
APPLIED
COMPUTATIONAL
ELECTROMAGNETICS
SOCIETY
JOURNAL
Special Issue on Antennas and Metasurfaces

for Next-Generation Wireless System and

Their Testing Techniques

Guest Editors:

Xiaoming Chen, Xi’an Jiaotong University, China
Jianxing Li, Xi’an Jiaotong University
Yingsong Li, Anhui University

October 2024
Vol. 39 No. 10
ISSN 1054-4887

The illustrations on the front cover have been obtained from the ARC research group at the Department of
Electrical Engineering, Colorado School of Mines

Published, sold and distributed by: River Publishers, Alsbjergvej 10, 9260 Gistrup, Denmark

The  ACES Journal  is abstracted in INSPEC, in Engineering Index, DTIC, Science Citation Index Expanded, the 
Research Alert, and to Current Contents/Engineering, Computing & Technology.



THE APPLIED COMPUTATIONAL ELECTROMAGNETICS SOCIETY

http://aces-society.org

EDITORS-IN-CHIEF

Atef Elsherbeni Sami Barmada

Colorado School of Mines, EE Dept. University of Pisa, ESE Dept.
Golden, CO 80401, USA 56122 Pisa, Italy

ASSOCIATE EDITORS

Mauro Parise Wei-Chung Weng Luca Di Rienzo
University Campus Bio-Medico of Rome National Chi Nan University, EE Dept. Politecnico di Milano

00128 Rome, Italy Puli, Nantou 54561, Taiwan 20133 Milano, Italy

Yingsong Li Alessandro Formisano Lei Zhao
Harbin Engineering University Seconda Universita di Napoli Jiangsu Normal University

Harbin 150001, China 81031 CE, Italy Jiangsu 221116, China

Riyadh Mansoor Piotr Gas Sima Noghanian
Al-Muthanna University AGH University of Science and Technology Commscope

Samawa, Al-Muthanna, Iraq 30-059 Krakow, Poland Sunnyvale, CA 94089, USA

Giulio Antonini Long Li Nunzia Fontana
University of L Aquila Xidian University University of Pisa
67040 L Aquila, Italy Shaanxa, 710071, China 56122 Pisa, Italy

Antonino Musolino Steve J. Weiss Stefano Selleri
University of Pisa US Army Research Laboratoy DINFO - University of Florence
56126 Pisa, Italy Adelphi Laboratory Center (RDRL-SER-M) 50139 Florence, Italy

Adelphi, MD 20783, USA

Abdul A. Arkadan Jiming Song Fatih Kaburcuk
Colorado School of Mines, EE Dept. Iowa State University, ECE Dept. Sivas Cumhuriyet University

Golden, CO 80401, USA Ames, IA 50011, USA Sivas 58140, Turkey

Mona El Helbawy Santanu Kumar Behera Huseyin Savci
University of Colorado National Institute of Technology Istanbul Medipol University

Boulder, CO 80302, USA Rourkela-769008, India 34810 Beykoz, Istanbul

Sounik Kiran Kumar Dash Daniele Romano Zhixiang Huang
SRM Institute of Science and Technology University of L Aquila Anhui University

Chennai, India 67100 L Aquila, Italy China

Vinh Dang Alireza Baghai-Wadji Marco Arjona López
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Fast Broadband Scattering Computation for Finite Periodic Arrays using the
Characteristic Basis Function Method and the Best Uniform Rational

Approximation

Fang Li1, Hai Rong Zhang2, Lin Chen2, and Xing Wang2
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Abstract – In this paper, a hybrid method combining
the characteristic basis function method (CBFM) and the
best uniform rational approximation (BURA) technique
for fast wideband radar cross-section (RCS) prediction
of finite periodic arrays is proposed. The traditional
CBFM requires reconstructing the reduced matrix at
each frequency point, which is very time-consuming
when calculating the wideband RCS of the target. By
introducing the BURA technique, the hybrid method is
proposed to efficiently calculate the wideband RCS. The
target is first divided into several easily solvable subdo-
mains. Then, the surface integral equation is solved by
the characteristic function method to obtain the equiva-
lent surface current at the Chebyshev node. Afterwards,
the surface current in a desired frequency band is repre-
sented by the Chebyshev series. To improve accuracy, the
Chebyshev series is matched with the Maehly approx-
imation. After obtaining the current coefficients in the
whole bandwidth, the current density at any frequency
point in the bandwidth can be calculated. Finally, the
broadband electromagnetic scattering characteristics of
the finite periodic arrays can be obtained.

Index Terms – best uniform rational approximation,
broadband, characteristic basis function method, Maehly
approximation.

I. INTRODUCTION

In recent years, typical periodic structures such as
frequency-selective surfaces, electromagnetic bandgap
structures and metamaterial structures have been widely
analyzed and applied. These structures are often electri-
cally large and have complex electromagnetic properties
that vary with frequency and other parameters. The anal-
ysis of these structures may require further refinement of
the mesh. Both of them will lead to a large amount of the

number of unknowns.
To address the above problems, many methods have

been proposed [1][2]. One is the traditional Method of
Moments (MoM) [3], which is extremely expensive in
terms of computational resources when dealing with
electrically large problems. The multilayer fast multi-
pole method (MLFMA) [4][5] and the adaptive cross
approximation (ACA) algorithm [6][7] have both been
proposed to address this problem. These algorithms can
improve the computational efficiency of MoM, but they
require the use of an iterative method for solving. There-
fore, there is a problem of slow convergence or even fail-
ure to converge when dealing with complex objectives.
A second class of methods is to reduce the impedance
matrix dimension by constructing basis functions, such
as the sub-entire domain basis functions [8] and the char-
acteristic basis function method (CBFM) [9][10]. These
methods reduce the impedance matrix scale and decrease
the number of unknowns for the target. The method first
divides the objective into several subdomains. Then dif-
ferent subdomain sizes can be selected to control the
dimension of the impedance matrix according to the
requirements. Finally, the weighting coefficients of the
characteristic basis functions can be obtained by solving
the impedance matrix in low dimensions by the direct
method. The stability and computational efficiency of the
solution are guaranteed.

However, when utilizing CBFM to obtain the tar-
get broadband RCS the impedance matrix must be filled
repetitively at each frequency point, leading to a large
amount of computational time. In recent years, fast com-
putational methods such as the impedance matrix inter-
polation method, the Cauchy method, the best uniform
rational approximation (BURA) [11][12], model param-
eter estimation (MBPE) [13][14] and asymptotic wave-
form estimation (AWE) [15–18] have been proposed.
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Among them, BURA has been widely used. It has the
advantages of good convergence, easy integration with
CBFM and no need to increase memory. When using
BURA the process of repeated solutions of matrix equa-
tions can be bypassed, which reduces the computation
time of the impedance matrix.

The remainder of this paper is organized as follows.
The formulations of the Chebyshev approximation tech-
nique (CAT) application to CBFM are explicitly derived
in Section II. Three examples are presented in Section
III to verify the accuracy and efficiency of the hybrid
CBFM-CAT algorithm and the conclusion of this work
is drawn in Section IV.

II. CBFM-CAT FORMULATION

In solving the broadband electromagnetic character-
istics of periodic structures, CBFM is utilized to solve
the large unknown matrix during computation. However,
for broadband RCS calculations, CBFM still needs to
calculate the surface currents at each frequency, which
leads to a large amount of computation time. By intro-
ducing the idea of CAT, the hybrid CBFM-CAT imple-
ments to achieve fast frequency sweeping as follows.

The electric field integral equation (EFIE) can be
written as:

Z (k) I (k) =V (k) , (1)
where Z (k) denotes impedance matrix, I (k) denotes cur-
rent coefficient vector and V (k) denotes excitation vec-
tor.

CBFM divides the target into N subdomains Ω1,
Ω2, . . .ΩN . According to CBFM, the matrix equation of
equation (1) can be written as:⎡⎢⎣ Z11 (k) · · · Z1N (k)

...
. . .

...
ZN1 (k) · · · ZNN (k)

⎤⎥⎦
⎡⎢⎣ I1 (k)

...
IN (k)

⎤⎥⎦=

⎡⎢⎣ V1 (k)
...

VN (k)

⎤⎥⎦ . (2)

When li = l j, Zlil j (k) is the self-impedance matrix
of region Ωli. Whenli �= l j, Zlil j (k) is the mutual
impedance matrix of region Ωli and region Ωlj.Il j (k)
is the matrix of current coefficients of region Ωlj,
Vl j (k)is the excitation vector of region Ωlj and li ∈
[1,2, ...,N] , l j ∈ [1,2, ...,N].

Uniform plane wave illuminates each
subdomainΩli, the frequency range f ∈ [ fa, fb], the
corresponding wave number is k ∈ [ka,kb]. Using the
coordinate transformation, k̃ is obtained by:

k̃ =
2k− (ka + kb)

ka− kb

(
k̃ ∈ [−1,1]

)
. (3)

Let Tq

(
k̃
)
(q = 1,2, ...n) be a Chebyshev polyno-

mial of order q defined as follows:

T1

(
k̃
)
= 1,T2

(
k̃
)
= k̃;

Tq+1

(
k̃
)
= 2kTq

(
k̃
)
−Tq−1

(
k̃
)
. (4)

Then the q-th Chebyshev node of the Q order
Chebyshev polynomial can be calculated by equa-
tion (5):

k̃q = cos
[
(2q−1)

2Q
π
]

(q = 1,2, ...,n) . (5)

To transform k̃q from interval [−1,1] into interval
[ fa, fb], the q-th Chebyshev frequency sampling point in
band f can be obtained by using equation (6):

kq = 1/
2
[
(ka + kb)− k̃q (ka− kb)

]
. (6)

Afterwards, the induced current Ili (kq) at the
Chebyshev frequency sampling point kq in the li-th
subdomainΩli is obtained. Assume that the number of
discrete units in the subdomain before expansion is Nli
and after expansion is Ne

li. Then the main characteris-
tic basis functions of the extended subdomain li can be
derived from:

Ze
lili (kq)Jp

li (kq) =V e
li (kq) , (7)

where V e
li (kq) is a Ne

li×1 matrix, the matrix correspond-
ing to the extended subdomain in the excitation vector
from equation (2). Ze

lili (kq) is the self-impedance matrix
of the extended subdomain, which is an Ne

li-dimensional
square matrix. By performing the LU decomposition of
Ze

lili (kq) followed by matrix inversion, the main charac-
teristic basis functions of the extended subdomain Jp

li (kq)
can be derived from equation (7).

According to the Foldy-Lax multipath scattering
equation, the total characteristic basis function for con-
structing a periodic structure target should include the
primary characteristic basis function (PCBF), which rep-
resents the self-interaction of the subdomains them-
selves. The secondary characteristic basis function
(SCBF) represents the interaction between the subdo-
mains. The primary secondary feature basis function
JS1

li (kq) can be used as an excitation source by superim-
posing the primary feature basis function Jp

li (kq) on the
remaining subfields. The surface induced current is gen-
erated in the desired subregion. The primary characteris-
tic basis function has been derived from equation (7), at
which point the secondary characteristic basis function
can be derived from:

Ze
lili (kq)JS1

li (kq)=−
N

∑
l j=1,l j �=li

Zlil j (kq)JP
l j (kq) . (8)

JS1
li (kq) can be obtained by a direct inverse of the LU

decomposition of Ze
lili (kq) via equation (8). Similarly, the

secondary characteristic basis functions of the remaining
subdomain targets can be derived. If the secondary char-
acteristic basis functions are taken only up to JS1

li (kq),
the total induced current on each subdomain target can
be written as:

Jli (kq) = aliJP
li (kq)+bliJS1

li (kq) . (9)
The dimensionality of the impedance matrix can be

reduced by Galerkin method. By obtaining the unknown
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coefficients ali and bli, the induced currents on a total of
N subdomains can be obtained. Then the target surface
current coefficients for each subdomain are Jli (kq) =
Ili (kq) ,(li = 1,2, ...,N).

To improve the accuracy of the numerical solution,
the Chebyshev series is replaced by a rational func-
tion named Maehly approximation. The surface current
In (ks) in the li-th subdomainΩli can be approximated as:

Ili (ks)∼=
n

∑
q=1

cli,qTq

(
k̃q

)
− cli,1

2
, (10)

where cli,q =
2
n ∑n

q=1 Ili,q (kq)Tq

(
k̃q

)
.

To improve the accuracy of the numerical solution,
using the Maehly approximation to obtain the current
coefficient vector, Ili (ks) can be re-expressed as:

Ili (ks)≈ RLM,li

(
k̃q

)
=

PL,li(k̃q)
QM,li(k̃q)

,

=
ali,0T0(k̃q)+ali,1T1(k̃q)+···+ali,LTL(k̃q)

bli,0T0(k̃q)+bli,1T1(k̃q)+···+bli,MTM(k̃q)
,

(11)

where ali,l denotes the first unknown coefficient of the
li-th subdomain at the Chebyshev node of the Cheby-
shev polynomial of order L, and bli,m denotes the second
unknown coefficient of the li-th subdomain at the Cheby-
shev node of the Chebyshev polynomial of orderM,
bli,0 = 1.

Substituting equation (12) into equation (11)
and using the constant equation Tp (x)Tq (x) =
1/

2
(
Tp+q (x)+T|p−q| (x)

)
, the unknown coefficients

ali,i (i = 0,1, · · · ,L) and bli, j ( j = 0,1, · · · ,M) can be
obtained as follows:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

ali,0 =
1
2 bli,0cli,0 +

1
2

M
∑
j=1

bli, jcli, j

ali,i = cli,i +
1
4 bli,icli,0 +

1
2

M
∑
j=1

bl, j
(
cli,i+ j + cli,| j−i|

)
i = 1,2, · · · ,L

(12)⎡⎢⎢⎢⎣
cli,L+2 + cli,L cli,L+3 + cli,L−1 · · ·

cli,L+3 + cli,L+1
...

cli,L+4 + cli,L
...

· · ·
· · ·

cli,L+M+1 + cli,L+M−1 cli,L+M+2 + cli,L+M−1 · · ·
cli,L+M+1 + cli,L−M+1
cli,L+M+1 + cli,L−M+2

...
cli,L+2M + cli,L

⎤⎥⎥⎥⎦•
⎡⎢⎢⎢⎣

bli,1
bli,2

...
bli,M

⎤⎥⎥⎥⎦=−2

⎡⎢⎢⎢⎣
cli,L+1
cli,L+2

...
cli,L+M

⎤⎥⎥⎥⎦
(13)

Calculating the unknown coefficients ali,i and bli, j
for the n-th subdomain Ωn, the surface current Ili (ks) can
be obtained by using ali,i and bli, j and substituting them
into equation (11) thereby obtaining the radar scattering
cross section of the periodic structure target at each fre-
quency.

The error function En is defined as:

En,li = RLM,li

(
k̃q

)
− Ili (ks)

= 1
QM,li(k̃q)

∑∞
p=L+M+1 hp,liTp,li

(
k̃q

) . (14)

The coefficient hp,li in equation (14) can be defined
as:

PM,li

(
k̃q

)
−QL,li

(
k̃q

)
Ili (ks)

= ∑∞
p=L+M+1 hp,liTp,li

(
k̃q

) . (15)

Since bli,0 is usually set to 1, the coefficient hp,li
decays rapidly then the error function En,li can be
approximated as:

PM,li

(
k̃q

)
−QL,li

(
k̃q

)
Ili (ks)

= ∑∞
p=L+M+1 hp,liTp,li

(
k̃q

) , (16)

where:
hL+M+1,li = cL+M+1,li

+1/
2∑M

i=1 bi,li
(
cL+M+i+1,li + cL+M−i+1,li

) . (17)

Hence, RLM,li

(
k̃q

)
can be taken as BURA to Ili (ks).

III. NUMERICAL SIMULATION RESULTS
AND ANALYSIS

A. A 9x9 patch array

The first example is a 9×9 patch array consisting of
square ring frequency selective cells with a center fre-
quency of 15 GHz, as illustrated in Fig. 1. The inci-
dent angle is (θ inc, ϕinc)=(0◦, 0◦) and the scattering
angle is (θsca, ϕsca)=(60◦, 0◦). The working frequency
band is 12 to 20 GHz. The step frequency is 100 MHz.
The whole structure can be decomposed into four sub-
domains with a total of 3402 unknowns for the target.
The unknowns for each sub-domain are 756, 756, 756
and 1134 when using CBFM, respectively. The broad-
band RCS of the target was calculated by using the
Chebyshev approximation with the Maehly approxima-
tion (L=M=3, L=M=7, L=M=15).

Fig. 1. Geometry of the patch array.

Figure 2 illustrates the broadband bistatic cross-
section (BCS) of the patch array in the 12-20 GHz range
using three different CBFM-CAT orders (L=3, 7, 15).
A results comparison between the CBFM-CAT algo-
rithm and the conventional moments method can be seen
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in Fig. 2. Better results will be obtained as we increase
the CAT order.

Fig. 2. Wideband BCS of the patch array computed by
CBFM-CAT using three different orders.

As shown in Fig. 3, the peak memory, CPU time and
the number of iterations of MoM, CBFM and CBFM-
CAT with three orders are compared. According to
Fig. 3, total CPU time of CBFM-CAT (L=M=15) can be
reduced by 54.4% compared to conventional MoM.

Fig. 3. Comparation of peak memory, CPU time and
number of iterations for conical radome.

B. Square-ring FSS conical radome

The second example is a six-layer conical FSS
radome consisting of a square-ring type frequency selec-
tor unit with a center frequency of 15 GHz, as illustrated

in Fig. 4. The incident angle is (θ inc, ϕ inc)=(0◦, 0◦) and
the scattering angle is (θ sca, ϕsca)=(60◦, 0◦). The work-
ing frequency band is 12 to 20 GHz. The step frequency
is 100 MHz. The whole structure can be decomposed
into three subdomains with a total of 3234 unknowns
for the target. The unknowns for each subdomain are
1386, 1134 and 714 when using CBFM, respectively.
The broadband RCS of the target was calculated using
the Chebyshev approximation with the Maehly approxi-
mation (L=M=3, L=M=7, L=M=15).

Fig. 4. Geometry of the square ring FSS conical radome.

Figure 5 illustrates the broadband BCS of the con-
ical radome in the 12-20 GHz range using three differ-
ent CBFM-CAT orders (L=3, 7, 15). Figure 5 shows
that the results obtained by the CBFM-CAT algorithm
are in good agreement with the traditional MoM. As we
increase the order of CAT we get a better result.

Fig. 5. Wideband BCS of conical radome computed by
CBFM-CAT using three different orders.
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As shown in Fig. 6, peak memory, CPU time and
number of iterations of MoM, CBFM and CBFM-CAT
with three orders are compared. According to Fig. 6,
the computation time of CBFM-CAT (L=M=15) can be
reduced by 54.7% compared to conventional MoM.

Fig. 6. Comparation of peak memory, CPU time and
number of iterations for conical radome.

C. Square-ring FSS pyramid radome

The third example we consider is an FSS pyra-
mid radome composed of a square-ring frequency selec-
tor unit with a center frequency of 15 GHz, as shown
in Fig. 7. The model is divided into four subdomains.
The FSS pyramid radome is discretized into 3136 ele-
ments so that the number of unknowns is 4704. The
unknowns for each subdomain when using CBFM are
1176, 1176, 1176, 1176 and 1176. The incident angle

Fig. 7. Geometry of the square ring FSS pyramid
radome.

is (θ inc, ϕ inc)=(0◦, 0◦) and the scattering angle is (θ sca,
ϕsca)=(60◦, 0◦). The working frequency band is 12 to 20
GHz. Step frequency is 100 MHz.

The broadband RCS of the target was calculated
using the Chebyshev approximation with the Maehly
approximation (L=M=3, L=M=7, L=M=15). Figure 8
shows that the results obtained by the CBFM-CAT algo-
rithm are in good agreement with traditional MoM. As
the order of CAT increases, better results are obtained.
The results obtained by CBF M-CAT are consistent with
those obtained by MoM and CBFM.

Fig. 8. Broadband BCS of the pyramid radome computed
by CBFM-CAT using three different orders.

As shown in Fig. 9, peak memory, CPU time and
number of iterations of MoM, CBFM and CBFM-CAT

Fig. 9. Comparation of peak memory, CPU time and
number of iterations for pyramid radome.
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Table 1: Calculation result of three examples
Examples MoM CPU Time

(min)

CBFM (L=M=15) CPU

Time (min)

MoM Memory

(MB)

CBFM (L=M=15)

Memory (MB)

Array patch 92.56 53.7 124.32 34.27
Conical
radome

72.45 33.5 80.64 27.64

Pyramid
radome

126.1 69.9 168.96 42.41

with three orders are compared. According to Fig. 9,
the total CPU time of CBFM-CAT (L=M=15) can be
reduced by 45.6% compared to conventional MoM.

Table 1 illustrates the total memory and CPU time
required to compute the three examples by using MOM
and CBFM methods. In comparison to traditional MoM,
the memory requirement and CPU time of CBFM-
CAT can achieve reduction for the three examples
shown.

IV. CONCLUSION

In this paper, we propose a new hybrid CBFM-CAT
algorithm to efficiently analyze the wideband electro-
magnetic bistatic scattering problem for finite periodic
arrays. By applying CBFM, the dimensionality of the
impedance matrix can be reduced. By introducing the
idea of CAT, only the currents at the Chebyshev nodes
are calculated. The surface current in a desired frequency
band is represented by a Chebyshev series by combining
it with the Maehly approximation. After obtaining
the current coefficients over the entire broadband, we
can then obtain the current density at any frequency
point. Furthermore, we discuss the accuracy of the
CBFM-CAT method at different orders. According to
the numerical results, the proposed CBFM-CAT method
is able to significantly improve efficiency with a slight
loss of accuracy.
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Abstract – In this brief paper, an improved method of
separate amplitude and phase interpolations is presented
for the mid-field phased array calibration system. Since
the amplitude is relatively continuous and the phase suf-
fers from phase wrapping, the proposed method uses
linear and phase-unwrapping natural neighbor interpo-
lation methods to reconstruct the amplitude and phase
matrices, respectively. When compared with the existing
work, the proposed method is more accurate under the
cost-effective over-the-air testing environment.

Index Terms – Complex signal, natural neighbor interpo-
lation method, over-the-air test, phase wrapping, phased
array calibration.

I. INTRODUCTION

Phased array systems can effectively control the
excitation of array elements, meeting the requirements
of specific communication systems for signal transmis-
sion and interference suppression [1]. However, the ele-
ment branch will have characteristic variation causing
the excitation signal loaded on the array element to devi-
ate from expected values. Therefore, it is vital to cali-
brate the branches to improve the radiation performance
of the phased array [2–4].

The array calibration is by default conducted with
one element activated at a time (i.e. on-off mode). Since
the coupling effect between array elements cannot be
ignored, array calibration with all elements activated (i.e.
all-on mode) would be adopted for good accuracy in
this case [5, 6]. The all-on calibration methods can be
classified as amplitude-only and complex measurements.

In the amplitude-only measurement, the typical rotating
element electric field vector (REV) method used phase
variation to record the composite power of the array,
and derived the relative amplitude and phase informa-
tion from power changes [7]. The improved REV method
in [8] characterized the array power response through a
high-order Fourier series to identify the amplitude and
phase errors of the elements, which was proved to have
good practicability. However, the REV method for each
element was time consuming, requiring a greater num-
ber of signal measurements than the complex calibration
method.

For the complex calibration method, [9] used a
transmission matrix to obtain the excitation coefficient
under near-field measurement, which required good
positioning accuracy and knowledge of the array config-
uration. However, [10] realized array calibration using
a recursive matrix under far-field conditions, where the
number of probe measurements is required to be equal to
or greater than the number of elements in the array. Then,
[11] enhanced testing efficiency by the matrix interpo-
lation method and reduced the number of probe mea-
surements. However, the phase interpolation was real-
ized by the complex data interpolation, which could lead
to phase wrapping between the adjacent points.

In this work, an improved interpolation and matrix
reconstruction method is developed under the mid-
field measurement (i.e., near-field w.r.t. the whole array
yet far-field w.r.t. the array element). The number of
probe moving positions under the all-on mode can be
half the number of the array elements. Meanwhile, the
branch matrix to be calibrated is obtained through the
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transmission matrix. The amplitude and phase of the
branches are interpolated by linear interpolation and
phase-unwrapping natural neighbor interpolation meth-
ods, respectively. Note that the proposed solution in this
work is essentially an improvement of the method pre-
sented in [11].

II. THEORY

This section firstly presents the on-off mode used as
the standard benchmark. Then the proposed all-on mode
method is introduced and compared with the method
in [11].

A. On-off mode

A phased array calibration system is shown in Fig. 1.
The probe moves to multiple positions to gather suffi-
cient samples and the signal model can be expressed as
follows:

S = HT, (1)
where S is the S-parameter matrix measured by the
probe using a vector network analyzer (VNA), H is the
weighted excitation signal matrix, and T is the transmis-
sion matrix. If the numbers of weighted signals, probe
positions and antenna elements are L, M and N, then S, H

and T are L×M, L×N and N×M matrices, respectively.
The transmission matrix T can be further expanded as:

T = (CRAUT )�A�Rpro, (2)
where C is a N ×N RF branch response matrix, RAUT
is a N×M array element radiation pattern matrix indi-
cating the pattern of the n-th array element for the m-th
probe position, A is a N×M free-space transfer function
matrix, Rpro is a N×M probe pattern matrix representing
the pattern of the m-th probe position on the n-th array
element and � is the Hadamard product.

Fig. 1. Configuration of the phased array calibration.

Since the matrix C and RAUT are combined to form
the N ×M signal branch matrix P to be calibrated, the
matrix element of (CRAUT )nm can be written as:

Pnm=(CRAUT )nm=
N

∑
i=1

(
αn,i · e jφn,i

)
rAUT,i,m, (3)

where n and m are the row and column of the element
in P, αn,i and φn,i are the amplitude and phase of the RF

branch response C, and rAUT,i,m is the complex value of
the array element in RAUT .

The calibration of the on-off mode applied to equa-
tions (1)-(3) can be seen as a standard benchmark to ver-
ify the effectiveness and accuracy of the proposed inter-
polation method under the all-on mode. The on-off mode
is executed by enabling the n-th path and disabling the
other N− 1 signal branches. The probe vertically aligns
to the face center of each array element forming a N×N
S-parameter matrix S. Therefore, the excitation matrix H

turns to identity matrix IN , and the signal branch matrix
to be calibrated can be derived as:

Pon−o f f= S�A�Rpro, (4)
where � represents entry-wise division of two matri-
ces. The diagonal elements of the reconstructed matrix
Pon−o f f are the N signal branches to be calibrated for
the N array elements (noted as a 1×N vector A1,on−o f f ),
and the influence of the nonuniformity can be reduced
by compensating the amplitude and phase deviation in
A1,on−o f f .

B. All-on mode

After getting the comparison result A1,on−o f f under
the on-off mode, we then introduce the proposed method
using the all-on mode and interpolation method to cali-
brate the phased array.

In order to reduce the time cost, the number of probe
moving positions should be smaller than the number of
array elements, which is M < N. The minimum probe
number M should cover the aperture of the phased array.

The probe scanning configuration is shown in Fig. 1,
where the maximum probe moving distance is D, the
measurement range between the probe and array is R,
and the M probe positions are evenly distributed in the
range of D. Thus, the angle sampling interval can be cal-
culated as:

θpro = tan−1
(

D
2R(M−1)

)
. (5)

In order to better reconstruct and interpolate the
small number of samples, an appropriate value of M is
crucial. In this case, 2θpro should be smaller than the
half-power beamwidth (HPBW) θ3dB of the array ele-
ment. If θ3dB is smaller than2θpro, the power received by
the probe drops significantly, which incurs great errors in
the reconstruction of the signal branch matrix P. Conse-
quently, θpro}θ3dB

/
16 is selected as the angle sampling

interval to guarantee that the amplitude of the receiving
power is large enough to reduce the signal branch error,
and the minimum number of probe positions M can be
obtained as:

M∼
⌈

D
2R tan(θ3dB/16)

+1
⌉
, (6)

where 	•
 represents the rounding up operator. It is obvi-
ous that the probe position number M is proportional to
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D, and inversely proportional to R and θ3dB. Then we set
H as a Hadamard matrix of order L, ignoring the first
L−N columns (which can be seen as virtual elements),
and the L×N all-on mode excitation matrix H can be
obtained [11]. After using the Moore-Penrose pseudoin-
verse matrix H+ of H, the signal branch matrix Pall−on
to be calibrated can be expressed as:

Pall−on=
(
H+S

)�A�Rpro, (7)

where Pall−on is a N×M matrix. Next, Pall−on should be
interpolated to form a N ×N matrix to calibrate the N
signal branches.

The amplitude matrix Pall−on,amp of Pall−on can be
interpolated by the linear interpolation method to get the
N×N matrix P′all−on,amp, because the amplitude varia-
tion is relatively flat. However, since the phase matrix
Pall−on,pha of Pall−on suffers from a ±360◦ phase wrap-
ping between adjacent points, the phase period should be
added or subtracted to get the correct interpolation result,
which can be understood as follows. If the phases of the
two adjacent points are 190◦ and −190◦, then the direct
interpolation will yield 0◦, which is not correct. Thus, the
latter phase −190◦ should add 360◦ to be 170◦, and the
interpolated phase can be correctly obtained as 180◦.

Then, the phase unwrapping Pall−on,pha is interpo-
lated by the natural neighbor interpolation method, as
shown in Fig. 2. The original data are marked as x1− x6,
the interpolated data is xm. The Voronoi cell before
and after interpolating xm is calculated, where the cells
of x1− x6 before the interpolation have common areas
(S1− S6) with the hexagon Voronoi cell of xm, and the
phase value of xm is calculated as:

xm =
∑N0

n=1 xnSn

∑N0
n=1 Sn

, (8)

Fig. 2. Phase-unwrapping natural neighbor interpolation
method.

Table 1: Performance comparison
Characteristics Calibration

Type

Dynamic

Range

Mean

Value

[11] Method Amplitude/
Phase

0.92
dB14.6◦

0.33
dB5.1◦

Proposed
Method

Amplitude/
Phase

0.85
dB10.3◦

0.19
dB3.1◦

where N0 is the number of the adjacent cells of xm. Then,
the desired interpolated N×N phase matrix P′all−on,pha
is obtained.

Subsequently, the diagonal elements are extracted
from P′all−on,amp and P′all−on,pha to form the N complex
signal branches to be calibrated, noted as 1×N vector
A2,all−on. Moreover, in order to make comparison with
the proposed method, the calibration method in [11] is
used here, whose interpolation results are obtained as
A3,all−on. The basic mechanism of [11] also uses the
interpolation method to reduce the initial sampling num-
ber, but the main difference between [11] and this work is
that the reconstructed amplitude and phase matrix in [11]
both used the linear interpolation method, which may
lead to phase-wrapping errors for the interpolated com-
plex results. Therefore, the proposed method can over-
come the phase interpolation error and obtain more accu-
rate signal branches. Finally, comparisons of A1,on−o f f ,
A2,all−on and A3,all−on can reveal the effectiveness of the
proposed calibration method.

III. MEASUREMENT AND ANALYSIS

The proposed method is verified in the environment
of Fig. 3. A column (with N = 14 single vertical polar-
ized waveguide antennas) of the planar array is selected
as the AUT (antenna under test). The range D is 1.124
m, the testing frequency is 2.6 GHz, and the probe is
a WR284 waveguide antenna whose H-plane HPBW is
127◦. The distance R is 1.0 m, which is the far-field range
for the array element with dimension Ddim = 8.03 cm yet
still in the near-field of the AUT array. The probe posi-
tion M, calculated by equation (6), should be larger than
5, and M = 7 is chosen to probe the 14 array elements.
The excitation matrix H is set to be a Hadamard matrix
of order L = 16.

Then, the reconstructed 14 × 14 P′all−on,amp and
P′all−on,pha are obtained by the proposed method, whose
diagonal elements are extracted to form A2,all−on. The
14× 14 Pon−o f f , used as a standard bench, is obtained
by setting H as identity matrix IN and M as 14
to form A1,on−o f f . The calibrated results in [11] are
acquired as a 1× 14 vector A3,all−on. The amplitudes
and phases of A1,on−o f f , A2,all−on and A3,all−on are plot-
ted in Figs. 4 (a) and (b) in red, green and blue circles,
respectively.
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Fig. 3. Measurement environment.

(a)

(b)

(c)

(d)

Fig. 4. Comparisons of (a) amplitude, (b) phase, (c)
amplitude errors, and (d) phase errors for the extracted
elementary signal branches of A1,on−o f f , A2,all−on and
A3,all−on.

Finally, the amplitude/phase errors between
A1,on−o f f and A2,all−on, and those between A1,on−o f f and
A3,all−on, are shown in Figs. 4 (c) and (d), respectively.
To better illustrate the performance comparison between
the proposed method and the method of [11], the
dynamic ranges and mean values of the amplitude/phase
errors are listed in Table 1. It can be seen that the

dynamic ranges and mean values for the errors of the
proposed method is smaller than that of the method in
[11]. The differences between the two methods of the
amplitude/phase errors for the dynamic ranges and mean
values are calculated as 0.07 dB/4.3◦ and 0.14 dB/2.0◦,
respectively, implying the superiority of the proposed
method.

Thus, we can see from the results shown above that
the element branches can be more accurately calibrated
by the proposed interpolation method, and the separate
interpolation method is more effective for complex sig-
nals with significant phase variation and phase wrapping
influence.

IV. CONCLUSION

In this work, an improved interpolation method with
a small number of probe positions (e.g. the half number
of the array elements) is proposed for the phased array
calibration. The proposed method used linear interpo-
lation method and phase-unwrapping natural neighbor
interpolation method to reconstruct the amplitude and
phase matrices under the all-on mode, respectively. The
proposed method has been proved to be more accurate
than [11]. An error reduction of 0.07 dB/4.3◦ is achieved
for the dynamic range, and a reduction of 0.14 dB/2.0◦
is achieved for the mean values.
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Abstract – A specialized metasurface has been devel-
oped for lens antenna applications. This innovative meta-
surface unit cell comprises five metallic layers and four
dielectric layers. Each metallic layer consists of a pair
of back-to-back split resonant rings. The proposed unit
cell is highly effective with a transmission phase cover-
age exceeding 360◦ and a transmission amplitude larger
than 70% at X-band (8.8-11.2 GHz). The unit cell has
been thoroughly designed, fabricated and tested. To ver-
ify the present unit cell, a metasurface array with 27×27
elements is designed. An X-band horn antenna is used
as the feed source. Simulation and measurement results
show that the electromagnetic wave from the feed horn
is focused within the operating band, resulting in a mea-
sured gain of 16.9 dB at 9 GHz and 19.2 dB at 11 GHz.
Thus, a gain enhancement of 5.4 dB at 9 GHz and 5.7 dB
at 11 GHz are obtained, making it a good reference for
engineering applications.

Index Terms – metasurface, split resonant ring, wide-
band.

I. INTRODUCTION

Metasurface technology has rapidly developed and
been applied in recent years. Its main function is to reg-
ulate the amplitude and phase of electromagnetic waves
to achieve various performances, such as digitally recon-
figurable antennas [1–5], microwave phase shifters [6],
RCS reduction [7], antenna isolation enhancement [8],
and filtering antenna [9]. Satellite communication tech-
nology has become a fascinating research field, with the
main operating frequencies being C-band (4-8 GHz), X-
band (12-18 GHz), and Ku-band (27-40 GHz). The cur-
rently used satellite communication antennas are mainly
parabolic, array, and high gain horn lens antennas. How-
ever, metasurface-based transmitarray (TA) antennas or
reflect array antennas have shown potential advantages,
such as reducing costs, improving gain, and enhancing
bandwidth, compared to the commonly used satellite
communication antennas [10–19]. Additionally, meta-
surface technology is more flexible and performs excel-
lently in multifunctional antennas, such as polarization
reconfigurable antennas [20–25].

Several relevant papers have been published on
wideband-focused metasurface. [26] proposes a double-
layer TA consisting of four metal vias and two patches
with a 1-dB gain bandwidth of 9.6% (20.1-22.2 GHz).
A similar design method is also presented in [27], with
a 1-dB gain bandwidth of 9% (17.2-18.8 GHz). In [28],
a TA antenna based on a hybrid frequency selective sur-
face (FSS) is proposed, but only a narrow band (at 10
GHz) is introduced. In [29], a TA made of three metal-
lic layers with an air gap is introduced. The proposed
TA has a 1-dB gain bandwidth of 15.5%, but the air
gap increases the profile of the entire antenna system. In
[30], a metasurface that combines the functionalities of
TA and reflectarray (RA) is presented. The electromag-
netic wave focusing function depends on the polarization
mode of the incoming wave, and a 1-dB gain bandwidth
(9.14%) from 9.4 to 10.3 GHz is obtained.

This paper studies the wideband focusing metasur-
face lens antenna with gain enhancement. The meta-
surface unit cell comprises five metallic layers of pairs
of back-to-back split resonant rings. The unit cell com-
prises five metallic layers and four dielectric layers. The
proposed unit cell is highly effective with a transmis-
sion phase coverage exceeding 360◦ and a transmission
amplitude above 70% at X-band (8.8-11.2 GHz). The
unit cell has been designed, fabricated and tested. To ver-
ify the present unit cell, a metasurface array with 27×27
elements is designed, and a X-band horn antenna is used
as a feed source. Simulation and measurement results
show that the electromagnetic wave from the feed horn is
focused within the operating band. When an electromag-
netic wave from an X-band feed horn is directed towards
it, the metasurface focuses the waves within the operat-
ing band that covers 8.8-11.2 GHz. The measured gain is
16.9 dB at 9 GHz and 19.2 dB at 11 GHz. This represents
a gain enhancement of 5.4 dB at 9 GHz and 5.7 dB at 11
GHz. The metasurface provides a 1-dB gain bandwidth
(5.7%) from 8.8 to 11.2 GHz.

II. DESIGN OF METASURFACE

Figure 1 depicts the proposed unit cell’s fundamen-
tal structure, which comprising five metallic layers. Each
layer consists of a pair of back-to-back split resonant
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(a)

(b)

Fig. 1. (a) Geometry model and structure parameters. (b)
Configuration of the unit cell.

rings. The dielectric material, Rogers RO3035, is 2.5
mm thickness and has a relative dielectric constant of
3.5. The metasurface unit cell is analyzed using periodic
boundaries in the x and y directions through simulation
software CST Studio Suite. The transmission phase is
highly sensitive to the cutting length s of the split res-
onant ring. Thus, parameter s is optimized to meet the
required phase variation while keeping the other param-
eters constant.

In general, the metasurface unit cell can be regarded
as a two-port network, and its performance is character-
ized by transmission and reflection coefficients. In this
paper, our proposed transmissive metasurface has high
transmission coefficients and low reflection coefficients.
Therefore, its transmission matrix is concerned, and it
can be expressed as the following matrix:

T (x,y) =
(

Txx
Txy

Tyx
Tyy

)
, (1)

where Txx and Tyy represent the co-polarization transmis-
sion coefficients of x-polarized and y-polarized incident
waves, and Tyx and Txy represent the cross-polarization
transmission coefficients of x-polarized and y-polarized
incident waves. Since the proposed metasurface struc-
ture is symmetric about both the x- and y-axes, cross-
polarization transmission coefficients (Txy and Tyx) can
be regarded as approximately zero. Figure 2 shows the
transmission coefficients of the proposed metasurface

Fig. 2. Transmission coefficients of the proposed meta-
surface unit cell with s = 0.1 mm.

unit cell with s = 0.1 mm. We can see that the cross-
polarization transmission coefficients (Txy and Tyx) are
close to zero. At the same time, the co-polarization trans-
mission coefficient Txx is also close to 0 at the concerned
frequency. The co-polarization transmission coefficient
Tyy is greater than 0.7 over a large bandwidth range (8.8-
11.2 GHz). The proposed metasurface unit has a grating-
like effect, which can filter out x-polarized waves to a
certain extent and let y-polarized waves pass through
completely.

We can explain the selective transmission function
of the unit cell structure by analyzing the electric field
distribution. We give the z-component electric field dis-
tribution two resonant peaks of 9 GHz and 10.5 GHz.
Figure 3 (a) shows the electric field distribution when
y-polarization incident on the metasurface unit cell is 9
GHz. It can be seen that there are two pairs of electric
field gathering points with opposite intensity at the open-
ing on both sides, forming two pairs of electric dipoles
which transmit y-polarized incident waves and carry cer-
tain phase mutations as the basis for multi-layer phase
superposition. Figure 3 (b) shows the electric field dis-
tribution generated by x-polarization incident wave of
9 GHz. No electric dipoles are generated in the figure,
indicating that the metasurface structure cannot gener-
ate effective resonance for x-polarized waves. Figures 3
(c) and (d) show the electric field distribution of y-
polarized and x-polarized incident waves at 10.5 GHz,
respectively. Similarly, y-polarized incident waves can
generate two pairs of electric dipoles on the metasur-
face, while x-polarized waves have no such effect. There-
fore, we explain the rationality of metasurface energy
transmitting y-polarized incident waves while shielding
x-polarized incident waves.
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Fig. 3. Electric field distribution of the proposed meta-
surface unit with s = 0.1 mm: (a) y-polarization inci-
dent wave at 9 GHz, (b) x-polarization incident wave at
9 GHz, (c) y-polarization incident wave at 10.5 GHz, and
(d) x-polarization incident wave at 10.5 GHz.

III. RESULTS AND DISCUSSION

Figure 4 shows the unit cell’s simulated transmis-
sion magnitude and phase against parameter s under dif-
ferent frequencies. Seen from Fig. 4 (a), the transmis-
sion magnitude exceeds 0.7, covering the band 8.8-11.2
GHz when parameter s varies from 0.1 mm to 6.0 mm.
The transmission phase is given in Fig. 4 (b). The mini-
mum transmission phase range of about 300◦ is realized
at around 8 GHz, and a transmission phase range over
360◦ is obtained across 8.8-11.2 GHz. It is reliable to
design a metasurface lens antenna within X-band with
an elaborate design. The parameters of the proposed unit
cell are: W1 = 8, W2 = 8, W3 = 1, W4 = 2.5, l1 = 6,
H1 = 2.5, and P = 10 (unit = mm). It is worth noting
that by changing the value of the parameter s, the phase
of the transmitted y-polarized wave can be changed, so
free phase manipulation can be achieved.

To efficiently focus the incoming electromagnetic
wave, phase difference distribution in the yoz-plane
should meet the following [29–31]:

Δ /0mn =
2π
λ0

(

√
((mp)2 +(np)2 +F2−F), (2)

where p and F is the periodicity and focal distance of
unit cell, m(n) is defined as the number of unit cells in
x(y)-direction, λ 0 is the free space wavelength, and Δ /0mn
is the phase difference between the unit cell located at
mp, np and the unit cell at the initial center (m = 0, n =
0). The proposed metasurface is designed according to
the spatial phase difference distribution in equation (2) to
verify the present unit cell. The metasurface is encoded
by using an eight-order phase gradient method, the eight
unit cells are named No. 1, No. 2, No. 3, No. 4, No. 5, No.

(a)

(b)

Fig. 4. (a) Transmission magnitude of unit cell. (b)
Transmission phase of unit cell.

6, No. 7, and No. 8, respectively. The designed metasur-
face contains three bits of phase information. Each unit
cell is designed to have constant phase difference Δ =
45◦. The phase difference distribution is shown in Fig. 5,
which demonstrates that a transmission phase coverage
exceeding 360◦ is obtained within an operation wave-
length. The value of s is selected to be 0.1, 0.3, 1, 2, 3,
4, 5, or 6, which formed the eight different phase differ-
ence unit cells, corresponding to the phase information
in Fig. 5. The designed layout is shown in Fig. 6 (a).
Figure 6 (a) shows the simulated layout configuration of
the proposed metasurface lens antenna. An X-band horn
is used as the feed source. It is placed a focal distance of
D. The electromagnetic wave focusing distance D is set
to 50 mm. The metasurface has a dimension of L×L =
270×270 mm2. The phase distributions for electromag-
netic wave focusing distance D of 50 mm are shown in
Fig. 6 (b).
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The designed metasurface is fabricated based on
printed circuit board technology, seen in Fig. 7 (a). The
dielectric material is Rogers RO3035, with 2.5 mm thick-
ness and a relative dielectric constant of 3.5. Figure 7

Fig. 5. Phase gradient difference of the eight unit cells.

(a)

(b)

Fig. 6. (a) Layout of the metasurface. (b) Phase dis-
tributions for electromagnetic wave focusing distance
D of 50 mm.

(b) exhibits the photo of the fabricated metasurface lens
antenna and its experimental installation in the anechoic
chamber. A planar near field test system is used for radi-
ation parameters measurement, which is especially suit-
able for high gain antenna testing [32–35]. An X-band
standard horn antenna is used as the feed source, and the
distance between the metasurface and the horn is D =
50 mm. The reflection coefficients of the feed horn with
and without metasurface are given in Fig. 8, showing that
the reflection coefficients are less than−10 dB across the
X-band.

(a) (b)

(c)

Fig. 7. (a) The fabricated metasurface photograph. (b)
Experimental test and diagnostics setup.

Fig. 8. Feed horn measured reflection coefficient with
and without metasurface.
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Figure 9 shows the simulated 3D radiation patterns
at 9 GHz and 11 GHz. The designed metasurface shows
a very strong electromagnetic wave focus capability. The
gain patterns of the metasurface lens antenna and feed
horn are depicted in Fig. 10, both in simulation and mea-
surement. The gain of the feed horn is 11.5 dBi at 9 GHz
and 13.5 dBi at 11 GHz. Meanwhile, the metasurface
lens antenna displays measured gains of 16.9 dBi at 9
GHz and 19.2 dB at 11 GHz. As a result, a gain enhance-
ment of 5.4 dB and 5.7 dB are achieved at 9 GHz and
11 GHz, respectively. Figure 10 also presents the simu-
lated and measured 2D radiation pattern in the xoz-plane
and yoz-plane at 9 GHz and 11 GHz. The tested gains
are almost in line with the simulated results, with a dif-
ference of 0.45 dB less than the simulation gain at 9 GHz
and 0.6 dB less than the simulation gain at 11 GHz. This
discrepancy can be attributed to the fabrication tolerance
of metasurface and the loss of the printed circuit board.
According to [30], the aperture efficiency can be calcu-
lated by η = G/Dmax = G/(4π×P×Q/λ 2

0 )×100%, with
P = Q = 270 mm being the length and width of the
lens antenna system, respectively. The measured aperture
efficiency at 9 GHz (11 GHz) is about 5.9% (6.7%).

(a) (b)

Fig. 9. Simulated 3D radiation pattern: (a) 9 GHz and (b)
11 GHz.

The presented design is compared with the refer-
enced antennas, as shown in Table 1. The designed meta-
surface lens antenna reflects certain advantages in terms
of comprehensive performance, such as 1-dB gain band-
width and profile. For [11, 13], the 1-dB gain band-
width is only 3.4% and 5.4%, respectively. The proposed
metasurface unit cell has the advantage of a low pro-
file (0.33×λ 0 mm) and a large transmission phase range
(360◦) with a large operating bandwidth (8.8-11.2 GHz).
For the unit cell transmission and amplitude, the pro-
posed unit cell has a relative balanced advantage of sat-
isfying 360◦ phase variety and high amplitude transmis-
sion (≥0.7). Furthermore, the four-layer identical unit
cell structure makes the proposed metasurface easily set
to apply to other working frequencies.

(a)

(b)

Fig. 10. Simulated and measured patterns of the pro-
posed metasurface lens antenna: (a) 9 GHz and (b) 11
GHz.

Table 1: Comparison of the proposed TA with referenced
ones

Ref. Freq. 1 dB

Gain

BW

Unit

Trans-

mission

Phase

Unit

Transmis-

sion

Amplitude

Profile

[11] 9.4-
10.6

3.4% ≥215◦ ≥0.72 0.2×λ 0

[12] 11-
12.5

8.4% ≥360◦ ≥0.60 0.68×λ 0

[13] 11.65-
12.3

5.4% ≥265◦ ≥0.75 0.08×λ 0

[14] 29 7.5% ≥360◦ ≥0.71 1.0×λ 0
[15] 11.3 9% ≥360◦ ≥0.89 0.45×λ 0
[29] 9.4-

11.2
15.5% ≥360◦ ≥ 0.71 0.43×λ 0

This
work

8.8-
11.2

5.7% ≥360◦ ≥ 0.70 0.33×λ 0
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IV. CONCLUSION

This paper proposes a new type of metasurface for
lens antenna applications. This metasurfaces unit cell
comprises five metallic layers with split resonant rings
positioned back-to-back. The metasurface comprises five
metallic layers on a 2.5 mm thick dielectric substrate.
The unit cell provides a transmission phase coverage of
over 360◦ with a transmission amplitude of over 70% at
the X-band frequency range of 8.8-11.2 GHz. The meta-
surface has been designed and verified on a 2.5 mm thick
dielectric substrate. When an electromagnetic wave from
an X-band feed horn is directed towards it, the metasur-
face focuses the waves within the operating band that
covers 8.8 to 11.2 GHz. The measured gain is 16.9 dB
at 9 GHz and 19.2 dB at 11 GHz. This represents a gain
enhancement of 5.4 dB at 9 GHz and 5.7 dB at 11 GHz.
The metasurface provides a 1-dB gain bandwidth (5.7%)
from 8.8 to 11.2 GHz. The proposed metasurface is a
good reference for engineering applications.
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Abstract – This paper presents a pattern reconfigurable
antenna with low-profile and wide bandwidth. The
antenna is composed of a patch layer, a metasurface
(MS) layer, and a full ground plane. The radiation patch
consists of a microstrip-fed square and three parasitic
patches. The MS with 4×4 units is added on the top
of the patch layer to improve bandwidth as well as tune
radiation pattern. Ten of the MS units are available to
connect with the ground plane, each of which is loaded
with a PIN diode to control the shorting state, provid-
ing 12 beam states with reconfigurable beams between
±5◦ to ±15◦ both in xoz and yoz planes. The proposed
antenna has been fabricated and measured. Measurement
shows that the antenna has a wide impedance bandwidth
of 4.02-5.72 GHz, a beam scanning range of -16◦-15◦ in
xoz plane and -13◦-15◦ in yoz plane, peak gain range of
4.94-6 dBi. With a planar shape of low profile and full
ground plane, the antenna design is a good candidate to
be applied in wireless communication systems with con-
ductive surface.

Index Terms – 5G antenna, low-profile, metasurface
(MS), pattern reconfigurable antenna, wideband antenna,
WLAN antenna.

I. INTRODUCTION

Pattern reconfigurable antennas have the capability
to reconfigure radiation patterns to satisfy the require-
ments from communication systems of transmission effi-
ciency improvement, transmission interference reduction
and transmission quality enhancement. These kinds of
antennas have found applications in the fields of vehicle
communication, the Internet of Things, etc. [1–5].

The phased array antenna, although an effective
approach for pattern reconfiguration, comes with bulk
volume, high cost, and realizes beam pointing con-
trol through the integration of antenna elements, phase
shifters, power splitters, and feed networks. Introducing

liquid crystal [6] or liquid metal [7] to tune material’s
permittivity or reshape the antenna’s structure can also
obtain pattern reconfiguration, however these methods
involve difficulties of fast tuning as well as low effi-
ciency.

Electrically controlling an antenna beam based on
PIN diodes [8–23] offer advantages of fast modulation
speed and compact structure which is desired in low-cost
communication terminals. In these antennas, those with
full ground plane [10–21] have virtues of good directiv-
ity and high gain. They are also immune to influence
when mounted on conductive surfaces, such as vehi-
cles, aircrafts, metallic walls, human bodies, etc. There-
fore, antennas with full ground plane are more appealing
in practical applications. Nevertheless, planar antennas
with full ground plane come usually with narrow band-
width [10–13]. Introducing an air gap [14–21] between
ground plane and radiation patch is a commonly used
solution to reduce the ground plane’s influence. How-
ever increased height may bring instability problems and
the inconvenience of being mounted on and conformal
with the antenna supporter. Metasurface (MS) has been
adopted in antenna configuration to improve bandwidth
and reduce coupling with low profile [24–29], whereas
pattern reconfiguration is unavailable in these antennas.

This paper aims to improve the bandwidth of pattern
reconfigurable antenna considering low profile. A patch
antenna with full ground plane is chosen as the driven
element. Antenna bandwidth is improved by adding MS
on top of the antenna. Some MS units are controlled by
PIN diodes to connect/disconnect with the ground plane
to obtain 12 reshaped patterns.

II. ANTENNA CONFIGURATION AND
OPERATION STATES

Figure 1 shows configuration of the proposed
antenna. The antenna consists of three layers, a full
ground plane at the bottom, radiation patches in the
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middle layer, and a MS as the top layer. The radiation
patches are composed of a square patch directedly fed by
a step shaped microstrip line and three parasitic patches.
The MS with 4×4 squares is adopted to obtain wideband
impedance matching as well as pattern reconfiguration.
Ten of the MS units are connected with the ground plane
through via holes. Each via holes pad inside the MS unit
is split with other parts of the unit by slits and loaded
with a PIN diode to connect the via hole. Therefore,
each unit can be controlled shorted/open with the ground
plane to obtain pattern reconfiguration. Two FR4 boards
each with a 1.5 mm thickness, a relative permittivity of
4.4 and a relative loss tangent value of 0.02 are used as
substrates. The lumped components of each PIN diode’s
DC bias network are L1=L2=15 nH, L3=2.2 nH, R=200
Ω, and C=10 pF. The antenna dimensions are listed in
Table 1. The PIN diodes used in this design are of Infi-
neon BAR64-02V.

Fig. 1. Configuration of the proposed antenna: (a) top
layer, (b) middle layer, (c) side view, and (d) 3D-view.

Table 1: Dimensions of the proposed antenna
Par. Value (mm) Par. Value (mm) Par. Value

(mm)

w 60 l 55 h 3
w1 12 l1 7.3 h1 1.5
w2 10.4 l2 5 k1 0.5
w3 6.8 w6 4 w9 0.8
w4 11.6 w7 1.2
w5 3 w8 0.83

Fig. 2. Simulated 3-D radiation patterns for the proposed
antenna at 5 GHz.

The proposed antenna can operate at 12 states with
different beam directions listed in Table 2. In this table,
the binary numbers in the second column refer to each
PIN diode’s working state: “1” means the PIN diode is
turned on, and “0” means off. As shown in Table 2, the
proposed antenna’s beam can be steadily tuned from±5◦
to ±15◦ with a step of 5◦, both in xoz (ϕ=0◦) and yoz
(ϕ=90◦) planes. Figure 2 illustrates the radiation patterns
of four typical operating states.

Table 2: Operating states of the proposed antenna at
5 GHz
State D1-D10 Beam

(θ , ϕ)

Max

Gain (dBi)

S1 0001111000 θ= +14◦ in xoz plane 7.41
S2 1111000000 θ= +15◦ in yoz plane 6.36
S3 1100000011 θ= -14◦ in xoz plane 5.66
S4 0000001111 θ= -16◦ in yoz plane 5.99
S5 0001001000 θ= +7◦ in xoz plane 7.08
S6 0101000000 θ= +9◦ in yoz plane 6.47
S7 1000000001 θ= -8◦ in xoz plane 6.13
S8 0000001010 θ= -9◦ in yoz plane 6.16
S9 0010000100 θ= +5◦ in xoz plane 6.70

S10 0110000000 θ= +5◦ in yoz plane 6.55
S11 0100000010 θ= -5◦ in xoz plane 6.42
S12 0000000110 θ= -5◦ in yoz plane 6.46

III. ANTENNA DESIGN AND ANALYSIS
A. Antenna configuration design

Simulations are performed using the EM field sim-
ulator ANSYS High Frequency Simulation Software
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(HFSS). The antenna design was conducted initially
from bandwidth enhancement without considering beam
reconfiguration. Figure 3 shows the design evolution
with three reference antennas, and Fig. 4 gives simulated
S11 of these antennas. As shown in Fig. 3 (a), ANT-
1 is a traditional square-shaped patch antenna fed with
a microstrip line. As shown in Fig. 4, ANT-1 excites
the first resonance at 6.37 GHz which is traditionally
a quarter wavelength resonance. By adding a MS layer
on the top of ANT-1’s patch layer, ANT-2’s first res-
onance drops to 4.15 GHz, and a second resonance is
excited at 4.91 GHz, which results in an improved band-
width of 3.98-5.18 GHz. Based on ANT-2, three para-
site patches are added around the driven patch, and the
feedline is modified to a step shape forming ANT-3. As
shown in Fig. 4, ANT-3 excites three resonances (4.53,
5.26, 5.67 GHz) below 6 GHz, resulting in wider band-
width of 3.96-5.78 GHz. Figure 5 illustrates the 3-D radi-
ation pattern of ANT-3 at 5 GHz. As shown, ANT-3 has
a bore-sight maximum radiation pattern with a peak gain
of 6.56 dBi.

Fig. 3. Antenna configuration design evolution.

Fig. 4. Simulated S11 of reference antennas.

Fig. 5. Simulated 3-D radiation pattern of ANT-3 at 5
GHz.

B. Mechanism of pattern reconfiguration

Based on the configuration of ANT-3, each MS unit
tried to connect with the ground plane through a via hole
to obtain titled radiation beam. The shorting position was
arranged at the corner of each unit to reduce the influ-
ence on antenna bandwidth. Figure 6 illustrates radiation
patterns and current distributions of ANT-3 with some
MS units shorted. As shown in Fig. 6 (a), when only
one unit (U1) is shorted, the current distributions on U1
becomes weaker than those on other units. This means
that electromagnetic fields induced by U1 is bounded
in the near region with little radiating to the far region
which results in a tilted radiation pattern with main beam
at θ=5◦, ϕ=120◦. As shown in Fig. 6 (b), when four MS
units at the left side (U1, U2, U3, and U4) are shorted,
a larger tilted beam (θ=15◦, ϕ=90◦) is obtained. Similar
approach is also presented in [30,31] which added short-
ing pins to the parasitic patches on the same layer with
the driven patches. To the authors’ best knowledge, it’s
the first time shorting pins were added on the MS patches
which are in a different layer with the radiation patch to
tune radiation patterns.

(a) U1 shorted (b) U1, U2, U3, U4 shorted

Fig. 6. Simulated current distributions and radiation pat-
terns of ANT-3 with some MS units shorted.
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Theoretically, each of the 16 units can be tuned with
shorted/open with ground plane forming 216 reconfig-
urable patterns. Nevertheless, not all the patterns are rea-
sonable for engineering application, and the convenience
of installing PIN diodes and DC bias network in the
design needs also be considered. Therefore, we chose
the 10 units (U1-U10) located at three edges to form 12
working states with reconfigurable patterns.

C. DC bias network and pattern reconfiguration real-
ization

To electrically control each MS unit shorted/open
with the ground plane, slits are etched around each via
hole with loading a PIN diode. The DC bias network to
power each PIN diode is shown in Fig. 1, which is sim-
ilar with the one in [32]. The antenna’s operation states
are given in Table 2.

Figure 7 shows simulated S11 of the proposed
antenna at six states (S1, S2, S5, S6, S9, S10). As shown,
the proposed antenna has similar bandwidth with ANT-3
at these six states. The other six states (S3, S4, S7, S8,
S11, S12) have similar S11 plots with the former ones
which are not included in the figures. The common band-
width for the 12 states is 3.96-5.78 GHz.

Figures 8 and 9 illustrate simulated patterns in xoz
and yoz planes at 5 GHz, respectively. As shown in
Fig. 8, the proposed antenna achieves titled beams in xoz
plane at θ=14◦, θ=-14◦, θ=+7◦, θ=-8◦, θ=+5◦, and θ=-
5◦ at S1, S3, S5, S7, S9, and S11 states. Figure 9 shows
that the antenna achieves titled beams in yoz plane at
θ=15◦, θ=-16◦, θ=+8◦, θ=-9◦, θ=+5◦, and θ=-5◦ at S2,
S4, S6, S8, S10, and S12 states.

Fig. 7. Simulated S11 of the proposed antenna.

The positions of the PIN diodes and the shape of
the slit have been optimized to reduce the influence on

Fig. 8. Simulated radiation pattern in xoz plane at 5 GHz.

Fig. 9. Simulated radiation pattern in yoz plane at 5 GHz.

Fig. 10. Simulated radiation pattern in the xoz plane at
State 1 varying with k1.
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antenna’s pattern. Figure 10 shows simulated pattern in
the xoz plane at state 1 varying with k1 (the position of
each via hole). As shown, smaller k1 results in higher
gain. The value of k1 is set as 0.5 mm to provide enough
area to contain a via hole.

IV. RESULTS AND DISCUSSION

The proposed antenna has been fabricated and mea-
sured. Figure 11 shows a photograph of the fabricated
antenna, in which each PIN diode is powered by a button
battery assembled in a battery container.

Fig. 11. Photograph of the fabricated antenna.

The proposed antenna was measured at S1, S2, S3,
and S4 states. Measured S11 is illustrated in Fig. 12
which shows that the antenna has similar bandwidth in
these four states, and a common bandwidth of 4.02-
5.72 GHz. Radiation patterns of the four states at 4.8, 5,
and 5.2 GHz are shown in Figs. 13–15, respectively. As
shown in the figures, measurement agrees well with sim-
ulation. The proposed antenna achieves pattern reconfig-
uration both in xoz and yoz planes. Table 3 lists measured

Fig. 12. Measured S11 of the proposed antenna.

peak gains and beams. As shown, the antenna realizes
pattern reconfigurations ranging from -16◦ to 15◦ in xoz
plane, and -13◦ to 15◦ in yoz plane. Maximum gain in the
working states ranges from 4.94 to 6 dBi.

Table 4 compares the performance of the antenna

(a) (b)

Fig. 13. Measured radiation pattern at 4.8 GHz.

(a) (b)

Fig. 14. Measured radiation pattern at 5.0 GHz.

(a) (b)

Fig. 15. Measured radiation pattern at 5.2 GHz.

Table 3: Measured peak beam and peak gain
4.8 GHz 5 GHz 5.2 GHz

Beam
(θ ,ϕ)

Gain
(dBi)

Beam
(θ ,ϕ)

Gain
(dBi)

Beam
(θ ,ϕ)

Gain
(dBi)

S1 (15◦,0◦) 5.94 (14◦,0◦) 5.96 (16◦,0◦) 5.87
S2 (15◦,90◦) 5.91 (15◦,90◦) 5.88 (16◦,90◦) 5.82
S3 (-16◦,0◦) 4.94 (-14◦,0◦) 4.96 (-15◦,0◦) 5.01
S4 (-13◦,90◦) 6.00 (-16◦,90◦) 5.83 (-14◦,90◦) 5.62
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Table 4: Comparison of the proposed antenna with published pattern-reconfigurable antennas
Ref. BW

(GHz)

BW

(%)

Size

(λ 3)

Peak Gain

(dBi)

Number of

PIN Diodes

Number

of States

Beam

Direction

Beam Range (◦)

[9] 3.54-4.46 23 3×1.24×0.05 7.67 18 5 1D ±55
[10] 2.45-2.45 3.8 0.45×0.45×0.02 3.86 4 2 N/A N/A
[11] 2.45-2.45 4.0 1.7×2×0.007 7.1 8 2 N/A N/A
[13] 5.5-5.98 11.3 1×2×0.06 N/A 2 2 1D ±50
Pro. 4.02-5.72 34 1×0.95×0.05 4.94-6 10 12 2D -16◦-15◦ in xoz

-13◦-15◦ in yoz

proposed in this paper with that of the beam-
reconfigurable antennas in the references. As shown, the
proposed antenna has virtues of smaller size, wider band-
width and more tunable states with reconfigurable pat-
terns.

V. CONCLUSION

In this paper we have designed a pattern reconfig-
urable antenna based on a microstrip-fed patch antenna
with full ground plane. A 4×4 MS is adopted to improve
bandwidth as well as realize pattern reconfiguration.
Ten of the MS units are loaded with PIN diodes to
control the connection/disconnection with the ground
plane. DC bias network is arranged outside each MS
unit and near its edge to maintain wide bandwidth and
obtain good radiation pattern. By controlling each PIN
diode’s ON/OFF state, 12 states with different titled pat-
terns are obtained. Antenna fabrication and measurement
have been conducted to validate simulations. Measure-
ment shows that the proposed antenna covers impedance
bandwidth of 4.02-5.72 GHz and pattern reconfiguration
bandwidth of 4.8-5.2 GHz. The antenna works at 12 pat-
tern reconfiguration states ranging from -16◦ to 15◦ in
xoz and -13◦ to 15◦ in yoz plane. The proposed antenna
has a small size 1×0.95×0.05λ 3. With a full ground
plane and low profile, the proposed antenna is a good
candidate applied in metallic vehicles.

λ is the free space wavelength at the central opera-
tional frequency, Pro.=proposed.
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Abstract – In this article, a Vivaldi antenna with broad
bandwidth and high gain is proposed. The proposed
antenna consists of a coplanar Vivaldi antenna (CVA)
configuration etched with two rhombus slots at both sides
of the radiation arm to improve bandwidth and gain
at the low frequencies as well as maintaining antenna
miniaturization. A compact broadband metasurface is
loaded in the dielectric region between the two expo-
nentially tapered lines to improve radiation performance
in a wide frequency range without increasing antenna
size. The antenna has been fabricated and measured,
obtaining 1.27-9.4 GHz bandwidth covering L/S/C/X
and ultra-wideband (UWB) lower bands. The measured
gain ranges from 3 dBi to 9.67 dBi. With a miniaturized
size of 100×100×1 mm3, good directional radiation pat-
tern and high gain in the whole working band, the pro-
posed antenna is a good candidate for the applications in
multi-band coverage systems.

Index Terms – broadband antennas, coplanar Vivaldi
antennas (CVA), metasurface, multiband antennas.

I. INTRODUCTION

Multiband coverage ultra-wideband antenna not
only has the broadband performance of ultra-wideband
antenna, but also covers the operating frequency band
of a variety of applications, so that only one broadband
antenna is needed to meet the design metrics that can be
achieved by combining multiple antennas, such as base
station antenna system [1–4], which greatly enhances the
performance of electronic information systems, reduces

the complexity of system architecture, and effectively
alleviates the shortage of frequency spectrum resources
and space resources. Vivaldi antenna [5] are widely used
in wideband antenna design due to its performance of
directional radiation, linear polarization, and low profile.
To further improve the antenna’s bandwidth, coplanar
Vivaldi antenna (CVA) [6–15], antipodal Vivaldi antenna
(AVA) [16–23], and balanced antipodal Vivaldi antenna
(BAVA) [24] have been proposed and applied in ground
penetrating radar [6–8, 13], medical imaging [9, 10, 16–
19], and mobile communication systems [11, 12].

For some applications, such as long-distance point-
to-point communication and directional coverage com-
munication, antennas are required with high radia-
tion gain. Using multiple antenna elements to form an
antenna array is an effective method to obtain high gain
[11]. To reduce the antenna array’s volume and cost,
an antenna element with a small size and high gain
is preferred. The commonly used methods to improve
a Vivaldi antenna element’s gain include integrating a
spherical-axicon dielectric lens with the antenna [25, 26],
and introducing metasurfaces in the tapered radiation
aperture of the antenna [13, 14, 20, 21]. In the foremen-
tioned techniques, mounting a dielectric lens with com-
plicated stereoscopic increases the antenna’s volume and
fabrication cost, and adding metasurfaces enlarges the
antenna’s footprint.

To obtain antenna miniaturization, much work has
been done using a high dielectric constant dielectric sub-
strate [16], etching slots in the radiation section [18],
[19], and half-cutting the antenna [27]. Arlon AR1000
with a high relative permittivity of 9.8 was used as the
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substrate of the antenna [16]. Meanwhile, [16, 18, 19]
slotted on AVA’s radiation arm to broaden antenna band-
width at low frequency, but it was ignored that AVA itself
has large cross-polarization, which affects antenna radi-
ation performance. In [27], the CVA was half-cut along
the antenna’s central axis which resulted in an asymmet-
rical structure and caused a directional pattern distortion
and the directivity deteriorated.

It is challenging to design an antenna with wideband
bandwidth, small size, high radiation gain, and good
linear performance. In this article, an ultra-wideband
Vivaldi antenna based on the traditional CVA is pre-
sented, with two rhombus slots etched in both sides
of the antenna radiation arm, and the broadband meta-
surface loaded in the exponential tapered radiation
region. The proposed antenna obtains a wide oper-
ating bandwidth of 1.27-9.4 GHz with the measured
S11<− 10 dB. It covers L (1.27-2 GHz), S (2-4 GHz),
C (4-8 GHz), and X (8-9.4 GHz) bands as well as
UWB (3.1-9.4 GHz) bands, suitable for ground pen-
etrating radar, medical imaging, and communication
systems.

II. ANTENNA CONFIGURATION

The configuration of the proposed antenna is shown
in Fig. 1. The proposed antenna is obtained based on
a traditional Vivaldi antenna by etching two rhombus-
shaped slots on the two radiation arms to improve
antenna bandwidth. A broadband metasurface structure
is added in the exponentially tapered radiation region
to improve antenna gain. The metasurface structure is

Fig. 1. Configuration of the proposed antenna: (a) 3-D
view, (b) radiation structure, (c) metasurface structure,
and (d) feed structure.

arranged in the non-metal region with symmetric struc-
ture and can maintain miniaturization and improve per-
formance, which is also adopted in [28–32] to reduce
mutual coupling. The proposed antenna is fed with a
microstrip line connected with an impedance transform
line and a sector-shaped balun with a tension angle of
103◦. The antenna is printed on a 1 mm thick FR4 dielec-
tric substrate, with a dielectric constant of 4.4 and a
loss tangent of 0.02. Table 1 lists the optimized geomet-
ric dimensions. The proposed antenna was simulated by
HFSS 15.0.

Table 1: Dimensions of the proposed antenna
Par. Value

(mm)

Par. Value

(mm)

Par. Value

(mm)

L 100 L3 10.85 L6 6
W 100 W3 1.85 W6 2
L1 20 L4 4.68 L7 3
W1 20 W4 5 W7 5
L2 54 L5 5 R1 5
W2 12 W5 1 R2 3

III. ANTENNA SIMULATION AND
ANALYSIS

A. Antenna design

The proposed antenna was designed from a tradi-
tional CVA by etching two slots and loading metasur-
face. To illustrate the design process of the proposed
antenna, three reference antennas (Ant I, Ant II, and Ant
III) are presented in Fig. 2. The antennas’ reflection coef-
ficients and radiation patterns are given in Figs. 3 and 4,
respectively.

Fig. 2. Evolution of the proposed antenna.
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As shown in Fig. 2 (a), Ant I is a traditional CVA fed
with a step-shaped microstrip and fan-shaped balun. The
step-shaped microstrip acts as an impedance transformer
to obtain wideband impedance matching. The theoretical
formula of the exponential tapered curve of a traditional
CVA is:

y = Aecx +B, (1)
where the values A and B in (1) can be calculated from
the coordinates of the beginning point P1 (x1, y1) and
the terminal point P2 (x2, y2) of the exponential tapered
curve by the following equations:

A =
y2− y1

ecx2 − ecx1
, (2)

B =
y1ecx2 − y2ecx1

ecx2 − ecx1
, (3)

where the value of c is optimized as 0.1 which
determines the curvature of the exponential tapered
curve and affects the impedance bandwidth of the
antenna.

Fig. 3. Reflection coefficients of reference antennas and
the proposed antenna.

The exponentially curved profile was proven to
be a self-scaling configuration providing frequency-
independent behavior [33]. As depicted in Fig. 3, Ant
I’s −10 dB bandwidth is 1.4-5 GHz. The antenna’s
reflection coefficients are higher than −10 dB at fre-
quencies 5-7.9 GHz. A second-ordered impedance trans-
former is adopted in Ant II’s feeding strip to improve the
impedance matching at higher frequencies 5-10.4 GHz.
However, the reflection coefficients at 2.4-2.6 GHz are
slightly higher than −10 dB. A rhombus slot is etched in
Ant III at the side edge of each radiation patch to reduce
reflections at lower frequencies. As shown in Fig. 3,
Ant III obtains low reflection coefficients both in lower

(a)

(b)

(c)

Fig. 4. The far-field radiation pattern in yoz-plane of ref-
erence antennas and the proposed antenna at (a) 1.4 GHz,
(b) 6 GHz, and (c) 8 GHz.
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and higher frequencies with bandwidth covering 1.27-
9.9 GHz. Based on Ant III, a broadband metasurface
is added in the opening region of the radiation part. As
shown in Fig. 3, the proposed antenna’s reflection coef-
ficients remain similar to Ant III at the lower frequen-
cies, whereas they become a bit higher at frequencies
above 8 GHz. The proposed antenna has a bandwidth
of 1.27-9.4 GHz, which is a bit narrower than Ant III.
The adoption of a metasurface is to improve antenna
radiation pattern and gain which is discussed in the
following.

As shown in Fig. 4 (a), Ant II has two side lobes at
θ=±95◦ with higher gain values than the main beam at
θ=0◦ at 1.4 GHz, which are caused by the electric field
distributing along the edge of the bottom plate edge as
shown in Fig. 5 (a). Ant III and the proposed antenna
have a lower side lobe at 1.4 GHz. As shown in Fig. 4 (b),
Ant III and the proposed antenna have higher peak gain
at θ=0◦ and lower back lobe at θ=±150◦ at 6 GHz. As
shown in Fig. 4 (c), the proposed antenna has a higher
peak gain and narrower main beam than Ant III and Ant
II at 8 GHz. These results indicate that adding the two
rhombus-shaped slots can improve antenna radiation pat-
terns at lower frequencies, and adding the metasurface
can improve antenna radiation patterns at higher frequen-
cies. The broadband metasurface has been well designed

(a)

(b)

(c)

Fig. 5. The electric field distributions of Ant II, Ant III,
and the proposed antenna at: (a) 1.4 GHz, (b) 6 GHz, and
(c) 8 GHz.

and maintains a wide bandwidth covering 1.27-9.4 GHz
as shown in Fig. 3.

B. Electric field distribution analysis

The electric field distributions of Ant II, Ant III,
and the proposed antenna on the top layers at 1.4 GHz,
6 GHz, and 8 GHz are given in Fig. 5. As shown in
Fig. 5 (a), strong electric fields distribute at the bottom
edge near the feeding port for Ant II, resulting in a side-
lobe higher than the main beam at 1.4 GHz (shown in
Fig. 4 (a)). It can also be seen from Fig. 5 (a) that the
electric fields distribution at the bottom edges of Ant
III and the proposed antenna become much weaker than
Ant II, which results in a lower sidelobe as shown in
Fig. 4 (a). Comparing electric field distributions of Ant
III and the proposed antenna at 6 GHz and 8 GHz shown
in Figs. 5 (b) and (c), it can be seen that more electric
fields are introduced in the area near the opening region
of the two exponential curves with the adoption of the
metasurface which improves radiation pattern at higher
frequencies as shown in Figs. 4 (b) and (c).

Fig. 6. Simulation setup of the unit cell.

S-parameters of the metasurface unit cell are simu-
lated by using the model shown in Fig. 6. PEC and PMC
boundary conditions are set in the model. Figure 7 shows
the simulated S-parameters. As shown, S11 is less than
−7 dB, and S21 is higher than −1 dB in the frequency
band of 1-11 GHz, which indicates that the metasurface
structure has broadband performance. The relative per-
mittivity of the broadband metasurface has been simu-
lated and computed by using the equivalent medium the-
ory [34]. Figure 8 shows simulated results. As can be
seen, the values of relative permittivity are around 1 at
frequencies higher than 1.5 GHz, which provides good
impedance matching between the antenna and the air and
improves the radiation performance.
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Fig. 7. Simulated S-parameters of the metasurface unit
cell.

Fig. 8. Retrieved relative permittivity of the metasurface.

IV. RESULTS AND DISCUSSION

The prototype of the proposed antenna has been fab-
ricated and measured. Figure 9 shows photographs of the
fabricated antenna. Measured reflection coefficients are
illustrated in Fig. 10. It can be observed that the mea-
surement agrees well with the simulation, and the mea-
sured bandwidth with reflection coefficient lower than
−10 dB is 1.27-9.4 GHz, covering L (1.27-2 GHz), S (2-
4 GHz), C (4-8 GHz), X (8-9.4 GHz), and UWB lower
(3.1-4.5 GHz) bands.

The simulated and measured gain plots are shown in
Fig. 11. Figure 12 presents the radiation pattern in xoz
and yoz planes of the antenna at 1.5 GHz, 3 GHz, 5 GHz,
7 GHz, and 9 GHz, respectively. As shown, measurement
agrees well with simulation, and the antenna has good

Fig. 9. Photograph of the fabricated antenna.

Fig. 10. Simulated and measured reflection coefficients.

Fig. 11. Simulated and measured gain.
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(a)

(b)

(c)

(d)

(e)

Fig. 12. Radiation pattern of xoz and yoz planes of the
antenna at (a) 1.5 GHz, (b) 3 GHz, (c) 5 GHz, (d) 7 GHz,
and (e) 9 GHz.

Table 2: Comparison of the proposed antenna with pub-
lished literatures

Ref. Size (λ 3
L) BW

(GHz)

RBW

(%)

Gain

(dBi)

[13] 0.7×0.67
×0.0035

0.7-2.1 100 0.6-2

[15] 0.29×0.2
×0.008

2.9-13.55 129.5 1.8-6.91

[18] 0.75×0.75
×0.008

1.5-3.3 75 6.2-8.2

[19] 0.51×0.51
×0.013

2.35-3.79 46.9 4-7.35

[21] 0.6×1.3
×0.0025

1-28 186.2 4.9-14.4

Pro. 0.42×0.42
×0.0042

1.27-9.4 152.4 3-9.67

λL is the free space wavelength at the lowest operational
frequency.
RBW is the relative bandwidth.

directional radiation and linear polarization. The mea-
sured gain is higher than 3 dBi and peak gain reaches
to 9.67 dBi in the working band. Table 2 shows compar-
ison of the proposed antenna with published literatures.
The proposed antenna has a wider bandwidth than the
ones in [13, 15, 18, 19] and a smaller electrical size than
the one in [21].

V. CONCLUSION

A miniaturized, high-gain, multi-band coverage
ultra-wideband antenna has been proposed and fabri-
cated in this article. The proposed antenna has an excel-
lent impedance matching bandwidth of 1.27-9.4 GHz
with reflection coefficient below −10 dB and stable
directional radiation performance. The measured gain
ranges from 3 dBi to 9.67 dBi. The overall size of
the antenna is 0.42λL×0.42λL×0.0042λL. The proposed
antenna is a promising and economical candidate for
applications such as detection radar, medical imaging,
and mobile communication.
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Abstract – Because signals of different frequencies
exhibit different characteristics after channel coupling,
the traditional phased array system only uses phase
shifter or antenna beam control to process frames plus
amplitude adjustment control, which has the problem of
optimizing the parameters of different frequencies to off-
set the mismatch. Based on the principle of broadband
adaptive beamforming, each channel is configured as an
adaptive filter with multiple taps to satisfy the precise
relationship between interference suppression and fre-
quency. On this basis, combined with the simultaneous
application of a multi-element array system, a multi-
tap weight optimization method for interference suppres-
sion is proposed. At the same time, in order to satisfy
the application requirements of the existing phased array
system architecture with only one set of controllable
and adjustable weights, an adaptive beamforming weight
optimization method for phased array system for wide-
band signals is analyzed and proposed on the basis of
simulation analysis and research on the electromagnetic
characteristics of the coupled self-interference channel.
Through electromagnetic simulation evaluation and prin-
ciple test verification, a set of weights corresponding to
the center frequency of the wideband signal can be used
to achieve interference suppression greater than 114 dB
in the active transmission domain.

Index Terms – Phased array, self-interference sup-
pression, simultaneous transmit and receive, wideband
signal.

I. INTRODUCTION

Radio systems, including radar, communication, and
various electronic warfare support measures, mainly use
half-duplex (HD) mode with transmit and receive func-
tions. In order to effectively utilize time, frequency,
and spatial resources, with the development of radio
hardware systems, especially adaptive signal processing,
innovative full-duplex (FD) methods have been proposed
to compensate for the shortcomings of HD. Although FD

can bring many benefits, a serious problem in its practi-
cal implementation is that the transmitter and receiver
will generate strong self-interference when operating
simultaneously, which will cause serious interference to
the receiver and prevent it from receiving stimulating sig-
nals from remote transmissions or returning weak sig-
nals [1].

The goal of FD technology is to simultaneously
transmit and receive at the same frequency band at
the same time. In this case, the radio frequency sys-
tem not only receives the signal of interest, but also
receives the transmitted coupling or leakage signal,
which becomes the basic problem of simultaneous trans-
mission and reception in radio systems. Therefore, the
self-interference signal strength at the receiving end must
be sufficiently reduced to ensure that the transmission
of the radio system itself will not interfere with its nor-
mal reception of the signal of interest. Especially for
phased array systems with multiple transceiver units, the
self-interference component and amplitude will be sig-
nificantly higher than traditional radio frequency sys-
tems [2, 3].

For the rate improvement problem of communica-
tion wireless networks, Chen et al. studied the compre-
hensive optimization of FD and transmit (Tx) and receive
(Rx) phased arrays under the conditions of minimizing
beam gain loss and maximizing rate gain [4]. In addi-
tion, for broadband interference suppression, Chen et
al. used frequency domain equalization (FDE) technol-
ogy to design and implement a radio frequency can-
celler with integrated circuit. Venkatakrishnan et al.
proposed a four-level array self-interference cancella-
tion including cross-polarization, especially in the 500
MHz range, and achieved an average 25 dB RF can-
cellation by using a multi-tap filter [5]. Kolodziej et
al. proposed an RF canceller architecture with mul-
tiple non-uniform pre-weighted taps to improve sys-
tem isolation by eliminating direct antenna coupling
and multipath effects including typical interfering chan-
nels [6]. Adaniya studied the problem of wideband
interference cancellation, and tested and compared the
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performance and computational complexity of several
methods [7].

Through a comprehensive analysis of relevant liter-
ature, we can see that, different from the conventional
self-interference elimination of single-carrier frequency
or narrowband signals, the elimination of wideband
self-interference signals requires more degrees of free-
dom in multi-domain dimensions such as transmission
domain and digital domain. Based on previous research
work [8], this paper analyzes the transmission domain
coupling coefficient characteristics of wide-width self-
interference signals. A transmission domain interference
suppression model, optimization method and approxi-
mate processing method for wideband signal are pro-
posed, and the effect of multi-domain cascade self-
interference elimination is evaluated by principle exami-
nation.

This paper is structured as follows. Section II intro-
duces the array coupling self-interference cancellation
model for wideband signal. The electromagnetic mod-
eling simulation and experimental verification for wide-
band signal is given in sections III and IV. Section V
summarizes the paper and prospects the future work.

II. ANALYSIS OF COUPLING
SELF-INTERFERENCE

CHARACTERISTICS OF WIDEBAND
PHASED ARRAY

According to previous research work [8, 9], the self-
interference channel characteristics [H( f )]M×N directly
determine the complexity of coupled self-interference
and the feasibility of suppression methods. Due to the
complex three-dimensional structure of the actual array
antenna, the simple near-field model is not strict and
accurate to characterize the coupling interference of the
array system. In order to better simulate the channel char-
acteristics of the coupling interference between the trans-
mitting unit and the receiving unit in the experimen-
tal array, we introduce an array electromagnetic model
based on Ansoft HFSS (high-frequency structure simu-
lator). HFSS uses the finite element method to calculate
the S-parameter matrix S f and the full-wave electromag-
netic field of any array antenna configuration.

The p-th row and q-th column of the S f matrix are
represented as S f (p,q), (p,q= 1,2, . . . ,P), which repre-
sents the coupling relationship between the p-th and q-th
elements in the array. P is the total number of elements in
the array. Based on the S-parameter matrix S f , we define
the element H(m,n, f ) the of the array in m-th row and in
the n-th column of the interference channel characteristic
matrix [H]M×N , as:

H(m,n, f )= ∑
qn∈Tn

S f (m,qn)

(n= 1,2, . . . ,N; m= 1,2, . . . ,M) (1)

where qn is the unit number of the sub-array set for trans-
mitting and/or receiving in the entire array, Tn is the unit
set corresponding to the transmitting sub-array, N is the
number of units of the transmitting sub-array, and M is
the number of units of the receiving sub-array. Based
on the self-interference coupling model proposed above,
we first construct an electromagnetic model and a digi-
tal model for the practical array system, conduct design
simulation verification through digital methods, and use
it for subsequent principle experiment verification and
evaluation. In this work, we take the 30(T)×10(R) array
antenna as the example, and study the interference char-
acteristics of two modes, i.e. the separate and the same
aperture for transmission and reception.

(a) (b) (c)

Fig. 1. Illustrative model and physical array antenna used
for interference characteristics analysis: (a) HFSS EM
model of the used array antenna (T: Transmitting ele-
ment, R: Receiving element), (b) practical testing array
antenna, and (c) digital model of the array antenna (T:
Transmitting element, R: Receiving element).

When the separate sub-aperture transmission and
reception work simultaneously, the transmission sub-
array can be transmitted according to a certain beam-
shaping weights, and the receiving sub-array can be
simultaneously received according to a certain receiving
beam-shaping weights. The arrangement of the phased
array antenna in this mode is shown in Fig. 1, and the
power of each transmitting component is set to 30 dBm,
which can be controlled by the joint weights of ampli-
tude and/or phase. By analyzing the self-interference
coupling coefficients characteristics of the 30(T)×10(R)
array antenna as shown in Fig. 1, the simulation coupling
power at the receiving array elements can be obtained as
shown in Fig. 2.

On the basis of the above analysis of the cou-
pling characteristics of the phased array transmission
and reception at a single frequency, in order to evalu-
ate the feasibility of applying wideband signals in the
simultaneous transmission and reception of the phased
array system, we analyzed the antenna array at different
frequencies. The electromagnetic coupling model of 12
GHz, 11 GHz, 10.4 GHz, 10.2 GHz, 10 GHz, 9.8 GHz,
9.6 GHz, 9 GHz, 8 GHz and other different frequencies
are studied. The interference characteristics of array cou-
pling are shown in Fig. 3.
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Fig. 2. Distribution characteristics of the coupling self-
interference power for simultaneous transmission and
reception with the separate sub-apertures array antenna.

(a) (b)

(c) (d)

Fig. 3. Simulation results of coupling interference char-
acteristics of array antenna at different frequencies: (a)
10 GHz, (b) 9.8 GHz, (c) 10.2 GHz, (d) 9 GHz, and (e)
8 GHz.

From the above analysis and comparison, it can
be seen that the coupling interference characteristics of
phased array systems at different frequencies are differ-
ent. In the coupling interference suppression optimiza-
tion model proposed by us, the optimization method
based on single frequency coupling characteristics is not
strict. To this end, we further propose the precise beam
control of wideband signals by configuring each channel
as an adaptive filter with multiple taps. The cancellation
performance is analyzed by simulating a set of weight
coefficients corresponding to a single frequency coupling
feature on a certain bandwidth basis, as shown in Fig. 4.
In the phased array system architecture, the approximate

(a) (b)

Fig. 4. Variation of (a) self-interference cancellation per-
formance and (b) beam gain performance for differ-
ent frequencies based on the central frequency coupling
characteristics.

optimal suppression of wideband coupled interference
signals is realized.

III. PHASED ARRAY SELF-INTERFERENCE
COUPLING MODEL OF WIDEBAND

SIGNAL

As described above, the self-interference suppres-
sion method of the phased array system forms a null
zero point at the position of the receiving/transmitting
unit by adjusting the transmitting/receiving beamform-
ing weights. In the case of conventional single-point fre-
quency signal applications, each transmitting/receiving
unit of the array antenna has only two adjustable quanti-
ties of amplitude and phase, and single-point frequency
or narrowband signals can use the above methods. How-
ever, for broadband signals, signals with different fre-
quency components have different responses to fixed
phase shifts or delays, and beamforming of the array will
have certain difficulties. For this reason, a wideband sig-
nal beamforming optimization model and method is pro-
posed, that is, a multi-tap adaptive filter is used on each
channel to solve the problem of broadband signal appli-
cation. This method has the same principles of transmis-
sion and reception. Figure 5 shows an example of broad-
band signal transmission.

For the coupling interference suppression at a
receiving unit position, take the coupling interference
suppression of the m-th receiving unit with N transmit-
ters as an example, and the following method is adopted.

For broadband signal applications, each transmit-
ter corresponds to an adaptive filter, and its weight
wn= [wn,1,wn,2, . . . ,wn,J ] acts on the reference input x(k),
(n= 1,2, . . . ,N) represents N transmitters, and J is the
number of filter taps. Under the phased array antenna
system, the reference input is the same for all transmit-
ters, and the weight of each transmitter adopts different
values through optimization and shaping. In any system
that uses a transmit filter, the transmit signal from the
n-th transmitter is:

tn(k) =wn⊗x(k), (2)
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Fig. 5. Schematic diagram of broadband signal beam-
forming principle of phased array antenna.

where ⊗ means convolution. The transmitted signal
reaches the receiving unit through coupling transmission,
during which it may go through the propagation process
of different paths such as reflection, diffraction, and scat-
tering. The entire sets of gain and delay caused by these
effects are set as the transfer function vector [hm,n]C×1
from the transmitter to the receiver. Among them, the
subscripts n and m represent the channel characteristics
from the n-th transmitting unit to the m-th receiving unit,
and C represents the order of the coupling interference
channel. In a system with N transmitting units, the signal
ym (k) at the m-th receiving unit is expressed as:

ym(k) =
N

∑
n=1

hm,n⊗wn⊗x(k). (3)

Considering the K-bit input signal, the above rela-
tion is expressed as a vector:

ym=
N

∑
n=1

hm,n⊗wn⊗x. (4)

The above-mentioned convolution relationship is
expressed by matrix multiplication as:

ym=AmWm, (5)

where Wm is the vector of all weight values of N trans-
mitters to the m-th receiving unit, Am is derived from
x=[x(1),x(2), . . . ,x(K)]T , and hm,n. The two matrices are
expressed as:

Wm=
[

w1,1 . . . w1,J · · · wN,1 · · ·wN,J
]T︸ ︷︷ ︸

(NJ×1)

, (6)

Am=

[Hankel(Hankel(x)hm,1) :· · · :Hankel(Hankel(x)hm,N)]︸ ︷︷ ︸
((K+C+J−2)×NJ)

,

(7)
where Hankel(x) represents the Hankel matrix com-
posed of vector x:
Hankel(x)=⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x [1] · · · 0 0
x [2] x [1] 0 0

...
...

...
...

x [C] x [C−1] · · · x [2] x [1]
...

...
...

...
x [K] x [K−1] · · · x [K−C+2] x [K−C+1]

...
...

...
...

0 0 x [K] x [K−1]
0 0 · · · 0 x [K]

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(K+C− 1)×C

(8)
Based on the matrix product representation of the

received signal, the received signal power is:

pym=
1
K

WH
mAH

mAmWm. (9)

In order to ensure that the output power remains
constant while the transmit array weights are optimized,
without loss of generality, the constraint condition of
the weights is set to WH

mWm= 1, then the optimization
model is:

argmin
Wm

(
pym=

1
K

WH
mAH

mAmWm

)
. (10)

s.t.
{

WH
mWm= 1

Inspired by the concept of Rayleigh quotient, the
optimal weight vector Wm,opt is the eigenvector cor-
responding to the smallest eigenvalue of WH

mWm. Set
Bm=AH

mAm, according to the concept of Rayleigh quo-
tient, min R(Bm, Wm)=λ min (Bm), where λ min (Bm) is
the minimum eigenvalue of Bm, and the optimal weight
vector Wm,opt is the eigenvector corresponding to the
minimum eigenvalue of Bm.

IV. PRINCIPLE EXPERIMENT AND TEST
EVALUATION

On the basis of the previous work [8, 9], in order
to evaluate the performance of the wideband self-
interference suppression method, we use an experimen-
tal array antenna consisting of 30 transmitting units and
10 receiving units. Passive spatial attenuation in trans-
mission domain and RF domain is combined with active
adaptive beamforming, and adaptive recognition filter
cancellation method is adopted in digital domain. The
test signal is a wideband linear FM wave signal. The
transmitted signal of the array antenna is recorded as
the reference signal to suppress interference, and the
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received signal of the receiving unit is recorded as the
interference signal to be cancelled. The architecture and
schematic diagram of the experimental system are shown
in Fig. 6.

In our staged proof-of-principle experiment, for
wideband signals with an instantaneous bandwidth of
50 MHz, the corresponding comprehensive interfer-

(a)

(b)

Fig. 6. (a) Block diagram of the principle experiment
architecture and (b) schematic diagram of interference
cancellation principle experiment scene.

Fig. 7. Experimental results of wideband signal cou-
pling self-interference multi-domain joint cancellation
principle.

ence suppression is about 29.4 dB, 40.9 dB and 114.5
dB after passive spatial transmission interference sup-
pression, active beamforming optimization interference
suppression and digital domain adaptive identification
interference cancellation, as shown in Fig. 7.

V. CONCLUSION

On the basis of electromagnetic modeling and digi-
tal modeling analysis of the coupling interference char-
acteristics between phased array antenna elements when
wideband signals are applied, this paper proposes a
self-interference cancellation model and approximation
method for wideband signals simultaneously. The can-
cellation method and its process are processed according
to the transmission and coupling characteristics of the
RF interference signal, and can be applied to the self-
interference cancellation requirements of different fre-
quency bands and different functions.
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Abstract – This paper proposes a one-to-multiple RF
wireless power transmission (WPT) system that uses
multi-mode phased array technology to control beam-
forming. The proposed system uses array partition mode
and time division mode to achieve multi-target WPT.
A novel quasi-Yagi antenna with enhanced gain is
designed, consisting of a pair of dipoles, three direc-
tors, and a single split-ring resonator (SSRR), which is
then used to form a 1×8 array for power transmission.
The antenna has a bandwidth of 0.35 GHz with a fre-
quency range of 2.25-2.6 GHz and a gain of 9.38 dBi.
The total gain of the 1×8 array antenna is 17.23 dBi.
An 8-way power divider is designed and implemented
to feed the power amplifier (PA) of each array element,
with isolation greater than 20 dB and return loss less than
−17 dB. A digital phase and attenuation control circuit
is also designed to achieve beam control. Measurement
results show that at a distance of 3 meters, the maxi-
mum received power for single-target and multi-target
schemes is 7.5 dBm and−2.6 dBm at each node, respec-
tively. The system’s flexible beam control mode and high
gain transmission characteristics can be used in scenar-
ios such as wirelessly powering Internet of Things (IoT)
multi-sensor networks.

Index Terms – Antenna array, multi-target, phased array,
quasi-Yagi antenna, single split ring resonator (SSRR),
wireless power transmission (WPT).

I. INTRODUCTION

With the development of 5G mobile communica-
tion technology, we have entered a new era of the Inter-
net of Everything, which consists of various low-power
wireless devices. It is estimated that 75 billion Internet
of Things (IoT) devices will be connected to the Inter-
net by 2025 [1, 2], and most of them are wireless sen-
sors. In the scenario of multi-sensor applications, wire-
less power transmission (WPT) has become an increas-
ingly attractive way to provide power [3], especially for
sensor detection systems in dust-free workshops, under-

water quality detection sensor systems, and drone swarm
systems where battery replacement is difficult [4–7]. To
achieve WPT, energy can be transmitted by electromag-
netic induction and RF. For the induction method, high
power transmission can be achieved within several kW,
but the effective working range is short and therefore the
device to be charged has less mobility [8, 9]. In con-
trast, the working range of RF-based charging is quite
long, but the low directivity of an omnidirectional system
can result in significant energy losses [10]. A directional
WPT system can be implemented using array and beam-
forming to overcome this problem. The emitted beam
can then be focused and directed to the target, increas-
ing the effective transmitted energy of the WPT system
[11, 12]. Many studies have been conducted to improve
the performance of RF array based WPTs. In literature
[13], a retro-directional antenna array for WPT with a
simple structure was proposed, but it has poor flexibility
in beam steering. Compared to the work in [13], litera-
ture [14] uses a phased mode for beam steering, which
provides more flexibility in steering and can work under
the optimal beam shape for a given array arrangement,
and a modular triangular array was used to suppress the
presence of multiple main lobes. However, the work in
[14] has only single-mode control and low antenna gain,
which limits the application of this structure. In [15], a
WPT system using a Fresnel lens was proposed, which
has a focused beam and thus increased system gain, and
the phase correction can be done by diffraction. How-
ever, a set of lenses has to be placed on top of the anten-
nas, which takes up a considerable amount of space. Lit-
erature [16] uses air as a dielectric material to improve
the gain of the antenna, an independent antenna with-
out additional equipment. However, none of the above
literature is applicable to the scenario where multiple
targets need to be charged. Literature [17] proposed a
MIMO WPT system that can power multiple targets,
but it is carried out in the way of magnetic coupling
resonance and the applicable distance is short, in the
range of 5 cm.
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In this paper, a multi-mode RF WPT system with
time-division multiplexed array partitioning capability is
proposed to support a flexible power scheme for both
single-target and multi-target WPT applications. A new
high-gain quasi-Yagi antenna is designed to form an
antenna array. The system uses phase and magnitude
control to perform beam steering, enabling one-to-one
and one-to-many wireless charging nodes over relatively
long distances.

II. THE POWER TRANSMISSION SCHEME

In order to deliver RF energy to multiple targets at
relatively long distances, phased array control is essen-
tial as it provides the means to realize beam steering. By
adjusting the phase and magnitude of the excitation at
each port of the array elements, the main lobe with the
focused energy can be directed to the targets [18].

A. Principle of phased array beamforming

Phased array and beamforming theory for antenna
array shape is an essential part of the research. There are
various forms of antenna array, which can be divided into
linear array, rectangular array, triangular grid, hexago-
nal array and circular array. Linear arrays can be easily
extended to other array layouts because of their simplic-
ity. In energy transfer, the lobe width in the normal direc-
tion of a linear array is large and can scan a certain range
of longitudinal areas. Therefore, the layout form of a lin-
ear array is adopted in this design.

Consider an array of identical radiating elements,
numbered N, equally spaced along the x-axis by d, as
shown in Fig. 1. Further, a triangular constant is defined
between these elements in Fig. 2, with the distance
between the elements denoted by d. The aiming line is
the direction perpendicular to the array, the beam points
in a direction angularly separated from the aiming line
by θ , and the beam is angularly separated from the hori-
zontal line of the antenna array by ϕ .

Fig. 1. Schematic diagram of linear array radiation.

Figure 2 shows that the sum of θ and ϕ is 90◦.
Thus we can calculate L according to d and θ , because
L = dsin(θ). L represents the variable distance of the

Fig. 2. Diagram of phase analysis between adjacent com-
ponents.

wave propagation. The delay required for beam steering
is equal to the time taken for the wavefront to traverse the
distance L. If L is considered as a fraction of the wave-
length, the phase delay can be replaced by this delay. The
ΔΦ equation can be defined as the formula for θ . Accord-
ing to Fig. 2, the following equations can be derived:

cosϕ =
L
d
, (1)

Δt =
L
c
=

2πL
λ

=
2πdsinθ

λ
, c = 3×108 m/s, (2)

ΔΦ = d sinθ =
2πd sinθ

λ
, (3)

where λ is the wavelength of the received signal. Then
the sum of the radiation field strength of the N array
elements in the far region of the θ direction can be
expressed as:

E(θ) =
N−1

∑
k=0

Eke jk�Φ = E
N−1

∑
k=0

e jk�Φ, (4)

where Ek is the radiation field strength of each element
in the far field area, when Ek is the same element is equal
to E, and the latter equation is established.

According to the summing formula and Euler for-
mula, the above equation can be written as:

E(θ) = E
e jN�Φ−1
e j�Φ−1

= E
sin(N�Φ/2)
sin(�Φ/2)

e j N−1
2 �Φ. (5)

After taking the absolute value of the normal-
ized isotropic element array Fa(θ), the array factor is
expressed as:

Fa(θ) =
|E(θ)|
|Emax(θ)| =

sin [πN(d/λ )sinθ ]
N sin [π(d/λ )sinθ ]

. (6)

When each array is not nondirectional and the field
strength map is Fe(θ), the field strength map of the array



893 ACES JOURNAL, Vol. 39, No. 10, October 2024

becomes equation (7), that is, the product theorem of the
direction diagram of the array antenna:

F(θ) = Fa(θ)Fe(θ). (7)
Fe(θ) means that the unit factor is determined by

the form and direction of the array element. It represents
the radiation direction map of the array antenna and has
nothing to do with the composition form of the antenna
array. The array factor depends on the array arrangement,
cell spacing, feed amplitude and phase, independent of
the form and orientation of the array. Therefore, the array
factor and the unit factor can independently determine
the radiation performance of the antenna array, without
interfering with each other. Because the antenna radia-
tion surface size remains unchanged, the radiation per-
formance of the array antenna is only related to the feed
amplitude and phase.

B. Scheme

Depending on the number of targets to be powered,
different transfer modes can be used. First, the subar-
ray partitioning for the power transmission mode is dis-
cussed. Figure 3 (a) shows that an array of N antenna
elements is divided into x parts, where x is the number
of targets, and each subarray powers only its correspond-
ing targets. In order to maintain beam steering capability
and ensure a given receive power, the number of antenna
arrays, N, should be greater than the number of targets, x.
Based on the above strategy, one must increase the num-
ber of antennas of the WPT as the number of targets to
be charged increases. This results in an increase in the
size of the individual transmitters, which is unfavorable
for the application. One way to alleviate this problem is
to split the large array into several relatively small arrays,
as shown in Fig. 3 (c). For example, in a large room with
many sensors that need to be powered, place a transmit-
ter array on each wall to power nearby sensors.

The other transmission mode that can solve the
one-to-many WPT problem is time-division multiplex-
ing using the entire antenna array. By exploiting the
beam steering capability of the phased array, this mode
can cyclically charge multiple targets within a time inter-
val T, as shown in Fig. 3 (b). This strategy is recom-
mended to minimize the size of the WPT array. However,
a longer cycle time is required when multiple targets are
present simultaneously. This results in a slower charge
rate for each target. If the number of targets to be charged
is too large, the charging time of each target will be slow
and will not be able to keep up with its power consump-
tion. From this point of view, the time-shared transmis-
sion mode cannot power too many targets at the same
time. Therefore, in an extreme case, the multiple arrays
approach is also applicable to the time-division strategy
to overcome the above problem. As shown in Fig. 3 (d),
the fixed charging interval for each charging node is T,

(a) (b)

(c) (d)

Fig. 3. (a, b) Diagram of two targets power transmission
at array-partition and time-division transmission mode,
(c,d) diagram of multiple targets power transmission at
array-partition and time-division transmission mode, and
(e) functional block diagram of the system.

and then each array charges the surrounding devices in
turn.

To take full advantage of the benefits and minimize
the drawbacks, it is advisable to combine the two trans-
mission modes rationally. In the case of charging mul-
tiple targets, the power transmission of the whole array
and the subarrays can be carried out in a hybrid of time-
division and array-partitioning. The allocation of each
mode depends on the relationship between the received
energy, the appropriate number of targets, the distance
between the target and the antenna, and the number of
array antennas.

In order to verify the feasibility of the transmission
method, a 1×8 energy transmission array has been built
in this paper, with transmission energy at a frequency of
2.4 GHz. Two modes are used to test the energy trans-
mission of multiple targets.

III. DESIGN OF THE SYSTEM

The functional block diagram of the proposed
single-to-multiple RF WPT system is shown in Fig. 3 (e).
A 2.4 GHz signal is generated by the RF signal source
and then transmitted to each circuit through the power
divider. After the computer sets the waveform, each
channel’s command is sent to the microcontroller unit
(MCU). The MCU then controls the phase shift and
attenuation of each channel. A two-stage RF power
amplifier (PA) amplifies the RF signal after phase shift-
ing. Each signal is amplified to 1 W and transmitted to
free space via the antenna.

For verification purposes, we chose a 1 W RF PA to
drive the antenna array, and the modular design makes it
easy to replace different functional modules. The output
power can be improved by simply replacing the PA with
a higher PA.
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A. Antenna design

The Friis formula for power transmission is:

Pr=Pt
GtGrλ 2

(4πR)2 , (8)

where Pt is the power of the transmitting antenna, Gt is
the gain of the transmitting antenna, Gr is the gain of
the receiving antenna, Pr is the received power, λ is the
operating wavelength and R is the distance between the
transmitting and receiving antennas.

The gain of the antenna is positively correlated with
the received power. The formula shows that the gain of
the antenna is also essential to improve the efficiency of
the energy transfer. Theoretically, the antenna that forms
the array is omnidirectional, which makes the beam of
the entire array more concentrated and more powerful.
Therefore, in order to improve the efficiency as much
as possible and to satisfy the omnidirectional wave lobe
of a single antenna, the high-gain quasi-Yagi antenna is
selected as the transmitting antenna of this system. It is a
terminal array antenna that has evolved from the dipole
antenna but has a higher gain than the dipole antenna
[19, 20].

Based on this, a high-gain 2.4 GHz directional
quasi-Yagi antenna suitable for this system is designed.
Each part of the planarized quasi-Yagi antenna is
replaced by a microstrip structure. A substrate dielec-
tric layer separates two layers of metal conductors. The
upper metal conductor layer is used as an electromag-
netic radiator and the lower metal conductor layer is used
as ground. The more directors the quasi-Yagi antenna
has, the higher its gain. In this system, considering the
overall size and the fact that the gain changes little when
the number of directors is more than four, four directors
are selected.

The gain of the microstrip quasi-Yagi antenna is
improved by the single split-ring resonator (SSRR),
which acts as a special function of the pilot in front of the
upper transmitting direction of the quasi-Yagi antenna.
SSRR is a magnetic resonator consisting of a single open
ring. Studies have found that it can be used to construct
antennas and other microwave devices to obtain advan-
tages such as high gain and good directivity [21].

The geometric structure of the improved antenna is
shown in Fig. 4 (a). The high gain quasi-Yagi antenna
based on SSRR can effectively reduce the return loss
and improve the gain under the premise of ensuring the
antenna size and bandwidth. Table 1 shows the parame-
ters of the improved antenna with SSRR.

Replacing the fourth director with the SSRR results
in a slight increase in gain. The antenna with SSRR
reduces the size and increases the gain compared to the
antenna with five feeders.

Table 1: Size parameters of the antenna (mm)
Lsub Wsub h W1
190 98 1.6 3.166
W2 L1 L2 L3
4.6 47.258 32.6 57
G1 G2 G3 G4

17.442 19.455 21.645 17.25
S1 S2 S3 S4
3 5 7 2.2

D1 D2 D3 D4
25.3 37.528 37.068 36.16
D5 D6 D7 L4

12.8 2.9 8 22.8

(a)

(b)

Fig. 4. Continued.
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(c)

(d)

(e)

Fig. 4. (a) Improved quasi-Yagi antenna with SSRR, (b)
simulated and measured S11 of antenna, (c) simulated
radiation patterns of antenna at 2.4 GHz, (d) measured
radiation patterns of antenna at 2.4 GHz, and (e) the sim-
ulated and measured gain of the antenna.

The designed antenna is measured using the
AV3656B vector network analyzer. The simulated and
measured return loss results are shown in Fig. 4 (b).
The results show that the measured return loss has little
change, and the resonant frequency is 2.39 GHz. Com-
pared to the simulation results, the resonant frequency
is shifted to a lower frequency. The measured band-
width is 0.35 GHz. The shifted center frequency could

be caused by the drifted dielectric constant and thickness
of the core material of the PCB during the manufacturing
process.

In addition, as shown in Fig. 4 (c), at 2.4 GHz, the
radiation pattern radiates only to one end to reduce power
loss, with a half-power beamwidth of 67◦. The measured
image is shown in Fig. 4 (d) and there is not much devi-
ation from the simulated image. Therefore, this antenna
can focus and transmit electromagnetic signals. The sim-
ulated and measured gain of the antenna is shown in
Fig. 4 (e). The gain of the designed antenna is 9.38 dBi
at 2.4 GHz.

B. Wilkinson power divider design

To feed the proposed antenna array, a 1×8 Wilkin-
son power divider with an equal power distribution ratio
is designed and optimized using the Advanced Design
System (ADS) software. Figure 5 (a) shows the proto-
type of the power divider based on FR4 substrate.

It can be seen that the proposed power divider starts
with a 1×2 substructure, which can be constructed with a
three-port network (T-branch). A transmission line width
with a characteristic impedance Z0=50 ohms and a quar-
ter wavelength line with 70.7 ohms at a center frequency
of 2.4 GHz can be calculated using the LineCalc tool
from ADS. After obtaining the above initial value, the
required 1×8 Wilkinson power divider is obtained by
cascading the 1×2 power dividers in ADS.

The measured results of the Wilkinson power
divider are shown in Figs. 5 (b,c). Ideally, the Sn1 (n
is the number of outputs) of a 1×8 Wilkinson power
divider is 9 dB. The results of the proposed power divider
are around 9.2 dB at the operating frequency, which
meets the requirements of our design. In addition, S11 is
less than −15 dB, the interport isolation is greater than
20 dB, and the phase difference of the output ports is less
than 1.189◦.

(a)

Fig. 5. Continued.
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(b)

(c)

Fig. 5. (a) Physical diagram of 1×8 Wilkinson power
divider, (b) measured output port insertion loss and S11,
and (c) measured isolation of each port.

C. Phase shift and amplifier circuit design

The selected PE44820 is the digital phase shifter
that can achieve control accuracy of 1.4◦ within 360◦ at
8-bit resolution. The RMSE of phase and amplitude is
1.0◦ and 0.1 dB, respectively, the frequency range is 1.1-
3.0 GHz, and the input third-order intercept is +60 dBm
with high linearity. In addition, the integrated digital con-
trol interface supports serial and parallel programming
of the phase setting, which facilitates cascade design and
meets the design requirements of the system.

The matching design using ADS matched all RF sig-
nal lines to 2.4 GHz and impedance matching to 50 Ω to
minimize losses in the front and rear paths. Then, to real-
ize the SPI bus control timing of the phase shifter and
attenuator, the serial communication control is used to
reduce the I/O port, the circuit port is designed in a cas-
cade mode; where the phase shifter is the hardware SPI
control, and the attenuator is the software SPI control.

(a)

(b)

Fig. 6. (a) Circuit schematic and (b) photo of phase shift
attenuation module.

To realize the software addressing of the attenuator, the
74HC238 decoder is extended. The schematic and phys-
ical diagram is shown in Fig. 6.

The S11 parameters of the phase shift attenuation
module were measured by the AV3656B vector network
analyzer, as shown in Fig. 7, with −15 dB at 2.4 GHz,
and the bandwidth was 1.1∼4.4 GHz.

With a step of 45◦and a step of 0.5 dB, respec-
tively, the vector network test results are obtained as

Fig. 7. S11 parameters of phase shift attenuation module.
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shown in Fig. 8. The relative phase error of the module
is 1.2 3.8◦, the relative amplitude decay error is within
0.0056-0.0109 dB, which is within an acceptable range,
and the main lobe of the beam has a certain width to
accommodate this error value.

(a) (b)

Fig. 8. (a) Phase shift and (b) attenuation of the module.

In order to output the power of 1 W to the antenna
end, a two-stage RF PA structure is adopted. A pream-
plifier SBB5089 with high linear gain and a RF PA
SKY65135 with higher gain of 33 dB are designed as
shown in Fig. 9. After the signal is amplified by a two-
stage PA, a power of 30 dBm is radiated through the
antenna.

Fig. 9. Schematic of RF power amplifier modules.

IV. EXPERIMENT AND DISCUSSION

To verify the beam steering capability, we set up an
experimental platform for data acquisition as shown in
Fig. 10 (a). The experimental platform includes an RF
source, transmit array, receive antenna, spectrum ana-
lyzer, MCU and computer interface. Note that the trans-
mit array and receive antenna are mounted separately on
a rotator and slider. This makes it easy to measure the
radiation performance under different angles and operat-
ing modes.

Figure 10 (b) shows the simulated and measured
radiation patterns of the time-division multiplexed trans-
mission mode, where the power is cycled at 1-minute
intervals to targets located at 0◦, 10◦, 20◦, 30◦, and 40◦

at a distance of 3 meters. Although the measured side
lobe is larger than the simulated one, the main lobe is
essentially the same as the corresponding angle of the
simulation.

As described in Section II, for the multi-target load-
ing scenario, we can use the full array single beam by
the time division mode or use the array partition mode.
The array partition mode has real-time performance, and
the subarray division of a one-dimensional array is sim-
ple. This system adopts the technique of evenly divid-

(a)

(b)

(c)

Fig. 10. Continued.
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Table 2: Comparison with other reported WPT systems
Refs. Antenna

Types

Operating

Frequency

Single

Antenna

Gain

RF Output

Power

(Distance)

Output

Power

Number

of

Arrays

Phase-

Controlled

Mode

[22] Patch
antenna

2.45 GHz 6.64dBi 4 m N/A 6×24 Retrodirective
array antenna

(RDA)
[23] Patch

antenna
2.4 GHz 21dBi

(Array
gain)

2 m N/A 4×4 Phased array
control

[24] Patch
antenna

5.8 GHz – 10 m −2.5 dBm 8×8×
(4×4)

Single direction
transmission

[25] Patch
antennas

2.45 GHz 5.9dBi 1 m 10 dBm 16×1 Retrodirective
array antenna

(RDA)
This
work

Quasi-
Yagi

antenna

2.4 GHz 9.38dBi 3 m 7.5 dBm 1×8 Phased array
control

(d)

Fig. 10. (a) Experimental platform for data acquisition,
(b) simulated and measured radiation patterns of time-
division transmission mode, and (c,d) simulated and
measured multi-beam radiation pattern of array-partition
mode at two targets in direction of 60◦ and 130◦, respec-
tively, and three targets in direction of 60◦, 90 and 110◦,
respectively.

ing the array according to the number of receivers. For
even-numbered targets, the transmit antenna array can
be evenly divided into even-numbered parts. For odd-
numbered targets, the transmit antenna array separates
more antennas for distant targets based on the even
division.

Figure 10 (c) shows the received power and simu-
lated radiation patterns of the antenna array after placing
two targets at a distance of 3 meters at 60◦ and 130◦,
respectively. Figure 10 (d) shows the received power
and simulated radiation patterns of the antenna array

after beamforming at three target nodes at a distance of
3 meters at 60◦, 90◦ and 110◦. There are some differ-
ences between the test results and the simulation results,
mainly because the channel amplitude and phase con-
sistency of the system design is different from the sim-
ulation situation. The energy reflection caused by the
test environment will also cause some deviation in the
results. However, considering the practical charging sit-
uation, our system can still meet the charging demand at
the required angle.

The performance comparison between this system
and the WPT system proposed in the current relevant lit-
erature is shown in Table 2.

V. CONCLUSION

In this paper, a single-to-multiple WPT system
based on phased array is designed. A novel quasi-Yagi
antenna with SSRR is proposed for power transmis-
sion to increase the gain and reduce the size, with a
gain of 9.38 dBi and a bandwidth of 0.35 GHz. A 1×8
Wilkinson power divider is then designed to construct
an antenna array. Two transmission modes of the phased
array are constructed so that the whole antenna array can
transmit power by array division or time division, with a
transmission power of 7.5 dBm at a distance of 3 meters.
Experiments have verified that this transmission sys-
tem can transmit power to multiple targets and achieve
the effect of one-to-multiple wireless energy charging.
Based on this design, the high-gain multi-mode phase-
controlled WPT system can be applied to the power sup-
ply occasions of low-power electronic devices such as
multi-sensor nodes in the IoT and has broad application
prospects.
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Abstract – In this paper, a 4×4 dual-band circularly-
polarized (CP) substrate integrated waveguide (SIW)
slot antenna array with a small frequency ratio (FR)
is investigated in the Ka-band. The proposed antenna
array achieves the small FR by radiating two high-
order modes, i.e. TM130 and TM230, with close resonant
frequencies. To realize CP performance, a sequential
rotated feeding (SRF) network is used to design a 2×2
subarray. A 4×4 CP antenna array is further developed
to enhance the directivity. Measured results show the
antenna array achieves impedance bandwidth (|S11| < -
10 dB) of 27.35-27.96 GHz at the lower band and 29.62-
30.58 GHz at the higher band with an FR of only 1.1. The
measured 3-dB axial-ratio (AR) bandwidths are obtained
as 27.66-27.78 GHz and 30.34-30.45 GHz with right-
handed circularly-polarized (RHCP) peak gains of 16.9
and 16.8 dBi, respectively. The proposed antenna array
is a potential candidate for millimeter-wave communica-
tion systems.

Index Terms – Circularly-polarized (CP) antenna, dual-
band, slot antenna, small frequency ratio (FR), substrate
integrated waveguide (SIW).

I. INTRODUCTION

With the rapid development of modern wire-
less communications, 5G wireless communication
has emerged as a widely adopted technology. The
millimeter-wave (mmWave) technology has the poten-
tial to meet the channel resources required by 5G com-
munication systems, due to its characteristics of wide
bandwidth, short wavelength, and low delay. More-
over, circularly-polarized (CP) antennas are preferred for
the merits of reducing polarization mismatch and mul-
tipath effect. Therefore, many mmWave CP antennas
are reported in recent years, including magneto-electric
(ME) dipole antennas [1, 2], patch antennas [3–5], and
substrate integrated waveguide (SIW) antennas [6, 7].

