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Abstract

This paper investigates the multi-cell coordinated beamforming (MCBF) design for secure simultaneous wireless
information and power transfer (SWIPT) in both centralized and distributed manners. In each cell, one transmitter
serves multiple information receivers (IRs) and energy receivers (ERs) with the non-linear energy harvesting (EH)
model. Meanwhile, several eavesdroppers (Eves) intend to intercept the confidential information transmitted for IRs.
To achieve a secure transmission, the artificial noise (AN) is embedded in the transmit signals of each transmitter. The
proposed design is formulated into a power-minimization problem to guarantee the IRs" information and ERs’ energy
requirements while avoiding the information being intercepted by Eves. Since the problem is non-convex and not
easy to solve, a solution method based on semi-definition relaxation (SDR) is proposed and the global optimum is
proved to be guaranteed with full channel state information (CSI). We further present a distributed AN-aided MCBF for
the system by using alternating direction method of multipliers (ADMM), with which each transmitter is able to
calculate its own beamforming vectors and AN covariance matrix based on its local CSI. Simulation results show that
our proposed distributed design converges to the global optimum obtained by the centralized one. It is also shown
that by employing AN, the total required power of the system is reduced and the effect of AN on the system
performance decreases with increment of transmit antennas. Compared with traditional linear EH model, optimizing
the system under the non-linear EH one avoids false output power at the ERs and saves power at the transmitter.
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1 Introduction

1.1 Background

Recently, simultaneous wireless information and power
transfer (SWIPT) has attracted increasing interests, where
the same radio frequency (RF) signals are used for trans-
mitting both energy and information. Thus, SWIPT is
expected to prolong the lifetime of low-power energy-
constrained networks, such as wireless sensor networks
(WSNs) and Internet of Things (IoT) [1-4]. Compared
with traditional wireless communication system, SWIPT
is equipped with the energy harvesting (EH) module,
where the RF-EH circuits enable energy receiver (ERs) to
scavenge wireless energy by converting the received RF
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signals into output direct current (DC) power. As for the
RF-EH circuit, one of the most important performance
measurement indexes is the RF-to-DC conversion effi-
ciency factor, which is the ratio of the input power in the
RF signals and the output DC power. In most existing
works, the RF-to-DC conversion efficiency is regarded as
a constant taking value in (0, 1], referring to the linear EH
model. However, according to very recent works, [5-7],
the RF-to-DC conversion efficiency turns out to depend
on the level of the input power, which means RF-to-DC
conversion efficiency varies based on the input power and
cannot be regarded as a constant anymore, referring to the
non-linear EH model. Therefore, to avoid the system per-
formance loss, the transmit design for SWIPT should be
redesigned based on the non-linear EH model.
Meanwhile, green communications and high spectral
efficiency (SE) are two important demands for future
5G networks. To achieve green communications, one
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way is designing energy-efficient systems to achieve high
energy efficiency (EE) [8], and the other way is designing
energy-saving systems to consume as less power as possi-
ble to meet system requirements [9]. To achieve high SE,
many advanced communication technologies were pro-
posed, such as cooperative relaying [10, 11], coordinated
beamforming [12-14], and network coding [15]. Among
them, multi-cell coordinated beamforming (MCBEF)
[12, 14] is regarded as one of the most promising tech-
nologies to achieve low-power consumption and high
SE, as well as guaranteeing quality of service (QoS) for
receivers in multi-cell multi-user systems, since it is
capable of exploiting the spatial degree of freedom (DoF)
to migrate the inter-cell and intra-cell interference. Com-
pared with the single-cell beamforming design, MCBF is
more challenging since inter-cell interference cannot be
neglected. Moreover, it is relatively easy for a single-cell
transmitter to acquire channel state information (CSI) of
all receivers, but for MCBE, a control center is required
to gather all the intra-cell CSI and the inter-cell CSI for
all transmitters, and the exchange of CSI between the
control center and transmitters brings heavy burden and
overhead to the system. As the future wireless systems
prefer a flat Internet Protocol (IP) architecture [16] where
all transmitters are directly connected with the core
network rather than the control center, distributed MCBF
is required to be developed where all transmitters work at
their local CSI.

Due to the broadcast nature, another important issue
in multi-cell multi-user systems is to avoid the confiden-
tial information leakage from the information receivers
(IRs) to the eavesdropper (Eves). To achieve informa-
tion security, physical-layer secure transmission has drawn
increasing attention [17-19]. The main idea is to embed
the artificial noise (AN) into the transmit signal to con-
fuse Eves so that only the IRs can decode the confidential
information correctly.

1.2 Motivation and contribution

To inherit the advantages of MCBF and SWIPT as well
as achieving secure transmission, in this paper, we inves-
tigate AN-aided MCBF designs for multi-cell multi-user
SWIPT systems in both centralized and distributed man-
ners. The contributions of our work is summarized as
follows:

e To realize green communication, we formulate an
optimization problem to minimize the total required
power of the whole system while satisfying the
following system requirements: (1) minimal
information rate requirement at each IR, (2) minimal
EH requirement at each ER, and (3) avoiding any IR
to be intercepted by any Eve.

e With full CSI assumption, we optimize the system
and solve the problem in a centralized manner. In
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this case, since the considered problem is non-convex
and cannot be solved directly, we solve it by a
proposed solution method based on semi-definition
relaxation (SDR) and the global optimal solution is
proved to be always achieved.

e With local CSI assumption, we also optimize the
system and solve the problem in a distributed
manner. In this case, each transmitter is able to
calculate its own beamforming vectors and AN
covariance matrix based on its local CSI. The
proposed distributed design is derived based on
alternating direction method of multipliers (ADMM).

e Numerous simulation results are provided to
demonstrate our analysis, which show that our
proposed distributed design converges to the global
optimum obtained by the centralized one. We also
observe that by employing AN, the total required
power of the system is reduced and the effect of AN
on the system performance decreases with increment
of transmit antennas. Compared with a traditional
linear EH model, optimizing the system under the
non-linear EH model avoids a false output power at
the ERs and also saves power at the transmitter.

1.3 Related work

Although MCBF and secure SWIPT has been investigated
in the literature [19-31], they were separately discussed
in various systems and only few works studied MCBF and
secure SWIPT in a single system. In order to highlight the
novelty of this paper, it is worth emphasizing the following
differences between our work and existing ones [19-31].

Firstly, this is different from some existing works, see,
e.g., [19, 20], where the system secrecy rate was maxi-
mized. In this paper, we consider the power-minimization
design to cater for the requirement of green communica-
tions. The authors in [19, 20] formulated the problems as
optimization (feasibility) problems and gave some approx-
imate solutions based on the Bisection method. While we
obtain the global optimal solution to our considered sys-
tem and prove that AN also helps to save transmit power.
Moreover, the inter-cell interference was not taken into
consideration in these works.

Secondly, the power-minimization design was also
investigated in some works, see, e.g., [21-27], but they all
focused on single-cell SWIPT scenarios. Besides, they all
adopted the ideal linear EH model, which mismatches the
practical system and may lead to false optimization results
of a system configuration. To avoid the performance loss,
this paper considers the non-linear EH model obtained by
real data measurement [5-7].

Thirdly, although MCBF designs were investigated for
various systems (see, e.g, [28-31]), most of them did
not consider SWIPT and communication secrecy. For
instance, the total required power was minimized under
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information rate constraints in [28, 29], the sum rate was
maximized with zero-forcing beamforming in [30], and
the energy efficiency was maximized with massive MIMO
transition in [31]. As SWIPT plays a very important role
in future wireless communication and secure transmis-
sion is an inevitable issue in broadcast SWIPT systems,
it is of high importance to present suitable AN-aided
MCBEF designs for multi-cell SWIPT systems. Therefore,
in this paper, a secure SWIPT in multi-cell systems is
investigated.

Fourthly, the existing works only designed the central-
ized AN-aided MCBF for secure SWIPT system, while in
our work, we also present an efficient distributed design,
where each transmitter could generate its transmit beam-
forming using only a local CSI. In our work, multiple kinds
of receivers, i.e., IRs, ERs and Eves, are considered, which
is more general and more practical in the future system.

This paper is organized as follows. Section 2 gives the
system model description and the problem statement.
Section 3 gives the optimal centralized non-robust design.
The distributed design is given in Section 4. The simula-
tion results are provided in Section 5. Finally, Section 6
concludes the paper.

Notations: Boldface lowercase and uppercase letters
denote vectors and matrices, respectively. The set of all
n-by-m complex matrixes is denoted by C**™. For a com-
plex number 4, |a| denotes the modulus. For a vector a,
[lwy |5 denotes the Euclidean norm. The conjugate trans-
pose, rank, trace ,and determinant of the matrix A are
denoted as A, rank (A), Tr (A), and det (A), respectively.
A > 0 means A is a positive semidefinite (PSD) matrix.
The symbol I denotes the identity matrix and 0 denotes
a zero vector or matrix. The symbol E {.} represents the
statistical expectation of the argument.

2 System model and problem formulation
2.1 Networks model
We consider a multi-cell multi-user downlink system with
N¢ cells as shown in Fig. 1. Each cell consists of one
Ni-antenna transmitter, K single-antenna IRs, L single-
antenna ERs, and S single-antenna Eves. N, transmitters
transmit signals over a common frequency band, which
means that the inter-cell and intra-cell interference co-
exist in the system. To prevent the information leakage,
the energy-bearing spatially selective AN is embedded in
the transmit signals of each transmitter.

For clarity, we use k, /, s, and # to denote the k-th IR,
the [-th ER, s-th Eve, and the n-th cell/transmitter, respec-
tively, where k € K, [ € L,s € S, andn € N..

K21,2,.. K, LA 1L,2...,1], S 2 [1,2,...,5], and

A
Ne = [1,2,...,N.] denote the sets of IRs, ERs, Eves, and
cells/transmitters, respectively. Thus, the transmit signal
from the n-th transmitter is
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Fig. 1 System model
K Nex1
X () =D Wakonk (1) + 2 (1) € CMX, (1)

where w,; € C with E{jw|?) 1 is the data sym-
bol for the k-th IR transmitted in the n-th cell. w,; €
CNex1 is the corresponding transmit beamforming vector.
2, € CNex1 denotes the AN vector which follows Gaussian
distribution, i.e., z, ~ CN(0,%,) and X, > 0. Thus,
the total required power of the system can be given by

Sy (S Wkl + Tr (2.
Then, the received signal at the k-th IR and the /-th ER
in the n-th cell can be, respectively, given by

YR 0= 30 W (6 +

kwmwm ®

= wou @) + Z o o
N——

desired signal

intra-cell interference

+ Z Z hmnkwmzwmz @® + Z hmnkz”” &) +nux (2)

m#n i=1
inter-cell interference AN
(2)
N
Yo =3 bl (0) + ) 3)
and that at the s-th Eve in cell n is
E Ne

Ve O =) " BhunsXom (O) + Vs (1), (4)

where hyk, Wy, and guns € CNXD denote the channel
vectors from the m-th transmitter to the k-th IR, the /-th
ER, and the s-th Eve! in the n-th cell, respectively. n, (2),
1y (8), and vy (t) are the Gaussian noises with variance
azk, 021, and o at the k-th IR, the /-th ER, and the s-th
Eve, respectwely Following (2) and (4), the received SINR
at the k-th IR in cell # and that at the s-th ER in cell # are
given by (5) and (6), respectively.
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2
| hlr;lnkw”k |

SINR ({wml’ Wty Z L ) _

m=1

K 2 Ne K 2 Ne
Zi#k |thka’ + Zm#n Zi=1 ‘hlr—;nkw’m’ + Zm:l h]n_{mkzmhm”k + ar%k

(5)

|8 Wk |®

Ne
SINRS, ({Won, - Wintes Eon ], ) = max

2.2 Non-linear EH model

Each ER converts the received RF signals into output DC
power by its RF-EH circuits. At the /-th ER in the n-th cell,
the input power of its RF-EH circuits from the received RF
signals is

By = )
H N K
hmnk <Zn=1 (Zk=1 w”kw;Z( + E”)) hmnk'

In most existing works, the RF-to-DC conversion effi-
ciency p of the RF-EH circuits is regarded as a constant in
the interval (0, 1], referring to the linear EH model, which
indicates that the RF-to-DC conversion efficiency is inde-
pendent of the input power level. However, in practice, the
RF-EH circuits include various non-linearities, such as the
diode or diode-connected transistor. As a result, the RF-
to-DC conversion efficiency depends on the input power
level. To capture the dynamics of the RF-to-DC conver-
sion efficiency for different input power levels, in this
paper, the non-linear model is adopted [5-7]. The output
DC power (harvested power) of the RF-EH circuits at the
s-th ERis

Ne Wy
Dy <{Wm1, © Wik Em}m:1> == - nl 8)
X
with
v, = My
nl = (ER) ’
L+exp(—au (P, —bu
where
b M
X, = exp (@b Y, = nl

1+ exp (@nibu) ' exp (@ntbur) '

W, is a logistic function of PL?R), M, is a constant denot-
ing the maximum output DC power, which indicates the
saturation limitation of the RF-EH circuits. a,; and b,;
are constants representing some properties of the EH
system, e.g., the resistance, the capacitance and the circuit

(6)

K i 5 N K o 9 N o )
;{ |gmzl<w”i| + ch;én X:I |gmnstll'| + Zl gmnszmgmns + o
i i= m=

sensitivity. In general, M,;, a,;, and b,; depend on the
choice of hardware components for assembling the EH
system and can be estimated through a standard curve
fitting algorithm. Figure 2 provides an example of the non-
linear EH model, where the maximum output DC power
M, is set as 20 mW. One can observe that the output DC
power increases with the increment of the input power at
first, and then when it reaches the saturation region, the
output DC power cannot surpass this saturation limita-
tion, which is much different from the linear EH model,
where the output DC power can always increases with the
increment of the input power.

2.3 Problem formulation

Our goal is to minimize the total required power of the
system by jointly optimizing the transmit beamforming
vectors and covariance matrixes of the AN to meet the
following two system requirements.

e To guarantee the information rate requirement of
each IR, its received SINR should be larger than a
predefined threshold 4.

e To prevent the information interception of each Eve,
its received SINR should be lower than a predefined
threshold ye.

T T T o
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- = Linear EH model e Maximum output DC power
25 1 7
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Fig. 2 Non-linear EH model where M, is set as 20 mW
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e To guarantee the EH requirement of each ER, its
output DC power should be larger than a predefined
threshold 6.

Then, our considered power-minimization AN-aided
MCBEF design is mathematically formulated as

Nc K
i) 2 (E 1Wink 3 + Tr (zn)> (%)
S8 SINRy ({wr, - Wk, i fhe ) ) 20 (9D)
SINR®, ({wml, R 1) <7e (9¢)
Oyt (W, Mo Zn ], ) = 0 0d)

X, >0, Vu,me N,

With (9b) and (9c¢), the secrecy capacity between each
IR and its serving transmitter is guaranteed bounded
below Cseec = log(1+ yu) — log(1l+ yy). Note that
the value of y, and y. depends on the required QoS
of IRs. A larger y, and a smaller y. indicate better
system performance, but more power is required at
transmitters.

Problem (9) is not convex due to the non-convex con-
straint (9b)—(9d), which cannot be solved directly. There-
fore, in Section 3, we will solve it by using SDR methods?.

3 Optimization in the power minimization design
To solve problem (9), one solution method based on SDR
is proposed, where SDR means letting Wy = WikWak'?
and removing the rank-one constraint.

The EH constraint (9d) under the non-linear EH model
can be represented by

(10)

K
Z hmnl (Z w”kWZ( + Z”) yanl = Tnls

k=1

where t,; indicates the required received power (input
power of the RF-EH circuits) under the non-linear EH
model, which can be given by

Mnl
In (‘(@+Ynz>xnz - 1)
by — .
apl

Tnl =

By employing SDR, the SDR form of (10) can be given by

K
<Z hmnl (Z Wk + En) hmnl) > Tyl (11)
k=1
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Then, the SDR form of problem (9) can be given by

N K
{Wn;ki’%n} 2 (; Tr (W) + Tr (Z,,)) (12a)
s.t. Tr (hmkhI:nkU,,k)
> ZL Tr (hyphf ©,) + 02, (12b)
Tr (ngVngfz;s Enk)
< Z Tr (mnsBhns Om) + 01 (12c)

(11)) Wnk Z 0) Zn i 01
Vkel,VieLl, Vse8, VYn,me N,

where

1 k
Uk ()’uwnk - ik Wi — En) ’

B L w C W-x
Snk = Ve nk itk ni nl»

k
0, = (Zkzl Wi + 2n> )

By doing so, problem (9) is expressed into a convex
problem, i.e., problem (12). By using some off-the-shelf
solvers, e.g., SeduMi or CVX, the optimal solution, i.e.,
W:zk and X7, to problem (12) can be obtained. Note that,
our goal is to obtain the optimal w}, rather than W7, .
Therefore, once we get W7, we should recover w7, from
W . Generally, only when W7, is rank-one, problems (9)
and (12) have the same optimal result and solution, which
means that only in this case, w}, can be recovered by
rank-one decomposition of W*, without loss.

Proposition 1 The rank-one solution to problem (12)
always exists.

Proof The proof of Proposition 1 can be found in the
Appendix of this paper. O

Following Proposition 1, the optimal solution to
problem (9) can be obtained by firstly solving problem (12)
and then applying rank-one decomposition to the optimal
solution of Problem (12).

Proposition 2 Compared with the MCBF without AN
(i.e., the non AN-aided MCBF), the AN-aided MCBF
required less power under the same condition.

Proof The non AN-aided MCBF design can be formu-
lated by setting the objective function of (9) as

W
min Zn 121 w3

and eliminating {¥,, }Zc:l in (9b), (9¢), and (9d). It also can
be solved by our proposed SDR-based solution method.

(13)
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One can see that the optimal solution to the non AN-
aided MCBF is a feasible solution to problem (9) by
setting {Z,,}J,Y;l = 0. So the optimal result of problem (9)
must be smaller than that of the non AN-aided MCBF,
which means the AN-aided MCBF required less power
than the non AN-aided MCBEF to satisfy the same system
requirements. O

Proposition 2 indicates that by introducing the AN to
the MCBE, the total required power of the system is
reduced.

4 Distributed design with ADMM

Although we solve problem (9) efficiently in Section 3 by
using SDR and obtain the global optimal solution, the pro-
posed solution method is in a centralized manner, which
means that to calculate the optimal beamforming vectors
and AN covariance matrices, the CSI of all receivers in the
system is required at each transmitter. Such a requirement
yields heavy burden and overhead to the network, which
blocks the deployment of the centralized design. There-
fore, designing a distributed AN-aided MCBF, where each
transmitter only work with its local CS], is of high impor-
tance. In this section, we shall apply ADMM to decentral-
ize the proposed centralized AN-aided MCBFE.

The main idea of the proposed distributed algorithm is
to decompose the primal centralized problem into N, + 1
subproblems, so that each transmitter can deal with its
own beamforming vectors and AN covariance matrix
based on local CSI at every iteration.

The first ingredient of the proposed distributed design
is to find the penalty augmented problem of (12). For this,
we define some slack variables as follows:

K
pn= (D T W) + Tr (Z0) ), (14)
Nec
bk = Tr (hmnkhfn[nkpm) » Tk = Zm;én mnk>
Nc
emns = 1T (gmnsgzmpm) » Eps = Zm#n €mns»
Nc
Gmnt = Tr (hmnlhznlpm) » Qui = Zm#n Gmnk-
Then, problem (12) can be equally rewritten as
Nc
min Pn (15a)
W HEHon Ui i) =1
{in}{anl}{Ens}{emns}
s.t. Tr (hnnkhZ,kUnk)Z Tk + Ur%k’ (15b)
Tr (gnnsgansEnk) <E;+ 0331 (15¢)
Tr (hnnlh],;[y,lpn) + Quk = T (15d)

(14')’ Wnk i 0: Z}'1 Z 0;
Vke I, Vlie L,VseS, Vn,me N,
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Algorithm 1 Distributed algorithm with ADMM

1: Given {h,,mk, hy0 gnmk}, the penalty parameter c and
{v,; (0), u, (0),t(0), p, (0)} at cell n.

2: Setq =0;

3: repeat

4: Each cell solve the relevant subproblem in (19) to get
(ty (g +1),pn(qg+1)).

5. Each cell obtain (t (¢ + 1), p, (¢ + 1)) by solving (20)
with updated (t,, (¢ + 1), p, (g + 1)).

6: Each cell updates the dual variable v, (¢ + 1) and
uy (g + 1) by (21).

7. Setq:=q+ 1.

8: until the predefined stopping criterion is met.

9: return {W1, ..., Wy, ):,,}2[;1

Since constraints (14), (15b), (15¢), and (15d) are all
convex w.r.t. the variables relevant to # of problem (15),
the feasible set of problem (15) can be decomposed into
N¢-disjointed convex sets as (16).

Iy = {({Wnk}’ {Z0} ATk} {tmnic 3 {Ens}s {€mns}, {Quib,
{@mnt} pn) 104), (15b), (15¢), (15d) }, n € N;
(16)

For clarification, we define two new vector variables as
follows:

- T
g2 (1215 oo 12K s 1215 o G12K ]

| [eNc(chl)l; ey EN (Ne—1)K

- T
[Tnb ey TVIK] ’ [in: ) Qn[(] ’

[E}’lb ey EnS] )
(En11s s b1 s oo [ @115 oo Qi | 5
| oo [ENCNe=D) 1 o ENe(Ne— DK

A
t, =

where t collects all interference and AN variables and t,,
collects all interference and AN variables relevant to cell n
(i.e., the interference received from and sent to neighbor-
ing cells). With the two vector variables, it is easy to find a
linear mapping matrix 2, € {0, 1}, such that t, = Q,t.

As a result, the penalty augmented problem of (12) can
be given by

N ¢ e
Wauh(ZaHpn} 2o \ 3 Pn = on)
{onHtn) t
st. ({Wkhio {Zn} s tw pu) € Ty (17b)
t, = Qut, pp = pu, Vn € M, (17¢)

where p, > 0 is a slack variable and ¢ > 0 is the penalty
parameter. Note that problem (15) and problem (17) have
the same optimal result and solution, and the added
terms are required to ensure the convergence of ADMM
algorithm.
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The second ingredient of the proposed distributed
design is dual decomposition so that each transmitter can
generate its own beamforming vectors and AN covariance
matrix with its local CSIL. The dual problem of (17) can be
given by

Pm + % ”Qnt - tn”%

< _ 2
max min Z T2 (an Pn)
v, €RNUHS) —v, (Q,t—t,)
uyER n=1 — —
Uy (Pn — Pn)

s.it. ((Woichio {0} tus pn) € Ty Vi € NG, (18)

where v, and u,, are associated dual variables. For given v,
and u,, ({ka}k, {Em},tm,pm) can be solved efficiently
since the problem (18) is convex. So we can solve (18)
by an iteration method. Particularly, at the (¢ + 1)-th
iteration, the problem (18) can be decomposed into 2N,
convex subproblems, i.e., V1 € A,

{ta(@+1),pu(g+ 1)} (19)
Pn + % ”Qnt(Q) - tn”;
=argmin | +£(p, — pu (9)) :
_VZ; (@ tn — un (@) pu
and
{t@+1),pn(qg+ D} (20)

s 12t —ti @+ D],

N
. +vI(q) @t
= arg min o
; +5Wn (@ + 1) — py)?
+un (9) