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ABSTRACT Positional modulation (PM) has been introduced recently where a given modulation pattern
can only be received at certain desired positions. To achieve it, the multi-path effect is exploited for
positional modulation with the aid of metasurface acting as a low-cost flexible reflecting surface. In this
paper, sparse antenna array based positional modulation design is proposed for the first time; to reduce the
implementation complexity of the metasurface, the number of active units is also minimised for a given PM
design requirement. Design examples are provided to show the effectiveness of the proposed design.

INDEX TERMS Positional modulation, directional modulation, metasurface, sparse antenna array.

I. INTRODUCTION

Directional modulation (DM) based on various antenna
arrays has received significant attention due to its ability
to keep a known modulation scheme to the desired direc-
tion or directions but scramble the pattern in other direc-
tions [1]-[15]. In [16], static and dynamic interference signals
were added to the transmitter, which achieves better security
performance under the same transmission power. Particle
swarm optimization (PSO) in [17] was used to optimize
the weight coefficients of a phased antenna array to reduce
the beam width of directional modulation transmitted signal.
In [18], the application scenarios of directional modulation
were extended from additive white Gaussian noise (AWGN)
channel to multipath fading channel. In [19], [20], peak to
average power ratio (PAPR) characteristics of directional
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modulation transmitted signal based on a phased array was
studied.

However, in traditional directional modulation design,
eavesdroppers aligned with the desired direction/directions
will be a problem for secure signal transmission, as their
received modulation patterns are similar to the one received
by the desired user. To make sure that a given modula-
tion pattern can only be received at certain desired posi-
tions, positional modulation (PM) was introduced. Frequency
diverse antenna arrays have been used to achieved PM due
to its consideration of distance between the transmitter to
receivers [21], [22]. For phased antenna arrays, two meth-
ods for PM were proposed. One is using a fixed reflecting
surface [23], and the other one is applying multiple antenna
arrays at different locations [24]. Recently, a PM design was
proposed in [25] using metasurface as a low-cost flexible
reflecting material to control the modulation pattern at differ-
ent spatial locations. The benefit of using metasurface over
reflecting surface is the flexibility in direction control and
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reflected signal strength, while the benefit of using metasur-
face over antenna arrays is the low cost. For implementation
using antenna arrays in the design, a power amplifier and a
phase shifter are required for each antenna element, while
for metasurface implementation, only some simple control
circuits are needed [26], [27].

However, the above mentioned design for PM is mainly
based on uniform linear arrays (ULAs) with a maximum half
wavelength spacing to avoid grating lobes. To reduce the
number of antennas and the number of active micro elec-
tromagnetic units on the metasurface, sparsity is introduced
into both the antenna array and the metasurface in this work,
leading to a PM system composed of a sparse antenna array
and a low-complexity metasurface. Moreover, the increased
degrees of freedom (DOFs) in the spatial domain allow the
array system to incorporate more constraints into the design,
and given the same number of antennas, an improved perfor-
mance can be achieved [28].

The remaining part of this paper is structured as follows.
A review of PM design based on a fixed linear antenna array
and a metasurface is given in Sec. II. The proposed sparse PM
design is presented in Sec. III. Design examples are provided
in Sec. IV, followed by conclusions in Sec. V.

Meta-surface (weights controller)

jot

e -90°

FIGURE 1. Structure for positional modulation design.

