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ABSTRACT: In this paper, a systematic and efficientmethod is proposed to collectively synthesize the pattern formultiple antennas on high-
speed railways (HSRs) based on pixel structures and N-port network, achieving an overall omnidirectional circularly polarized (OCP)
pattern over a broad elevation angle. The integration of flush-mounted cavity-backed antennas not only enhances communication quality
but also eliminates the undesired aerodynamic drag. Network parameters and radiating features of the N-port network based on pixel
structures are firstly retained through full-wave simulations. Subsequently, without resorting to extra simulations, the configurations
of multiple antennas are precisely synthesized through numerical calculations. The beam direction and beam width of each element
can be automatically adjusted, promoting a seamless omnidirectional radiation feature. Following the approach, the proposed antenna
thoroughly cover the 5G N41 band (2.515–2.675GHz), delivering omnidirectional, high-gain, right-hand CP radiation throughout the
entire 160MHz band from θ = 50◦ to 100◦. The averaged CP gains and ARs reach 6.09 dBi and 2.36 dB, respectively, within the
target region. The antenna system was validated experimentally, with the measured results agreeing well with the simulated ones. Such
radiating characteristics perfectly match the established base stations antennas.

1. INTRODUCTION

Due to the prevalence of smart terminals in the 5G era, there
is an increasing demand for stable connections and low

latency on high-speed railways (HSR) communications [1–6].
However, the communication quality between terminal devices
in the carriage and external base stations often deteriorates due
to the shielding effect of the metallic carriages. Additionally,
when the train is running at high speed through various ter-
rains, especially tunnels, viaducts, and cuttings, multipath ef-
fects become inevitable [7], and polarization mismatch may oc-
cur, which make communication links unstable.
Numerous studies have been reported to enhance HSR’s

communication performance from the perspective of channel
modelling and signal processing [8–13]. In [10], the essen-
tial parameters of the propagation channel for train-to-train
(T2T) communications in different environments are investi-
gated. In [13], it is suggested that the number of multi-antenna
groups should not exceed six. Beyond this limit, adjusting
the weights for signal combination becomes significantly more
challenging. Besides channel modelling, the characteristics of
the relay antennas, particularly their radiation features, play a
crucial role in vehicular communications [14–18]. Therefore,
deploying high-performance relay antennas on carriages be-
tween users and base stations is crucial [19, 20], as indicated
in Fig. 1(a).
HSR antennas are expected to provide omnidirectional radia-

tion in the azimuth plane and stably cover a relatively large solid
angle in the elevation plane at the same time. In [17], a 3-D an-
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tenna system, including a shorted monopole and a drop-shaped
monopole, is designed for trains to form omnidirectional radia-
tion in the azimuth plane. In [18], a vertically polarized multi-
band antenna mounted on the train’s roof is proposed based on
modified planar dipole antenna. Although a gain of 4.3–9.8 dBi
has been achieved, the beamwidth is too narrow to cover a large
area. Additionally, the above-mentioned antennas cannot be
fully conformal to the vehicle, resulting in undesired air resis-
tance for the HSR. Furthermore, the use of single linearly polar-
ized antenna raises concerns regarding polarization mismatch
and multipath effects. In [21–26], omnidirectional circularly
polarized (OCP) antennas have been proposed. Yet they fail to
cover a large area in the elevation plane and are not conformal
to the train as well.
In order to achieve the desired features, a multi-antenna sys-

tem is necessary, where each antenna radiates to a specific solid
angle with high gain. All antennas collectively cover a wide
range of elevation and azimuth angles, which is similar to the
sectored base station antennas [27]. Different from base sta-
tion antennas, HSR antennas cannot physically face different
directions due to conformity to the carriage. Therefore, it is
challenging to construct a seamless high-gain pattern using the
smallest number of antennas with complementary patterns, as
indicated in Fig. 1(b). The platform of the vehicle should be
considered as well.
One promising approach for antenna pattern synthesis is us-

ing pixel antennas [29–41]. By incorporating discrete ports be-
tween pixel elements, an impedance matrix describing the char-
acteristics of the antenna can be obtained. Through manipula-
tion of the states between pixels, antenna radiation character-
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FIGURE 1. Sketch of the HSR antenna system. (a) Illustrative sketch; (b) Illustration of seamless and non-seamless radiation patterns’ integration;
(c) Desired beam width in elevation.

