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Spoof surface plasmon polaritons excited leaky-wave antenna with
continuous scanning range from endfire to forward
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A novel leaky-wave antenna (LWA) utilizing spoof surface plasmon polaritons (SSPPs) excitation is proposed with
continuous scanning range from endfire to forward. The designed transmission line unit supports two SSPPS modes, of
which the 2nd order mode is applied in the design. A novel strategy has been devised to excite the spatial radiation of the
— Ist order harmonics by arranging periodic counter changed sinusoidal structures on both sides of the SSPPs transmission
line. Both full-wave simulation and measurement results show that the proposed LWA presents wide scanning angle from
endfire to forward. In the frequency range from 4 GHz to 10 GHz, LWAs achieve scanning from 90° to 4+20°, covering the

entire backward quadrant continuously.

Keywords: leaky-wave antenna, spoof surface plasmon polaritons, wide scanning-angle

PACS: 41.20.Jb, 84.40.—x, 84.40.Ba

1. Introduction

Leaky-wave antenna (LWA) is a guiding structure that
possesses a mechanism that allows a traveling wave to leak
its power along the structure length.l'! Compared to tra-
ditional array antennas, they are widely appreciated be-
cause of their simple easy-feeding network, high gain low
cost, and convenient beam scanning.[!?! Since it was first
proposed, *) LWAs have undergone more than 70 years of de-
velopment, with forms ranging from rectangular waveguides
to planar microstrips, to the current emerging electromagnetic
structures.*°! In general, LWAs are divided into uniform and
periodic structures.!!%1 The uniform structure of the LWA is
simple, but has a significant limitation in the scanning range
and can only perform forward scanning. Periodic LWAs are
capable of backward-to-forward continuous scanning, but few
literature reports implement LWAs with endfire scanning. In
Ref. [11], a continuous sweep from endfire direction to for-
ward direction is achieved based on the Goubau line. While
this work has clear advantages in terms of scanning range, it
falls short in terms of size. The spoof surface plasmon polari-
tons (SSPPs) transmission line proposed in recent years offers
some new approaches to the design of LWA

Surface plasmon polaritons (SPPs) are localized or propa-
gating surface electromagnetic waves in which photons collec-
tively oscillate with free electrons in the interfacing metal. ']
The concept of SSPPs comes from SPPs in optics, which is
electromagnetic features similar to those of SPPs by construct-
ing special structures that bound electromagnetic waves to the
surface of the medium, or force them to travel along the sur-
face. In 2012, SSPPs transmission lines have evolved from
their previous three-dimensional structure into a planar struc-
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ture, significantly improving their integration capabilities and

s.[13:141 Subsequently, SSPPs have been

range of application
widely used in electronic components, !> and LWAs are no
exception.[!6-18] In Ref. [16], the means of applying SSPPs to
antenna radiation are systematically summarized. In Ref. [17],
frequency scanning radiation from 4.8° to 37.2° is realized
by decoupling SSPPs utilizing phase gradient metasurface. In
Ref. [19], using the principle of electromagnetic coupling, an
LWA with —45° to 45° continuous scanning is achieved by
loading circular patches on both sides of the SSPPS transmis-
sion line. Nonetheless, the LWAs proposed based on these lit-
eratures are deficient in the beam scanning range, and new de-
sign approaches are highly desirable to extend the beam scan-
ning range.

In this paper, an LWA based on SSPPs excitation is pro-
posed with continuous scanning range from endfire to forward.
First, a novel type of SSPPs supported transmission line is pro-
posed, and the dispersion characteristics of the unit cell are
analyzed at the same time. Then, a periodic sinusoidal modu-
lation structure is loaded on the base of the transmission line
to excite the —1-order harmonics and form electromagnetic
radiation. Lastly, the optimized simulation model fabrication
and the prototype measurement are carried out to verify the
correctness of the design.