However, the aforementioned antennas operate at
single band. To enhance the channel capacity and reduce
the volume of the antenna, several dual-band CP anten-

nas in mmWave band are proposed [8–12]. In [9], the
SIW cavity backed antenna achieves dual-band CP per-
formance at 28 GHz and 38 GHz by using two pairs of
patches. In [10], two pairs of ME-dipoles are used to gen-
erate CP waves at 20 GHz and 30 GHz. In [11], a stacked
dielectric resonator antenna also achieves dual-band CP
radiation at 20 GHz and 30 GHz.

Nevertheless, these antennas have a frequency ratio
(FR) larger than 1.36. In many situations, small FR
antennas are desired. However, in the literature, most
of the dual-band CP antennas with small FR operate
at microwave band and use microstrip structures [13–
15]. With the increase of the working frequency of the
antenna, the loss caused by dielectrics also increase. To
reduce losses in higher band, SIW technology is exten-
sively used in antenna designs. In [16], a dual-band SIW
CP antenna using triangular slots achieves a small FR
of 1.26. The SIW CP antenna with circular slots in [17]
achieves an FR of 1.27. Although many dual-band SIW
CP antennas in mmWave band have been proposed, it
is still challenging to realize a SIW CP antenna with a
small FR.

In this paper, a dual-band CP SIW slot antenna
array with a small FR is proposed in the Ka-band.
Two high order mode, i.e. TM130 and TM230, with
close resonant frequencies are radiated by properly curv-
ing slots on the surface of the SIW cavity. Hence, the
antenna achieves dual-band performance and small FR.
A sequential rotated feeding (SRF) network is employed
to design a 2×2 subarray to achieve CP performance.
Finally, a 4×4 CP antenna array is further designed, fab-
ricated, and evaluated, which has a measured FR of 1.1.
The measured results demonstrate its suitability for 5G
communication systems.

II. ANTENNA ELEMENT DESIGN AND
ANALYSIS

A. Antenna configuration

The configuration of the proposed SIW antenna ele-
ment is displayed in Fig. 1. The antenna element consists
of three metal layers and two 0.254 mm Rogers 5880
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(a)

(b) (c)

Fig. 1. Configuration of the antenna element: (a) 3-D per-
spective, (b) overhead view of Substrate 1, and (c) over-
head view of Substrate 2

substrates (εr =2.2, tanδ =0.0009). The SIW resonant
cavity is designed in Substrate 1 and the feeding SIW
is designed in Substrate 2. To radiate high-order modes,
six radiating slots are etched on the top metal layer. A
slot is used to transfer electromagnetic energy. The bot-
tom metal layer serves as the ground plane. A match-
ing post is introduced in Substrate 2 to adjust impedance
matching.

The resonant frequency of TMmnp in the SIW cavity
can be calculated as follows [18]:
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where relative permittivity and permeability of the sub-
strate are represented by εr and μr, respectively. The
equivalent SIW cavity’s length, width, and height are
denoted by ae, be, and d. The variables m, n, and p rep-
resent the number of variations in the standing wave pat-
tern along the x, y, and z axis, respectively. Furthermore,
d1 refers to the diameter of vias while S represents the
spacing between adjacent vias, respectively. To get the
specific parameters of the antenna, the dual-band antenna
is firstly decided to operate in millimeter-wave band.
Secondly, high-order modes TM130 mode and TM230

mode are decided to realize the dual-band antenna. After
calculation and optimization, the detailed physical sizes
of the antenna element are tabulated in Table 1. Given
the physical parameters, some resonant frequencies are
calculated according to equations (1-3) and shown in
Table 2.

Table 1: Dimensions of the antenna element (unit: mm)
W W1 L1 W2 L2 W3
15 13.1 13.1 4 2.4 6.6
L3 W4 L4 W5 W6 Ws1
4.9 1 1.1 1.9 5.3 0.8
Ls1 Ws2 Ls2 d1 d2 S
3.2 0.7 4.4 0.6 0.7 0.8

Table 2: Resonant frequencies of high-order modes (unit:
GHz)
��������n

m
1 2 3

1 12.29 19.43 27.47
2 19.43 24.57 31.32
3 27.47 31.32 36.86

B. Dual-band radiation mechanism

High-order modes are decided to realize dual-band
antenna. To achieve dual-band radiation with a small FR,
TM130 and TM230 modes with resonant frequencies of
27.47 GHz and 31.32 GHz, respectively, are employed
according to Table 2, implying a FR of 1.14. All sim-
ulated results are performed by using CST Microwave
Studio 2018. The E-field distributions of TM130 mode
at 27.47 GHz and TM230 mode at 31.32 GHz in the
SIW cavity without coupling slot excitation are shown in
Fig. 2. The E-field distributions of TM130 mode at 27.34
GHz and TM230 mode at 30.12 GHz in Substrate 1 with
coupling slot excitation is displayed in Fig. 3. Note that
the resonant frequencies are slightly reduced owing to

(a) (b)

Fig. 2. E-Field distributions in the SIW resonant cavity
without coupling slot excitation: (a) TM130 mode and (b)
TM230 mode.
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the existence of the coupling slot. In Fig. 3 (a), it can
be clearly seen that the phases of the E-field on both
sides of the coupling slot are reversed, which means that
the TM130 mode is converted into a quasi-TM230 mode
upon excitation. Hence, the same radiating structure can
be utilized to radiate TM130 and TM230 modes simul-
taneously. Therefore, six slots, as radiating structures,
are curved in each subregion where the standing wave
reaches its peak. The slots are arranged alternatively on
either side of the centerline to ensure that they emit elec-
tromagnetic energy with identical phase. Finally, TM130
and TM230 modes are radiated, thereby achieving a dual-
band performance.

(a) (b)

Fig. 3. E-Field distributions in the SIW resonant cavity
with coupling slot excitation: (a) TM130 mode and (b)
TM230 mode.

C. Antenna element performance

A dual-band antenna element is achieved after opti-
mizing the antenna parameters. As illustrated in Fig. 4,
the simulated impedance bandwidths (|S11|< -10 dB) of
the antenna element are 27.27 to 27.40 GHz and 30.07
to 30.16 GHz. The simulated peak gains are 11.1 dBi at
27.34 GHz and 10.4 dBi at 30.12 GHz, and the cross-
polarization is less than -55 dB in both bands, as shown
in Fig. 5.

Fig. 4. Simulated |S11| of the antenna element.

(a) (b)

Fig. 5. Simulated radiation patterns of the antenna ele-
ment at (a) 27.34 GHz and (b) 30.12 GHz.

III. ANTENNA ARRAY DESIGN
A. 2×2 CP antenna subarray

A 2×2 CP subarray is first designed based on the
antenna element, which can be found in Fig. 6. To
achieve CP performance, an SRF network is utilized to
design the antenna subarray. The antenna elements are
placed sequentially on the four ports of the SRF network.
In Fig. 6 (b), a 1-to-4 power divider using SRF network is
designed on Substrate 2. To ensure equal power distribu-
tion among the four output ports, the lengths of the paths
taken by the electromagnetic wave are carefully adjusted.
A matching post is introduced in each way of the feed-
ing network to achieve good power division and phase
shift performance. Hence, the adjacent ports of the SRF
network have the phase difference of 90◦. Therefore, the
adjacent antenna elements are not only spatially orthogo-
nal, but also the feed phase. CP performance is achieved
by the antenna subarray.

The simulated reflection coefficient and axial-ratio
(AR) of the subarray are shown in Fig. 7. Since Figs. 4
and 7 are produced by different models, these two figures
are separated. The subarray achieves -10 dB impedance
bandwidths at the range of 27.27-27.61 GHz and 30.14-

(a) (b)

Fig. 6. Geometry of the 2× 2 CP antenna subarray:
(a) top view of the antenna subarray and (b) feeding
network. The parameters of the antenna subarray are:
Ld1 = 30.9 mm,Ld2 = 16.1 mm,L5 = 2.4 mm,Ls3 =
3.7 mm,Ws3 = 0.5 mm, and W7 = 1.4 mm.
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30.38 GHz. Due to the employment of the SRF net-
work, right-handed circularly-polarized (RHCP) radia-
tion is achieved with bandwidths of 27.44-27.52 GHz at
the lower band and 30.28-30.34 GHz at the higher band
with FR of 1.1. Figure 8 displays the simulated radiation
patterns of the antenna subarray, which exhibit signifi-
cant directivity enhancements. The peak gains simulated
by the subarray are 12.2 dBi at 27.48 GHz and 12.0 dBi
at 30.31 GHz.

Fig. 7. Simulated reflection coefficient and AR of the
antenna subarray.

(a) (b)

Fig. 8. Simulated radiation patterns of the antenna subar-
ray at (a) 27.48 GHz and (b) 30.31 GHz.

B. 4×4 CP antenna array

To improve the directivity even further, a 4×4 CP
antenna array is developed. The overall configuration
of the antenna array can be seen in Fig. 9, while the
detailed geometries of the three substrates are provided
in Fig. 10. which contains a grounded co-planar waveg-
uide (GCPW) to SIW transition and a 1-4 power divider.
The GCPW-SIW serves as the feeding port for the
antenna array. The electromagnetic energy is input from
the feeding port. An SIW feeding network is designed
in Substrate 3 and coupled to Substrate 2 through the
power divider. An SRF has been incorporated into Sub-
strate 2 to facilitate coupling of electromagnetic energy
to the antenna elements located in Substrate 1.

Fig. 9. Configurations of the 4×4 CP antenna array.

(a) (b) (c)

Fig. 10. Detailed geometries of the three substrates.

IV. RESULTS AND DISCUSSIONS

The 4×4 CP antenna array is fabricated as shown
in Fig. 11 (a), and the anechoic chamber for testing the
far-field radiation pattern is presented in Fig. 11 (b).
The |S11| of the antenna is measured using an Agilent
vector analyzer E8363B. Comparison between the sim-
ulated and measured |S11| and AR results can be seen
in Fig. 12. The measurement results are consistent with
the simulation results. At the lower band, the simulated
and measured impedance bandwidths are 27.43-27.83
GHz and 27.35-27.96 GHz, while both simulated and
measured 3-dB AR bandwidths are within the range of
27.63-27.72 GHz and 27.66-27.78 GHz, respectively. At
the higher band, the simulated and measured impedance
bandwidths are 30.28-30.52 GHz and 29.62-30.58 GHz.
For AR bandwidths, they lie within a range of 30.37-
30.44 GHz and 30.34-30.45 GHz, respectively. The mea-

Fig. 11. Photographs of the fabricated antenna array: (a)
antenna array prototype and (b) measurement setup.
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Fig. 12. Simulated and measured |S11| and AR.

sured results indicate that a small FR of 1.1 is achieved.
The measured bandwidths are slight wider than the sim-
ulations, which is most likely due to the air gap between
the different substrates.

Figures 13 and 14 depict the normalized radiation
patterns of the proposed antenna array at frequencies
of 27.68 GHz and 30.41 GHz, respectively. The sim-
ulated and measured radiation patterns and gain are in
good agreement for both bands. The measured 3-dB AR
beamwidths at 27.68 GHz are approximately 11◦ in the
xoz-plane and 9◦ in the yoz-plane, respectively. Similarly,
the measured 3-dB AR beamwidths are approximately
9◦ in the xoz-plane and 7◦ in the yoz-plane, respectively,
at 30.41 GHz. The cross-polarization levels of the main
beams remain below -28 dB for both operating bands
The simulated and measured peak gains of the antenna
array are 18.8 dBi and 16.9 dBi at the lower band, as
well as 18.5 dBi and 16.8 dBi at the higher band, respec-
tively. Sidelobe levels remain under -9 dB for both bands.
The discrepancies between simulated results versus mea-
surement may be attributed to fabrication inaccuracies or
assembly errors during antenna construction process.

Table 3 compares the performance between the pro-
posed antenna and some previous dual-band CP anten-
nas. The proposed antenna array has advantages of a
small FR 1.1, while keeping high gain, dual-band and
CP performances.

In this paper, a dual-band CP SIW slot antenna array
based on high-order modes is proposed. The antenna ele-
ment achieves dual-band performance and a small FR
by radiating TM130 and TM230 modes simultaneously.
To achieve CP performance, an SRF network is used
to firstly design a 2×2 CP antenna subarray. Further-
more, a 4×4 CP antenna array is further constructed to
enhance the directivity. Measurement results show that
the antenna array achieves RHCP performance in both
bands. The proposed antenna could find applications in
modern mmWave communication systems.

(a) (b)

Fig. 13. Simulated and measured normalized radiation
patterns at 27.68 GHz (a) ϕ = 0◦ and (b) ϕ = 90◦.

(a) (b)

Fig. 14. Simulated and measured normalized radiation
patterns at 30.41 GHz (a) ϕ = 0◦ and (b) ϕ = 90◦.

Table 3: Comparison with previous dual-band CP
antennas

Reference Technique FR
Imp. BW

(−10dB)%
[13] Microstrip 1.12 3.3/2.6
[19] Microstrip 1.42 3.6/3.3
[20] Patch 1.1 3.0/2.7
[21] Patch 1.55 0.5/1.3

Proposed SIW 1.1 2.2/3.2
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Abstract – A wideband omnidirectional cup dielectric
resonator antenna (CDRA) is designed by utilizing three
modes (DR TM01δ , coil, and monopole modes) for the
first time. It deploys the modified coil feeding struc-
ture comprising four coil segments and two close-by
probes. The four coil segments provide an equivalent
magnetic-current loop and the two probes act as an elec-
tric monopole. Thus, the modified feeding structure can
excite the DR TM01δ mode and two neighbor reso-
nances extending the operating bandwidth. All of these
modes have omnidirectional characteristics. To verify the
idea, a CDRA is designed, fabricated, and measured.
The CDRA is 0.61λ0 × 0.32λ0 (where λ0 is the free-
space wavelength at the center frequency) with a band-
width of 67.7% (3.28-6.64 GHz). The antenna has stable
omnidirectional radiation patterns, high radiation effi-
ciencies, and a low cross-polarized level within the oper-
ating bandwidth.

Index Terms – Dielectric resonator antenna (DRA),
omnidirectional, wideband.

I. INTRODUCTION

Dielectric resonator antennas (DRAs) have attracted
tremendous attention for their compact sizes, various
radiation patterns, bandwidths, and high efficiencies.
Omnidirectional DRAs can be used for various wireless

communications because of their broad coverage [1–4].
However, designing a wideband and compact DRA with
a stable omnidirectional pattern is nontrivial.

Many omnidirectional antennas exist in the liter-
ature [1–30]. There are various traditional methods to
realize omnidirectional antenna, such as a wire in free
space [5], exciting the circular patch antenna’s higher-
order modes [5], and loading the circular patch antenna
with an annular ring [6–8]. Antennas, with four bent
dipoles [9], based on substrate integrated waveguides
(SIWs) [10], and with surface wave [11], all had omni-
directional radiation patterns. However, the antennas’
bandwidths are usually narrow (less than 10%). Exciting
multiple modes can broaden antennas’ bandwidths [12,
13]. An electrically small and omnidirectional antenna
with a bandwidth of 32% was presented [12]. Antenna
arrays are usually used to extend bandwidth [14]. A cir-
cular dual-band monopole antenna array was designed in
[14]. Omnidirectional DRAs have been designed in dif-
ferent shapes, including rectangles [15, 16], hemispheres
[17], and cylinders [18–26]. A three-dimensional (3-D)
printed omnidirectional multi-ring DRA was excited in
three DR modes (TM01δ , TM02δ , and TM03δ modes)
with a bandwidth of 60.2% [24]. Combining a monopole
antenna and a DRA is an effective way to realize
an omnidirectional wideband antenna [27–30] at the
expense of raising the profile. A hybrid antenna could
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offer an impedance bandwidth of up to 138% [30]. Most
existing works try to extend the bandwidth at the cost of
increasing the antenna’s dimensions [24] or sacrificing
the stability of the radiation pattern [13, 30].

A coil feeding structure was first used in [19] to real-
ize an omnidirectional cup dielectric resonator antenna
(CDRA) with a 29.5% bandwidth. By improving the
structure and the coil feeding mode, three modes are
excited and the bandwidth reaches 67.7% with a stable
omnidirectional pattern.

The modified coil feeding structure, with two ends
excited equally and in phase, comprises four coil seg-
ments and two probes. The four coil segments have an
equivalent magnetic-current loop and two probes act as
a single monopole. Optimizing the coil and dielectric
resonator (DR) parameters, the coil excites the TM01δ
mode of the CDRA and two omnidirectional modes (coil
and monopole modes) at neighbor frequencies simul-
taneously. Thus, a wideband omnidirectional CDRA is
achieved. Then, a prototype is fabricated and measured
to demonstrate the scheme. The measured and simu-
lated results are in reasonable agreement. The size of the
CDRA is 0.61 λ0 × 0.32 λ0 (λ0 is the free-space wave-
length at the center frequency). The CDRA’s bandwidth
is 67.7% from 3.28 GHz to 6.64 GHz. Within the operat-
ing band, the CDRA has high radiation efficiencies, sta-
ble radiation patterns, and low cross polarizations. As
listed in Table 1, the proposed antenna has a broader
bandwidth and a smaller size.

Table 1: Comparison between proposed omnidirectional
CDRA and relevant works first
Ref. Antenna

Types

Dimensions

(Diameter

× Height)

Band-

width

Omnidirectional

Pattern

[19] DRA 0.25λ0×
0.23λ0

29% Stable

[24] Multi-ring
DRA

1.54λ0×
0.18λ0

60% Stable

[25] DRA 3.60λ0×
0.11λ0

42% Unstable

[26] DRA 1.00λ0×
0.11λ0

34% Stable

[30] DRA +
Monopole

0.62λ0×
0.66λ0

138% Unstable

This

Work

DRA 0.61λ0×
0.32λ0

68% Stable

II. ANTENNA STRUCTURE

The CDRA’s configuration is shown in Fig. 1. The
cup dielectric (Dd, Hd, Din, Hin) manufactured of K9-
glass (εrk=6.9) is located on a circular substrate with

(a)

(b)

(c) (d)

Fig. 1. CDRA: (a) isometric view and (b) front view.
Top view of (c) T-junction power divider and (d) feed-
ing structure.

a diameter of Dgnd , as can be seen in Fig. 1 (b). FR-4
(εr f=4.3) is the substrate material with a loss tangent
of 0.025 and a thickness of 0.8 mm. The coil feeding
structure is made of a copper wire with a diameter of
Dcoil . The coil’s pitch, height, turns, and inner diameter
are represented by Hcoil , P, N, and Dc, respectively. As
described in Fig. 1 (d), the joint length between the two
coils is N1. The T-junction power divider, as shown in
Fig. 1 (c), is loaded on the dielectric surface side of the
FR-4 substrate. All dimensions of the CDRA are listed
in Table 2.
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Table 2: Dimensions of the CDRA (unit: mm)
Dgnd Din Hd Dd Hin Hcoil
60 14.6 16.5 37 5.6 5

Dcoil P Dc L1 L2 L3
1 1.2 0.6 3 9.2 2

L4 L5 W1 W2 W3 W4
8 2.7 1.5 1.15 0.55 1.5
N N1
3 1

III. OPERATING MECHANISM

The basic coil, creating an equivalent magnetic-
current loop, excites two modes (DR TM01δ mode and
coil mode) to realize an omnidirectional CDRA with a
bandwidth of 29% [19]. Based on that, a modified coil
excites an additional resonance (probe mode) to double
the bandwidth of the CDRA. The evolution process of
the CDRA can be divided into three steps.

Step 1: Introduce probe mode. In [19], the probes
only support the coil to control the height of the coil. The
probe lengths are short for the coil image to be close to
the original coil. Thus, the equivalent magnetic-current
loop and its image are very close to each other and con-
structively contribute to the increase of the antenna gain.
The probes are elongated to enhance their influence. The
increased diameter of the copper and shortened helical
coil pitch are used to maintain the strength of the mag-
netic field. The probes’ current directions change as the
probes’ length increases. The probes are excited equally
and in phase to have their electrics in the same direction.
However, the two probes excite the HEM21δ mode of the
DR, which undermines the omnidirectional property.

Step 2: Avoid exciting the HEM21δ mode. As
depicted in Fig. 2, the excited mode (HEM21δ mode or
monopole mode) is determined by the distance between
the two probes. When the distance is short enough, the
two probes are equivalent to a monopole, which excites
an omnidirectional mode. The bending direction of the
joint between two coils [as shown in Fig. 1 (d)] is

(a) (b)

Fig. 2. Magnetic field of (a) HEM21δ mode (the distance
between two probes is 14.3 mm) and (b) monopole mode
(the distance between two probes is 7.6 mm).

reversed, and the helical coil pitch is decreased to shorten
the distance. However, the probe resonance frequency is
much higher than those of the coil and DR TM01δ modes.
Thus, a dual-band omnidirectional CDRA is observed.

Step 3: Achieve a wideband omnidirectional CDRA.
The resonance frequencies of the coil and probe modes
are mainly affected by the coil. The TM01δ mode’s res-
onance increases with the larger size of the DR. Com-
pared with the coil and probe modes, the TM01δ mode’s
frequency is easy to control. The height of the DR rarely
affects the frequency of the TM01δ mode and influences
the coupling between the coil and TM01δ modes. There-
fore, the diameter of the DR becomes larger to increase
the TM01δ mode’s frequency. Finally, a wideband omni-
directional CDRA is designed.

The modified feeding structure, with two ends
excited equally and in phase, is composed of four coil
segments and two probes, as shown in Fig. 3. Given the
current distribution of the coils, the winding direction of
each side is reversed to achieve an equivalent magnetic-
current loop. Two probes can be equivalent to a centered
electric monopole. Thus, the modified coil can create a
vertical monopole and a magnetic-current loop simul-
taneously. The monopole and the magnetic-current loop
excite omnidirectional modes at the adjacent frequencies
of the TM01δ mode. Hence, the structure supports three
modes with omnidirectional radiation providing wide-
band performance by the modified coil.

The simulated reflection coefficient of the CDRA
is shown in Fig. 4 using the full-wave simulation soft-
ware ANSYS HFSS. There are three distinct resonances
within the operating bandwidth. Modes 1, 2, and 3
correspond to the coil, DR TM01δ , and probe modes

Fig. 3. Equivalent magnetic-current loop and monopole
of a coil feeding structure.
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at 3.65, 4.40, and 6.05 GHz, respectively. Mode analy-
sis will be explained in Section IV. The simulated mag-
netic and electric fields at these frequencies are shown in
Fig. 5. The magnetic and electric fields of the coil and
probe modes are similar to that of TM01δ mode.

Fig. 4. Simulated reflection coefficient of the CDRA.

(a) (b)

(c) (d)

(e) (f)

Fig. 5. Simulated electric field (a), (c), and (e) and mag-
netic field (b), (d), and (f) at 3.65, 4.40, and 6.05 GHz,
respectively.

IV. PARAMETER STUDY

In this section, the antenna performances with dif-
ferent parameters are investigated by simulations. Firstly,
the corresponding modes of three resonant frequencies
are determined. Modes 1, 2, and 3 resonate at 3.65, 4.40,
and 6.05 GHz, respectively. By exciting the cup DR with
a single probe, the resonant frequency of the DR TM01δ
mode is 4.35 GHz, corresponding to the second reso-
nant frequency. The reflection coefficients with different
lengths of joint between two coils are shown in Fig. 6 (a).
The length of the joint greatly influences the frequencies
of modes 1 and 2, yet hardly affects the frequency of
mode 3. Mode 3 corresponds to the monopole mode, and
mode 1 corresponds to the coil mode.

