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In this paper, a method was developed to achieve the instantaneous bandwidth enhancement of a variable inclination continuous
transverse stub (VICTS) antenna. �e aperture of the VICTS antenna was divided into a subarray, and the true-time delay was
introduced to reduce the dispersion of the antenna.�emethod has low loss and is suitable for the entire beam scanning range. To
demonstrate this method, a proposed VICTS antenna composed of 2× 2 subarrays was designed and simulated. Compared with
the traditional VICTS antenna of the same aperture size, the gain loss was reduced by at least 52% and the 3/4-dB gain-loss
bandwidth increased from 2.5% to 4.2%.�e impedance bandwidth of 16.7% with the S11 value of each subarray below −15 dB was
achieved, and the sidelobe of the whole antenna was below −10 dB.�e antenna radius was 0.34m, and the aperture e�ciency was
14.8%. �e proposed antenna is a suitable candidate as a gateway station antenna for low earth orbit (LEO)
satellite communication.

1. Introduction

With the popularity of low earth orbit (LEO) satellite
communication, very small aperture terminal (VSAT) sat-
ellite antennas have developed rapidly [1]. �ere are three
typical kinds of VSAT antennas: parabolic antennas, �at-
panel antennas, and phased array antennas. Although
parabolic antennas have the advantages of high gains and
wide instantaneous bandwidths, their pro�les are large. Flat-
panel antennas [2] have small pro�les but su�er from broad
beamwidths, which can easily cause interference between
adjacent satellites. Phased array antennas can be classi�ed as
active and passive phased array antennas. Active phased
array antennas su�er from high power consumption, high
mutual-coupling [3], and di�cult calibration. Although
there are many other kinds of antennas, such as metasurface
[4] and continuous transverse stub (CTS) antennas, these
antennas cannot achieve full-space beam scanning with low
pro�les or continuous polarization control.

Passive phased array antennas, such as the variable in-
clination continuous transverse stub (VICTS) antenna, have
the advantages of low pro�les, large impedance bandwidths,

high gains, and high cross-polarization isolation. �us, they
are suitable for satellite communication. However, the
VICTS antenna has some disadvantages, including roll-o�
losses as the main beam moves o�-axis at larger scan angles
and during frequency scanning. Frequency scanning means
that for a �xed target, the gain changes with the frequency.
�at is, the instantaneous bandwidth is low. �e instanta-
neous bandwidth is signi�cant for communication, as it
impacts the signal-to-noise ratio. For a signal with a given
frequency and bandwidth, a small instantaneous bandwidth
will decrease the signal-to-noise ratio, which is adverse for
communication.

Recently, VICTS antennas have been studied by many
researchers [5–9]. Gao et al. [6] proposed a theoretical model
for the nonlinear slow-wave structure of the VICTS antenna
[6]. A dual-band shared-aperture VICTS antenna working at
K- and Ka-bands were investigated [7], and a V-band VICTS
antenna was studied [8]. However, the dispersive nature of
these antennas was not changed. For satellite communica-
tion, the instantaneous bandwidth is important. �e mag-
nitude distortion caused by beam squint will degrade the
performance of the communication system.
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,e instantaneous bandwidth of an antenna can be
increased by three means as follows: (1) selecting a material
with dispersive behaviours [9], (2) introducing a true time
delay [10], and (3) using active devices [11]. ,e approaches
using active devices and materials with dispersive behav-
iours suffer from high losses. ,erefore, the true time delay
may be the best choice for a VICTS antenna. True time delay
can be achieved by using a true time delay device or the
length difference of the waveguide between each subarray.
An example of the VICTS antenna with true time delay was
proposed [12], but the theoretical analyses and the design
methods were not provided.

In this paper, we propose a theoretical analysis method for
the instantaneous bandwidth enhancement of the VICTS
antenna and present the design methodology for the antenna.
,is analysis proved that the phase difference between each
subarray is constant under different rotation angles of the
radiation layer, which is the theoretical basis through which
the instantaneous bandwidth of the VICTS antenna can be
enhanced using a fixed true time delay. Based on the theo-
retical analysis, we propose a design method for the antenna.

,is paper is organized as follows: Section 2 describes the
analysis of the antenna based on array theory, and a design
method is proposed based on the analysis. Section 3 de-
scribes the simulation results for the proposed VICTS an-
tenna composed of 2× 2 subarrays. Full-wave simulations of
the array were performed using the time-domain solver of
the CST Microwave Studio software. ,e main conclusions
of this theoretical study are summarized in Section 4.

2. Analysis and Array Design

,e structure of the VICTS antenna is shown in Figure 1.
,e antenna comprises three kinds of layers: polarization
control, radiation, and feeding layers. ,e polarization
control layers change the polarization of the antenna, which
can change the polarization angle of the linear polarized
wave. ,e radiation layer is composed of transverse stubs,
and the electromagnetic power is radiated from the slots
between the stubs. ,e feeding layer is mainly composed of
the feeding structure and a corrugated plane, which is also
called the slow-wave structure. ,e radiation layer, together
with the feeding layer, forms a parallel plate waveguide
structure, and the rotation of the radiation layer changes the
phase relation between the slots, which controls the beam
pointing of the VICTS antenna.,erefore, only the radiation
layer and the feeding layer will be discussed in this paper.

,e pattern of the traditional VICTS antenna was studied
by Porter [5]. ,e antenna can be considered an array, as
shown in Figure 2(a), and an equivalent triangular grid array
is used to obtain the phase relation between each element.,e
beam pointing angle can be found to be

u � sin(θ)cos(ϕ) �
λ
d
∗ sin(c), (1a)

v � sin(θ)sin(ϕ) � −
λ
d
∗ cos(c) +

��ϵg


, (1b)

where θ and φ are the elevation and azimuth angles of the
beam pointing, respectively, c is the rotation angle of the
radiation layer, d is the period of the transverse stub, ϵg is the
effective dielectric constant, and λ is the wavelength in free
space. (1a) and (1b) show that the beam pointing angles
change with λ and c.

,e frequency scanning of the traditional VICTS an-
tenna is caused by a 2π phase difference between the ele-
ments in the x- and y-directions. ,erefore, to eliminate
beam walk, every element should be fed separately. How-
ever, if every element is fed separately, the feeding network
will be so complicated that it will be difficult to construct.
,erefore, to alleviate beam squint, the whole array should
be divided into subarrays of the appropriate size
(Figure 2(b)), and the phase difference between each sub-
array should be compensated by the true time delay.,e true
time delay can be achieved based on the length difference of
the waveguide between each subarray. ,e phase difference
between each subarray will be discussed in terms of the x-
direction and y-direction phase differences.

2.1. x-Direction Phase Difference. To simplify the design, the
subarray in the x-direction can be corporate fed and the
phase difference αx between each subarray is

αx � k0uq
d

cos(c)
, (2)

where q is an integer. Substituting (1a) and (1b) into (2), αx

can be simplified to 2qπ. ,is illustrates that the phase
difference in the x-direction between each slot should be
compensated by 2qπ. q changes with the rotation angle, and
thus, it should be chosen carefully to achieve good per-
formances at any rotation angle.,e subarray dimensions in
the x-direction should be the same, and the array ar-
rangement should be optimized to achieve an acceptable
compromise between the complexity of the feeding network
and the aperture efficiency.

2.2. y-Direction Phase Difference. ,e y-direction phase
difference is discussed in terms of subarrays on the same side
of the rotation centre and those on opposite sides of the
rotation centre. ,e phase difference of two VICTS sub-
arrays on the same side of the rotation centre in the y-di-
rection is shown in Figure 3. ,e phase difference between
the outputs of the feeding networks of the two subarrays
includes the phase difference determined by the free space
path length differences and the phase difference caused by
the waveguide path length differences, expressed as follows:

αy � k0v(L1 − L2 − W1 + W2) + ke (W1 − W2), (3)

where k0 � 2π/λ is the free-space wave number at frequency
f0, ke � k0

��ϵg
 is the equivalent propagation constant in the

waveguide, W1 (W2) is the distance between the output of
the feeding network and the first slot centre of the 1st (2nd)
subarray, and L1 (L2) is the distance between feeding po-
sition of the 1st (2nd) subarray and the rotation centre of the
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radiation layer. It should be noted that (3) can be applied to
both backward and forward radiation situations.

