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Abstract — A low profile and dual-polarized fixed-
frequency beam scanning leaky wave antenna for 5G
communication is presented, which is based on a
corrugated microstrip line (CML) called spoof surface
plasmons transmission line. The antenna radiates
horizontally polarized electromagnetic wave and
vertically polarized electromagnetic wave using two
different periodic antennas elements. The fabricated
antenna is measured and the results show that the
operating frequency of the antenna is 3.4-3.7 GHz. The
measured main beam angle scans from -9° to -30°. The
measured gain is from 8.3 dB to 9.7 dB over the
working band.

Index Terms —Spoof surface plasmons, 5G, dual-
polarized, fixed-frequency

I. INTRODUCTION

The commercialization of the fifth generation
mobile communication system (5G) puts forward many
high performance requirements for the communication
system [1]. As a crucial part of the communication
system, the breakthrough of the antenna will obviously
improve the performance of the whole communication
system. The traditional beam scanning antenna usually
uses frequency scanning mechanism or phase shifter to
realize beam scanning, which will inevitably bring the
problem of occupying wide-band spectral resources and
complex feeding network structure, thus increasing the
volume and cost of the whole system [2].

Leaky wave antennas (LWA) have advantages of
high gain, frequency scanning features, and a simple
feeding structure. The combination of metamaterials
and traditional leaky wave antennas results in low
profile, high gain, low cost leaky wave antennas, which
emerged as potential candidates in modern wireless
communication system [3,4]. The metamaterial leaky
wave antennas can be divided into two kinds. One kind
is based on the composite right-/left-handed (CRLH)
transmission line and the other is based on the spoof
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surface plasmons (SPs) [5,6]. By constructing CRLH
transmission line design in the balance, researchers
concluded that CRLH leaky wave antennas can
overcome the open-stopband effects [7,8]. Different
devices based on spoof SPs at millimeter wave and
terahertz frequencies have been demonstrated [9-12].
The spoof SPs LWA can radiate spatial harmonics by
introducing periodic modulations [13-17]. However,
previous metamaterial leaky wave antennas occupy
wide-band frequency resources in the frequency scanning
process, hence most of the above metamaterial leaky
wave antennas are generally designed for satellite
communication (working at high frequency band) or
radar detection to carry out large-angle scanning, which
are not suitable for 5G communication system with
relatively narrow operating bands [18,19]. Therefore,
how to complete beam scanning metamaterial LWA at
fixed-frequency is an important research area.

In recent years, researchers have achieved beam
scanning metamaterial leaky-wave antennas at fixed
frequencies by loading PIN-diodes or varactor diodes
[20-24]. For example, single-polarized fixed-frequency
beam scanning antennas based on spoof SPs have been
proposed [20-21], respectively. However, these beam
scanning antennas still are single-polarized, which does
not meet the requirements of 5G communication system,
since dual-polarized antenna in the communication
system is necessary. Especially in 5G communication
systems, large-scale antenna arrays are generally
adopted, which requires the polarization diversity.
Therefore, the study of dual-polarized fixed-frequency
beam scanning antenna is important [25-26].

In this work, we propose a dual-polarized beam
scanning antenna as shown in Fig. 1. The dispersion
curve of the antenna unit is adjusted by loading a
varactor diode to complete the beam scanning at a
fixed-frequency. The working frequency band is located
in 3.4-3.7 GHz for 5G communication. The maximum
gain can reach 10 dB in the working frequency band,
and the rotation angle at the 3.5 GHz is about 21°.
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Compared with previous leaky wave antennas, the
proposed antenna has the advantages of dual
polarization, low profile and beam scanning at a fixed
frequency.

X-polarized

Y-polarized Matching loads

Fig. 1. A dual-polarized beam scanning LWA.

I1. ANTENNA DESIGN

A. The design of X-polarized antenna

The X-polarized antenna structure with five
modulation periods is shown in Fig. 2. The dimensions
shown in Fig. 2 (a) are od = 13 mm, op = 6od = 78 mm,
w; = 0.6 mm, w, = 2.1 mm, hy = 15 mm, tl; = 0.70d,
and tl; = 0.30d. The groove depths are h; = 3.137 mm,
h, = 13.164 mm, hs = 14.51 mm, respectively. The
schematic of the LWA with sinusoidally modulated
surface impedance is shown in Fig. 2 (b), which is
composed of a corrugated metallic strip line, dielectric
substrate and metallic ground, where the dielectric
substrate is F4B with relative permittivity 3.5 and loss
tangent 0.001. The thicknesses of dielectric substrate
and the metal are 3 mm and 0.018 mm, respectively.
The total length of the LWA is 440 mm.
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Fig. 2. (a) The details of X-polarized antenna, and (b)
the perspective of X-polarized antenna (the dielectric
substrate is transparent).