2. Design of LWA and analysis

Figure 1 shows the configurations of the proposed LWA
based on SSPPs excitation transmission line. The LWA pro-
posed in this paper is composed of three components, cor-
responding to the coplanar waveguide (CPW) feeding part,
CPW to SSPP transiting part and SSPP energy radiating part,
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as shown in Fig. 1(a). The electromagnetic wave is converted
from CPW transmission mode to SSPPs transmission mode
owing to the conversion structure. An asymmetrical uninter-

rupted winding slot is engraved in the transmission line part,
and gradually varied length is applied to meet impedance con-

ditions.

Fig. 1. Configurations of the proposed LWA based on SSPPs excitation transmission line. (a) Top view of proposed LWA. (b) Details of the feeding and
transiting part. (c) Details of the radiating part. (d) Unit cell of transmission line.

To better describe the configurations, the details of the
LWA are shown in Fig. 1(b) and Fig. 1(c). Reference coor-
dinate system U;0,V; and U,O,V, are built to describe the
nonlinear part of the LWA structure. For U;0V; as shown in
Fig. 1(b), the original point of U; O,V is arranged at the start
point of the conversion transition. The outline of conversion

transition is determined by the exponential function v; = f(u;)

wi (e®™ —1)

f ) = ah ] 0 Vsm<h, ey

where the parameter a is applied to control the smoothness
of outline curve. The relevant parameters of the exponential
function should be optimized to get a good transmission.

For U,0,V, as shown in Fig. 1(c), the original point of
U,0,V; is arranged at the end point of the unit modulation
structure. The outline of unit modulation structure is deter-
mined by the piecewise function vy = g(u2),

0, OS”ZSIma

. m(up —1
Wi sin 2 = In) y I <up < wy,
wp—Im

where periodic sinusoidal modulated structure is adopted with

g(uz) = 2

amplitude wy,.

Some previous research about sinusoidal modulated has
shown the great advantages in the synthesis of radiation pat-
terns. On the other hand, the loading of the sinusoidal modu-
lated structure introduces relatively smooth structural change

that is beneficial for impedance matching. The relevant param-

eters of the function v, = g(u;) have been optimized to get a
high-efficiency radiation.

The structures of sinusoidal modulation, 13 in total, are
distributed on both sides of the transmission line in a cen-
tral symmetrical manner. The dielectric medium of the LWA
is Roger RT5880 with a thickness of 1 mm (& = 2.2 and
tan 8 = 0.001). The corresponding parameter values in the an-
tenna structure are respectively as follows: wf =5 mm, wy =
4 mm, wi = 30 mm, /; = 10 mm, /, = 35 mm, w,, = 8 mm,

Im =24 mm, wp =34 mm, a = 5.

2.1. Analysis of SSPPg transmission line

First, the relevant characteristics of SSPPs transmission
line are studied. The diagrammatic drawing of the transmis-
sion line unit cell is shown in Fig. 1(a). The electromagnetic
model of the unit cell is built in the CST microwave studio,
as shown in Fig. 2(b). The parameters values for the unit cell
in millimeter are listed in Table 1. Eigenmode solver is ap-
plied to analyze dispersion characteristics of TL unit cell. In
Fig. 3, the dispersion curves of the two fundamental modes of
SSPPs are demonstrated. It can be seen from the curves that
the dispersion curves of the two modes of SSPPs are not con-
sistent, and the dispersion of the electromagnetic waves in the
1st mode is more pronounced within the operating frequency.
In other words, at the same frequency, the phase velocity of
an electromagnetic wave in 1st mode is greater than the phase
velocity of 2nd mode. The phase constants of modes 1 and 2

are greater than f,;;, where B is the phase constant in free
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space. Therefore, both transmission modes are slow waves. It
should be noticed that the slow wave can not radiate due to the
momentum mismatch with the electromagnetic wave in the air.
By adjusting the structural parameter [, the length of the me-
andering branch of the slot has a significant effect on the dis-
persion level of the transmission unit cell. For electromagnetic
fields of the same mode, the longer the branches, the larger the
changing rate of the phase constant with the frequency. In
other words, the longer the branch, the more pronounced the

dispersion will be.

