the LWA in this article. Fig. 5(c)
also shows the calculated attenuation constant α for the LWA
in the operating band. It is worth noting that unlike the
propagation constant βm , the attenuation constant α has only
one curve. This is because the S-parameters cannot distinguish
the relative contribution of the −1 and −2 modes, so the α
extracted from the S-parameters can only be the superposition
of all the effects of the fast mode radiation. It is noted that only
the β−1 harmonic is in the fast-wave region in the 6.3–11 GHz
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Fig. 5. Simulated and calculated dispersion curve of the split-ring unit and
propagation constants of the proposed LWA versus frequency. (a) Fundamental
mode dispersion curves (βx = β0) simulated by the infinite structure (Eigen
mode) and calculated by the finite structure (calibration method), respectively.
(b) Dispersion relation of different space harmonic modes βm (m = 0, −1,
−2) versus frequency f of the SSPP waveguide unit using the calibration
method. (c) βm /k0 and α/k0 versus frequency curves, respectively.

range, and α in this band can be considered to be entirely
generated by the radiation of the β−1 harmonic. This constant
presents the relation between directivity and frequency for
aperture antenna. The bigger the α is, the shorter the equivalent
radiation aperture is, leading to a wider beam and lower
directional gain.

Fig. 6(a) shows the fabricated LWA prototype, where the
detailed dimension parameters are shown in Figs. 1 and 3 and
Table I. The simulated scattering parameters of the LWA
are compared with measured results by an Agilent vector
network analyzer, as shown in Fig. 6(b). It is clear that both

Fig. 6. Fabricated prototype and the simulated and measured S-parameters
of the proposed LWA. (a) Top- and bottom-view of the antenna. (b) Simulated
and measured S-parameters.

results are well matched over a wide range of frequencies.
The transmission coefficient S21 and reflection coefficient S11

are lower than −10 dB from 6.3 to 12.2 GHz, indicating the
power is radiated to the free space efficiently. The radiation
efficiency of the proposed LWA, approximately evaluated by
1−|S11|2−|S21|2, shows a minimal 90% in the whole radiation
frequency band in 6.3–11 GHz.

Notably, optimization of the radiation patch shape
of the proposed LWA may greatly improve the OSB
effect suppression and enhance the radiation performance.
Fig. 7(a) and (b) displays the structures of the proposed
dual-half-elliptical patch and the common circular patch,
where the radius and the distance of the circular patch
are also set as rx and g as the elliptical patch, respec-
tively. Fig. 7(c) and (d) shows the surface current distributions
of the dual half-elliptical patch and the circular patch under
the same excitation. Clearly, the induced surface current on
the bottom edge of the dual half-elliptical patch is stronger
than the circular patch. Fig. 7(e) presents the comparison of
simulated S-parameters of the antennas based on these two
structures, respectively. Both S11 and S21 of the proposed
antenna are lower than circular patch-loaded antenna in the
operating band between 6.3 and 11 GHz. In particular, S11

around broadside frequency 9.5 GHz is 5 dB lowered by using
the dual-half-elliptical patch structure, implying that the OSB
effect near 9.5 GHz frequency is effectively suppressed. This
is because the dual-half-elliptical patch has a smaller curvature
and a longer effective coupling length in the x-direction,
leading to tighter energy coupling between SSPP TL and
the patches, and larger impedance variation near the patches
loaded sections of the antenna. Therefore, by introducing
the unique dual-half-elliptical radiation patches in the LWA
design, the radiation efficiency is increased and the reflection
is reduced simultaneously in the operating band.

To verify the above theoretical method, we simulate the
whole LWA by using the Transient solver of CST MWS
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Fig. 7. Comparison of surface current (|J|) distributions and S-parameters
affected by the proposed dual-half-elliptical patches and circular patches.
(a) and (b) Dual-half-elliptical patch structure and circular patch structure,
respectively. (c) and (d) Simulated surface current distributions on dual-half-
elliptical patch and on circular patch, respectively. (e) Simulated S-parameters
of the LWAs loaded with dual-half-elliptical patches and circular patches,
respectively.

