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ABSTRACT A Ku-band variable inclination continuous transverse stub (VICTS) antenna system for
vehicle-to-satellite communication is designed with high gain and low sidelobe level (SLL). Taylor dis-
tribution is used to determine the radiation power for each slot by extracting the admittance of each slot
to achieve a low SLL. The antenna system contains the VICTS antenna and the servo control system.
The servo control system is used to rotate the feeding and radiating plates of the VICTS antenna to
realize beam steering. The feeding plate is placed underneath the radiating plate for a compact size. For
verifying the concept, the antenna system is prototyped and measured. The measured results show that
within 13.75-14.5 GHz, the voltage standing wave ratio (VSWR) is below 1.4. A large beam scanning
range of 7° ~ 64° or —7° ~ —64° in elevation and 360° in azimuth is achieved, with a maximum gain
of 32.1 dBi. For all the scanning angles, the SLLs maintain lower than —16.5 dB.

INDEX TERMS Beam scanning, variable inclination continuous transverse stub (VICTS), high gain.

. INTRODUCTION

EAL-TIME communication and high-speed recognition

techniques are highly demanded for high-speed wireless
communication systems on the move, such as the vehicle
radar system and Satellite Communications (SatCom) on the
move [1]. In the scenario where the 5G base station cannot
maintain the available communication, the vehicle needs to
communicate with the low-earth-orbit (LEO) satellite for
high-quality data transmitting and receiving [2]. The fusion
of the 5G core network and LEO satellite communication
network can be a good solution for cost and communication
coverage. As a result, beam steering corresponds to different
locations when the vehicle moves fast, as shown in Fig. 1. To
further facilitate communication in the area where the base
station cannot cover, a beam-steering antenna system [3] is
required in both the vehicle and satellite terminals.

In the applications of radar and SatCom systems, the
parabolic reflector antenna is widely employed due to
the high beam-pointing precision [4], but its volume is
bulky and it suffers great wind resistance when the plat-
form is moving at a high speed. To satisfy the aesthetic
and aerodynamic requirements, the antenna should be low
profile, compact, low weight, low cost, and mechani-
cally robust [5]. Particularly, long-distance communication
requires the antenna to have a high gain with a narrow
beamwidth to compensate for the propagation loss. In this
context, it is better for the antennas at both terminals (base
station and user terminals) to own the capability of beam
steering to find each other. There are several methods to
realize the beam scanning function, such as mechanical and
electronic scanning. Mechanical scanning antenna systems
make use of the three-dimensional servo platform to control
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FIGURE 1. Vehicle-to-satellite communication scenario.

the beam direction of an antenna [6], whose radiation pattern
is usually fixed without the rotary platform. However, the
profile of this system is very high, which cannot satisfy the
dynamic requirement of the high-speed vehicle. In [7], rotary
metasurface is used to achieve beam scanning in azimuth
above a patch antenna, but the main-beam direction can
only be fixed at an angle of 32° from the broadside in ele-
vation. The phased array antenna is a more flexible method,
but the phase shifter module of the phased array is complex
and expensive [8]. As a result, researchers have investigated
many works on the pattern reconfigurable antenna with a low
profile and low cost [9], [10], [11], [12]. However, the beam
could not be steered continuously since the radiation pattern
could only be switched among several states.

Due to the low profile and mechanical robustness, a con-
tinuous transverse stub (CTS) array antenna can be a good
candidate for beam scanning in the high-speed communica-
tion system for LEO satellites. As a new kind of leaky-wave
antenna, the CTS array was first proposed by Milroy in the
1990s [13], [14], and the electromagnetic energy is radi-
ated from the slots between the transverse stubs. The CTS
array antenna can be fed in a parallel [5], [15], [16], [17]
or series [18], [19], [20], [21], [22], [23] way, with the CTS
in the upper plate and the feeding structure in the lower
layer. The feeding techniques, such as the coplanar waveg-
uide (CPW) [20], coaxial cable [22], and the parallel plate
waveguide (PPW) [23] structure are often adopted to feed
the CTS array. Through the asynchronous or synchronous
rotation between these two plates, beam steering can be
achieved [18], [23]. In [18], a maximum gain of 29.3 dBi is
achieved, and its sidelobe level (SLL) is below —14 dB. The
antenna in [23] has a maximum gain of 29.2 dBi, but the SLL
is relatively high at —9 dB. To enhance the anti-interference
ability of the communication system, achieving a low side
lobe is quite challenging and necessary.

In this paper, a variable inclination continuous trans-
verse stub (VICTS) beam scanning antenna system operating
in Ku-band (13.75-14.5 GHz) for SatCom on the move is
presented. The VICTS antenna is designed with two plates,
i.e., the VICTS slot array is developed as the radiating
part in the upper layer, and the slow-wave structure and
the PPW are used as the feeding part in the lower layer.
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The admittance of the slot by varying the slot width is
extracted, then, the Taylor distribution is used to determine
the radiation power for each slot to achieve a low sidelobe
level. To avoid energy leakage due to the isolation air gap,
a high-impedance choke groove behind the coupling slot is
employed to reflect the EM wave to the slow-wave structure.
Besides the VICTS antenna, the servo control module is con-
sidered in our antenna system to control the rotation of the
feeding of the radiating parts. Compared with other VICTS
beam steering antennas [18], [23], a higher gain of 32.1 dBi
and a lower SLL of —16.5 dB are achieved. Measured results
show that the proposed antenna can achieve a continuous
wide beam scanning range of 7° ~ 64° or —7° ~ —64° in
elevation and 360° in azimuth. For all the scanning angles,
the gains range between 26.4 and 32.1 dBi, and the SLLs
are lower than —16.5 dB. Due to the performances of high
mobility, wide beam scanning range, high gain, and low SLL,
the proposed VICTS antenna system can be applied in the
mobile ground terminals for LEO satellite communication.

Il. ANTENNA DESIGN

A. ANTENNA CONFIGURATION

The proposed CTS array antenna is shown in Fig. 2, consist-
ing of three-layer blocks: the radiation structure in the upper
layer M1, the feeding structure in the middle layer M2, and
the lower layer M3. The radiation structure contains a peri-
odic array of 27 radiation slots cut in the metal plate in the
top layer M1. The feeding part is composed of the slow-
wave structure in layer M2 and the PPW in layer M3. The
CTS array antenna has a total volume of  x R x R x H,
(R=250mm, H =27 mm, 7 x 119 x 11.9 x 1.28 A3,
A is the space wavelength at 14.25 GHz).

The PPW in layer M3 contains a standard input waveguide
(WJB-140) and a 1-to-16 waveguide power divider. Then,
a turnover structure acting as a coupling slot at the ends
of PPW is used to connect the slow-wave structure. As the
turnover structure locates in both M2 and M3 layers, we
define it as “turnover structure”. The energy is transmitted
through the coupling slot to the slow-wave structure, then
radiated to space. Here, the PPW is placed under the CTS
array and the slow-wave structure to achieve a compact size,
as shown in Fig. 2(b).

To achieve beam scanning, the rotation between the radi-
ating and the feeding plates is needed. Hence, an isolation
air layer with a height of 1.5 mm is required to maintain
the independent rotation, as shown in Fig. 2. Due to the air
layer, the electromagnetic (EM) wave will be leaked out. To
solve this problem, we have added a high-impedance choke
groove behind the coupling slot, which can reflect the EM
wave to the slow-wave structure. In addition, the absorption
material is placed around the slow-wave structure in layer
M2 to further minimize the energy leakage.

B. CST RADIATION SLOTS
The radiation part owns 27 narrow slots, and the radia-
tion principle is similar to that of the leaky-wave slot array
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FIGURE 2. (a) 3D view (b) side view, and (c) back view of the CTS array antenna.

antenna [24]. The widths of the radiation slots are varied
to control the power coupled from the slow-wave structure,
which determines the radiation of the proposed antenna. The
slots can be designed according to [25],

g=qr /" -1 (1)

where g is the admittance of a slot, ¢ is the attenuation
coefficient of the waveguide, n is the number of the slots,
and r indicates the ratio of the power absorbed by end load
to the input electromagnetic power expressed as:

. 12112
1—[S1?
If the height of each slot is fixed at 5 mm, we can get the
admittance of the slot by varying the slot width as shown in

Fig. 3. It can be seen that the admittance increases with the
increase of the slot width. To achieve a low sidelobe of the

2
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TABLE 1. Widths and admittances of slot based on Taylor distribution.

No. Admittance width No. Admittance width
) (mm) ) (mm)
1 0.0124 1.4 15 0.2259 3.35
2 0.0124 1.4 16 0.2538 35
3 0.0131 1.4 17 0.2778 3.55
4 0.0148 1.4 18 0.2881 3.6
5 0.0185 1.4 19 0.2806 3.6
6 0.0188 1.4 20 0.2714 3.55
7 0.0212 1.5 21 0.2910 3.65
8 0.0277 1.65 22 0.3714 3.9
9 0.0410 1.9 23 0.5909 4.6
10 0.0616 22 24 0.5909 4.6
11 0.0877 2.5 25 0.5909 4.6
12 0.1177 2.7 26 0.5909 4.6
13 0.1533 3 27 0.5909 4.6
14 0.1982 32

CTS array antenna, we use the Taylor distribution [26] of the
radiation power for each slot when the relative rotation angle
between the feeding and radiating parts is 0°. According to

= P"—1+2n§ i A (m ) 3)
gi= 17;— ,- s(i, A, n) cos Tz, (
. B [(n— DI
A = T - 10!
n—1 l.2
x |- @)
E: o2[A2 + (- 0.5)] }
A= arccos(lOSLR/zo) 7 (5)
o =n/VAL+ (n— 0.5)2 6)

where P; is the radiated power of the i-th slot, P;’ is the
remained power towards the load, g; is the admittance of the
i-th slot, SLR is the desired sidelobe level as —25 dB, L is
the total length of all the slots, and z; is the i-th slot location
distance. The elementary radiating unit cell is exhibited in
Fig. 3. Based on the model in Fig. 3, S11 and S21 are
obtained from the HFSS simulation. The admittance g; is
calculated from equations (1) and (2). Then, we can get the
admittance of each slot with different widths, and the relation
between the admittance and the width is shown in Fig. 4.
By setting the sidelobe level as —25 dB, the admittance of
each slot can be obtained based on the formulas of Taylor
distribution (3)-(6). According to the admittance distribution
by Taylor distribution, the widths of the slots are chosen in
Table 1. Table 1 shows the related value of the width and
the admittance.

C. FEEDING STRUCTURE

The feeding structure contains two parts, i.e., the slow-
wave structure in layer M2 and the feeding waveguide in
layer M3. A standard input waveguide (WJB-140) is fol-
lowed by a 1-to-16 waveguide power divider, then transit
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FIGURE 4. Admittances of slots with different widths.

to the waveguide. A turnover structure in Fig. 5, acting
as a coupling slot, is used at the end of the feeding
waveguide to connect the slow-wave structure. The dimen-
sion of step adjuster 1 can be used to achieve good
matching. The function of the slow-wave structure is to
shorten the waveguide wavelength in the air-filled PPW to
inhibit the sidelobe [19]. The waveguide wavelength depends
on the height, width, and adjacent distance of the unit
of the slow-wave structure. Meanwhile, the dimension of
the unit should consider the fabrication tolerance. In this
design, h = 2 mm, w = 2 mm, and d = 3.85 mm are
selected.

In layer M3, a 1-to-16 waveguide power divider is first
designed with 4 stages, as shown in Fig. 2. The energy is
input from the 1-to-16 waveguide power divider, then trans-
mits through the coupling slot and slow-wave structure to
excite the CTS array slots. The remaining energy is absorbed
by the absorption material around the slow-wave structure.
In addition, step adjuster 2, as shown in Fig. 6, is added to
generate the quasi-TEM wave in the waveguide. To show
the function of the step adjuster, the E-fields of the feeding
network with and without the step adjuster are shown in
Fig. 7. It can be seen that the step adjuster helps to gen-
erate the quasi-TEM wave in the PPW, which is in-phase
along the transverse direction to excite the radiation slots
effectively.

For easy rotating the layers M2 and M3, a thin slot layer
is added between the radiation and feeding parts shown in
Fig. 5, which may cause energy leakage, resulting in low

VOLUME 3, 2022

Aluminum [ e e o e e i i i
| Turnover structure |
- . I

Air ab - )
A : ; ~ —~Toabsorption load
Step adjuster W e T - :

divider feeding in |
}LQ[L
Choke

grooves  Waveguide with
slow-wave structure

Last stage power divider

Isolation
air layer

FIGURE 5. Side view of the radiation slots, slow-wave structure, and turnover
structure.

Last stage power
divider

1 to 8 power divider

‘ . Slow-wave
: Step adjuster 2 stractife

\ Turnover structure
FIGURE 6. Structure of the last stage power divider.

E Field [¥/m]

4548, 4985
4245, 2656
e
' 3638. 7988
3335. 5657

3032, 3325
2729.9991

2425, 8660
. 2122.6328
1819, 3994

1516, 1663

1212.9338
@9, 6997
£06. 4665
03, 2352

©.0000

FIGURE 7. E-field distribution with and without step adjuster 2.

efficiency. Thus, avoiding energy leakage is necessary. The
high-impedance choke groove structure in Fig. 5 is loaded
behind the feeding network, which is used for reflecting the
leaked EM wave to the slow-wave structure. We have com-
pared the E-fields of the proposed antenna with and without
the high-impedance choke groove structure in Fig. 8, indi-
cating that the choke groove structure can effectively inhibit
energy leakage. In layer M3, the EM wave is travelling
from the right to the left, while the EM wave should travel
from the left to right in layer M2 via the turnover structure.
Fig. 8 shows the traveling direction of the EM wave in layer
M2, which is towards right direction.

D. WORKING MECHANISM
The rotation angles of the radiating and feeding parts
are indicated as y4 and y,, respectively, as shown in
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Fig. 9. When the relative rotation angle of the radiat-
ing and feeding parts is 0°, as depicted in Fig. 9(a), the
y-component of the wavenumber k of the wave propagating
of the radiating slots in the spherical coordinate is given
by [27], [28]:

ky = ko $in 6 = ko/& + 2mr/P,m = —1, =2, =3... (7)
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If k2 = ko> — ky2 > (, the EM wave can be effectively
radiated. To satisfy k2 = ko? — ky2 > 0, a substrate with
permittivity of ¢, can be loaded between the radiating part
and the PPW, or a slow-wave structure can be used to feed
the slot array [21]. Thus, the period P should satisfy:

2mm P 2mm 12 3
- <P<———m= —1,-2,-3...
ko(y/&r + 1) ko(1 — /er)
®)
By choosing the appropriate period P, a single radiation

mode for m = —1 can be ensured.

When the rotation angle y, of the feeding parts keeps
unchanged, but the radiating part has a rotation angle of
yd, the period P becomes P/cos y,4. According to (7), for
m = —1, the radiation angle of the main lobe is,

—in”! A
f=sin <\/8_r P/cosyd) Q)

Thus, beam scanning of the main lobe direction of 6y, can
be realized by changing y 4. When y4 and y, have the same
variation angle, i.e., Ay = 0, the beam can be reconfigured
within 360° in the azimuth angle. Thus, azimuth scanning
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FIGURE 13. (a) Simulated and (b) measured reflection coefficients under different
rotation angles.

is attained when both radiating and feeding plates rotate
synchronously, and elevation scanning is attained when they
are rotated asynchronously.

lll. PROTOTYPE AND MEASURED RESULTS

A. VICTS ANTENNA SYSTEM

The VICTS antenna was first designed using the EM simula-
tion tool HFSS, then fabricated and measured for verification.
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The antenna system prototype is shown in Fig. 10 and mea-
sured in the anechoic chamber in Fig. 11. In the practical
model, two driving motors are used to rotate the feeding and
radiating parts. The antenna system contains three parts, i.e.,
VICTS radiation antenna, servo drive group, and control and
interaction part, as shown in Fig. 12. The VICTS RF radi-
ation group includes RF rotary joint, feeding structure, and
radiation structure. The feeding structure and the radiating
structure are driven by the servo drive group. The radiat-
ing structure is directly controlled by the radiation structure
motor activated by the motor driver. Similarly, the feeding
structure is rotated by the feeding structure motor with the
corresponding driver. Two photoelectric sensors are adopted
to locate the initial zero position of the radiating and the
feeding plates. The control and interaction group consists of
a human-computer interaction module, a field-programmable
gate array (FPGA) module, a Digital signal processing (DSP)
module, and a Controller Area Network (CAN) commu-
nication module, supporting the motors of the radiation
and the feeding structures. Through the CAN communica-
tion module, DSP and FPGA control panel is adopted to
control the two motors according to the commands from the
human-computer interaction module.
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(C))
FIGURE 16. Simulated 3D radiation pattern at 14.25 GHz for the rotation angles of (a) 0°, (b) 15°, (c) 30°, and (d) 45°.
TABLE 2. Beam scanning angles at 14.25 GHz.
Rotation Beam Position /° Gain /dBi Beamwidth /° Sidelobe
Angle /°
Sim. Mea. Sim. Mea. Sim. Mea. Sim. Mea.
Theta Phi Theta Phi
0 7.0 0 7.2 0 32.0 32.1 3.8 3.8 19.5 19.7
10 13.8 63 14.2 59.6 31.8 32.1 4.2 4.2 22.2 229
20 25.0 82 25.2 78 30.8 30.3 4.5 4.6 15.5 17.7
30 38.0 92 38 90.3 29.1 29.5 5.0 5.2 16.5 16.5
45 63.8 104 63.8 102.3 26.5 26.4 8.4 9 13.7 17.4

B. SIMULATED AND MEASURED RESULTS

When the rotat ion angle y,=0° of the feeding part
remains unchanged, the simulated and measured reflection
coefficients under different rotation angles y4 of 0° — 45°
are shown in Fig. 13. The remaining positions can be
deduced by symmetry as the antenna structure is symmet-
rical. The simulated voltage standing wave ratio (VSWR)
remains below 1.7 within 13.75-14.5 GHz when the rotat-
ing angle y, varies from 0° to 45°, while the measured
VSWR remains below 1.4 with different rotating angles. The
result discrepancy is due to the fabrication and measurement
tolerances.

1224

When the rotation angle y4 = 0°, the simulated radiation
patterns at the center frequency of 14.25 GHz are shown
in Fig. 14. The first sidelobe level (SLL) in H-plane is not
obvious in Fig. 14(b), which can be neglected. It can be
seen SLL in the E- and H-planes are about —19.5 dB, and
a high gain of 32 dBi is obtained. The main beam of the
proposed antenna has an angle of 7° deviating from the
broadside direction in the E-plane. The low SLL is due to
Taylor distribution of the radiation power for each slot based
on the extracted admittances.

When the rotating angle y,4 varies from 0° to 45°, the
simulated and measured radiation patterns at 14.25 GHz in

VOLUME 3, 2022
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TABLE 3. Comparison with other VICTS antenna.

R MSA  wpw b ey @)
[5] +40° 29.2/24% 28.9 39% -11
[15] +30° 15.5/3.2% 30.7 - -15.4
[17] +40° 29/17.2% 28 24.6% -12.8
[18] +58° 61.5/13% 29.3 61% -15
[23] +60° 29.2/2.7% 28.5 55% -9
Pro. +64° 14.25/5.3% 32.1 51.4% -16.5

MSA: maximum scanning angle, CF: center frequency.

the H-plane are shown in Fig. 15. It can be seen a large
beam scanning range is achieved, with the elevation angle 6
changing from —7° to —64°. Due to the symmetric structure,
7° to 64° beam scanning can also be realized. In azimuth,
a 360° scanning range can be achieved by rotating the
radiating and feeding parts together. The simulated patterns
superimpose with the measured patterns, and the measured
SLL remains lower than —16.5 dB for all the rotation
angles.

For clearly seeing the beam scanning performance, the
simulated 3D radiation patterns at 14.25 GHz for the rotation
angles of 0° to 45° with a step of 15° are shown in Fig. 16.
It can be found the main beam exhibits a large scanning
range. The detailed radiation information is given in Table 2,
indicating that the simulated and measured results match
well. The biggest gain drop for all the scanning radiation
patterns is 5.5 dB and 5.7 dB for simulated and measured
results, respectively. According to,

4T A

G=nm

where G is gain, A is effective area, A is the wavelength of

the working frequency, and n is the aperture efficiency. The

aperture radiation efficiency of the proposed antenna for the
central beam is about 51.4%.

Finally, the performance of the proposed VICTS antenna is
compared with other works in Table 3. The maximum
scanning angle in elevation reaches up to 64°, within
which the sidelobes of the radiation patterns are less
than —16.5 dB, smaller than other works. Meanwhile,
the peak gain and the aperture efficiency are relatively
high.

(10)

IV. CONCLUSION

A beam-scanning antenna system for SatCom on the move
is proposed. This antenna system consists of a VICTS radi-
ation antenna, a servo driver group, and a control and
interaction part. Large beam scanning range, continuous
beam steering, high gain, and low SLL performances can
be realized. Moreover, the servo control system is com-
bined with the VICTS antenna to make it more attractive
for vehicle-to-satellite communication terminals with moving
platforms.
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