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In this paper, a dual-band frequency scanning antenna based on spoof SPPs
transmission line was proposed. The effect of each parameter in the rectangular
holes of spoof SPPs on the dispersion characteristics and the frequency band of
the spoof SPPs transmission line application was analyzed. The results show
that the depths of rectangular hole have a large effect on the cut-off frequency,
and etching two rectangular holes of different depths in a metal strip can
generate standing waves in the transmission line. Based on this structure, a
dual-band frequency scanning antenna was designed by combining magnetic
coupling with the principle of leakage radiation. Loading two sets of circular
patches of different sizes on both sides of the spoof SPPs transmission line
achieved a dual-band frequency sweep of 90°- 196° in the 4-9 GHz and 126°-
192° in the 16-32 GHz, with sweep angles of 106° and 66°. The antenna
achieved a gain of 10-12 dBi in the operating band with an average radiation
efficiency about 90%. The antenna was subjected to processing and testing, and
the experimental results verified the good frequency scanning characteristics.
The antenna proposed has a great potential for use in planar integrated
communication systems and fifth-generation wireless communication system.
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1. Introduction

Surface plasmon polaritons (SPPs) is a mixed excited state of photons and electrons
that propagates at the interface between metal and the medium, and it is capable of
pushing the diffraction limit to the electromagnetic wave confined in the sub-
wavelength range. In 2004, Pendry's team proposed the spoof SPPs structure, which
enables surface plasmons to be applied to microwave and terahertz wave bands. The
main way to achieve the spoof SPPs structure was to etch grooves in metal blocks to
form metal grating structures[1]. Artificial SPPs have provided new ideas in
microwave device research and miniaturization of microwave integrated circuits.
Existing metal-etched corrugated structures in the sub-wavelength range have been
extensively studied[2-6]. However, aforementioned structures were three-dimensional
structures, which were not conducive to integrated processing and difficult to be
applied in microwave integrated circuits. Therefore, Tiejun Cui's team proposed a
two-dimensional planar ultra-thin sub-wavelength structure[7]. Rectangular grooves
were periodically etched on the metal strips to form corrugated metal strips. The
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structure could be printed on flexible dielectric substrates and be detached from the
dielectric layer. The metal thickness of the structure was thin, making it easy to
process and integrate. Subsequently, several studies on the integration from coplanar
waveguide(CPW) or substrate were available. Substrate integrated waveguide(SIW)
to Momentum-matching conversion structures for spoof SPPs were proposed[8,9].
Since then, artificial surface plasma metamaterials have been used in many
microwaves band two-dimensional structured communication devices. Based on these
developments, researchers have proposed other microwave band filters based on
spoof SPPs structures[10-16], power dividers[17,18], couplers[19-21], antennas[22-
27], and other communication devices. It has enriched the microwave band
communication system and played a role in advancing the development of modern
microwave communication circuits.

Leakage antenna has wide impedance bandwidth and high gain directional radiation
characteristics, as well as strong directional and frequency scan characteristics[28].
Changing the antenna cell structure or adjusting the antenna operating frequency band,
the direction of the antenna main flap radiation will also change. In recent years, in
order to adapt to the trend of antenna structure miniaturization, planarization and
integration, the research on the leakage antenna had also changed from rectangular
waveguide. The basic structure of circular and metallic waveguides was shifting to
planar. The leakage antenna based on artificial surface plasma feed was easy
processing and manufacturing, easy planar circuit integration. The good performance
and other characteristics have been widely studied in recent years.

The propagation constant of the spoof SPPs structure is greater than light at the
same frequency and is capable of bringing the electric field. The beam is confined in
the sub-wavelength range and propagates forward along the transmission line.
However, when other structures are in close proximity, the electric field that is bound
around the transmission line couples with them, breaking this constraint of the
electromagnetic wave mode.

Based on the above principles, this paper proposed a dual-band frequency scanning
antenna based on the spoof SPPs structure. The antenna was made by connecting
metal gratings with rectangular holes of different etching depths in series, so that the
spoof SPPs transmission line has two cut-off frequency. Loading specific sized
circular patches equally spaced on both sides of the corresponding metal grating so
that the antenna could realize isotropic radiation in both operating frequency bands.
All of them were capable of frequency beam sweeping within a certain frequency
range near their respective frequency points. Compared to previous scientific work,
the proposed spoof SPPs based dual-band frequency sweep antenna achieves a
frequency sweep at 4-9 GHz from 90° and 196° as well as from 126°-192° at 16-32
GHz. The scanning range of the two bands are 106° and 66°. And it has the
advantages of simple structure and easy machining which plays a great value in
limited volume integrated circuits.

2. Antenna Design and Analysis

2.1 Basic principle of leaky wave antenna



According to the working mechanism of the antenna, leaky wave antennas are
classified into uniform leaky wave antennas, quasi homogeneous leaky wave antennas
and periodic leak wave antenna. The former two belong to fast wave radiation,
periodic basic patterns for slow wave, leaky wave antenna can produce periodic
disturbance space harmonic several times, including fast wave propagation will leak
and energy[29,30]. Assuming that electromagnetic wave propagates in the z direction,
the electric field £ (y,z) on the section of leaky wave structure (plane y=0) can be

expressed as:
E (0,2)= Ade™ ™ (1)

Where, A is the constant representing the amplitude, k. is the complex

z

propagation constant along the z direction, and its expression is:
k.= B.-ja. @

Where, pf. is the z-axis phase constant, o is the z-axis leakage wave constant.
The electric field above the leaky wave structure can be expressed as:

Ex (ya Z) = Ae’jkzze*/kl,y (3)

Where , &, is the propagation constant along the y-axis, which can be expressed as:

k, = ki =k (4)
Here, k, = 5. — ja, and the imaginary parts are equal, it can be concluded that:
Bo. =-pa, (5)

If the period of leaky wave antenna structure is infinite, € represents the main
direction of leaky wave antenna, then:

cosf = B. (6)
kO

As the frequency changes, f, and the main direction of leaky wave antenna

structure changes along with the frequency, so leaky wave antenna has frequency
scanning characteristics.

2.2 Design of artificial surface plasma transmission line

The spoof SPPs transmission line structure proposed in this paper consists of a
dielectric substrate and a metal grating on the upper layer. Metal grating is formed by
periodically etching rectangular holes on the metal strip, which enables the spoof
SPPs transmission line to transmit artificial surface waves in the microwave
frequency band, and the model structure is shown in Fig.1. Where h is the height of
metal grating, p is the period of the rectangular aperture, d is the depth of the
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rectangular hole, g is the width of the rectangular hole, t. is the thickness of the metal
grating, and ts is the dielectric substrate thickness. The dielectric substrate thickness ts
= 0.5mm, dielectric constant=2.65, and loss angle tangent is 0.003.

Fig.1. Schematic diagram of rectangular hole spoof SPPs structure

Compared with the traditional surface plasmon structure, spoof SPPs transmission
line structure has an obvious characteristic. Its dispersion characteristics and restraint
ability to electromagnetic field are affected by the parameter size of the structure. And
it is concluded that the change of rectangular hole depth(d) has the greatest influence
on the cut-off frequency of transmission line structure, which is consistent with the
existing research results. In this paper, we use the electromagnetic field simulation
software CST to calculate and analyze the influence of rectangular hole depth on the
dispersion characteristics of spoof SPPs transmission line structure.

Fig.2 shows the dispersion curve of spoof SPPs transmission line structure
corresponding to different rectangular hole depth d. The black solid line represents the
propagation curve of light in the air, and other parameters are set as g = 2mm, p =
4mm, h = 10mm. From the Fig.2, it can be seen that with the increase of frequency,
the wave vector of artificial surface gradually increases. And the dispersion curve
gradually deviates from the light, tends to a stable value and reaches the cut-off
frequency. This dispersion characteristic of spoof SPPs in the microwave band is
similar to surface plasmas in the optical band. It shows that the spoof SPPs structure
has the constraint ability to electromagnetic waves, which is similar to surface
plasmon in optical band.

When d increases from 2mm to 9mm, the dispersion curve of the spoof SPPs
structure deviates from the light, and the cut-off frequency decreases gradually. When
d = 2mm, the cut-off frequency of the spoof SPPs structure is 34 GHz which means
the artificial surface wave does not transmit when the frequency is higher than 34
GHz. And when d = 9mm, cut-off frequency decreases to 12.2 GHz. In this structure,
when the frequency is higher than 12.2 GHz, the artificial surface wave stops
transmitting. This property of the spoof SPPs structure can be used to connect metal
gratings with different depths in series, thus allowing the same transmission line have
two different cut-off frequencies.



40

==airline

== =2mm
“=d=3mm
*d=4mm
= d=Smm
P=d=6mm
20 r<*d=7mm
e d=8mm
& d=9mm

(%]
=]
T

Frequency (GHz)

0 0.2 0.4 0.6 0.8 1
kp/n
Fig.2. Effect of rectangular hole depth variation on dispersion curve

In the 2D planar structure, the conversion and bridging methods between coplanar
waveguides, microstrip lines, SIW and spoof SPPs transmission lines have been
proposed. In order to effectively excite the artificial surface plasma excitations and
achieve impedance matching and mode conversion, this paper uses coplanar
waveguide and spoof SPPs waveguide structure, the conversion structure proposed in
this paper is based on the flare ground structure[8] and adaptive improvements based
on it. The structural curve parameters is :

y=Ce" +C, @)

e — ¥, el

Where C, :3?;)}1 , and C, = 22 . In order to achieve impedance
e 2

ax

—e e
matching and mode matching between the waveguides, the parameters are optimized
on the basis of the transmission line structure presented in this paper. The parameters
of the final curve is:

ax, ax,
—e

y=axe™ (8)

Where a=0.07, =0.1. The width of the center strip of the coplanar waveguide part
we=9mm and the gap spacing gc= 0.25mm, as shown in Fig. 3.
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Fig.3. Schematic diagram of transmission line structure of spoof SPPs
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The analysis of the dispersion characteristics of the spoof SPPs structure in the
previous section shows that the depth of the rectangular hole affects the dispersion
characteristics and cut-off frequency of the structure. Therefore, the depth of the
rectangular aperture can be adjusted to control the operating frequency band. In
addition, we use the cut-off frequency characteristics, connect two metal gratings with
different depths of the rectangular in series. This design makes the transmission line
has two cut-off frequency.

In this paper, we connect two rectangular hole metal with the depth of di and d2 in
series. The resulting spoof SPPs transmission line structure is shown in Fig.3. In order
to verify the effect of rectangular hole depth on the transmission performance of the
transmission line, the effect of the rectangular hole depth d2 variation on Si1 is given
in Fig.4. It could be found that when the rectangular hole depth is changed from 6 mm
to 9 mm, the impedance bandwidth is reduced from 18 GHz to 12 GHz. It is further
verified that the rectangular hole depth variation has an effect on the cut-off frequency
of the spoof SPPs structure and on the operating frequency band of the transmission
line. As can be seen from the comparison between Fig.2 and Fig.3, the artificial
surface waves propagate in a frequency band slightly smaller than the cut-off
frequency, and in the design of this paper, since the size of d2 in Part IV already
determines the minimum cut-off frequency for this transmission line, di will not
discussed here. And based on this result , we set the depth of the etched rectangular
hole di = 2mm in region 111, the etched rectangular hole in region IV depth d2 = 9mm,
rectangular hole width g =2mm.
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Fig.4. Effect of rectangular hole depth d variation on spoof SPPs transmission line Sy

According to the analysis in Fig.2, when the frequency is lower than 12.2 GHz, the
artificial surface wave propagates normally in the spoof SPPs transmission line
structure. When the frequency band is between the cut-off frequencies of the two
regions, the artificial surface wave propagates only in region III and cuts off in region
IV. Therefore, if two waveguides are connected in series, a standing wave will be
generated in region III. To validate the analysis, we use CST to get electric field
distribution of spoof SPPs transmission line structures The electric field distributions
at f = 5GHz, f= 10GHz and f = 15GHz, are given in Fig.5. It can be visualized that in
the band below 12.2 GHz (at f = 5GHz, f = 10GHz), artificial surface waves are
constrained near the waveguide structure and propagate along the transmission line.
While in the band between the two cut-off frequencies (f = 15GHz), artificial surface
waves in the band above the least cut-off frequency in this transmission line are cut
off. And due to the presence of region IV, the propagation of artificial surface plasma
waves is inhibited and standing waves are generated in region III.
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Fig.5. Electric field distribution of spoof SPPs transmission line structures (f = SGHz;
f=10GHz; f= 15GHz)

2.3 Analysis and design of leaky wave radiation structure

As can be seen from Fig.5, the spoof SPPs transmission line structure tightly limits
the artificial surface wave near the structure and propagates along the transmission
line below the cut-off frequency. In this section, a circular patch array structure is
proposed, as shown in Fig6. This structure can convert the artificial surface wave
constrained around the spoof SPPs transmission line structure into free space radiation
wave. In this design, the spoof SPPs transmission line is used as the feeder, and the
periodically arranged circular patch array is loaded on both sides of the transmission
line, in which the patch array is divided into two groups. When the circular patch
array is placed around the waveguide, the artificial surface wave is coupled to the
patch and converted into radiation wave to radiate into free space.

TR RN Rt
ecocooooll ©® © O ¢

Fig.6. Schematic diagram of dual-band frequency scanning antenna fed by spoof SPPs
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There are two coupling mechanisms for standing waves namely electrical coupling
and magnetic coupling. Magnetic coupling occurs when the center of the circular
patch array is at the maximum position of the magnetic field strength. Electrical
coupling occurs when the center of the circle is located at the position of maximum
electric field strength. In this section, magnetic coupling is used to feed the two
circular patch arrays. Therefore, in this design, the center of the circular patch array
should be located in the spoof SPPs transmission line magnetic field. The structure is
magnetically coupled to the feeder at the location of maximum field strength.

Based on the above discussion, in order to ensure that every circular patch in the
patch array is functional, the transmission line and the patch array should keep proper
distance. If distance is too far, the current will not be fully coupled to the circular
patch array. And if distance is too close, most of the energy will be associated with the
front of the patch coupling results in the end patches not sensing the energy on the
transmission line. Therefore, it is necessary to discuss the influence of the different
spacing between the two groups of patch arrays and spoof SPPs transmission lines on
the circuit characteristics and radiation performance of the antenna structure.

Since the circular patch array in region IV mainly affects the low-band radiation
performance, the effect of t2 is discussed here first in Fig.7. It can be seen in Fig.7, as
t2 increases from 0.5 mm to 2 mm, the antenna gain gradually decreases. When t2=0.5
mm, the patch array is close to the feeder, it can better play the coupling role and
make the antenna have better radiation characteristics.

Gain (dBi)

6 ‘—/Z:U,Smm t=lmm===-=1.5mm=— - =1,=2mm q

I I I I I
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Fig.7. Change of t, versus gain
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Fig.8. Change of t; versus gain
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In the designed dual-band frequency-scanning antenna structure, patch array in
region III mainly affects the frequency band in 16-30 GHz. The change of the antenna
gain curve with t1 is shown in Fig.8. It can be seen from the figure, when ti increased
from 0.5mm to 2mm, the gain value of the antenna in the frequency band gradually
increased. In addition to the gain curve, the influence of antenna also reflected in the
radiation pattern at different frequency points in the frequency band. Fig.9 (a) and
Fig.9(b) respectively show the direction of radiation at 16- 32 GHz for t1 =2 mm and
t1=0.5 mm. From the comparison of the two figures, it is obvious that when t1 =
0.5mm, the direction of the main lobe changes continuously with the change of
frequency, which has the characteristic of frequency scanning. When ti = 2mm, there
is no obvious polarization direction. It means that the patch array will only exhibit
frequency beam scanning capability of the antenna structure with a short distance.
Therefore, in the proposed design, the distance between the two patch arrays and the
transmission lines of the spoof SPPs is set as ti=t2=0.5 mm.

. b %
a 20— 6 0

— 16GHz

N == =20GHz i

204 180
v

Normalized Radiation Patterns (dB)

Fig.9. (a) 16-32 GHz different frequency direction diagrams at t;=2mm (b) 16-32 GHz
different frequency direction diagrams at t;=0.5mm

In the designed antenna structure, the spoof SPPs transmission line plays the role of
feed structure, and the artificial surface wave is tightly bound around the transmission
line. The circular metal patch array is loaded near the transmission line to couple and
excite the free space radiation wave. It takes two steps to transform the artificial
surface wave transmitted in the spoof SPPs waveguide structure into free space. In the
first step, the artificial surface wave constrained on the spoof SPPs transmission line
is coupled to two groups of patch arrays by magnetic coupling. In this step, when the
artificial surface plasmon is transmitted forward along the spoof SPPs transmission
line, different positions on the transmission line have different phases. When the
artificial surface wave on the waveguide is coupled to the circular patches in different
positions, the phase difference between the patches will be introduced, which can be
regarded as the compensation for the phase required in the second step. In the second
step, the energy radiates through the circular patch array into free space, and due to
the phase difference introduced between the patches, structure presents a frequency
beam scan characteristic.