Studio. Fig. 8(a) presents the 11 GHz near-field distributions of
the electric field (|E |) on the xoy-plane with z = 0 mm and the
xoz-plane with y = 0 mm. It is found that the energy of surface
waves decreases gradually along the x-direction and radiates
into the free space. The simulated 3-D directional patterns at
6.3, 7.8, 9.5, and 11 GHz are plotted in Fig. 8(b)–(e) with a
radiation angle θ−1 = −89◦, −27◦, −1◦ and 22◦, respectively.
Since there is no ground plane in the radiation area of the LWA
(see Section B), the LWA’s radiation pattern is symmetric
along the xoy-plane. From Fig. 8(b)–(e), it is observed that the
radiation pattern along the elevation of the proposed antenna
can be steered as the frequency sweeps and the scanning
range could reach up to 112◦. The gain of the antenna is
changed with the operation frequency, and the variation trend
is consistent with the attenuation constant shown in Fig. 5(c).

To further study the performance of the SSPP LWA,
Fig. 9(a)–(d) shows the calculated, simulated, and measured
normalized 2-D far-field radiation patterns in the ϕ = 0 plane
of the designed LWA at different radiation frequencies of 6.3,
7.8, 9.5, and 11 GHz, respectively. It is worth noting that
the θ ranging between −90◦ and 90◦ represents the upper

Fig. 8. Simulated near-field and far-field results of proposed LWA. (a) Simu-
lated electric field (|E|) distribution on the top surface of the LWA at 11 GHz.
(b)–(e) Three-dimensional far-field directional pattern of the proposed LWA
at 6.3, 7.8, 9.5, and 11 GHz, respectively.

side of the xoy-plane, while the rest represents the lower
region of the xoy-plane. The theoretical radiation pattern is
calculated from (5) by using the phase constant β−1 and
attenuation constant α shown in Fig. 5(b). In general, all
three calculated, simulated, and measured radiation patterns
and the main lobe directions are well matched, which verifies
the accuracy and the effectivity of the theoretical method and
model design of the SSPP LWA discussed above. However,
it is worth noting that there are some tiny inconsistencies
in the back lobe of these patterns. The simulated of the
back-lobe pattern is closer to measurements than the calcu-
lated one in Fig. 9(a) and (d), while the calculated back-
lobe pattern is closer to measurements than the simulated
one in Fig. 9(b) and (c). This mismatch may be caused by
the simplification of the calculation model, the simulation,
and measurement error. In addition, the proposed LWA has
a good polarization isolation performance with a very low
cross-polarization level in the main lobe direction, as shown in
Fig. 9(a)–(d). Although the cross-polarization level increases
in the non-main lobe direction, it remains below −14 dB in all
directions. Fig. 9(e) shows the calibrated calculated, simulated,
and measured beam angle versus operation frequency with
good agreement, implying that the beam steering character-
istics of LWA is expected accurately. The main lobe of the
SSPP LWA can be steering in a wide-angle range of 112◦ from
back-fire (−90◦) to the forward quadrant (22◦) passing through
the broadside direction and the sidelobe level is lower than
−13 dB in the frequency range of 6.3–11 GHz, demonstrating
a large scanning rate of 2.07◦/%. According to Fig. 5(a),
the dispersion curves of the finite-length structure extracted
by the numerical calibration method are different from the
dispersion curves of the infinite-length structure obtained by
the simulation unit structure of CST MWS Eigen mode solver.
To verify the accuracy of the dispersion curve extracted by
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Fig. 9. Comparison of the calculated, simulated, and measured normalized far-field radiation patterns of the proposed LWA at different radiation frequencies:
(a) 6.3 GHz, (b) 7.8 GHz, (c) 9.5 GHz, and (d) 11 GHz. (e) Comparison of the calculated, simulated, and measured main beam angle on the upper side of
the xoy-plane [in the range from −90◦ to 90◦ range in Fig. 9(a)–(d)] versus operation frequency. (f) Comparison for the steering angle error between the
dispersion curve obtained by CST MWS Eigen mode solver without numerical calibration and the dispersion curve extracted by the S-parameters obtained
by CST MWS Transient solver with numerical calibration.

the calibration method, the finite-calibrated calculation curve
and the uncalibrated infinite Eigen mode simulation dispersion
curve were, respectively, used to calculate the scanning angle
of the antenna. Fig. 9(f) displays the comparison for the
steering angle error obtained from the dispersion curve with
and without numerical calibration with respect to the simulated
and experimental results. It is observed that the beam angle
around 6.3 GHz calculated by both calibrated and uncalibrated
dispersion curves are relatively large. When the frequency is
higher than 6.3 GHz, the average error of the beam angle using
the calibrated dispersion curve is about 0.7◦, which is much
smaller than that of 2◦ for the uncalibrated dispersion curve.

Furthermore, we also investigate the dual-beam radiation
performance of the SSPP LWA. From the LWA dispersion
relation shown in Fig. 5(c), the beam will split into two lobes
in the range from −90◦ to 90◦ in 11–12.2 GHz, which are
generated by the m = −1 and m = −2 space harmonic waves.
We present the simulated and measured radiation patterns
at 11.3 and 11.6 GHz in Fig. 10(a) and (b), respectively.
As expected, the directions of the main dual-lobe of radiation
patterns are in good agreement. Since the low efficiency of
m = −2 space harmonic wave, the level of side lobes is
much lower than the main lobes, especially in the experimental
results. This phenomenon confirms the accuracy of the theo-
retical prediction.

Fig. 11 shows the simulated and measured gain and radi-
ation efficiency versus operation frequency of the designed
SSPP LWA. It simulated and measured results show that the
SSPP LWA has excellent radiation performance with high
efficiency over 90% (average of 95%), high gain ranging
from 9 to 14.2 dBi (average of 12 dBi), and low sidelobe
level (<−13 dB) in the whole operating band from 6.3 to
11 GHz. The gain is higher than 12 dBi in the backward
steering band ranging from 7.2 to 9.5 GHz. However, the gain

Fig. 10. Simulated and measured directional patterns in two beams band.
(a) and (b) Simulated and measured directional patterns at 11.3 and 11.6 GHz,
respectively.

reduced because of the wide beam width introduced by a large
attenuation rate in 6.3–7.2 and 9.5–11 GHz bands.

Finally, the performance comparison of the proposed
SSPP LWA with some recently reported LWAs is presented
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TABLE II

COMPARISON OF THE PROPOSED SSPP LWA WITH OTHER REPORTED WORKS

Fig. 11. Simulated and measured gain and efficient of the proposed LWA.

in Table II. To better evaluate the performances of the pro-
posed LWAs, many key radiation parameters including com-
pactness, scanning range, scanning rate, average efficiency,
average gain, ease of design and implementation should be
considered in the comparison. It is found that even though
one or some specific parameters might be somewhat worse
than other works because of various factors like different
waveguide types or radiation mechanisms, the proposed SSPP
LWA demonstrates superior or at least competitive overall
performance over the other LWAs. The advantages of the
proposed SSPP LWA mainly contain a relatively compact
size, a wide scanning range of 112◦ covering the back-fire
radiation, a high average gain of 12 dBi, a high average
efficiency of 95%, and a high scanning rate (2.07◦/%). Besides,
unlike the LWAs based on SIWs in [28], [36], and [43] and
CRLH CPWG with-varactors in [44], the proposed SSPP LWA
does not require metallization through holes and complicated
biasing circuits, which may somehow ease the antenna imple-
mentation.

IV. CONCLUSION

In this article, we demonstrate an efficient back-fire to
forward wide-angle beam steering LWA based on a large
dispersion gradient planar SSPP TL with split ring units.
To interpret the mechanism and precisely predict the radiation
pattern of the LWA, an accurate theoretical method combined
with the numerical calibrated dispersion relation for the SSPP
TL is proposed. In the LWA design, two arrays of combined

half-elliptical patches are periodically arranged on either side
of the SSPP TL to improve the radiation performance and
reduce the open-stopband effect. To validate the proposed
design, both SSPP TL and LWA prototypes were fabricated
and measured. The theoretical calculation, numerical simu-
lation, and experimental results are in good agreement and
show that the proposed SSPP LWA has good radiation per-
formances. The main beam of the LWA can switch from
back-fire (−90◦) to forward quadrant (22◦) in the wide side
direction of 6.3–11 GHz, showing a large scanning range of
112◦ and a high scanning rate of 2.07◦/%. The proposed LWA
possesses high gain (average 12 dBi) and low sidelobe level
(<−13 dB), which may find great potential in the development
of microwave radar and wireless communication systems.
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