Il. REVIEW OF PM DESIGN

The recently proposed metasurface based PM design is
reviewed in this section. As shown in Fig. 1, the transmitter
is a linear array including N antennas with a spacing d,
(n = 1,...,N — 1) between the zeroth antenna and the
n-th antenna. A metasurface as the reflecting surface has Q
micro electromagnetic units and is above the transmitter with
adistance H away from the transmitter. The distance between
the the zeroth unit and the g-th unit on the metasurface is rep-
resented by x, (¢ =1, ..., Q—1). The transmission angle for
the direct path from the transmitter to receivers is represented
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by 6 € [—90°, 90°], while the transmission angle for the first
half of the reflected path from the transmitter to receivers via
the metasurface is represented by ¢, and angle for the second
half of the path is represented by ¢. The weight coefficients
for the n-th antenna and the g-th micro electromagnetic unit
on metasurface are represented by w, and w,, respectively
n=0,...,N—1,g=0, ..., 0—1). Lrepresents the desired
receiver and E is used to represent an eavesdropper which is
on the circle of radius 7, with a vertical height }Az horizontal
length I and n € [0° 360°). D; is the distance from the
desired receiver to the transmission array, and / represents the
vertical distance to the broadside direction where # is positive
for the position above the broadside direction and negative for
the position below. The projection of D onto the broadside
direction is represented by D;. D3 is the horizontal distance
from the zeroth micro electromagnetic unit to the transmitter.

The steering vector for the direct path from the transmitter
to the desired receiver is given by

s(a), 9) — [1’ ejwdl Sin@/c, o ejde,I sin@/c]T. (1)

Similarly, the steering vectors for the reflected path via the
metasurface can be formulated as

§(C(), C) — [1’ ejwdl sin;‘/c’ o eja)dN_l Sin{/C]T’
§(a), d’) — [1’ e—ijl sinq&/c’ o, e—ja)XQ_l sind)/c]T. (2)

Then, the beam response can be represented by
PO, ¢, ¢) = ws@,0) + W8, £) - W@, ¢),  (3)
where - represents the dot product, with weight vectors

Swyal”,
w = [wo, w1, ..., wo—1l. 4)

w = [wp, wi, ..

Here, we assume r desired locations and R — r eavesdropper
locations in the design, with the corresponding angles 6, {k
and ¢y for the pathAto}he k-tl~1 location, k = 0,...,R — 1.
Thereafter, Sy, Sg, S, Sz and Sg are constructed [25]

SL = [S((,(), 00)7 S(Cl), 91)5 M) S((I), 9}’—1)]7

SE = [S(w’ 07‘)7 S(wv 0r+1)’ D) S(CU, eRfl)]’

S = [8(. ¢0), 8(w, £1). . .., 8w, o-1)],
SL = [g(wa ¢0)1 §(ws ¢1)» ) §(w1 ¢r—l)]7
SE = [§((,(), ¢r)» g(a)v ¢r+l)a ...,§((,(), ¢R—l)]- (5)

To achieve M -ary signaling PM design, the following vector
is first constructed

Wm=[Wm,09---,Wm,N71]Ta m=0,....M—1. (6)

Pm.. and p,, g are used to represent the beam responses

for desired locations and those for eavesdroppers for the

m-th symbol, respectively.

,pm(a)» 9"—17 é‘r—lv ¢r—l)],

,Pm(@, OrR—r, CR—r, PR—1)].
(N
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Then, we build

Pr = [po.E; PLE; -- - PM—1.E],

Pr = [po.r;piL;- s Pm—1.Ll

W = [wo, Wi, ..., Wy_1],

W = diag(w), (8)

where diag converts the vector w into a diagonal matrix
W with the size Q x Q. Based on the above matrices, we
have

Y = P — (WS, + WHSWSy). 9)

Since metasurface has no amplifying function, the following
constraint is needed

[Wlloo < 1. (10)

Then, the complete formulation for PM design with the aid
of metasurface is given by

{)Ivlig Y(1,:),Y2, ), ..., YWM, )]z

subject to WS, + WHISWS,; =P,
[W]loo <1, (11)

where || - ||» and || - ||oo TEpresent [ norm (square root of
the sum of squares of the elements in a vector) and /o, norm
(the maximum absolute value of each element in a vector),
respectively.

Ill. PROPOSED SPARSE ANTENNA ARRAY BASED
POSITIONAL MODULATION DESIGN

The PM design proposed in [25] is based on ULAs with a
maximum half wavelength spacing to avoid grating lobes.
The performance of the PM design can be improved by
optimizing the antenna locations, leading to a sparse array
based design; on the other hand, the number of active micro
electromagnetic units on the metasurface can be minimised
for reduced implementation complexity.

A. I; NORM MINIMISATION

First, for the optimization of antenna locations, a given max-
imum aperture is set first and it is densely sampled with a
large number of potential candidate antenna locations [28].
Accordingly as shown in Fig. 1, we assume the number of
potential antennas of the linear array is very large, and each
antenna has its corresponding weight coefficient. Through
selecting the minimum number of non-zero valued weight
coefficients to keep the desired PM response close to the
designed one, sparseness is introduced in the array as those
with zero-valued coefficients can be considered as inactive
and removed from the antenna array. Here, we consider the
traditional /; norm minimisation to maximise sparsity in place
of lp norm. Then, to find the set of weight coefficients for
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the m-th symbol in the PM design, we have the following
formulation

min  ||Wpll1
Win

subject to [|pm.e — (WISE + (WS - W)Sp)ll2
wiS, + WS . W)S, = pur
W0 < 1, (12)

where || - ||1 represents the /; norm.

However, the results to (12) cannot guarantee the same
set of active antenna positions for all symbols. For example,
if a weight coefficient is zero in an antenna position for one
symbol, but non-zero for others, the corresponding antenna
still cannot be removed. To solve the problem, we consider
group sparsity based design, where the weight coefficients
for all symbols are processed simultaneously. Based on the
matrix W = [wg, Wi, ..., Wy—1] in (8), we construct a new
vector w

S IIWIN = 1,921
(13)
Then, with the matrices Pg, Pr, W, W in (8) and Y in

(9), the group sparsity based sparse array design for antenna
location optimisation can be formulated as

w = [[IW(O, )]]2, [IW(L, )ll2, ..

min Wi}y

subject to ||[Y(1,:),Y(2,:),....,YM, )] <«
wis, + WHSWS, =P,
[Wlloo < 1, (14)

where « is the allowed difference between the desired and
designed responses.

Similarly, for the metasurface, each micro electromagnetic
unit has its corresponding weight coefficient. The /; norm
minimisation of weight coefficients can reduce the number
of active units, i.e.,

min ||W]]1. 15)
w

Here, we combine (15) with (14) to form a new cost function
for the optimisation of antenna locations and active micro
electromagnetic units simultaneously, given by

min  p[|wl[; + (1 — p)[IWl]1

W, W
subject to ||[Y(1,:), Y(2,2),...,YM, )]l < «
WHS, + WHSWS, =P,
[Wlloo < 1. (16)

where p € (0, 1) is a weight factor between the two parts
of the new cost function. A larger value close to 1 for p
will be more focused on minimizing the number of antennas,
while a smaller value close to 0 will have more emphasis on
the minimum number of active micro electromagnetic units
on the metasurface. Due to the tangling of W and W in the
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constraints part, we propose to solve it through the following
iterative process:

1) Randomly generate the initial values for w with the
maximum magnitude value no greater than 1.

2) Based on the given w, optimise w by (16).

3) With the new w, w is re-optimised by (16), and then
return to step 2. The iteration stops when the positions
of non-zero values of the weight coefficients do not
change for a consecutive number of iterations (three in
our designs).

B. REWEIGHTED I; NORM MINIMISATION

Different from lp norm which uniformly penalises all non-
zero valued coefficients, the /; norm penalises larger weight
coefficients more heavily than smaller ones. To make the /;
norm a closer approximation to the /y norm, a reweighted /;
norm minimisation method can be adopted here [29], [30].
Here, we introduce two weighting parameters §,, and y, for
the n-th antenna and the g-th micro electromagnetic unit.
Large values of 6, and y,; will go with the corresponding small
non-zero values of weight coefficients, while small values
of 8, and y, are used with the corresponding large non-zero
values. These two weight parameters will change according
to the resultant coefficients at each iteration, as shown later.
At the i-th iteration we solve the following problem