The directional diagrams of the main polarization of the dual-band frequency
sweep antenna at different frequencies during vertical polarization are given in Fig.10
and Fig.11. Since the designed spoof SPPs frequency sweep antenna has no floor, the
directional map is symmetrical with respect to the yoz face, and the axial realization
of the patch array is frequency beam scanning. Fig.10 respectively shows the three-
dimensional direction at 5-8 GHz. The beam scan from backward to forward is

achieved. The two-dimensional radiation direction of the antenna in the two frequency
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bands 4-9 GHz and 16-32 GHz are given in Fig.11. From Fig.11(a), it can be seen that
in the 4-9 GHz band, the antenna radiates in the direction of 90°-196°, and the scan
angle reaches 106°. Fig.11(b) gives the direction of the antenna radiation in the 16-32
GHz band at 126°-192° and the scan angle is 66°.

]
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- = = 18GHz
- 20GHz
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Normalized Radiation Patterns (dB)
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o A0 T 300 0 240 e 300
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Fig.11. Normalized direction diagrams at different frequencies (a) 4-9 GHz; (b) 16-32 GHz.

3.Simulation and Measured Results

Processing of the proposed antenna structure is shown in Fig.12 based on the spoof
SPPs dual-band frequency scanning antenna, the picture shows the front of the
antenna, the ports on both sides are connected. We used K-joint, as the structure has
no floor and the back side is an exposed substrate. The antenna S-parameter test
environment is shown in Fig.13(a), and the test was performed using the Agilent
N5230C vector network analyzer. The antenna radiation performance test
environment is shown in Fig.13(b), which shows the antenna and standard gain during
the test in the microwave dark room. The relative position of the horn antenna. Due to
the limited frequency band of the vector network analyzer, only give the S parameter
in the low frequency band of the antenna and far-field map test results here.

Fig.12. A fabricated sample of the proposed bem-scannng antenna
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Fig.13. (a) Vector network analyzer test environment (b) Microwave anechoic chamber test
environment
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Fig.14. Simulation and Measured result of S11

Fig.14 gives the S11 simulation and test curves of the designed antenna. As shown
in the figure, the dual band frequency sweep antenna based on the spoof SPPs meets
S11 < -10dB and impedance in the 4-9 GHz band in both simulation and test results.
The bandwidth is almost identical. It can be seen that the deviation between the
simulation and test results for Si1. The set-up of the simulation environment is ideal,
but in the actual measurement, the fabricated processing of antenna and testing
conditions also affected the final test results.

(a) o e (b) 0

Normalized Radiation Patterns (dB)
3 L b

Normalized Radiation Patterns (dB)
& .

Sy N 4 N
o 210 e a0 o 240 e 300

270 270

Fig.15. (a)(b)Simulation and Measured result of S11 at low frequency

The far-field direction diagram of the frequency sweep antenna in the 4-9 GHz band
is shown in Fig.11, where the simulation results are shown in Fig.15(a), the test
results are presented in Fig.15(b). The antenna corresponded to 90° and 196° main
directions at 4-9 GHz, and 106° scanning range was achieved in this frequency band.
The measured directional map is not perfectly symmetrical due to K-joint losses,
antenna placement, and the influence of the turntable during the measurements. The
scan angle and range in the test results of the antenna are close to the simulation

results, indicating that the antenna has good frequency beam scanning characteristics.
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4.Conclusion

The proposed spoof SPPs based dual-band frequency sweep antenna achieves a
frequency sweep at 4-9 GHz from 90° and 196° as well as from 126°-192° at 16-32
GHz. The scanning range of the two bands are 106° and 66°. Simulation and
experimental results consistently show that the antenna has a gain of 10-12 dBi in the
operating band, with an average radiation efficiency of about 90%. The proposed
frequency-scanning antenna is a two-dimensional planar structure, which has the
advantages of simple structure, easy processing. Due to spoof SPPs are highly field
strength-limited and can be integrated into other circuit structures in close proximity
without coupling, which are advantages in the case of volume limited and is of great
value in integrated circuits. The two frequency points of the antenna correspond to the
two main application bands of the fifth generation of mobile communication
technology, which can be used in planar integrated communication systems and fifth-
generation wireless communication systems.
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