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We propose a single-beam leaky-wave antenna (LWA) with a wide-scanning angle and a high-scanning rate based
on spoof surface plasmon polariton (SSPP) in this paper. The SSPP transmission line (TL) is etched with periodically
arranged circular patches, which converts the slow-wave mode into the fast-wave region for radiation. The proposed LWA
is designed, fabricated, and tested. The simulated results imply that the proposed LWA not only achieves a high radiation
efficiency of about 81.4%, and a high scanning rate of 12.12, but also has a large scanning angle of 176◦ over a narrow
operation bandwidth of 8.3–9.6 GHz (for |S11| < −10 dB). In addition, the simulated average gain of the LWA can reach
as high as 10.9 dBi. The measured scanning angle range is 175◦ in the operation band of 8.2–9.6 GHz, and the measured
average gain is 10.6 dBi. The experimental results are consistent with the simulation, validating its performance. An
antenna with high radiation efficiency, wide scanning angle range, and high scanning rate has great potential for application
in radar and wireless communication systems.

Keywords: spoof surface plasmon polariton (SSPP), leaky wave antenna, wide scanning angle, high scanning
rate
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1. Introduction
Improving sensor detection and determining the accuracy

and effectiveness of the target is a perennial challenge in radar
applications.[1–5] The scanning-rate (SR) represents the sensi-
tivity of radiation direction with frequency change. We prefer
to design a leaky-wave antenna, which takes advantage of a
narrower bandwidth to cover a larger scanning range. In re-
cent years, the characteristics of LWAs based on the SSPP TL,
with its simple structure, frequency scanning characteristics,
and compatibility with planar circuits, have attracted signifi-
cant attention.

The surface plasmon polariton (SPP) is a mixed excited
state, propagating along the medium-metal interface gener-
ated during the interaction of light with a metal, and exhibit-
ing a highly confined surface wave in the medium outside the
metal.[6] The spoof surface plasmon polariton (SSPP) is the
analogous extension of the SPP concept in the low-frequency
band. When electromagnetic (EM) waves interact with the
artificial EM medium, a kind of hybrid surface EM mode
is generated at the medium interface. Its characteristic sub-
wavelength, enhancement of the local field, and nonlinear dis-
persion curve offer significant application value in the design
of antennas,[7] filters,[8] TLs[9] etc.[10–19]

The EM wave propagates in the form of a slow wave in
the antenna, and the propagation speed of the slow wave is
below that of an EM wave in free space. Slow waves can-

not radiate into space directly. However, when an EM wave’s
propagation speed is higher than that in free space, it radiates
in the form of a fast wave. To create this radiation effect in the
antenna requires a progression from slow wave to fast wave.
However, the conversion of a slow wave confined in the SSPP
TL into a fast wave, so as to generate radiation of the fre-
quency scanning beams, represents a technical problem with
regard to SSPP-based antennas, which must be resolved. The
first method involves periodically modulating the SSPP TL,
so that EM waves are released into the fast wave region.[10–12]

The maximum scanning angle that can be achieved in this way
is 123◦.[11] In view of the limitation whereby general SSPP
LWAs can only radiate linearly polarized waves, Ref. [12] pro-
posed that the SSPP unit could be rotated 45◦, and the surface
impedance could be controlled by changing the depth of the
groove, creating an antenna adaptable to any type of polariza-
tion mode.

To realize the leaky-wave, the second method intro-
duces periodic perturbations by periodically arranging patches
around the TL, which couple the EM waves to the patches to
form a fast wave pattern matching the spatial waves for beam
scanning in vacuum. In Ref. [13], the antenna was composed
of two rows of circular patches placed on both sides of the
SSPP TL, covering an angle of 83◦ from 9.2 GHz to 16 GHz.
In Ref. [14], an antenna based on the glide-symmetry Goubau
line covers a range of 145◦ with high-order harmonic radiation
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within 6.3% bandwidth, and achieves a very high scanning
rate. However, this antenna fails to radiate efficiently, with
an average radiation efficiency of only 26%. In the design of
LWAs with a high scanning rate, there is always a trade-off
between scanning rate and efficiency.

There are other methods of achieving frequency scanning
radiation. In Ref. [15], an antenna based on a substrate inte-
grated waveguide (SIW) realizes 35◦ beam scanning in a nar-
row band of 3%. However, due to the symmetry of its de-
sign structure, this antenna also exhibits the stop-band prob-
lem common to traditional LWAs. This inability to realize
broadside radiation is a key limitation of continuous wide-
angle scanning. In Ref. [16], the SSPP-based antenna used
periodic holes etched in the CPW to generate waves in the
higher-order SSPP mode, capable of covering a wide scanning
angle of 129◦, while the low scanning rate caused by an oper-
ating bandwidth of 11.7–50 GHz is not expected. Therefore, it
is necessary to design a compact antenna with a wide scanning
angle, a high scanning rate, and high radiation efficiency.

In this paper, a single beam SSPP-based LWA is pro-
posed, whose compact structure can readily be fabricated for

practical applications. The stop-band effect is suppressed, and
the scanning range is enlarged. By adjusting the periodic mod-
ulation, the frequency band of the antenna tends to be near the
cutoff frequency, exhibiting a higher scanning rate. The an-
tenna achieves a high scanning rate of 12.12, and a efficiency
of 81.4%. Its scanning angle of 176◦ represents the largest
among antennas of the same type, and its average gain is as
much as 10.9 dBi in the working frequency band. This pro-
posed antenna based on SSPP demonstrates outstanding per-
formance.

2. Antenna structure and design
The geometrical configuration of the proposed leaky-

wave antenna is shown in Fig. 1. The SSPP TL is introduced
on the middle layer. A series of circular patches are placed
on the top and bottom layer as radiating elements. The lay-
ers are filled with F4BM-2, where the dielectric constant is
εr = 2.65, the loss tangent is tanδ = 0.001, and the thickness
of the single-layer medium is th = 1 mm. The overall size of
the antenna L×W = 35.6 mm×400 mm.
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Fig. 1. Geometry of the proposed LWA. (a) Perspective view. (b) Feeding layer. (c) TL unit. (d) Radiating elements. (e) Multilayer layout.

In the middle layer, the left-hand end is fed via a copla-

nar waveguide (CPW) measuring L1 = 10 mm. The smooth

groove gradient structure is connected with TL to match the in-

put impedance, reduce reflections, and increase the efficiency

of the antenna radiation.

The exponential-shaped ground sides are conducive to an

efficient matching in broadband as y = f (x) = C1 eαx +C2,

where α = 0.1, C1 =W2/(eαL2−1), C2 =−W2/(eαL2−1)+

ga+W1/2 and the coordinate origin is set at the beginning of

the transition. Reference [17] shows that this tapered struc-

ture forms a good bridge with which to connect the CPW,

with 50 Ω impedance and SSPP TL in the microwave fre-
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quency, converting the guided waves to the slow wave mode
bounded in the SSPP TL, and demonstrating high efficiency in
the broadband.

In the SSPP TL section, periodic sub-wavelength grooves
are arranged in the metal microstrip lines with a period of
p = 2.5 mm, a duty cycle of dc = a/p = 0.6, and a groove
depth of h = 4 mm. The gap, ga = 0.28 mm, and width,
W1 = 5 mm, of the central strip are designed to achieve a
50 Ω impedance. The antenna adopts a single-port and tapered
structure at the end.

In the radiation section, circular patches are placed near
the SSPP TL. The front and rear backplanes are composed
of circular patch arrays staggered in front and back. We set
the period of single-side patch arrays, D, at 9.38 mm, and
the distance between the patch center and the central axis at
d1 = 6 mm. The radius r is set at 4 mm.

3. Principle and analysis
3.1. SSPP TL analysis

We were able to confirm that periodic metallic grooves
allow the surface plasmon mode to propagate at microwave
frequencies. Figure 2 shows dispersion diagrams of single-
and double-layer medium units with varying depths of groove.
It is evident that with an increase in the frequency of the dis-
persion curve, β also increases, and gradually deviates from
the light, where β represents the propagation constant. Closer
to the asymptotic frequency, the alteration in the propagation
constant is more dramatic. The figure shows that in contrast
with the single-layer unit, double-layer units have a lower cut-
off frequency, enabling the double-layer SSPP TL to confine
EM on the surface more strongly than the single-layer TL.
Moreover, the deeper the metal groove, the lower the cutoff
frequency of the dispersion curve becomes. The depth, h, and
structure of the model represent two important factors affect-
ing the dispersion characteristics of the unit. We selected a
dual-layer element with h = 4 mm to modulate the cutoff fre-
quency at around 10 GHz.
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Fig. 2. Dispersion curves of the unit cell in SSPP TL.

In order to illustrate the characteristics of the TL, E-field
distributions on double-end TLs at different frequency points
in the xoz plane were simulated, as shown in Figs. 3(a) and
3(b). EM waves were transmitted through the TL at 8 GHz
and 9.5 GHz to the other port. When the frequency is set to
10.5 GHz, it is clear that EM waves are strictly confined to the
gradient part. The S-parameter in Fig. 3(c) shows that the cut-
off frequency of TL is 10 GHz. Beyond the cutoff frequency,
energy cannot be transmitted to the other end, clearly demon-
strating the low-pass properties of TL.
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Fig. 3. Transmission characteristics of the SSPP TL. (a) Structural di-
agram of transmission line. (b) E-field distributions of the SSPP TL
at 8 GHz, 9.5 GHz and 10.5 GHz in the xoz plane. (c) Simulated S-
parameters of the SSPPs TL.
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Fig. 4. Simulated electric-field distributions of the proposed SSPP LWA
at 9 GHz.

Leaky-wave antenna usually adopts a dual-port structure
to ensure that the EM waves transmitted to the end of the an-
tenna can be absorbed, so that the reflected wave cannot affect
the direction of radiation. The structure adopts a single-port
and a tapered structure at the end, as shown in Fig. 1(b). Such
a structure causes the SSPP wave mode to shift to the space
wave mode, such that a small amount of EM waves reaching
the end are radiated to reduce the impact of reflections on the
original feeder electric field. In Fig. 4, we note that the energy
along the TL decreases significantly along the x-direction.
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3.2. Radiation element analysis

In order to radiate EM waves and form LWAs based on
an SSPP TL, we need to disturb propagating surface waves by
periodically placing radiating patches near the SSPP TL. If the
radiation efficiency is high enough, the matching load can be
removed, which not only reduces the antenna size but also de-
creases the influence of the end on the far field pattern of the
patch arrays, and improves the realized gain.

The radiation element is a circular patch with isotropy,
and the resonant frequency of the element is primarily deter-
mined by its size. Radiation efficiency can be improved by set-
ting the element resonant frequency within the working band-
width, so the radius r is set at 4 mm, based on the following
expression:

r =
k11c

2π
√

εr f
, (1)

where k11 represents the eigenvalue of the TM11 mode, c is the
velocity of the light in vacuum, and f is the center frequency.

In Fig. 1(d), an interleaved array of patches balances the
front and rear of the far-field pattern so that the main radi-
ation lobe can scan in the xoy plane of the antenna. Since
the distance between front and rear is relatively close, there is
no obvious deviation for the period D of periodic disturbance;
placing patches on the upper and lower surface facilitates bet-
ter coupling with the energy on the TL.

Methods such as mode balance,[18] impedance
matching,[19,20] and loading asymmetric radiators[18,21,22] ef-
fectively suppress the open stop-band (OSB) effect. Moreover,
as described in Ref. [14], the asymmetrical structure also helps
to suppress the stop-band. There is no OSB problem in the
antenna structure proposed in this paper. The beam-scanning
characteristics of the antenna are realized via the feed phase
difference in the SSPP TL. If we wish to realize radiation in
the broadside direction, we need the patch to couple energy,
and the adjacent phase difference is zero. Since the SSPP
TL has different wave numbers at different frequencies, there
must be a specific frequency point to realize zero phase dif-
ference between two adjacent patches. Once there is no phase
difference between the patches, the radiation beam can access
the broadside direction.

The asymmetric structure of the antenna effectively in-
hibits the generation of the stop-band, thereby removing the
discontinuous scanning angle in the broadside, which is com-
mon in many other LWAs. The gap, d1, between the patches
and the TL only affects the coupling energy from the TL.
These radiating patches couple EM waves from the SSPP
TL through periodic disturbances, and radiate them into free
space.

3.3. Analysis of beam scanning characteristics

The propagation constant of EM waves guided by a slow-
wave structure is larger than that for a free space wave (βx >

k0), and does not radiate. The design of the antenna is based on
the principle of periodic disturbance,[10] which introduces an
infinite number of spatial harmonics into the periodic traveling
wave.

It is assumed that the EM waves propagate in the x direc-
tion. The fundamental mode is a slow wave (β0 > k0). How-
ever, there is always a certain harmonic (usually the −1st har-
monic) producing fast-wave radiation (−k0 < βx < k0).

On this basis, the propagation constant along the x-axis
can be expressed as

βn = β0 +2πn/D, n = 0,±1,±2, . . . , (2)

where D is the length of the periodic disturbance, and β0 is
the propagation constant in the fundamental mode. In order
to achieve efficient frequency scanning, we generally adopt a
space harmonic of n =−1 to realize beam scanning.

The deflection angle and propagation constant of the an-
tenna satisfy the following relations:

θ = sin−1(βx/k0), (3)

where k0 is the propagation constant in free space, θ is the in-
cluded angle between beam direction and +z axis, and βx rep-
resents the propagation constant of the corresponding space
harmonic.

Figure 5(b) shows the dispersion curves of the periodic
element of the antenna along with the distribution of multiple
harmonics. In the figure, A1 (A2), B1 (B2) and C1 (C2) rep-
resent the backward endfire, broadside radiation and forward
endfire of harmonics, respectively:

sinθbackward endfire = β−1( f )/k0,

θbackward endfire = 90◦, (−k0 = kA1), (4)

sinθbroadside = β−1( f )/k0,

θbroadside = 0◦, (k0 = kB1), (5)

sinθforward endfire = β−1( f )/k0,

θforward endfire = 90◦, (k0 = kC1), (6)

where β−1( f ) represents the dispersion curve of phase change
with frequency change in the −1st harmonic mode.

The dispersion characteristic data obtained via simulation
is discrete. When deriving the formula, the fitted continuous
curve is more conducive to the operation of the relationship
between multiple harmonic dispersion curves. The reference
values of key experimental parameters obtained by this opera-
tion are conducive to the design of the antenna. The frequency
band of the −1st harmonic radiation mode can be controlled
by adjusting the size of the D parameter.

In order to more accurately calculate the disturbance cy-
cle D value corresponding to the −1st harmonic radiation
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mode, MATLAB is used to fit the dispersion curve; the re-
sulting expression is as follows:

β0( f ) = a1× e−(
f−b1

c1
)2
+a2× e−(

f−b2
c2

)2
, (7)

where a1 = 1.824×1019, a2 = 2.474×105, b1 = 23.61, b2 =

52.75, c1 = 2.217, c2 = 17.76.
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Fig. 5. Simulated results for harmonic dispersion and single-beam ra-
diation conditions. (a) Diagram of fitting results and single-beam radi-
ation conditions. (b) Harmonic dispersion curves of periodic elements.

The fitting curve in Fig. 5(a) is in good agreement with
the simulation curve. The nst harmonic radiation is expected
to concentrate energy in a single lobe, which serves to improve
the gain of the main lobe:

β f (A(n+1)) = β0( f (A(n+1)))−
2(n+1)π

D

= −k0A(n+1) =−
2π f(A(n+1))

c
, (8)

β fC(n) = β0( fC(n))−
2nπ

D
=+k0C(n) =

2π f(C(n))

c
. (9)

We can substitute this expression into the following:

f(A(n+1)) ≥ f(C(n)), (10)

f(A(n)) ≥ f(C(n−1)), (11)

where β f (A(n+1)) represents the propagation constant of the
(n+1)st harmonic backward endfire, and β f (C(n+1)) represents
the propagation constant of the (n + 1)st harmonic forward
endfire. Here, k0C(n) and k0A(n) represent the corresponding
phase constant values of C(n) and A(n), respectively.

In Fig. 5(a), the radiation condition of the −1st harmonic
single beam can be obtained by substituting the fitted expres-
sion (D ≤ 16.8 mm). By substituting the fitting curve ex-
pression, the relationship between D parameter and operating
bandwidth can be calculated, which is also convenient for an-
tenna design. The fitted continuous curve enables a more ac-
curate prediction of the relationship between beam direction
and frequency.

Different frequencies correspond to different propagation
constants on the SSPP TL, resulting in different phases be-
tween the coupled patch arrays, culminating in the formation
of different radiation directions in the far field. The expres-
sion obtained via fitting result in a more formulaic calcula-
tion, which makes the antenna radiation direction more accu-
rate. By substituting into Eqs. (2), (3), and (7), we obtain fre-
quency points corresponding to the theoretical radiation of the
antenna. Theoretically, the frequency of backward, broadside,
and forward endfire are 8.3 GHz, 9.1 GHz, and 9.6 GHz, re-
spectively, while the actual results are 8.2 GHz, 9.2 GHz, and
9.6 GHz, respectively. The theoretical calculation results are
in good agreement with the simulation results, which demon-
strate that the dispersion curve expression obtained by the fit-
ting curve can be fitted with the calculation results. As a result,
the expression plays a guiding role in adjusting the working
bandwidth of the antenna, and predicting the relationship be-
tween radiation direction and frequency. The fitting result fur-
ther validates the feasibility of Eq. (7), and the validity of these
equations is convenient in terms of determining the operating
band for given structural parameters.

3.4. Analysis of high-frequency scanning rate implemen-
tation

In Fig. 6, the first shifted dispersion curve has a lower
frequency and a larger slope change, while working in a wider
bandwidth. The second shift has a higher frequency point with
a smaller slope change, and backward to forward scanning can
theoretically be realized.

f

Fast wave region

βD

Fig. 6. Scanning rate comparison of two different momentum compen-
sations for leaky-wave radiation.