Figure 4 shows the waveguide path length differences
when the rotation angle of the radiation layer is c. W1 and
W2 can be written as

W1 � L1 −
L1 − d1 − lslot/2 − m∗ d

cos(c)
, (4a)

W2 � L2 −
L2 − d2 − lslot/2 − n∗d

cos(c)
, (4b)

where lslot is the length of the slot, d is the period of the
transverse stub, and m and n are integers. When the nearest
radiation slot is the first slot, m and n are zero. ,e
waveguide path length differences are then

W1 − W2 � L1 − L2 −
L1 − L2 − d1 + d2 − m × d + n × d

cos(c)
.

(5)

With equations (1a), (1b), and (5), equation (3) reduces
to

αy � −k0
λ0
d

(L1 − L2 − d1 + d2 + m × d − n × d)

+ k0
�
ε

√
(L1 − L2)

� −2π ∗
L1 − L2 − d1 + d2

d
− m + n 

+ k0
�
ε

√
(L1 − L2),

(6)

which shows that the phase difference is not related to the
rotation angle.

,e second scenario is when the two VICTS subarrays
are on opposite sides of the rotation centre, as shown in
Figure 5. ,e phase difference αy is the same as that in the
first situation and can be written as
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Figure 2: Rectangular array equivalent of (a) traditional and (b) proposed VICTS antennas.
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Figure 1: Diagrams of variable inclination continuous transverse stub (VICTS) antenna: (a) three-dimensional perspective and (b) side
view.
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αy � k0v(L1 + L1 − W1 + W3) + ke(W1 − W3). (7)

,e waveguide path length and path length differences
are shown in Figure 4 are

W1 � L1 −
L1 − d1 − lslot/2 − m∗d

cos(c)
, (8a)

W3 �
L3 + d3 + lslot/2 − p∗d

cos(c)
− L3, (8b)

W1 − W3 � L1 + L3 −
L1 + L3 − d1 + d3 − m∗d + p∗ d

cos(c)
,

(9)

where p is an integer. ,erefore, the phase difference can be
simplified as

αy � −
2π
d

(L1 + L3 − d1 + d3 − m∗d + p∗d)

+ k0
�
ε

√
(L1 + L3).

(10)

It should again be noted that the phase differences be-
tween the two situations are equal.

To allow the phase difference to be easily determined,
L1 − L2 or L1 + L3 in (6) and (10), respectively, should be
multiples of d and d1, d2, and d3 should be equal, which
is consistent with the results of Hao et al. [6]. When d1,
d2, and d3 are equal, the phase difference can be de-
termined by

αy � v0
(L1 − L2)

c
, (11a)

or

αy � v0
(L1 + L3)

c
, (11b)

where v0 is the beam pointing angle when the rotation angle
is 0 at the centre frequency, ω0 is the centre angular fre-
quency, and c is the speed of light in free space. ,e time
delay T is computed by

T � α/ 2πf0( , (12)

where f0 is the centre frequency of the bandwidth.
,e phase difference is changed by m, n, and p, which

means the phase difference varies with the rotation angle.
,erefore, the beam squint will deteriorate as the rotation
angle changes. To maintain the performance at any rotation
angle, the time-delay compensation in the y-direction can be
determined by setting W1 − W2 � 0.
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Figure 4: Waveguide path length difference of two VICTS sub-
arrays in the y-direction.
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cos(c) �
L1 − L2 + d1 − d2 − m × d + n × d

L1 − L2

c � arccos
L1 − L2 − m × d + n × d

L1 − L2
 .

(13)

3. Simulation Results and Discussion

To demonstrate the presented methodology, a VICTS
antenna composed of 2× 2 subarrays was designed and
simulated using CST Microwave Studio software. Each
subarray was fed by a waveguide port, and the port mode
was transverse electromagnetic (TEM) mode, which is
shown in Figure 6. ,e port mode was guaranteed by
designing feeding networks and parallel plate waveguide
height. ,e feeding network design is not the main focus of
this paper. ,e height of the parallel plate waveguide was
less than half the wavelength, which means the TMn (TM:
transverse magnetic) and TEn (TE: transverse electric)
modes were suppressed in the structure. To ensure that
there was no influence between each unit, an absorbing
material was placed at the end of each subarray
(Figure 1(b)). ,e true-time delay was implemented by
introducing a time shift between each port. ,e excitation
type was simultaneous.