The radiation principle of X-polarized antenna with
different grooves is that the surface impedance changes
result in the formation of space radiation. The radiated
electric field is always perpendicular to the groove [20].
Hence, the direction of its polarization is along the X-
axis (X-polarized antenna).

According to the leaky-wave antenna theory,
the surface impedance of the antenna is modulated
periodically according to the sine function, as shown in
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Equation (1),
Z,(x)= X, [1+M cos(%”x)l. (1)

where Xs, M, and p are the average surface reactance,
modulation factor, and the modulation period,
respectively.

From the Floquet theorem, the surface wave
propagating on the impedance will excite infinite high-
order spatial harmonics, as shown in Equation (2):

Byp=py+2m, )
where f is the phase constant of the fundamental space
harmonic with N =0 and gy is the phase constant of N-
order.

These higher spatial harmonics can be surface
waves propagating along the surface or leakage waves
radiating into free space. The mode of these high-order
spatial harmonics mainly depends on the modulation
period. The first negative harmonic mode is usually
designed to generate the leaky-wave radiation, whose
radiation angle can be calculated by Equation (3),

O ~sin " (v1+ X" —k27;), 3)
0

where X’ = Xy is the normalized average surface
reactance and ko is the propagation constant of free
space.

The simulated S-parameters and gain are obtained
by using CST. The simulated dispersion curves of
the antenna elements with different groove depths are
shown in Fig. 3. From the dispersion curve, it can
be seen when h = 0 mm (unmodulated spoof SPs
transmission line), the slope of the dispersion curve is
the speed of light and the greater the depth of the
groove is, the lower the cut-off frequency is.
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Fig. 3. The dispersion curves of the antenna elements
with different groove depths.



The simulated S-parameters of the X-polarized
antenna are shown in Fig. 4. It can be seen that the Si;
is below -13 dB at 3.4-3.7 GHz, and the Sy is about
-3 dB, which indicates that the antenna can work at 3.4-
3.7 GHz.
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Fig. 4. The simulated S-parameters of X-polarized
antenna with loaded capacitance of 0.88 pF.

The electric field of the X-polarized antenna is
perpendicular to the groove. Hence, the direction of the
polarization is along the X-axis [20]. The simulated far-
field radiation pattern of the LWA is plotted in Fig. 5,
which shows a narrow beam in E-plane (xoz plane)
plane with low back lobes. The level of the cross
polarization (Y polarization) is also low. By loading
the SMV1430-040LF varactor diode, the X-polarized
antenna can complete beam scanning at a fixed
frequency.
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Fig. 5. Simulated far-field radiation pattern of the X-
polarized antenna at 3.7 GHz with loaded capacitance
of 0.88 pF.
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B. The design of Y-polarized antenna

The radiation principle of the Y-polarized antenna
is different from that of X-polarized antenna. By loading
different capacitors periodically, the Y-polarized antenna
radiates electromagnetic waves into space. The radiation
principle of the antenna with same grooves is that
the surface impedance changes due to different
capacitances. So the electric field of the antenna is
always along the loading capacitance [21]. It is along
Y-axis direction (Y-polarized antenna). The Y-polarized
antenna has seven modulation periods, as shown in
Fig. 6. The geometric parameters shown in Fig. 6 (a)
are td = 9.2 mm, tp = 6td = 55.2 mm, hs = 10 mm, tl; =
0.6td, and tl, = 0.4td.
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Fig. 6. (a) The details of Y-polarized antenna, and (b)
the perspective view of the Y-polarized antenna.

The modulation period consists of six sub-
wavelength units, and these sub-wavelength units
loaded with three identical fixed capacitors and varactor
diodes to periodically change the surface impedance.
The surface impedance modulation principle of Y-
polarized antenna can be equivalent to the triangular
impedance modulation principle as shown in Equation
4):

2M M

jXS(lJFTX_?) ifOSxﬁg
Z,(x) = o (4
sz(l—z—MXJrSﬂ) ingxgp
p 2 2

where Xs, M, and p are the average surface reactance,
modulation factor and the modulation period,
respectively. The surface impedance of the antenna unit
is changed by periodically changing the capacitance,
so the direction of electric field change is always
perpendicular to the groove where the capacitance is
loaded.

The simulation setting of one unit cell of the Y-
polarized antenna is shown in Fig. 7 (a), where periodic
boundary condition (PBC) is used in x direction and
perfect electric conductor condition (PEC) is used in
y direction. The Eigenmode Solver of the commercial
software CST Microwave Studio is adopted. However,
the lumped capacitor cannot be added in the Eigenmode
Solver of CST Microwave Studio. Hence, an equivalent
model is used to take place of the lumped capacitor
in the simulations. The equivalent model consists of
two metallic slabs spaced by a dielectric block. The
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permittivity of the dielectric block can be calculated by
&, =&,-b,-C/(a,-a,), in which C is the capacitance
of the lumped capacitor, and ai, a,, and b, are the
dimensions illustrated in Fig. 7 (a). The simulated
dispersion curves of the unit with different capacitances
are shown in Fig. 7 (b). We can predict the operation
band of the antenna from the dispersion curve.
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Fig. 7. (a) The details of simulation setting, and (b) the
dispersion curves of the antenna elements loading
different capacitors.

The simulated S-parameters of the Y-polarized
antenna are shown in Fig. 8. It can be seen that the Si;
is below -12 dB at 3.4-3.7 GHz, and the Sy is about
-28 dB, which indicates that the antenna can effectively
work at 3.4-3.7 GHz. Compared with Fig. 4, it can be
seen that the Sy performs better in Fig. 8 for the Y-
polarized antenna. That is because that the impedance
changes caused by periodic loaded capacitors are more
drastic than those caused by different groove depths,
which leads to more leaky wave radiation energy of
the Y-polarized antenna. Therefore, the Sy of the Y-
polarized antenna performs better than that of the X-
polarized antenna.

Furthermore, the simulated far-field radiation pattern
of the LWA is plotted in Fig. 9, which shows a narrow
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beam in E-plane (xoz plane) with low back lobes. The
level of the X polarization is also low. By periodically
loading the varactor diodes (MAVR-011020-1411) and
the fixed capacitors (CQ0402BRNPO9BN1R1), the Y-
polarized antenna completes beam scanning at a fixed
frequency.
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Fig. 8. The simulated S-parameters of Y-polarized
antenna with loaded capacitance of 0.15 pF.
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Fig. 9. The simulated far-field radiation pattern of the
Y-polarized antenna at 3.7 GHz with loaded capacitance
of 0.15 pF.

C. The design of dual-polarized antenna

We combine the X-polarized antenna and the Y-
polarized antenna to form the dual-polarized antenna.
The simulated isolation and far-field patterns of the
dual-polarized antenna are shown in Fig. 10. As can be
seen from Fig. 10 (a), the isolation degree of each port
is less than -35 dB. From Fig. 10 (b), it can be seen that
the beam scanning dual-polarized antenna has been
achieved, where the X-polarized antenna and the Y-



polarized antenna are loaded with the capacitance of
0.7pF and 0.24pF, respectively.
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Fig. 10. (a) The isolation of the dual-polarized antenna,
(b) Simulated synthesized far-field radiation pattern of
the dual-polarized antenna.

I1l. REAULTS AND DISCUSSION
The fabricated antenna and its measurement
environment are shown in Fig. 11. The dual-polarized
antenna is shown in Fig. 11 (a). The final dimension of
the dual-polarized antenna is 440 mm x 140 mm x 3 mm.

Fig. 11. (a) The sample of the fabricated antenna, and
(b) the measurement environment.

The simulated and measured S-parameters are
shown in Fig. 12. The higher the operating frequency of
the active device is, the larger the influence of parasitic

LI AND ZHOU: DUAL-POLARIZED FIXED-FREQUENCY BEAM SCANNING LEAKY-WAVE ANTENNA

parameters is. The measured Si1 and Sp; vary drastically
from their simulated results, respectively. However,
the trend of simulation result agrees well to that of
measurement result. Both errors are caused by the
inaccurate parasitic parameters of the varactor diodes
and by machining and welding.
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Fig. 12. The simulated and measured (a) S11 and (b) Sz
of X-polarized antenna with loaded capacitance of 0.68
pF. The simulated and measured (c) Si1 and (d) Sz of
Y-polarized antenna with loaded capacitance of 0.15 pF.

The measured far-field radiation patterns of the
dual-polarized antenna at 3.5 GHz with different voltages
are shown in Fig. 13. It can be seen that when the
voltage changes from 0 V to 5 V, the scanning angle is
from -9° to -30° at 3.5 GHz.

Measured Gain (dB)

180

Fig. 13. The measured far-field radiation pattern of
the dual-polarized antenna at 3.5 GHz with different
voltages.
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The simulated and measured gains of the dual-
polarized antenna are shown in Fig. 14. It can be
seen that the experimental results agree well with the
simulation results. As the parasitic parameters of the
varactor diode model are set to be typical values in
simulation according to the datasheet, the actual values
may be different in the lower frequency band, which
results in that the actual gain at 3.3 GHz and 3.4 GHz is
higher than the simulated gain.
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Fig. 14. The simulated and measured gain of the dual-
polarized antenna.

1V. CONCLUSION

Here a dual-polarized high-gain fixed-frequency
beam scanning antenna for 5G communication is
proposed. By using the surface impedance modulation
technology and loading the active devices, the dual-
polarized antenna can achieve the fixed-frequency
beam scanning at 3.4-3.7 GHz (Suu< -10 dB) for 5G
communication systems.
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