104101-5



Chin. Phys. B 31, 104101 (2022)

Since the scanning rate of leaky-wave antennae is defined
as the beam-scanning range divided by the frequency band-
width (BW), a higher scanning rate can be realized by adjust-
ing the phase shift close to the asymptotic frequency, resulting
in a smaller-slope dispersion curve. By adjusting the D value,
the operating frequency tends to be asymptotic, so that the an-
tenna has the property of realizing wide-scanning-angle in a
narrower bandwidth. In this way, the scanning rate (SR) can
be improved.

4. Experimental validation
The proposed LWA was fabricated using standard printed

circuit board (PCB) technology, and verified experimentally
in an anechoic chamber. In Fig. 7, the vector network ana-
lyzer is used to measure the reflection coefficient, and the radi-
ation mode is measured by the automatic turntable; the results
show that the antenna can achieve reflection coefficients below
−10 dB in the range of 8.3–9.8 GHz. The experimental results
agree well with the simulated results. The frequency offset at
the resonant frequency points may be caused by fabrication er-
rors and different relative permittivity of the substrate, but the
general trend remains consistent. Figure 7(b) also plots the re-
lationship between realized gain and frequency, showing that
the simulated peak gain of 11.6 dBi can be achieved at 9 GHz.
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Fig. 8. Measured results of radiation patterns and simulated total efficiency.
(a) Simulated and measured normalized E-plane radiation patterns at different
frequencies. (b) Simulated total efficiency of the proposed LWA.
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Fig. 9. Phase distribution of the proposed SSPP LWA and 3D far-field
radiation at corresponding frequency points.

Furthermore, the measured radiation beam can scan from
−13◦ to 162◦ within the frequency band of 8.2–9.8 GHz,
while the simulated radiation beam can scan from −11◦ to
164◦ within the frequency band of 8.3–9.6 GHz, as shown in
Fig. 8(a). In the experiment, frequency points corresponding
to the five directions of backward endfire, backward, broad-
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side, forward and forward maximum radiation angle are ex-
tracted and compared. The experimental and simulation re-
sults in the same direction can also be accepted for the pro-
cessing and experimental operation methods, and the overall
curves are in good agreement. The frequency scanning char-
acteristics of the antenna radiation beam can be clearly seen
from the figure.

As shown in Fig. 8(b), the simulated average efficiency of
the antenna is as high as 81.4% within the working bandwidth,
and the total radiation efficiency drops significantly in relation

to the back and endfire directions.
Figure 9 shows the phase distribution of the proposed

SSPP LWA, and 3D far-field radiation at corresponding fre-
quency points. The antenna uses single-beam radiation in the
operating frequency band, and exhibits outstanding radiating
performance in both forward and backward directions.

Our antenna can achieve a large angle at a very high SR,
with high radiation efficiency and high gain characteristics,
demonstrating superior performance to other types of LWAs
in almost all areas, as shown in Table 1.

Table 1. Comparison of various antennas of the same type.

Ref. Total efficiency (%) Average gain (dBi) Scanning range (◦) BW (%) Scanning rate
[10] not mentioned 13.0 18 14.2 1.27
[11] ≥ 40.2 7.9 123 9.0 13.37
[13] 90 (average) 10.3 83 54.0 1.54
[14] 26 (average) 3.0 145 6.3 23.02
[14] 67 (average) 10.0 152 23 6.6
[15] Not mentioned 11.5 35 3.0 11.37
[16] 80 (average) 10.9 129 124.1 1.04
[23] ≥ 60 15.9 81 33.3 2.43
[24] not mentioned 13.0 90 27.1 3.32
[25] 70 (average) 9.8 55 75.0 0.73

Proposed 81.4 (average) 10.9 176 14.5 12.12

5. Conclusion
In this paper, we have proposed a single-beam leaky-

wave antenna with wide-scanning-angle and high-scanning-
rate based on an SSPP TL. A series of patches is periodi-
cally placed near the SSPP TL to couple the EM energy and
radiate to free space. The experimental results are in agree-
ment with the simulation and the proposed antenna can realize
a high scanning rate of 12.12 while achieving a wide scan-
ning angle from −12◦ to 164◦. The fitted dispersion curve is
conducive to calculate the condition of single beam radiation.
The formula obtained by fitting discrete points provides effec-
tive guidance in terms of antenna design. Our leaky-wave an-
tenna exhibits superior performance to all those demonstrated
in similar works. With its high radiation efficiency, wide scan-
ning angle range, and high scanning rate, the proposed shows
great potential for application in radar and wireless communi-
cation systems.
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