istics can be controlled during optimization, without extensive
full-wave simulations. Till now, there are few literatures on
joint optimization of multiple antennas utilizing pixels anten-
nas.
In this paper, a systematic scheme to synthesize the overall

coverage of multiple antennas is proposed based on pixel anten-
nas. To be flush-mounted with the carriage, dual-layered pixel
structures [38] are accommodated in metallic cavities. Full
wave simulations are then carried out to provide the impedance
matrix and single-port-excited radiation patterns. The pattern
synthesis problems are formulated and solved using the multi-
objective optimization algorithm NSGA-II [42–44], without
trials and errors. Following the approach, besides the omni-
directional pattern in the azimuth plane and large coverage in
the elevation plane, circular polarization with averaged CP gain
of 6.09 dBi has been achieved as well within the China Mobile
N41 band (2.515–2.675GHz) [45], which can effectively miti-
gate multipath effects and avoid polarization mismatch.

2. DESIGN METHOD

2.1. Antenna Configuration
For HSR antennas, to ensure that the antenna structure remains
flush with the surface of the carriage, square cavities are ex-
cavated from the vehicle, as depicted in Fig. 2(a). Inside the
metallic cavity, stepped structures are employed to support the
antenna and dielectric radome. A conduit is reserved on the
wall of the cavity to accommodate the feeding cable, as indi-
cated by the side view in Fig. 2(b). The dielectric of F4B, with
a dielectric constant of 2.2 and a loss tangent of 0.001, is used
for the antenna substrate and the radome. The rest of the metal-
lic cavity is filled with air. Since the currents of the proposed
cavity-backed antenna are distributed around the cavity itself,
a local metallic platform around the antenna’s aperture can ef-

fectively simulate the antenna’s performance on a real carriage,
which has been verified in the simulations.
To mimic the real train scenario, the front exterior is inclined

by 70◦ with respect to the horizontal plane. For achieving reli-
able link with the base station, two antennas (Ant. 1 and Ant. 2)
are located at the side of the compartment and one antenna
(Ant. 3) is placed at the locomotive, as depicted in Fig. 2(d).
Ant. 1 and Ant. 2 are strategically positioned 130mm apart, fa-
cilitating the potential for high isolations. The same set of an-
tenna elements can be applied to the opposite side and the rear
of the train to achieve OCP radiation, as illustrated in Fig. 3(a).
It’s worth noting that the identical antenna element(s) on oppo-
site sides of the carriage don’t have mirror-symmetrical radia-
tion features. Instead, the pattern is rotated by 180◦ in azimuth
plane, as depicted in Fig. 3(b). Some key parameters of the
structures are provided in the caption of Fig. 2.
Dual-layered pixel structures with high degree of freedoms

have been utilized in the cavities. Fig. 2(c) depicts the arrange-
ment of the 4 × 4 dual-layered pixel structures. A total of 48
discrete ports are arranged on each antenna element, with the
feeding ports designated at the corner for convenient feeding.
The connection states between the pixels include shorted and
open, as indicated in Fig. 2(c). The number and locations of
the shorting strips determine the performance of the HSR an-
tenna system. The port states of the three antennas could be
different. By co-optimizing the connection states, a large solid
angle in the elevation plane is covered with high gain while
maintaining omnidirectional radiation in the azimuth plane. In
practical scenarios, power dividers will be utilized to achieve
such omnidirectional characteristics.

2.2. Antenna Optimization

Once the platform, pixel structures, and N-port network are
modeled, full-wave simulations can be conducted to obtain
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FIGURE 2. The configuration of the platform and pixel structures: (a)
Perspective view of the metallic cavity; (b) Sectional side view of the
cavity; (c) Configuration of the dual-layered pixel structure; (d) As-
sembled model. (The dimensions are: l = 84mm; a = 82mm;
b = 71mm; c = 1.5mm; h = 3mm; n = 11.1mm;m = 9mm.)

the impedance matrix and single-port-excited radiation pat-
terns across a specific frequency band in CST Microwave Stu-
dio [46]. Since the impacts of radome and supporting struc-
tures have been included in the impedance matrix, the antenna
performance can be directly optimized using numerical calcu-
lation software MATLAB [47], without resorting to additional
full-wave simulations. It is for this reason that we are con-
fident in directly housing the pixel structure into the metallic
cavity to provide a fully flush appearance. In contrast, adher-
ing to traditional antenna design principles would necessitate a
time-consuming process of exhaustive parameter sweeping and
investigation.
For an N-port network, if the feeding position is determined,

the current is determined by the impedance matrix and the volt-
age vector:

[I] = ([Z])
−1

[V ] (1)

(a)

(b)

FIGURE 3. (a) Antenna element arrangement on a multi-carriage train;
(b) Radiation schematic of the same antenna element on different sides.

where [I] and [Z] are the complex current vector and impedance
matrix, respectively. [Z] is obtained from full wave simula-
tions. [V ] is determined as long as the feeding position in the
network is known:

[V ]i =

{
0, if i ̸= d,

1− Z0[I]i, if i = d.
(2)

where Z0 represents the characteristic impedance of the coax-
ial cable. d represents the index of the feeding port in the net-
work. When a port corresponds to a shorted state, the corre-
sponding rows and columns in the initial impedance matrix are
retained. In contrast, if a port corresponds to an open state,
the corresponding rows and columns are removed from the ini-
tial impedance matrix. Hence, the location and number of the
shorted ports lead to different impedance matrices, which con-
sequently determine the complex current at each port.
After acquiring the complex port currents, the reflection co-

efficients can be evaluated by the current at each feeding port:

|Sii|=
∣∣∣∣Zin,i − Z0

Zin,i + Z0

∣∣∣∣=
∣∣∣∣∣∣∣∣
1− Z0[I]ii

[I]ii
− Z0

1− Z0[I]ii
[I]ii

+ Z0

∣∣∣∣∣∣∣∣= |1− 2Z0[I]ii|

(3)
In (4), [I]ii represents the current at port iwhen port i is excited.
When calculating the current at the feeding port, other feeding
ports should be terminated with an impedance of Z0. Simi-
larly, transmission coefficients can also be evaluated based on
the mutual impedance of the network:

|Sij | =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
2/Z0[J ]ij

1 + Zii/Z0 + Zjj/Z0

+ det
∣∣∣∣ Zii/Z0 1/Z0[J ]ij

1/Z0[J ]ij Zjj/Z0

∣∣∣∣

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(4)
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where [I]ij represents the current at port j when port i is ex-
cited. The total electric-field radiation pattern can be com-
puted using linear superposition of single-port-excited patterns
as well:

E =
∑
n

[I]n
I0

E0n (5)

where E0n represents the electric-field pattern when port n is
stimulated by a unit current source. [In] and I0 are the actual
current and the unit current at port n, respectively.
In this study, the antennas aim at achieving right-hand circu-

lar polarization (RHCP). The RHCP component of the electric-
field pattern can be calculated as follows:

Eright =
1√
2
(Eh + jEv) (6)

where Eh and Ev are the horizontal and vertical components of
the electric-field pattern, respectively. Subsequently, the RHCP
gain pattern,Gright, can be derived fromEright. WithEh andEv ,
axial-ratio (AR) pattern can be evaluated as well:

AR =

√
|Eh|2 + |Ev|2 + |Eh + Ev|
|Eh|2 + |Ev|2 − |Eh + Ev|

(7)

Thus far, all the required performance metrics to describe
the HSR antenna system can be evaluated in MATLAB across
the band of interest. Therefore, a multi-objective function op-
timization is formulated:

min
x

F1 =
1

P ×D

P∑
p=1

D∑
i=1

|Sii| (fp, x)

+ w

P∑
p=1

D∑
j=1
j ̸=i

D∑
i=1

[|Sij | (fp, x)− Ts]
+

F2 =
1

K×M

K∑
r=1

M∑
p=1

[
max

(
Gi

right,p(fp, x)
)
− Tc

]−
∀i = 1, 2, 3, . . . , 2D,

r ∈ R

F3 =
1

K ×M

K∑
r=1

M∑
p=1

min
(
ARi

p(fp, x)
)

∀i = 1, 2, 3, . . . , 2D,

r ∈ R

(8)

In (8), x is the decision variables standing for the port states,
with 0 representing an open state and 1 indicating a shorted
state. fp represents the frequency sampling points. P and D
stand for the number of frequency samples and external feed-
ing ports, respectively. In F1, the first term optimizes the res-
onances of all antennas, whereas the second term guarantees

the high isolations between these antennas. The operator [·]+
denotes summing up the values above the threshold Ts at each
frequency sample. w is a penalty term, which is usually a rela-
tively large value, to prioritize the isolation requirements of the
antenna system.