J_— electrical boundary (E;=0)

periodic boundary

Fig. 2. The electromagnetic model of the transmission line unit cell in sim-
ulated condition.
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Fig. 3. Dispersion diagram of SSPPs transmission line unit cell with varying
structural parameters.

Table 1. Parameters values for the unit cell in unit mm.

Parameters Pu Wy Wt Wy In

Value/mm 44 2.8 1 1.2 2.3

To explore the differences between the two modes, the
current distributions on the cell structure under the two funda-
mental modes are shown in Fig. 4. In the case of 1st mode, the
current on both sides of the winding groove flows in the oppo-
site direction, while the current is homodromous in 2nd mode.
Although the transmission unit supports two modes of elec-
tromagnetic waves, the mode in the corresponding transmis-
sion line is also closely related to the transmission line feeding

structure. In this paper, a coplanar waveguide feed is used, and
the electromagnetic waves excited are symmetrical in mode;
therefore, the electromagnetic waves utilized in the transmis-
sion line are based on 2nd mode.
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Fig. 4. Surface current distributions of the two fundamental modes: (a) 1st
mode, (b) 2nd mode.

2.2. The mechanism of leaky wave radiation

Without losing generality, the slow wave will only con-
duct along the transmission line and will not radiate due to
momentum mismatch. Therefore, the countermeasures should
be taken to convert slow waves to fast waves and radiate
out. The transmission constant analysis is the first step in
the research of LWA characteristic. The propagation con-
stant along the SSPPs transmission line &, can be described as
ke =B (0)+ja (w) with a phase constant f(w) and a leakage
constant a(®). The direction of beam scanning is a function
of the operating frequency,!!! as shown by the following for-

6, () = arcsin ( B ]Ew)) . 3)

0

mula:

[16] the electromagnetic

According to the Floquet theory,
field of a transmission line is characterized by an infinite num-
ber of spatial harmonics, and the phase constant corresponding
to the n-th (n =0, £1, 42, ...) spatial harmonic can be ex-
pressed as

2nm

B (@) = 5o(w)+7 “)

In formula (4), the parameter p represents the period of
the electromagnetic structure, and f3 is the propagation phase
constant for the fundamental mode. As shown in Fig. 1, the
structure of sinusoidal modulation is distributed on both sides
of the transmission line, which is bound to excite the high-
mode harmonics. Typically, the 1st harmonics are excited and
produce radiation. Thus, combining formulas (3) and (4), the
beam pointing of the proposed LWA radiation can be obtained
as

)
ko kop

6, () = arcsin (ﬁo (@) _ 27 ) .
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3. Numerical and experimental results and simulated results are given in Figs. 6-8.

To validate the design, a prototype of the LWA is fabri-
cated and measured, as shown in Fig. 5. The dielectric medium
of the proposed LWA is Roger RT5880 with a thickness of
1 mm (& = 2.2 and tané = 0.001). The overall size of the
LWA is 365 mmx65 mm. The N5230C vector network an-
alyzer is used to measure the scattering parameters, and the

Fig. 5. Photograph of the fabricated sample.
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---- measured Si;
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anechoic chamber. In the measurements, it should be noted -5
that, as a two-port device, one port of the LWA is connected

to the signal source and the other port to a 50-Q matching re- —10g

sistor. The normalized patterns of the LWA are characterized _15}

.
3 PP

by the changing law of the receiving electromagnetic wave en- ;
ergy. A standardized gain antenna is used to the measurement —20f; !
of the LWA gain as shown in Fig. 8. The gain of the LWA can —25p!