Figure 6 (b) shows the reflection coefficients with
different probe heights. As the probe gets longer, its
corresponding resonant frequency gets lower. The probe
height is the coil height from the ground plane, which
decides the distance between the coil and the DR. Such
height is related to the coupling between the DR and
the equivalent magnetic-current loop, which obviously
influences the impedance matching of the coil and DR
TM01δ modes. The reflection coefficients with different
DR heights are shown in Fig. 6 (c). The probe reso-
nant frequency is affected by the DR height. The reso-
nant frequency of the monopole mode decreases as the
DR height increases. The DR height has a negligible
impact on the DR TM01δ mode but a significant effect
on the impedance matching of the coil mode. The DR

(a) (b)

(c) (d)

Fig. 6. Reflection coefficients versus antenna parameters:
(a) length of joint N1, (b) coil height Hcoil , (c) dielectric
height Hd , and (d) dielectric diameter Dd .
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diameter is related to the frequencies of all the modes.
The frequencies of the modes with smaller DR diam-
eters are higher. Their corresponding reflection coeffi-
cients are shown in Fig. 6 (d). As a result of the coupling
among the CDRA, the magnetic-current loop, and the
monopole, the resonant frequencies of the DR TM01δ ,
coil, and monopole modes are interrelated.

V. RESULTS

A prototype of the CDRA is fabricated and mea-
sured as shown in Fig. 7. The CDRA is 37 mm× 20 mm
(0.61λ0 × 0.32λ0), while the cavity is 14.6 mm × 5.6
mm to house the coil. The ground plane is 900 mm2. The
coil feeding structure is fabricated using the 3D-printing
approach.

The simulated and measured reflection coefficients
of the CDRA are shown in Fig. 8. There are three distinct
resonances within the operating bandwidth. The mea-
sured bandwidth of the CDRA (with S11 ≤ -10 dB) is
more than 67.7% (3.28-6.64 GHz), which is sufficient
for 5 GHz WLAN bands. The measured reflection coef-
ficient is wider than the simulated one because of extra
loss in the prototype. The 3-D printed coil has a fabri-
cation tolerance of 0.1 mm and a rough surface, which
mainly influences the coil mode’s coupling.

Due to the limitation of the test equipment, the max-
imum test frequency is 6.5 GHz. The measured gain and
efficiency are compared with the simulated in 3-6.5 GHz.

(a) (b)

(c)

Fig. 7. Prototypes of CDRA: (a) isometric view, (b) bot-
tom view, and (c) coil.

Fig. 8. Simulated and measured reflection coefficients of
the CDRA.

As shown in Fig. 9, the simulated and measured efficien-
cies of the CDRA are better than 90% and 85%, respec-
tively. The curves of gain are shown in Fig. 9. The gain
variations of the CDRA are less than 1.5 dB in the oper-
ating band, which means the antenna has stable radiation
patterns.

Figure 10 shows the simulated and measured radia-
tion patterns in the xz- and xy-plane at 3.65, 4.40, and
6.05 GHz. As can be seen, the CDRA maintains sta-
ble omnidirectional radiation patterns and a low cross-
polarization level within the operating band. The mea-
sured radiation efficiency is better than 80%, and the
simulated one is better than 85% across the impedance
passband. The measurements and simulations are in rea-
sonable agreement, with the differences caused by mea-
surement perturbation and manufacturing tolerance.

Fig. 9. Simulated and measured gains and efficiencies of
the CDRA.
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(a) (b)

(c) (d)

(e) (f)

Fig. 10. Simulated and measured radiation patterns in x-
z plane (a), (c), and (e) and x-y plane (b), (d), and (f) at
3.65, 4.40, and 6.00 GHz, respectively.

VI. CONCLUSION

A modified coil feeding structure has been used to
realize an omnidirectional wideband CDRA with three
resonant modes (TM01δ , coil, and monopole modes).
The modified coil has been formed by combining four
coil segments and two probes, which could create an
equivalent magnetic-current loop and a monopole simul-
taneously. Using the proper DR dimensions and feed-
ing structure has excited the DR TM01δ mode and two
omnidirectional modes (i.e., coil and monopole modes)
at neighboring frequencies to realize an omnidirectional
antenna with a 67.7% measured bandwidth (3.28-6.64
GHz). The CDRA has a diameter of 0.61 λ0 and a
height of 0.32 λ0. The stable radiation patterns have been
observed with high radiation efficiencies within the oper-
ating band.
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Abstract – In this paper, a broadband wide-angle leaky-
wave antenna (LWA) with low sidelobe levels (SLL)
is proposed. The antenna is composed of two parts:
a broadband wide-angle scanning spoof surface plas-
mon polariton (SSPP)-fed circular patch antenna array
and electromagnetic bandgap (EBG) structures tiled on
both sides of the antenna array. By controlling the cou-
pling distances between the circular radiation patches
and SSPP feeding line, the attenuation constant along
the radiation aperture is specially designed in a tapered
way to achieve low SLL. EBG structures are adopted to
reduce the back-lobe levels. Measured results show that
the scanning angle of the proposed antenna reaches 82◦.
The measured realized gains are from 8 to 15.7 dBi in
the operating frequency range from 8 to 12 GHz, with
a maximum SLL less than -15 dB. The wide-band wide-
angle SSPP-fed LWA with low SLL can find applications
in radar detection and microwave imaging.

Index Terms – Electromagnetic bandgap (EBG), leaky-
wave antenna (LWA), low side-lobe levels (SLL), surface
plasmon polaritons (SPP), wide-angle.

I. INTRODUCTION

Leaky-wave antennas (LWAs) typically generate
leaky-wave radiation by gradually leaking electromag-
netic (EM) energy along the structure, which are often
used in radar detection and microwave imaging as a kind
of frequency scanning antenna [1, 2]. To detect low alti-
tude, slow speed, and small aircraft targets, LWAs usu-
ally require a wide scanning angle. To implement ground
clutter suppression, the radar system also requires an
antenna with low sidelobe levels (SLL). Spoof surface
plasmon polariton (SSPP) refers to surface EM modes
formed on the metal surface at microwave and terahertz

frequencies [3–6], which can be employed to increase the
beam scanning angle of LWAs. Periodically-modulated
plasmonic waveguides have been developed to convert
SSPPs to radiating waves and achieve frequency scan-
ning antenna radiation from forward to backward direc-
tions in [7], which achieved a scanning angle of 18◦ from
8.5 to 9.8 GHz. An SSPP-fed antenna array enables a
larger scanning angle [8, 9]. In [8], an SSPP-fed circular
patch array antenna was proposed, achieving a scanning
angle of 55◦ from 5 to 11 GHz. By adopting double-layer
coupled SSPP feeding structures, a broader impedance
bandwidth and larger scanning angle have been achieved
[10, 11]. In [10], a circular patch array antenna fed by
SSPP was proposed and implemented a scanning angle
of 68◦ operated in 11-15 GHz. However, the mentioned
SSPP LWAs suffer from high SLL (>−10 dB) when the
scanning angle is large.

Different kinds of methods have been proposed and
applied to LWAs to reduce SLL, including changing the
size of radiating elements [12–14], adjusting the density
of radiating elements [15], and controlling the distance
between the radiating elements and the feeding line [16–
18]. In [12, 13], the leakage amount of the LWA is con-
trolled by changing the length and width of slots, achiev-
ing a SLL below -20 dB. A SLL below -15 dB is imple-
mented by adjusting the deviation angle of slots in a
transverse slot array antenna [14], but its scanning angle
is only 2.9◦. By changing the density of transverse slots
to control the amplitude of the aperture field distribution,
a SLL of -20 dB within a scanning range of 31◦ has been
achieved [15]. The most common method is to control
the distance between slots or patches and the feeding line
to regulate the leakage of EM energy [16–18]. In [17],
by controlling the distance between the long slot and via
hole arrays, a SLL of -20 dB is achieved within a range
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of 18.6◦. Although these works can achieve low SLL,
they suffer from a relatively narrow relative bandwidth
(<30%) and limited scanning range (<40◦).

In this paper, a broadband, wide-angle, and low SLL
SSPP-fed LWA is proposed. The SSPP-fed circular patch
antenna array’s distinct tapered aperture field distribu-
tion effectively reduces the SLL, while the electromag-
netic bandgap (EBG) structure evenly dispersed along
both sides of the antenna minimizes the back-lobe lev-
els of the antenna. In the operating frequency range from
8 to 12 GHz, the measured scanning angle is 82◦, with a
gain fluctuation from 8 to 15.7 dBi and a maximum SLL
less than -15 dB. The frequency beam scanning antenna
supports radar detection of low-altitude, slow-speed, and
miniaturized targets.

II. ANALYSIS AND DESIGN
A. Design of SSPP antenna

Figure 1 presents the proposed SSPP antenna’s con-
figuration. Theta is defined as the angle between the radi-
ation beam and the +z direction and phi is defined as
the angle between the radiation beam and the +x direc-
tion. The antenna is made up of two F4B (εr = 2.65

(a)

(b)

(c)

Fig. 1. Geometry of the proposed LWA: (a) perspective
view, (b) top view of SSPP feeding line layer, and (c)
zoomed top view (lz = 320 mm, ly = 100 mm, d = 12
mm, dn = 5 mm, r = 4.5 mm).

and tanδ = 0.001) substrate layers (Sub1 and Sub2) and
three metallic layers. The SSPP feeding line etched on
Sub2 (h1 = 1.5 mm) is shown in Fig. 1 (b). The radiat-
ing circular patches are etched on the top of Sub2 (h2 =
0.5 mm) illustrated in Fig. 1 (c). The width of Sub1
and Sub2 is ly. The length of Sub1 is 12 mm shorter
than Sub2, leaving gaps for welding ports. There are 24
circular radiation patches arranged in a row. The space
between adjacent patches is d. The distance between the
circular patch’s center and the SSPP line’s bottom is set
to dn. The period of SPP unit is p. The groove width is
a and the depth of SSPP unit is h. Transition parts are
arranged between the SSPP units and the microstrip line
to achieve an efficient modes transition where the groove
depth varies from 0 to h in gradient. The radius r of the
circular patch is 4.5 mm, which corresponds to the radius
in TM11-mode, which can be determined by:

r =
1.8412c
2π f0

√
εr

, (1)

where c is the velocity of light in free space.
The dispersion characteristics of the SSPP units

were analyzed using CST software, as shown in Fig. 2
(a). β is the propagation constant of the SSPP line.
The results in Fig. 2 (a) demonstrate that the value of
the groove depth h affects the curve’s cut-off frequency.
Because the cut-off frequency decreases as h grows, its
constraint ability grows stronger as h increases. A groove
depth of h = 2.2 mm is selected here. The width of the
microstrip line is ws, and the impedance is approximately
50 Ω. The SSPP feeding line is etched on Sub2 with a
length of lz = 320 mm, and the transmission performance
is analyzed. The scattering (S) parameter performance
of the SSPP feeding line obtained through simulation is
shown in Fig. 2 (b). In the operating frequency from 8 to

(a)

Fig. 2. Continued.
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(b)

Fig. 2. Performance of the SSPP unit and the SSPP trans-
mission line: (a) dispersion curves of the SSPP unit (inset
is the geometry of the SSPP unit) and (b) simulated S
parameters of the SSPP feeding line (h = 2.2 mm, ws =
1.26, p = 1 mm, a = 0.5 mm).

12 GHz, the reflection coefficients are less than -20 dB
and the transmission coefficients are between 0 and -2
dB, which proves that the SSPP line has good transmis-
sion characteristics.

The relative distance between the centerline of the
circular patches and the SSPP line determines the cou-
pling strength, which can be adjusted by modifying the
parameter dn. Figure 3 shows the simulated S param-
eters of the antenna at different coupling distances dn
at 10 GHz. Within the entire operating frequency band,

(a)

Fig. 3. Continued.

(b)

Fig. 3. Simulated S parameters of the antenna with dif-
ferent dn values: (a) S11 and ( b) S21.

the reflection coefficient S11 is less than -10 dB, and the
transmission coefficient S21 of dn = 5 mm is less than
-10 dB from 8 to 12 GHz. As dn increases, the value of
S21 significantly increases, indicating more energy being
transmitted to the end of the antenna due to weaker cou-
pling strength.

The SSPP-fed circular patch array antenna has a
wide bandwidth and stable radiation pattern without
increasing the antenna area. Figure 4 shows the radia-
tion pattern of the SSPP antenna when the coupling dis-
tance dn is 5 mm. It can be seen that the proposed SSPP
antenna achieves a scanning range of 36◦ to 118◦ (phi
= 0◦) in the bandwidth from 8 to 12 GHz. The radia-

(a)

Fig. 4. Continued.
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(b)

Fig. 4. Radiation pattern of LWA with dn = 5 mm in (a)
phi = 0◦ and (b) phi = 180◦.

tion gain is above 12 dBi. From the simulation results,
the designed SSPP antenna has a high SLL throughout
the operating frequency band, with a maximum SLL of
-9 dB. For example, the reason for the decrease in gain
at 10 GHz is that a uniform aperture field distribution
results in a wider half-power beamwidth (HPBW) and
high SLL. Next, we will adjust the coupling distance dn
of different radiation patches to achieve tapered aperture
field distribution to implement low SLL.

B. Design of low SLL

For low SLL designs, it is necessary to adjust the
aperture field distribution on the antenna surface. The
attenuation constant corresponding to the aperture field
distribution can be calculated to determine the coupling
distance. Aperture field distribution E(z) and the attenua-
tion constant distribution α(z) has the following relation-
ship [19]:

α(z) =
(1/2)|E(z)|2

(1/(1−R))
∫ lz

0 |E(ζ )|2dζ − ∫ l
0 |E(ζ )|2dζ

,

(2)
where R represents the ratio of power absorbed by the
terminal load, while l is the distance from the antenna’s
origin to the point under concern. R can be calculated by:

R = |S21|2. (3)
In equation (2), the value of R varies with the aper-

ture field distribution, which can be set to the average of
the values obtained under different coupling distances.
For the specific antenna structure, where lz = 320 mm
and dn varies from 5 to 11 mm, R is set to the average
value of 0.5.

According to [16, 20], when the aperture field dis-
tribution E(z) of a leaky wave antenna follows the cosine

distribution along the z-direction, the antenna will have a
low SLL. Consequently, the same distribution is applied
to the aperture field here, which can be expressed as [16]:

E (z) = 1.5 cos
(

π
lz

z−π
2

)
+2. (4)

Substituting equation (4) into equation (2) can
obtain the distribution of the attenuation constant over
the antenna length under the cosine aperture field distri-
bution, as shown in Figs. 5 (a) and (b).

(a)

(b)

Fig. 5. Distribution of (a) E(z) and (b) α(z).

For a uniform traveling wave structure, the attenua-
tion constant can be calculated from S parameters of the
structure by the formula:

α =−|S21|
lz

. (5)

The unit α in the equation is dB/mm. To obtain
α represented by Np per unit length, the expression 1
Np = 8.686 dB is used. Figure 3 (b) gives the trans-
mission coefficients corresponding to different coupling
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distances dn. By combining equation (5), we can obtain
the relationship between coupling distance and attenua-
tion constant, as shown in Fig. 6 (a). Therefore, combin-
ing equations (2) and (5) can indirectly obtain the rela-
tionship between aperture field E(z) and coupling dis-
tance dn, as shown in Fig. 6 (b). This helps to design
the desired aperture field distribution.

(a)

(b)

Fig. 6. (a) Variations of attenuation constant as functions
of dn and (b) variation of dn along z-axis.

According to the generated curve of Fig. 6 (b), the
positions of radiation patches have been rearranged. The
patches at various positions were optimized in EM sim-
ulation software, to implement as low SLL as possible
throughout the entire X-band (from 8 to 12 GHz). The
coupling distance between the patch array and the SSPP
line has been optimized according to appropriate propor-
tional multiples. Table 1 shows the final optimized cou-
pling distance.

Table 1: The optimized values of 24 patches’ coupling
distance (unit: mm)

Parameter Value Parameter Value

d1 11.5 d13 5.52
d2 10.98 d14 5
d3 10.59 d15 5
d4 9.94 d16 5
d5 9.42 d17 5
d6 8.9 d18 5
d7 8.51 d19 5.52
d8 7.86 d20 6.56
d9 7.6 d21 7.6
d10 7.08 d22 8.12
d11 6.56 d23 8.64
d12 6.04 d24 9.16

Figures 7 (a) and (b) show the top view of the SSPP
antenna with uniform dn = 5 mm (Antenna A) and the
SSPP antenna with optimized dn (Antenna B). Figures 7
(c) and (d) illustrate the far-field radiation patterns fol-
lowing the implementation of the low SLL design. It can
be seen that compared with Antenna A, the first sidelobe
at 10 GHz of Antenna B is decreased from -11.8 to -29.4
dB and the first sidelobe at 12 GHz is decreased from
-12.2 to -24.3 dB. The results indicate that this method
is feasible. However, we can observe the antenna’s back-
lobe level remains significantly higher than -15 dB at low
frequencies, specifically at 8 GHz. Hence, we need to
further implement low back-lobe level.

C. Design of low back-lobe level

From Fig. 7 (c), we can see that the back-lobe
level at 8 GHz is still high due to the existence of sur-
face waves, dispersing the energy radiated along the
main direction and increasing the SLL of the SSPP
antenna. EBG is a stopband structure used to reduce
the energy coupling between antennas [21]. Mushroom-
shaped EBG is the most commonly used structure [22].
They are often used in antennas to prevent the propa-
gation of surface waves, achieve a gain enhancement,
and reduce the SLL of antennas. Therefore, a mushroom-
shaped EBG structure is introduced to suppress surface
waves, as shown in Figs. 8 (a) and (b). The EBG meta-
surface is composed of a metal ground, a dielectric sub-
strate (F4B), a square patch, and metal via holes inside
the dielectric substrate. The unit of the metal patch is
connected to the grounding plate on the other side of the
dielectric substrate through the metal via hole.

This structure can exhibit high impedance perfor-
mance within the operating frequency band, suppressing
surface waves on the substrate of the antenna. By using
the waveguide transmission method shown in Fig. 8 (c),
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(a)

(b)

(c)

(d)

Fig. 7. (a) Antenna A with uniform dn = 5 mm, (b)
antenna B with optimized dn, (c) radiation pattern of the
two antennas in phi = 0◦ at 8, 10, 12 GHz, and (d) radi-
ation pattern of the two antennas in phi = 180◦ at 8, 10,
12 GHz.

(a)

(c)

(d)

Fig. 8. (a) Top view of the EBG unit, (b) side view of the
EBG unit, (c) 3-D view of the proposed EBG structure,
and (d) S parameters of the proposed EBG structure (s1 =
4.5 mm, s = 5 mm, r1 = 0.5 mm, hg = 2 mm).

the simulated results in Fig. 8 (d) show its stopband effect
reaches -80 dB in the X-band.

Figures 9 (a) and (b) illustrate the geometry of
the designed antenna. The simulated results of the far-
field radiation pattern at 8 GHz is shown in Figs. 9 (c)
and (d). It can be seen that the back-lobe level of the
antenna with EBG has decreased from -10.8 to -16.8 dB,
which indicates that the back-lobe level reduction can be
achieved by loading EBG structures on both sides of the
antenna.

The simulation results of the LWA antenna with low
SLL design are shown in Fig. 10. From Fig. 10 (a), it
can be seen that the operating frequency band still covers
the X-band. The simulated radiation efficiency of LWAs
without low SLL design and with low SLL design is
shown in Fig. 10 (b). The maximum radiation efficiency
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(a)

(b)

(c)

(d)

Fig. 9. (a) Top view of the antenna with EBG, (b) side
view of the antenna with EBG, (c) radiation pattern of the
antenna in phi = 0◦ at 8 GHz, and (d) radiation pattern
of the antenna in phi = 180◦ at 8 GHz.

of LWAs without low SLL design and with low SLL
design is 95.8% and 92.4%, respectively. The proposed
LWA with low SLL design has a radiation efficiency of
approximately 83.6% in the working band. Simulated
radiation patterns are shown in Figs. 10 (c) and (d),
which shows that the antenna has a scanning angle range
of 32◦ to 114◦ (phi = 0◦) from 8 to 12 GHz, and the

highest SLL in the entire frequency band is less than -15
dB. The optimal SLL can reach approximately -23 dB at
10 GHz.

(a)

(b)

(c)

Fig. 10. Continued.
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(d)

Fig. 10. (a) Simulated S parameters of the proposed
LWA, (b) simulated radiation efficiency of the LWA, (c)
simulated radiation patterns of the LWA in phi = 0◦,
and (d) simulated radiation patterns of the LWA in phi
= 180◦.

III. MEASURED RESULTS AND
DISCUSSION

We manufactured and measured the proposed SSPP-
fed circular patch array antenna. The photograph of the
SSPP antenna is presented in Fig. 11. The two lay-
ers of the antenna are aligned and secured by nylon
columns, while the EBG structure and antenna are fas-
tened together with metal sheets and additional nylon
columns on the back side of the assembly. The port on
the right side of the antenna is connected to a 50 Ω
matched load. The simulated and measured reflection
and transmission coefficients are shown in Fig. 11. It
shows that the measured results agree well with the sim-
ulated results. The measured S11 is below -10 dB, cov-
ering the required operating frequency band of 8 to 12
GHz.

Minor deviations may be mainly caused by SMA
soldering and antenna warping. In CST simulation, the
SMA soldering is induced by creating slots near the input
and output ports and introducing parasitic capacitance
(0.4 pF) in these slots. As shown in Fig. 11 (c), the sim-
ulated result considering the SMA soldering is closer to
the measured result. Since the antenna is large and its
ends are a bit warped, a higher air layer is introduced.
The antenna warping is simulated by adding a 0.16 mm
air layer between the two dielectric substrates in the CST
model. As shown in Fig. 11 (d), the resonance frequency
of S21 considering the antenna warping is shifted to a
higher frequency, which agrees better with the measured
results.

(a)

(b)

(c)

(d)

Fig. 11. Fabricated prototype and the simulated and mea-
sured S parameters of the proposed LWA: (a) top view,
(b) side view, (c) simulated and measured S11, and (d)
simulated and measured S21.
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(a) (b) (c)

Fig. 12. (a) Measured radiation patterns of the LWA in phi = 0◦, (b) measured radiation patterns of the LWA in phi =
180◦, and (c) comparison between the measured and simulated realized gain.

Table 2: Comparison of the proposed SSPP antenna with other referenced prototypes
Ref. Antenna Type Bandwidth Scanning Range SLL (dB)

[7] SSPP 8.7∼9.9 GHz (12.9%) 133.7∼153.9◦ (20.2◦) -7
[8] SSPP-fed circular patch array 5∼11 GHz (75%) 57∼112◦ (55◦) -7
[9] SSPP-fed elliptical patch array 9.8∼12.28 GHz (22.5%) 2∼169◦ (167◦) -5
[10] SSPP-fed circular patch array 11∼15 GHz (30.8%) 58∼124◦ (66◦) -10
[11] SSPP-fed elliptical patch array 12∼15 GHz (22.2%) 76∼128◦ (52◦) -20
[13] Slot array 9.8∼10.2 GHz (0.04%) 118∼122◦ (4◦) -20
[14] Slot array 29.1∼29.4 GHz (0.01%) 65.1∼68◦ (2.9◦) -17
[15] SIW slot 8.5∼11 GHz (25.6%) 79∼110◦ (31◦) -20
[17] SIW slot 33∼37 GHz (11.4%) 44.3∼62.9◦ (18.6◦) -20

Proposed SSPP-fed circular patch array 8∼12 GHz (40%) 30∼112◦ (82◦) -15

The measured radiation pattern of the antenna is
shown in Figs. 12 (a) and (b). It indicates that the antenna
has a wide scanning range from 30◦ to 112◦ (phi = 0◦)
in the operating band from 8 to 12 GHz, and the maxi-
mum SLL in the whole frequency band is lower than -15
dB. The realized gain of the LWA in the beam direction
is shown in Fig. 12 (b), which is from 8 to 15.7 dBi. At
both ends of the operating band, the lower antenna gain
is due to the narrower bandwidth of S21.

Table 2 compares the proposed SSPP-fed circular
patch array antenna with other referenced prototypes. In
[8–10], the scanning range is efficiently extended using
SSPP-fed patch array antennas, but the SLL rises as
the scanning angle increases. In [9], despite a scanning
range of 167◦ achieved, the SLL increases to -5 dB.
SLL below -15 dB was attained in [13–15, 17], how-
ever, the scanning range was constrained and failed to
extend beyond 32◦. Although it successfully lowers the
SLL of the SSPP antenna in [11], the scanning range
is only 52◦, which is limited for radar applications. In
summary, the proposed SSPP-fed circular patch array
increases the scanning angle range by adopting a double-
layer coupled SSPPs feeding structure to increase the
antenna impedance bandwidth, which can cover a wide

scanning range from 30◦ to 112◦ (phi = 0◦) in the X-
band and have a maximum SLL below -15 dB, making it
suitable for radar detection.

IV. CONCLUSION

This paper proposes a frequency beam scanning
antenna with broadband, wide-angle, and low SLL char-
acteristics, adopting an SSPP-fed circular patch array
method to achieve broadband and wide-angle scan-
ning range. The tapered attenuation constant distribu-
tion is accomplished by changing the coupling strength
between the patch elements and the SSPP line, while
dielectric surface wave suppression is achieved by adopt-
ing EBG structures, resulting in extremely low SLL over
the entire frequency band. The experimental results indi-
cate that the antenna has wide-angle scanning ability
and low SLL characteristics. In the operating frequency
range of 8 to 12 GHz, the scanning angle measured by
the antenna is 82◦ and a maximum SLL less than -15 dB.
This antenna has potential application prospects in the
field of low-altitude, slow-speed, and miniaturized target
detection radar due to its low manufacturing cost, wide-
angle scanning range in broadband, and low SLL.
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Abstract – The fifth generation (5G) communication,
which is capable of realizing wireless communication
with a extremely low latency and high data rate, has
been put into commercial use widely. The propaga-
tion channel is of great significance for design, perfor-
mance evaluation, and improvement of 5G system. As
to investigate the wireless channel of 5G network, a
channel measurement system based on passive sound-
ing method is proposed in this paper. By utilizing the
5G downlink signal, e.g., synchronization signal block
(SSB) and channel state information reference signal
(CSI-RS), the proposed system is able to extract the
multipath parameters of 5G propagation environment.
Moreover, a measurement campaign is conducted at an
urban macro-cellular (uMa) environment with the pas-
sive sounding system. The measured results is briefly
analysed and compared with the 3rd generation partner-
ship project (3GPP) results.

Index Terms – 5G cellular network, channel measure-
ment, passive sounding.

I. INTRODUCTION

The fifth generation (5G) communication system
has recently become one of the most popular technolo-
gies, due to its ability to connect people and share infor-
mation in a wide range of scenarios with extremely low
latency, high data rate and ultra-reliability quality of ser-
vice (QoS). Compare with the fourth generation (4G)
long-term-evolution (LTE) system, 5G is supposed to
achieve 1000 times the system capacity, 100 times the
data rate, 3-5 times the spectral efficiency, and 10-100
times the energy efficiency [1]. In order to meet the
requirements of system performance, many emerging
technologies have been adopted to 5G system, e.g., mas-
sive multiple-input multiple-output (MIMO), beamform-

ing and millimeter wave, which also brings new chal-
lenges for system design and optimization.

As a foundation of any wireless communication sys-
tem, the research on propagation channels is of great
significance for the design, performance evaluation, and
improvement of 5G [2], [3]. Channel measurement, also
called channel sounding, which is able to acquire the
massive first-hand channel data, has been regarded as
the crucial method for the propagation environment
research. The aim of channel sounding is to obtain the
propagation data with the radio equipments, and then
characterization the wireless channel environment with
post-possessing methods, e.g., search-alternative gener-
alized expectation-maximization (SAGE) algorithm [4].
In recent years, channel measurement and characteriza-
tion have attracted much attention in both academia and
industry, and a great deal of measurement campaigns for
5G scenarios have been widely conducted [5]. In gen-
eral, there are two main categories of channel measure-
ment framework, i.e., the active sounding and the pas-
sive sounding. The active sounding contains two separate
sounding devices for signal transmission and reception,
respectively. By adjusting frequency band of transmit-
ted signal and scale of antenna array, the 5G propagation
characteristic can be effectively studied with the active
sounding framework in various scenarios [2]. Although
the active sounding has been widely used for many mea-
surement campaigns, it still suffers from many disadvan-
tages, e.g., low mobility of sounders, limited transmis-
sion power, restricted radio frequencies, and high system
cost.

The passive sounding, which directly regards the
base station (BS) as the transmitter and utilizes the com-
munication signal transmitted in the operators’ network
as the sounding signal, has been proposed to investigate
the propagation characteristic for the public in-service
wireless communication systems. The advantages of
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passive sounding include that measurement campaigns
can be conducted anywhere as long as covered by
the cellular network. Moreover, the wireless channel
measured with passive sounding is exactly the practi-
cal propagation environment of communication systems,
which can be directly utilized for performance eval-
uation and system optimization. Passive sounding has
been early adopted in the universal mobile terrestrial
system (UMTS) network and LTE network under vari-
ous scenarios, e.g., high speed train, subway, and urban
[6][7][8]. Compared with the UMTS and LTE communi-
cation system, 5G provides up to 100 MHz bandwidth
for sub-6GHz band and 400 MHz bandwidth for mil-
limeter band, which is favourable for broadband charac-
teristic investigation in passive sounding. Furthermore,
benefiting from the wide coverage of 5G commercial
cellular network, passive sounding can be regarded as
the promising method for 5G channel measurement and
modelling. However, the channel measurement and char-
acterization based on passive sounding for 5G network
are hardly discussed in the literature [9]. In this paper,
we have first developed a channel sounder based on pas-
sive sounding framework, which is applicable for chan-
nel measurement in 5G networks. Then, the data process-
ing procedures of the proposed system, i.e., 5G downlink
signal extraction and multipath parameter estimation,
were explained in detail. Moreover, a channel measure-
ment campaign was conducted to investigate the propa-
gation properties of 5G sub-6GHz communication sys-
tem in a typical urban macro-cellular (uMa) environ-
ment. Finally, based on the measured data, the multipath
parameters were estimated with the SAGE algorithm,
and the propagation characteristics were also discussed
and analyzed briefly.

The rest of this paper is organized as follows.
Section II describes the passive sounding system and
the measurement environment. In Section III, the data
processing method, e.g., SAGE algorithm, is discussed.
Results and analysis are presented in Section IV. Finally,
conclusions are drawn in Section V.

II. PASSIVE SOUNDING SYSTEM

The channel sounder, which aims to record and
extract the channel impulse response (CIR) of propaga-
tion environments, is the crucial and prerequisite com-
ponent of channel measurement campaign. The diagram
of the proposed 5G passive sounding system is illus-
trated in Fig. 1, which contains the following compo-
nents: antenna array, RF switch, RF unit, universal soft-
ware radio peripheral (USRP), I/Q platform, and 5G user
equipment (UE).

The antenna array receives the electromagnetic sig-
nal transmitted from 5G base station and transforms
it to the RF signal. Due to the high complexity and
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IQ 
Platform USRP5G

UE

Base 
Station

Antenna 
Array RF Switch RF Unit

I/Q 
Platform USRP5G
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RF Signal RF Signal

RF Signal

IQ data

Control

Control

RRC 

Antenna
Array RF Switch RF Unit

I/Q 
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RF Signal RF Signal
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IQ data

Control

Control

RRC 

Passive Sounding System

Fig. 1. The diagram of passive sounding system.

cost brought from massive RF channels, we adopt the
RF switch to receive the signal alternatively with the
time-division multiplexing (TDM) strategy. The switch
interval should be no shorter than the 5G signal down-
link period, e.g., 20 ms for synchronization signal block
(SSB) period, so that each antenna can receive an intact
downlink signal. The RF unit, composed of filter and low
noise amplifier (LNA), is able to eliminate the interfer-
ence of out-of-band signals and strengthen the quality of
in-band signals. An USRP device is used to convert the
RF analogy signal to the I/Q digital signal with frequency
conversion and sampling operations. The I/Q platform,
namely a high performance workstation, is used to store
and process the baseband I/Q signal transmitted from
USRP. As to acquire the configuration of 5G cellular net-
work, a 5G UE is used to obtain the radio resource con-
trol (RRC) parameters of the serving cell.

Figure 2 illustrates the practical photo of our
developed passive sounder. The left-hand side contains
antenna array and integrated RF switch, and the right-
hand side contains the RF unit, USRP, I/Q platform and
5G UE. In order to receive the multipath impinging from
various directions, a cylindrical antenna array with 80
dual-polarized antenna elements is equipped. The radia-
tion pattern of element and beam pattern of array for 2.6

Fig. 2. The photo of passive sounder.
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GHz are illustrated in Fig. 3. It is notable that the radia-
tion pattern of antenna array has been calibrated with the
over-the-air (OTA) method, e.g., multi-probe anechoic
chamber and reverberation chamber [10] [11].
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Fig. 3. The radiation pattern of element and beam pattern
of array: (a) element pattern of V, (b) element pattern of
H, and (c) beam pattern in horizontal range..

III. DATA PROCESSING
A. 5G downlink signal extraction

The key of the passive sounding method is to uti-
lize the 5G downlink signal, which is transmitted from
the BS, to analyse the channel environment of 5G com-
mercial cellular network. Thus, how to extract the 5G
downlink signal efficiently and accurately is the prereq-
uisite to perform the channel measurement. According to
the 3rd generation partnership project (3GPP) physical
layer specifications [12], the 5G BS is supposed to trans-
mit several specific signals periodically over the cells,
e.g., SSB and channel state information reference signal
(CSI-RS).

The SSB signal, composed of the primary synchro-
nization signal (PSS), secondary synchronization signal
(SSS) and physical broadcast channel (PBCH), is the sig-
nificant broadcast signal of 5G network. 5G UE is able
to utilize the SSB signal to perform the time-frequency
resource synchronization, cell search and master infor-
mation block (MIB) acquisition. Each SSB consists of
four consecutive orthogonal frequency division multi-
plexing (OFDM) symbols in time domain and twenty
consecutive resource blocks (RBs) in frequency domain.
The more details of SSB generation and transmission can
be found in 3GPP technical specifications [12].

The extraction of SSB can be summarized as a three-
step procedure. Firstly, determine the primary cell iden-
tify (PCI) and secondary cell identify (SCI) of serving
cell by searching the peak of correlation between the
received signals and the candidate signals generated by
[12], e.g., PSS and SSS. Secondly, determine the SSB
pattern and SSB index of the received SSB signal to
obtain the location and sequence of demodulated refer-
ence signal (DMRS) for PBCH with the correlation-peak
searching algorithm. Finally, with the known DMRS of
PBCH, we can easily solve the MIB of serving cell by
performing the channel estimation and decoding. Figure
4 illustrates the magnitude and phase of channel fre-
quency response (CFR) of the extracted SSB burst, com-
posed of eight TDM distributed SSBs, for 5G current net-
work, respectively. It is indicated that the magnitude and
phase of CFR vary over different SSBs, since each SSB
is transmitted with different beam weights to cover dif-
ferent serving areas.
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Fig. 4. The (a) magnitude and (b) phase of CFR for dif-
ferent SSBs.
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As to acquire the channel state information between
BS and UE, 5G serving cell is supposed to transmit
channel state information reference signal (CSI-RS) to
the connected UE in a periodic or non-periodic manner.
The application of CSI-RS can be categorized as these
aspects: downlink channel state information acquisition,
beam management, fine time-frequency tracking, and
mobility management. Different from the SSB, the CSI-
RS can be configured as multiple resources and ports in
different multiplexing strategies, e.g., code division mul-
tiplexing (CDM). The configuration of CSI-RS for the
serving cell, such as time-frequency locations and scram-
bling identity, is determined by the RRC parameters.
However, acquiring the real-time RRC parameters of 5G
network is technically complicated. Thus, we adopt the
5G commercial UE to establish a RRC connection with
the serving cell, and then export the desired RRC param-
eters into our device. By combining the obtained RRC
parameters and MIB, we can readily acquire the CFR
of CSI-RS. Figure 5 illustrates the power delay profiler
(PDP) comparison between CSI-RS and SSB of the same
serving cell with the obtained CFR. It is indicated that
the PDP of CSI-RS contains more spikes and burrs com-
pared with that of SSB, since the bandwidth of CSI-RS,
i.e., 100 MHz, is much larger than that of SSB, i.e., 7.2
MHz. That is to say, CSI-RS is more suitable for chan-
nel measurement, due to its higher resolution of delay
domain.

(a)

(b)

Fig. 5. The PDP comparison between (a) CSI-RS and (b)
SSB.

B. Multipath parameter estimation

After obtaining the channel transfer function
between the BS and the sounder, it is crucial to anal-
yse the propagation characteristics of channel envi-
ronment. Many multi-dimensional parameter estimation
algorithms have been proposed to solve the multipath
component (MPC) parameters, e.g., maximum likeli-
hood (ML) algorithm. The space-alternating generalized
expectation-maximization (SAGE) algorithm [4], con-
sidered as a good choice for the low calculation complex-
ity and high estimation accuracy, is utilized to extract the
parameters of MPC in this paper.

Considering a stationary scenario, where the
Doppler frequency is assumed to be 0, the complete
observable signal of kth frequency bin can be formulated
as:

H(k) =
L

∑
l=1

s(k;θ l)+N(k), (1)

where N(k) denotes the zero-mean complex white Gaus-
sian noise. It is noted that only the MPC parameters
of receiver side can be resolved in the passive sound-
ing. Thus, we denote the MPC parameters of lth path as
θ l =

[
τl ,Ωl ,β l

1,β
l
2
]
, where each notation denotes delay,

arrival angles including azimuth and zenith, and complex
coefficients of different polarizations. The contribution
of lth path can be formulated as:

s(k;θ l) =
2

∑
p=1

β l
pα p (Ωl)e− j2π fkτl , (2)

where α p = [α1
p,α2

p, ...,αM
p ]T denotes the radiation pat-

tern of M antennas for different polarization.
By introducing of the expectation-maximization

(EM) concept [13], the SAGE algorithm is able to solve
the MPC parameters with a low calculation complexity
iteratively. The estimation of MPC parameter θ ′l derived
by SAGE algorithm can be expressed as:(

θl
′)

ML = argmax
θl
′

(
f HD−1 f

)
, (3)

(
β ′l

)
ML =

1
MK

(
D−1 f

)
, (4)

where:

f =

[
α1

(
Ω′l

)H

α2
(
Ω′l

)H

]
K

∑
k=1

e j2π fkτ ′l s(k;θl) , (5)

D =

[
α1

(
Ω′l

)H α1
(
Ω′l

)
α1

(
Ω′l

)H α2
(
Ω′l

)
α2

(
Ω′l

)H α1
(
Ω′l

)
α2

(
Ω′l

)H α2
(
Ω′l

) ] . (6)

Figure 6 illustrates the estimation result with the
SAGE algorithm, where the background denotes the esti-
mated power angular spectrum (PAS). The blue dots and
arrows denote the estimated paths and its polarization
directions. It is noted that the size of blue dot denotes the
power of estimated path. Four specular paths have been
resolved with the SAGE algorithm, and each of them
locates at the peak of estimated PAS. It is indicated that
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Fig. 6. The illustration of estimated MPC result with
SAGE algorithm.

the SAGE algorithm is able to extract the incident paths
from different arrival directions efficiently.

IV. RESULTS AND ANALYSIS
A. Measurement environment

The channel measurement campaign is carried out in
the office campus of China academy of information and
communications technology, located in Beijing, China.
Figure 7 illustrates the satellite photo of the measurement
environment. As shown in Fig. 7, this office campus is
a complicated UMa scenario, surrounded by 5 buildings
and 2 parking lots. It is noted that the red lines and letters
represent the measurement path. For instance, route AB
is the road in front of the building 3.

C

AB

D

E

F
G

Fig. 7. The satellite photo of measurement environment,
where the star denotes the building and the solid dot
denotes the parking lot.

The total measurement route is 530 m length, cover-
ing the main roads of this office campus. In this measure-
ment, total 53 points are measured with 10 m spacing and
10 channel segments are collected at each point. Finally,
a total of 530 channel segments are obtained. Moreover,
Table 1 lists the parameters of the measurement cam-
paign. It is noted that the CSI-RS is chosen to analyse

Table 1: Measurement parameters
Measurement Length 530m

Measurement Step 10m
Channel Segments 530
Frequency Band N41(2565MHz)

Subcarrier Spacing 30kHz
Bandwidth 100MHz

Signal to Analysis CSI-RS
CSI-RS Periodicity 20ms

the MPC parameters for propagation environment due to
its high resolution of delay domain.

B. Multipath parameters

As to illustrate the multipath extraction process
more deeply, two channel sounding results of typical
LOS and NLOS scenarios are provided in Fig. 8 and
Fig. 9, respectively. As depicted in Fig. 8 (a), the esti-
mated PAS of LOS scenario contains two specular peaks,
which contributes to the LOS path and ground reflection
path respectively, since these two PAS peaks have sim-
ilar horizontal angles but symmetrical elevation angles.
We can observe that the estimated paths locate in the
areas of estimated PAS with high power, implying that

(a)

(b)

Fig. 8. The extracted multipath result of LOS scenario:
(a) estimated PAS and paths, and (b) channel construc-
tion of PDP.
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(a)

(b)

Fig. 9. The extracted multipath result of NLOS scenario:
(a) estimated PAS and paths and (b) channel construction
of PDP.

the multipath extraction algorithm is quite effective over
the spatial domain. Moreover, it is noted that the polar-
ization direction of estimated path is omitted for the sake
of simplicity.

Figure 8 (b) indicates the channel construction
results in PDP domain, where the constructed channel
denotes the CIR generated with the estimated paths and
the residual channel denotes the subtraction of measured
and constructed channel. We can observe that the PDP
shapes of measured and constructed channel are quite
similar, indicating that the measured channel is recon-
structed well with the estimated multipath. Moreover,
the residual channel still exists in Fig. 8 (b), whose
PDP peak is 15 dB lower that that of measured chan-
nel, probably caused by the dense multipath component
(DMC) [14].

Figure 9 provides the extracted multipath result of
NLOS scenario. It can be indicated that the channel of
NLOS scenario has a more dispersive distribution over
spatial and delay domain, since the estimated PAS and
PDP spectrums have more peaks than that of LOS sce-
nario. Moreover, the measured channel can still be recon-
structed well with the estimated multipath, indicating
that we can extract the multipath efficiently both in LOS
and NLOS scenarios.

C. Path loss and shadow fading

The path loss (PL) and shadow fading (SF) are of
great significance to estimate the link budget and cov-
erage of 5G cellular network. In the passive sounding
framework, it is typically assumed that the transmis-
sion power of BS is constant. Thus, the receiving power,
which is the superposition of transmission power and
propagation loss, can be used to reflect the PL and SF
of wireless channel. In this paper, as to eliminate the
interference of neighbour cell, we adopted the power of
constructed power for CSI-RS, illustrated in Fig. 8 (b)
and Fig. 9 (b), as the receiving power of serving cell.
According to the close-in (CI) free space reference dis-
tance model, the PL and SF can be written as:

PL(d) = PL(d0)+10n log10

(
d
d0

)
+X(0,σ), (7)

where PL(d0) denotes the PL of reference distance in
dB, and n denotes the path loss exponent (PLE). More-
over, X , i.e., shadow fading factor, is a zero-mean Gaus-
sian random variable with a standard deviation σ , repre-
senting the large-scale signal fluctuations resulting from
shadowing by large obstructions of propagation environ-
ments.

Figure 10 illustrates the comparison between our
measured model, 3GPP model and free space model.
ΔP = PL(d)− PL(d0), denoting the power difference
between the measured site with distance d and the ref-
erence site with distance d0, is adopted to model the PL
and SF of propagation environment, due to the lack of
absolute transmission power of BS [9]. In this campaign,
we chose measurement data located in the route EF to
analysis the PL and SF, composed of a total 60 measure-
ment segments. From the fitted model, we can solve the
PLE n = 2.602 and the standard deviation σ = 2.671.

Fig. 10. The comparison between the measured model,
3GPP model and free space model.
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Compared with the 3GPP model, i.e., n = 2.2, and free
space model, i.e., n = 2, the obtained PLE is a little
larger, since we adopt the planar distance between the BS
and measurement location. Moreover, the standard devi-

(a)

(b)

(c)

Fig. 11. The statistical characteristics of MPC parame-
ters: (a) RMS AOA spread, (b) RMS ZOA spread, and
(c) RMS delay spread.

ation σ is smaller than that of 3GPP model due to the
few obstacles existed in the measurement environment.

D. RMS spreads

The root mean square (RMS) spread of extracted
MPC parameters is further discussed with the obtained
SAGE results to analyse the statistical characteristics of
channel environment for measured scenario. The RMS
spread of MPC parameter can be calculated as:

xrms =

√
∑L

l=1 (xl− xmean)
2 Pl

∑L
l=1 Pl

, (8)

xmean =
∑L

l=1 Plxl

∑L
l=1 Pl

, (9)

where Pl denotes the power of each path [15]. It is noted
that x can be be substituted for other MPC parameters,
i.e., azimuth of arrival (AOA) angle, zenith of arrival
(ZOA) angle, and delay.

As depicted in Fig. 11, the calculated RMS spread of
MPC parameters in logarithmic form for LOS and NLOS
scenarios can be well fitted with the normal distribution.
It can be observed that the RMS spread of NLOS sce-
nario is larger than that of LOS scenario, due to more
scatters and reflectors of propagation environment. That
also can be illustrated in Fig. 8 and Fig. 9 that the MPC
parameters of NLOS scenario have a more dispersive dis-
tribution over spatial and delay domains.

Table 2 lists the comparison between the calculated
mean value μ and standard deviation δ and those pre-
sented in 3GPP 38.901 [16]. It shows that our results
are commonly smaller than those of 3GPP, probably due
to the effect of beamforming from 5G BS. According
to 3GPP specifications, 5G BS is supposed to focus the
transmit power on one or several directions, i.e., beam-
forming, to compensate the propagation path loss. That is
to say, the recorded channel is actually the integration of
beamforming effect from 5G BS and physical propaga-
tion environment, resulting in smaller spreads of spatial
and delay domains.

Table 2: The comparison of RMS spread between mea-
surement and 3GPP[16] results

RMS Spread
Measured 3GPP

LOS NLOS LOS NLOS

ASA μ(log10(◦)) 1.366 1.621 1.81 1.96
δ (log10(◦)) 0.450 0.285 0.20 0.11

ESA μ(log10(◦)) 1.028 1.173 0.95 1.38
δ (log10(◦)) 0.179 0.275 0.16 0.16

Delay μ(log10(s)) -7.90 -7.36 -7.03 -6.44
δ (log10(s)) 0.502 0.502 0.66 0.39

V. CONCLUSION

In this paper, a channel sounding system avail-
able for 5G cellular network based on passive sounding
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method is proposed to analyse the channel character-
istics of realistic commercial network. This system,
which regards the 5G BS as the transmitter, is able to
receive and decode the 5G downlink signal with the
TDM scheme. Based on the decoded 5G downlink sig-
nal, e.g., SSB and CSI-RS, the proposed system can
extract the MPC parameters between the 5G BS and the
sounder with the SAGE algorithm. Moreover, a measure-
ment campaign is carried out at a typical office cam-
pus. The measured results indicate that the proposed sys-
tem is able to capture the channel characteristic of 5G
network.
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