F2 incorporates the RHCP gain of the antenna system for
each solid angle within the target region R. R covers θ ∈
[50◦, 100◦] and φ ∈ [0◦, 360◦] so that omnidirectional radia-
tion is covered by the whole antenna system. The range of the
elevation angles aligns with the beam range of the base station
antenna, with the radiation towards the ground and the sky min-
imized, as illustrated in Fig. 1(c). K represents the number of
sampled points within R. Unlike P , M signifies the number
of frequency points examined during the evaluation of far-field
characteristics. Since the computational resources required to
evaluate radiation characteristics significantly outweigh those
needed to assess S-parameters,M is typically less than P . The
operator [·]− denotes summing up the values below the thresh-
old Tc at each frequency sample, where Tc serves as a threshold
to prevent excessive gain optimization at specific solid angles.
The superscript i on G indicates the index of the feeding port.
Through the minimization of F2, OCP radiation within a large
elevation angle can be effectively realized. Similarly, F3 min-
imizes the averaged AR within the target region.

3. DESIGN PROCESS AND SIMULATION RESULTS

3.1. Design Process
Since three antennas are collectively optimized, there are 144
discrete ports in total. By conducting full-wave simulations on
the 144-port network, the impedance matrix with the dimension
of 144×144 and 144 single-port-excited radiation patterns can
be obtained across the band of interest. With these two critical
data sets, optimization can be carried out inMATLAB using the
multi-objective function in (8).
During the optimization, D is set to 3 for three independent

antenna elements. During the calculation of network param-
eters, the frequency range fp is set from 2.5GHz to 2.7GHz
with a step size of 5MHz, leading to a total sampling points
of P = 41. To evaluate the far-field patterns, we select
three sampling points (M = 3) at 2.515GHz, 2.595GHz, and
2.675GHz. The far-field angle step is set to 10◦, resulting in a
total of 216 samples for one pattern (K = 216). Threshold Ts

and penalty term w are set to 0.031 (around−30 dB) and 1000,
respectively, to ensure high isolations. Tc is chosen to be 6 dBi
to achieve high RHCP gain.
The number of decision variables in NSGA-II is 141, repre-

senting the port states excluding the three predefined feeding
ports. The population size is selected to be 300, with crossover
and mutation probabilities being 1 and 0.01, respectively. The
optimization converges in approximately 40 minutes on a desk-
top computer equipped with an i9-12900K CPU. As a result,
a Pareto front is obtained, illustrating the “trade-off” among
impedance bandwidth, gain, and axial ratio, as shown in Fig. 4.
By examining the objective functions in (8) quantitatively, it

reveals thatF1 values below 0.3 (around−10 dB) indicate good
impedance bandwidth and high isolation levels. F2 values be-
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low 0.5 imply that the RHCP gains are above 6 dBi for most
solid angles within the target area. F3 values below 3 suggest
that the AR within the target range largely fulfill the criteria for
circular polarization. Based on these criteria, a balanced point
is selected with its coordinates at [0.16, 0.36, 2.26], as marked
by the red pentagram in Fig. 4. The configurations of the cor-
responding three antennas are depicted in Fig. 5. The positions
of the feeding cables are marked to ascertain the orientation of
the substrate. Ant. 1, Ant. 2, and Ant. 3 utilize 24, 20, and 14
shorting strips, respectively.

FIGURE 4. 3-D Pareto front with the selected balanced result for
the HSR antenna system considering the “trade-offs” between the S-
parameters (F1), the RHCP gain (F2) and the axial ratio (F3).

(a) (b) (c)

FIGURE 5. Front and back view of the optimized antennas.

3.2. Simulation Results
Full wave simulations are carried in the transient domain solver
of CST to validate the final performance of the proposed HSR
antenna system. Fig. 6 depicts the reflection coefficients of
the three antennas, all covering the target frequency band from
2.515GHz to 2.675GHz. The specific −10 dB bandwidths
for Ant. 1, Ant. 2, and Ant. 3 are 260MHz (2.49–2.75GHz),
410MHz (2.41–2.82GHz), and 470MHz (2.37–2.84GHz), re-
spectively. Fig. 7 presents the isolations among the three anten-
nas, which are all above 30 dB, indicating little mutual interfer-
ence among the antenna elements. The total efficiencies of the
antennas are provided in Fig. 8. The averaged efficiencies of

FIGURE 6. Simulated reflection coefficients of the proposed HSR an-
tenna system.