,e parameters were h1 � 10mm, h2 � 5mm,
h3 � 6mm, d � 20mm, w2� 17mm, w3� 6mm,
p_slow � 2mm, and h_slow � 2mm. S11 of each subarray at
rotation angles of 0°, 15°, 33.56°, and 42° was below −15 dB
from 11 to 13GHz, which is shown in Figure 7. ,e
subarray spacing in the y-direction (L1 − L2) was set to 6 d,
and c was calculated from equation (13) to be 33.56° by
setting m � 1 and n � 0. ,e time compensation in the y-
direction was computed at the rotation angles of 0° and
33.56° using (6), (10), and (12), and the time compensation

in the x-direction was stepped at 2π intervals. We intro-
duced the gain loss to analyse the performance of the
antenna. ,e gain loss [10] is the gain difference between
the centre frequency and other frequencies in the beam
direction of the centre frequency.

,e gain losses with different rotation angles and
amounts of time compensation are shown in Table 1. With
the increase in the compensation in the x-direction, the gain
loss at the rotation angle of 0° was increased, while the gain
loss at the rotation angle of 33.56° was reduced. For the y-
direction, the compensation at the rotation angle of 33.56°
had a lower beam walk than the compensation at the ro-
tation angle of 0°. ,e performance at high frequencies was
better than that at low frequencies, because the gain at high
frequencies was higher.

,e time offset should be set to make the beam walk at
any rotation angle stable. A 4π offset in the x-direction and
y-direction offset at the rotation angle of 33.56 using(6), (10),
and (12) was chosen for this time offset, which was suitable
for a middle rotation angle while maintaining the same
performance at other rotation angles, and the gain losses
were less than 0.75 dB. ,e patterns of the antenna are
shown in Figure 8.,e sidelobe level was lower than −10 dB.
Moreover, an unequal power divider could be used in the
future to reduce the sidelobe level.

,e gain at 12GHz and gain losses at 11.75 and
12.25GHz and those of the traditional VICTS antenna are
listed in Table 2 at rotation angles of 0°, 15°, 33.56°, and 45°.
,e gain of the proposed antenna was about 2 dB lower than
that of the traditional VICTS antenna because the feeding
network reduced the aperture efficiency. However, the gain
can be increased by introducing more elements at the edge,
which cannot be achieved by the traditional VICTS antenna.
Compared to the traditional antenna, the gain loss was
reduced by at least 52% and the 3/4-dB gain loss bandwidth
increased from 2.5% to 4.2%.
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Figure 5: Wavelength difference of two VICTS subarrays on opposite sides of the rotation centre in the y-direction.
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Figure 7: S parameters of each subarray. Rotation angles of (a) 0°, (b) 15°, (c) 33.56°, and (d) 42°.

Table 1: Gain losses for different rotation angles and time compensations.

Gain loss 0 15 33.56 42
(X, Y) 11.75 12.25 11.75 12.25 11.75 12.25 11.75 12.25
(0, 33.56) 0.16 0.71 0.25 0.6 0.62 0.13 0.91 0.48
(2π, 33.56) 0.17 0.73 0.21 0.55 0.49 0.05 0.76 0.34
(4π, 33.56) 0.23 0.75 0.21 0.54 0.39 0 0.63 0.24
(0, 0) 0.31 0.57 0.41 0.41 0.89 −0.01 1.07 0.37
(2π, 0) 0.33 0.59 0.36 0.37 0.75 −0.09 0.92 0.23
(4π, 0) 0.38 0.65 0.36 0.37 0.66 −0.14 0.81 0.13

(a) (b)

Figure 6: Port mode: (a) Electric field. (b) Magnetic field.
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4. Conclusions

A theoretical analysis and design methodology of the in-
stantaneous bandwidth enhancement of the VICTS antenna
were presented. ,e design methodology was verified by
simulations. Compared to the traditional VICTS antenna,
the gain loss of the proposed antenna was reduced by at least
52% and the 3/4-dB gain loss bandwidth reached 4.2%. ,e
S11 was below −15 dB over a frequency range of 11–13GHz.
,e sidelobe of the array was lower than −10 dB. ,e an-
tenna radius was 0.34m, and the aperture efficiency was
14.8%. ,e proposed antenna is a suitable candidate as a
gateway station antenna for low earth orbit satellite
communication.

Data Availability

,e data used to support the findings of this study are
available from the corresponding author upon request.
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