be obtained by comparing the strength of the signal emitted by

S parameters/dB

30l 1 . y .
the standard antenna and the LWA. The ratio of the received 3 4 5 6 7 8 9 10 11

signal strength is equal to the ratio of the corresponding trans- Frequency/GHz

mitting antenna gain. The comparisons between the measured Fig. 6. The simulated and measured S-parameters of the proposed LWA.
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Fig. 7. The simulated and measured normalized radiation patterns of the proposed LWA: (a) 4 GHz, (b) 5 GHz, (c) 6 GHz, (d) 7 GHz, (e) 8 GHz, (f) 9 GHz,
(g2) 10 GHz.
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The simulated and measured S-parameters of the pro-
posed LWA are plotted in Fig. 6. Although the frequency is
slightly offset due to media loss and the measurement envi-
ronment, the measured and simulated results match each other
well within the operating frequency range. The scattering pa-
rameters of the antenna are maintained at a low level in the
operating frequency range, which indicates that most of the
feed-in energy is converted to space radiation and heat loss.

The measured and simulated normalized radiation pat-
terns at 1-GHz interval from 4 GHz to 10 GHz are shown in
Fig. 7, which illustrates the relationship of the antenna beam
pointing with frequency on the scanning plane, as well as the
features of co-polarization, cross-polarization, and sidelobe.
As can be seen in Fig. 7(a), the LWA is radiated in the end-
fire direction at 4 GHz. As the frequency increases, the LWA
beam changes continuously from endfire to forward until it
reaches 20° forward at 10 GHz. It should be noted that at
around 7.5 GHz, the antenna beam is radiated at the broad-
side direction and has a good performance, which indicates
that the antenna mitigates the open-stopband well. The cross-
polarization of the LWA is also given out in Fig. 7. The cross-
polarization of the LWA is at a low level within the operating
frequency range, illustrating that the LWA has good polariza-
tion isolation.

Figure 8 illustrates the curves of the LWA for realized
gain and beam pointing versus frequency. At around 4.2 GHz,
there is a significant drop in the realized gain of the LWA,
which is attributed to the splitting of the beam, with the pencil
beam evolving into a conical beam. Simulated and measured
results show that the antenna achieves a wide scan range from
endfire end to forward, covering the entire backward quad-
rant. The realized gain of the antenna is slightly fluctuating in
the high frequency band, but remains above 8 dB overall. At
8.4 GHz, the simulated achieves a maximum realized gain of
10.2 dB.
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Fig. 8. The simulated and measured beam direction angle and realized gain
of the proposed LWA.

Table 2. Performances comparing between the LWA and previous works.

Works Antenna type Length/mm Operating frequency/GHz Scanning range/(°)
Ref. [7] QMSIW 230 89to11.8 —43 to 32
Ref. [8] Goubau-line 292 9.0to 13 —13.1t0 19.1
Ref. [9] Microstrip line 171 10.7t0 17 —78 to 27
Ref. [17] SSPPs 297 8.8t0 10.7 4.8t037.2
Ref. [18] SSPPs 320 Sto 11 —45t0 10
Ref. [20] HMSIW 46 55 to 65 —72t0 48

This work SSPPs 365 4.0to 10 90 to 20

Table 2 compares the performance of the proposed an-
tennas with works that already exist in other literatures. The
greatest feature of the work in this paper is that the beam scan
angle covers the endfire direction which is difficult to realize
in LWA design. At the same time, the LWA’s scanning range
of 110° is better than most other LWAs, which greatly expands
the range of applications

4. Conclusion

A novel LWA with wide scanning angle is designed, fab-
ricated, and measured in this paper. The relevant dispersion
characteristics of the transmission line and the working prin-
ciple of the LWA are described. The measured and simu-
lated results of the designed LWA are in good agreement with

each other, indicating that a continuous beam scanning range

from endfire to forward over the operating frequency band of
4 GHz-10 GHz is obtained. This work provides a novel and
wonderful way to design LWAs with wide-scanning beam, fur-
ther expanding the application of SSPPs.
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