FIGURE 7. Simulated transmission coefficients of the proposed HSR
antenna system.

FIGURE 8. Simulated total efficiencies of the proposed HSR antenna
system.

Ant. 1, Ant. 2, and Ant. 3 within the target band are −0.43 dB,
−0.22 dB, and −0.10 dB, respectively.
To illustrate the individual contribution of each antenna to

the total coverage, Fig. 9 shows the RHCP gain patterns of the
three different antenna elements. To illustrate the omnidirec-
tional coverage, each display includes the antenna pattern in its
original positions, as well as the pattern in its corresponding ro-
tated position on the opposite side of the vehicle. The radiation
patterns are shown at frequencies of 2.515GHz, 2.595GHz,
and 2.675GHz. The integrated radiation patterns, which com-
bine the patterns of six antenna elements, are also calculated
and revealed. High gain has been achieved with OCP radia-
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FIGURE 9. RHCP gain patterns of the three antenna elements and the combined one.

tions in wide elevation angles. Themaximum gains of 8.06 dBi,
8.18 dBi, and 8.25 dBi are obtained for Ant. 1, Ant. 2, and
Ant. 3, respectively.
The current distributions on the front and back pixels of the

three antennas are presented in Fig. 10. It is evident that each
antenna element exhibits unique current distributions, with all
the pixel units fully utilized, resulting in varying beam direc-
tions and bandwidths. The radiation of the antenna unit is
mainly determined by the current distributions on the pixels
at both sides. The currents on the metallic cavity contribute
slightly to the radiation as well.

(a) (b) (c)

FIGURE 10. Current distributions of the optimized antennas.

To provide a more quantitative view of the patterns, the com-
bined 2-D radiation patterns on the horizontal planes at vari-
ous elevation angles within the target region are displayed in
Figs. 11(a)–(c). As can be observed, the radiation characteris-
tics are relatively stable across the entire target band, with the
RHCP gain maintaining above 3 dBi. The averaged CP gains

within the target region reach 5.96 dBi, 6.20 dBi, and 6.11 dBi,
respectively, at 2.515GHz, 2.595GHz, and 2.675GHz, indi-
cating stable link with the base stations. Fig. 12 illustrates the
axial ratio of the proposed antenna system in a similar manner.
The averagedARswithin the target area reach 2.41 dB, 2.08 dB,
and 2.59 dB at 2.515GHz, 2.595GHz, and 2.675GHz, respec-
tively, effectively mitigating multipath effects and avoiding po-
larization mismatch.
It should be noted that Ant. 1 and Ant. 2, located on the same

plane, have been collectively optimized with different main
lobe directions, as shown in Fig. 9. Despite some inevitable
overlap of radiation patterns along the x-axis, their different
main lobe directions are beneficial for seamless CP radiation to-
gether with Ant. 3. To highlight the necessity of 6-beam synthe-
sis, Figs. 11(d)–(e) present the combined results at 2.595GHz
without Ant. 2 or Ant. 1 respectively for reference. It can be
observed that the variations of the RHCP gain significantly in-
crease. Consequently, the axial ratio will also exhibit spatial
discontinuities, deviating from the initial requirements for OCP
radiation.

4. EXPERIMENTS AND DISCUSSIONS
To validate the performance of the proposed high-gain HSR an-
tenna systemwith OCP radiation within a large elevation angle,
a prototype was fabricated, as shown in Fig. 13. The antenna
platform, featuring three cavities, was built using 3D printing
technology, ensuring consistency with structures in the simula-
tion. To construct a metallic platform, the surface of the 3D-
printed structure was covered by copper foil, which mimics a
realistic train platform. Three hand-made λ/4 baluns, as given
in Fig. 13(a), were employed to ensure balanced feeding for
each antenna element, reducing the radiation due to the outer
conductor of the coaxial cable.

S-parameters of the antennas mounted on the HSR were
measured using Ceyear 3672C vector network analyzer, as de-
picted in Fig. 13(c). The measured S-parameters are given in
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(a) (b)

(c)

(d) (e)

FIGURE 11. Simulated two-dimensional depiction of horizontal planes’ RHCP gains at various elevation angles within the target omnidirectional
region for the combined pattern: (a)–(c) Proposed results; (d)–(e) Reference results.