N—-1 0-1
min - p Y SIIW0 I+ (1= p) Yyl
W n=0 q=0

subject to |[[Y'(1,:), Yi(2,9),.... Y (M, )l|r <«
WHIS, + (WHHSW'S, = P,
W]l < 1, (17)

where the superscript i indicates the i-th iteration, and 4, and
¥4 are given by

0y = (Wl )l + /)7,
yi= Wi+ g7 (18)

Here # = 0.001 is selected to prevent 8} and y; becoming
infinity at the i-th iteration [28]. The iteration process is
described as follows:

1) Randomly initialise W, for g = 0, ..., QO — 1 with the
maximum magnitude value no greater than 1.

2) Based on the given w,, optimise W(n, :) by (16) for the
iteration i = 0.

3) Seti =i+ 1. Use the value of the last ||[W!~!(n, :)||2
and |w/~!| to calculate &}, y} and the corresponding
|IW(n, :)||2 and |W}| by solving (17).

4) Repeat step 3 until the positions of non-zero values of
the weight coefficients do not change for a consecutive
number of iterations (three used in our designs).

The above problems (16) and (17) can be solved by the CVX
toolbox in MATLAB [31], [32]. Note that the wavelength
involved in the method is universal and can be set at any value.
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FIGURE 2. a) Resultant beam pattern; b) resultant phase pattern for
eavesdroppers with the traditional /; norm minimisation method (16).

IV. DESIGN EXAMPLES

The number of potential antennas and the number of micro
electromagnetic units are N = Q = 200 with d = 0.1x
and x = 0.51 between adjacent units. Here, we assume
eavesdroppers are located on the circle of the radius 7 = A,
with € [0°, 360°), sampled every 10°. The desired receiver
is located at the position of 8 = 0°, H = 1000A, D1 = 9002,
D3 = 700A. The desired responses are «/5/2 + «/2/21',
—V2/2 + V220, —/2/2 — V/2/2i and /2/2 — /2/2i at
the desired location for symbols ‘00’, ‘01°, 11°, ‘10’, and
a value of 0.2 (magnitude) with randomly generated phase
shifts at locations of eavesdroppers. p = 0.5 is used for cost
functions in (16) and (17). Moreover, the signal to noise ratio
is set at 12dB at the desired location, with the same level of
noise for all eavesdroppers. Note that all the parameters can
be determined by the designer in advance according to the
specific requirements.

The resultant beam and phase patterns for the eavesdrop-
pers with the traditional /; norm minimisation method in (16)
are shown in Figs. 2(a) and 2(b), where the beam response
level for eavesdroppers at all locations are lower than —5dB,
and the phases of signal at all locations are not the same as
required which are 45°, 135°, —135° and —45° representing
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FIGURE 3. BERs patterns for the eavesdroppers and desired receiver with
the traditional /; norm minimisation method (16).

TABLE 1. Optimised ant locations based on the /; norm design (16).

n dn /X n dn /X n dn /X
1 0 7 4.9 13 14.9
2 0.1 8 6.3 14 19.1
3 0.2 9 11.5 15 19.2
4 0.3 10 11.6 16 19.9
5 0.4 11 13.6

6 0.5 12 14.8

TABLE 2. Optimised micro electromagnetic unit locations based on the
I; norm design (16).

q Tq/A q Tq/A q zq/A
1 0 7 34 13 97.5
2 6.5 8 34.5 14 98
3 7 9 68 15 98.5
4 7.5 10 69 16 99
5 8 11 69.5 17 99.5
6 33 12 70

TABLE 3. Optimised antenna locations based on the reweighted /; norm
design (17).

n dn /A n dn /X n an /A
I 0 3 5.0 5 8.0
2 0.7 4 14.6 6 19.5

the phases of the desired responses N2/242)2i, =22+
V2/2i, —/2/2 — /2/2i and v/2/2 — /2/2i for symbols
‘00, ‘01°, “11°, “10’. Their BERs at all eavesdroppers loca-
tions fluctuated around 0.5, while at the desired location the
value is down to 10~°, as shown in Fig. 3, illustrating the
effectiveness of the proposed design. Tables 1 and 2 show the
positions of optimised antennas and active micro electronic
units, respectively, demonstrating a sparse PM design.