(a) (b)

(c)

FIGURE 12. Simulated two-dimensional depiction of horizontal planes’ axial ratios at various elevation angles within the target omnidirectional
region for the combined pattern.

Fig. 14. All the three antennas resonated well at the target
band, providing the −10 dB bandwidths of 280MHz (2.48–
2.76GHz), 570MHz (2.28–2.85GHz), and 350MHz (2.46–
2.81GHz), respectively, for Ant. 1, Ant. 2, and Ant. 3. Com-
pared with the simulated results, the bandwidth of Ant. 2 was
expanded, while Ant. 3 shifted slightly to the higher band. The
discrepancy might be due to the assembly tolerance and the in-

fluence of the cables. The measured transmission coefficients
were all above 35 dB over the target band.
The radiation pattern test of the antenna was conducted using

a local metallic plate serving as a substitute for a real carriage in
an anechoic chamber, since the currents were only distributed
around the cavity itself. Due to the constraints of the testing
site, the entire casing was divided into two sections for the con-
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(a)

(b)

(c)

(d)

FIGURE 13. Prototype of the proposed HSR antenna system. (a) Hand-
made λ/4 balun; (b) The casing without radomes; (c) The casing with
radomes and the measurement setup for S-parameters; (d) Prototype of
the three antenna elements and the radome.

FIGURE 14. Measured S-parameters of the proposed HSR antenna sys-
tem.

(a) (b) (c)

FIGURE 15. Measurement setups in the anechoic chamber for the three antennas.

venience of the measurement. One section included both Ant. 1
and Ant. 2, while the other consisted solely of Ant. 3. The mea-
surement setups for those three antennas were shown in Fig. 15.
Given the high isolation between the Ant. 1, 2 and the Ant. 3,
the separate measurement would not affect the accuracy of the
results.
Themeasured RHCP gain patterns of the three antennas were

processed through coordinate rotation and then combined so
that they can be compared with those in the simulations, as
depicted in Fig. 16. It was observed that the measured aver-
aged CP gains within the target region were 5.46 dBi, 6.31 dBi,
and 5.75 dBi at 2.515GHz, 2.595GHz, and 2.675GHz, respec-
tively, which generally agreed well with the simulated values.
The slightly lower averaged gain could be attributed to the vari-
ations in measured beam directions and beam width, which re-

sult in lower gains at certain angles. However, the maximum
gains were similar for the simulated and measured results.
The measured AR patterns were depicted in Fig. 17, with the

averagedARswithin the target area being 2.42 dB, 2.29 dB, and
2.80 dB at 2.515GHz, 2.595GHz, and 2.675GHz, respectively,
showing good agreement with the simulation results as well.
The measured total efficiencies are presented in Fig. 18. The
average in-band efficiency reached around −0.3 dB for each
antenna element, which was slightly lower than the simulated
ones attributed to the cable loss.
In general, this work aims at providing a systematic design

method rather than a fixed design. In real-world engineer-
ing applications, it is necessary to consider factors such as the
streamlined outer surface of a train and various electrical de-
vices. In such complex environment, the proposed method can

78 www.jpier.org



Progress In Electromagnetics Research, Vol. 179, 71-81, 2024

(a) (b)

(c)

FIGURE 16. Measured two-dimensional depiction of horizontal planes’ RHCP gains at various elevation angles within the target omnidirectional
region for the combined pattern.

(a) (b)

(c)

FIGURE 17. Measured two-dimensional depiction of horizontal planes’ axial ratios at various elevation angles within the target omnidirectional
region for the combined pattern.

FIGURE 18. Measured total efficiency of the proposed HSR antenna
system.

still effectively guide antenna design by incorporating all these
factors into the initial multi-port full-wave simulation, allow-

ing the optimizer to automatically generate the most suitable
antenna geometry for certain environment. This is exactly the
advantage of the proposed method.

5. CONCLUSION
In this paper, a systematic and efficient method has been pro-
posed to collectively synthesize the pattern for multiple anten-
nas. Following the method, three different cavity-backed an-
tenna elements have been successfully synthesized for HSR ap-
plications, without any trial-and-error process. By providing
complementary patterns, a high gain antenna system with an
overall OCP pattern within a large elevation angle has been ob-
tained. The antenna system can be flush-mounted on the car-
riage platform, providing stable communication links for ve-
hicles at high speeds. The method can be potentially applied
to various platforms for achieving desired complementary pat-
terns.
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