The beam pattern, phase pattern and BER for the eaves-
droppers with the reweighted /; norm minimisation in (17)
are similar to the design with traditional /; norm minimisa-
tion method. Tables 3 and 4 show their corresponding posi-
tions, demonstrating the achievement of a sparse PM design.
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TABLE 4. Optimised micro electromagnetic unit locations based on the
reweighted /; norm design (17).

q Tq/A q Tq/A q zq/A
1 0 4 31.5 7 99
2 0.5 5 56 8 99.5
3 10 6 85.5

TABLE 5. Summary of performances between traditional /; norm and
reweighted /; norm minimisation methods.

Traditional [;  Reweighted {1
# Active antennas 16 6
Active micro electromagnetic units 17 8
g

As shown in Table 5, we can see that fewer antennas and fewer
micro electromagnetic units are used for the sparse PM design
than the traditional /; norm minimisation method.

V. CONCLUSION

In this paper, sparse antenna array based positional modula-
tion design with the aid of low implementation complexity
metasurface has been introduced for the first time. Traditional
/1 norm minimisation method and reweighted /; norm min-
imisation method are considered in the design. As shown in
the provided design examples, both methods can result in a
sparse design, while the reweighted /; norm minimisation
method can provide a sparser solution as expected, achieving
a similar performance as the traditional /; norm minimisation
method but with fewer number of antennas and fewer number
of micro electromagnetic units.

REFERENCES

[1] A.Babakhani, D. B. Rutledge, and A. Hajimiri, ‘“Near-field direct antenna
modulation,” IEEE Microw. Mag., vol. 10, no. 1, pp. 3646, Feb. 2009.

[2] M. P. Daly and J. T. Bernhard, “Directional modulation technique
for phased arrays,” IEEE Trans. Antennas Propag., vol. 57, no. 9,
pp. 2633-2640, Sep. 2009.

[3] S.Mufti, A. Tennant, and J. Parron, “Dual channel broadcast using phase-
only directional modulation system,” in Proc. IEEE Int. Symp. Antennas
Propag. USNC/URSI Nat. Radio Sci. Meeting, Jul. 2018, pp. 2219-2220.

[4] N. Valliappan, A. Lozano, and R. W. Heath, “Antenna subset modulation
for secure millimeter-wave wireless communication,” IEEE Trans. Com-
mun., vol. 61, no. 8, pp. 3231-3245, Aug. 2013.

[5] Y. Ding and V. F. Fusco, “Directional modulation far-field pattern sepa-
ration synthesis approach,” IET Microw., Antennas Propag., vol. 9, no. 1,
pp. 4148, Jan. 2015.

[6] T. Xie, J. Zhu, and Y. Li, “Artificial-Noise-Aided zero-forcing synthesis
approach for secure multi-beam directional modulation,” IEEE Commun.
Lett., vol. 22, no. 2, pp. 276-279, Feb. 2018.

[71 M. P. Daly and J. T. Bernhard, “Beamsteering in pattern reconfigurable
arrays using directional modulation,” IEEE Trans. Antennas Propag.,
vol. 58, no. 7, pp. 2259-2265, Jul. 2010.

[8] T.Hong, M.-Z. Song, and Y. Liu, “Dual-beam directional modulation tech-

nique for physical-layer secure communication,” IEEE Antennas Wireless

Propag. Lett., vol. 10, pp. 1417-1420, Dec. 2011.

B. Zhang, W. Liu, Y. Li, X. Zhao, and C. Wang, “Directional modulation

design under a constant magnitude constraint for weight coefficients,”

IEEE Access, vol. 7, pp. 154711-154718, 2019.

[10] B.Zhang, W. Liu, Y. Li, X. Zhao, and C. Wang, “‘Directional modulation

design under maximum and minimum magnitude constraints for weight
coefficients,” Ad Hoc Netw., vol. 98, Mar. 2020, Art. no. 102034.

[9

—

VOLUME 8, 2020



B. Zhang et al.: Sparse Antenna Array Based PM Design

IEEE Access

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

H. Shi and A. Tennant, “Enhancing the security of communication via
directly modulated antenna arrays,” IET Microw., Antennas Propag.,
vol. 7, no. 8, pp. 606-611, Jun. 2013.

Y. Ding and V. Fusco, “Directional modulation transmitter radiation
pattern considerations,” IET Microw., Antennas Propag., vol. 7, no. 15,
pp. 1201-1206, Dec. 2013.

Q. Zhu, S. Yang, R. Yao, and Z. Nie, “Directional modulation based
on 4-D antenna arrays,” IEEE Trans. Antennas Propag., vol. 62, no. 2,
pp. 621-628, Feb. 2014.

Y. Ding and V. F. Fusco, “A vector approach for the analysis and synthesis
of directional modulation transmitters,” IEEE Trans. Antennas Propag.,
vol. 62, no. 1, pp. 361-370, Jan. 2014.

J. Hu, F. Shu, and J. Li, “Robust synthesis method for secure directional
modulation with imperfect direction angle,” IEEE Commun. Lett., vol. 20,
no. 6, pp. 1084-1087, Jun. 2016.

B. Guo, Y.-H. Yang, G. Xin, and Y.-Q. Tang, “Combinatorial interference
directional modulation for physical layer security transmission,” in Proc.
IEEE Inf. Technol., Netw., Electron. Autom. Control Conf., May 2016,
pp. 710-713.

Y. Ding and V. Fusco, “Directional modulation transmitter synthesis using
particle swarm optimization,” in Proc. Loughborough Antennas Propag.
Conf. (LAPC), Loughborough, U.K., Nov. 2013, pp. 500-503.

A. Kalantari, M. Soltanalian, S. Maleki, S. Chatzinotas, and B. Otter-
sten, “Directional modulation via symbol-level precoding: A way to
enhance security,” IEEE J. Sel. Topics Signal Process., vol. 10, no. 8,
pp. 1478-1493, Dec. 2016.

Y. He, Y. Liu, N. Du, and N. Xie, “Directional modulation for QAM
signals with PAPR reduction,” in Proc. 46th Eur. Microw. Conf. (EuMC),
Oct. 2016, pp. 1307-1310.

B. Zhang, W. Liu, and Q. Li, “Multi-carrier waveform design for direc-
tional modulation under peak to average power ratio constraint,” /EEE
Access, vol. 7, pp. 37528-37535, 2019.

Y. Ding, V. Fusco, and J. Zhang, “Frequency diverse array OFDM trans-
mitter for secure wireless communication,” Electron. Lett., vol. 51, no. 17,
pp. 1374-1376, Aug. 2015.

J. Hu, S. Yan, F. Shu, J. Wang, J. Li, and Y. Zhang, “Artificial-Noise-
Aided secure transmission with directional modulation based on ran-
dom frequency diverse arrays,” IEEE Access, vol. 5, pp. 1658-1667,
2017.

H. Shi and A. Tennant, ““Secure communications based on directly mod-
ulated antenna arrays combined with multi-path,” in Proc. Loughbor-
ough Antennas Propag. Conf. (LAPC), Loughborough, U.K., Nov. 2013,
pp. 582-586.

B. Zhang and W. Liu, “Positional modulation design based on mul-
tiple phased antenna arrays,” IEEE Access, vol. 7, pp. 33898-33905,
2019.

B. Zhang, W. Liu, Q. Li, Y. Li, X. Zhao, C. Zhang, and C. Wang,
“Metasurface based positional modulation design,” IEEE Access, vol. 8,
pp. 113807-113813, 2020.

C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara, J. Booth, and
D. R. Smith, “An overview of the theory and applications of metasur-
faces: The two-dimensional equivalents of metamaterials,” IEEE Antennas
Propag. Mag., vol. 54, no. 2, pp. 10-35, Apr. 2012.

S. V. Hum and J. Perruisseau-Carrier, “‘Reconfigurable reflectarrays and
array lenses for dynamic antenna beam control: A review,” IEEE Trans.
Antennas Propag., vol. 62, no. 1, pp. 183-198, Jan. 2014.

B. Zhang, W. Liu, and X. Gou, “Compressive sensing based sparse antenna
array design for directional modulation,” IET Microw., Antennas Propag.,
vol. 11, no. 5, pp. 634-641, Apr. 2017.

G. Prisco and M. D’Urso, “Maximally sparse arrays via sequential
convex optimizations,” IEEE Antennas Wireless Propag. Lett., vol. 11,
pp. 192-195, Feb. 2012.

B. Fuchs, “Synthesis of sparse arrays with focused or shaped beampattern
via sequential convex optimizations,” IEEE Trans. Antennas Propag.,
vol. 60, no. 7, pp. 3499-3503, Jul. 2012.

M. Grant and S. Boyd, “Graph implementations for nonsmooth convex
programs,” in Recent Advances in Learning and Control (Lecture Notes in
Control and Information Sciences), V. Blondel, S. Boyd, and H. Kimura,
Eds. London, U.K.: Springer-Verlag, 2008, pp. 95-110. [Online]. Avail-
able: http://stanford.edu/~boyd/graph_dcp.html

C. Research. (Sep. 2012). CVX: MATLAB Software for Disciplined Convex
Programming, Version 2.0 Beta. [Online]. Available: http://cvxr.com/cvx

VOLUME 8, 2020

BO ZHANG (Member, IEEE) received the B.Sc.
degree from Tianjin Normal University, China,
in 2011, and the M.Sc. and Ph.D. degrees from the
Department of Electrical and Electronic Engineer-
ing, The University of Sheffield, in 2013 and 2018,
respectively.

He is currently with the College of Electronic
and Communication Engineering, Tianjin Normal
University. His research interests include array sig-
nal processing (beamforming, direction of arrival
estimation, and so on), directional modulation, sparse array design, and
natural language processing.

WEI LIU (Senior Member, IEEE) received the
B.Sc. and L.L.B. degrees from Peking University,
China, in 1996 and 1997, respectively, the M.Phil.
degree from The University of Hong Kong,
in 2001, and the Ph.D. degree from the School of
Electronics and Computer Science, University of
Southampton, U.K., in 2003.

He held a postdoctoral position in Southampton.

He was also with the Department of Electrical and

X Electronic Engineering, Imperial College London.
Since September 2005, he has been with the Department of Electronic
and Electrical Engineering, The University of Sheffield, UK., as a Lec-
turer and a Senior Lecturer. He has published more than 250 journal and
conference papers, three book chapters, and a research monograph about
wideband beamforming Wideband Beamforming Concepts and Techniques
(John Wiley, March 2010) and another book Low-Cost Smart Antennas
(Wiley-IEEE, March 2019). His research interests include signal processing
with a focus on sensor array signal processing (beamforming and source
separation/extraction, direction of arrival estimation, target tracking and
localisation, and so on), and its various applications, such as robotics and
autonomous vehicles, human-computer interface, big data analytics, radar,
sonar, satellite navigation, and wireless communications.

Dr. Liu is a member of the Digital Signal Processing Technical Commit-
tee of the IEEE Circuits and Systems Society and the Sensor Array and
Multichannel Signal Processing Technical Committee of the IEEE Signal
Processing Society (Vice-Chair in January 2019). He serves as an Associate
Editor for the IEEE TRANSACTIONS ON SIGNAL ProcEssING and IEEE Acckss.
He also serves as an Editorial Board Member for Frontiers of Information
Technology and Electronic Engineering journal.

JINGXIAO MA received the B.Eng. degree from
the University of Birmingham, U.K., in 2011, the
M.Sc. degree in wireless communications from
the University of Southampton, UK., in 2012,
and the Ph.D. degree from The University of
Sheffield, in 2018. He is currently with the Col-
lege of Electronics and Information Engineering,
Tongji University. His research interests include
relay beamforming, massive MIMO systems, and
cognitive radio networks.

ZICHEN QI received the B.Sc. degree from the
University of Science and Technology Beijing,
China, in 2014, and the M.Sc. and M.Phil. degrees
from the Department of Electrical and Elec-
tronic Engineering, The University of Sheffield,
in 2016 and 2019, respectively.

He is currently with the Department of Intel-
ligent Data, Taikang Life Insurance Group.
His research interests include natural language
processing, computer vision, and array signal
processing.

177645



IEEE Access

B. Zhang et al.: Sparse Antenna Array Based PM Design

JUNWEI ZHANG (Graduate Student Member,
IEEE) received the B.Eng. degree from Dalian
Maritime University, China, in 2016, and the
M.Sc. degree from the Department of Electronic
and Electrical Engineering, The University of
Sheffield, in 2017, where he is currently pursuing
the Ph.D. degree. His research interests include
array signal processing (beamforming based on
interleaved subarray architecture) and multibeam
multiplexing.

LIANG HAN (Member, IEEE) received the B.S.
degree in applied mathematics and the M.S. and
Ph.D. degrees in communication and information
systems from the University of Electronic Sci-
ence and Technology of China, Chengdu, China,
in 2007, 2010, and 2013, respectively. Since 2014,
he has been with the Tianjin Key Laboratory
of Wireless Mobile Communications and Power
Transmission, Tianjin Normal University, Tianjin,
China. From 2016 to 2017, he was a Postdoctoral

Fellow with The University of Texas at Arlington, USA. He is currently an
Associate Professor with Tianjin Normal University. His current research
interests include full-duplex communications, D2D communications, and

V2X communications.

177646

YANG LI received the B.E. and M.E. degrees
from the College of Information Technology and
Science, Nankai University, Tianjin, in 2008 and
2012, respectively, and the Ph.D. degree from the
Department of Engineering, Tohoku University,
Sendai, in 2017. He is currently with the College
of Electronic and Communication Engineering,
Tianjin Normal University. His research interests
include antenna design, EM-wave propagation,
and sensor networks.

XIAONAN ZHAO received the Ph.D. degree from
Tianjin University, Tianjin, in 2015. He is currently
with the College of Electronic and Communica-
tion Engineering, Tianjin Normal University. His
research interests include wireless communication
channel measurement and modeling.

CUIPING ZHANG received the M.S. degree
from Tianjin Normal University, Tianjin, China,
in 2018. She is currently with the College of
Electronic and Communication Engineering, Tian-
jin Normal University. Her main research inter-
ests include wireless sensor networks and image
processing.

CHENG WANG (Member, IEEE) received the
B.E. degree in measurement and control technol-
ogy from Xidian University, Xi’an, China, in 2006,
and the M.E. and Ph.D. degrees in communica-
tion engineering and electrical engineering from
Nankai University, Tianjin, China, in 2010 and
2014, respectively.

From 2012 to 2014, he was a Joint Train-
ing Doctoral Scholar (China Scholarship Council)
with Columbia University, New York, NY, USA.

He held an Interdisciplinary Postdoctoral Research with Tsinghua Univer-
sity, Beijing, China, from 2015 to 2017. He joined Tianjin Normal University,
as a Principal Investigator, in 2017, directing the Interdisciplinary Laboratory
of Advanced Materials and Devices (X-Lab). His current research inter-
ests include two-dimensional nanomaterials and devices, condensed matter
physics, and nanoelectronics.

VOLUME 8, 2020



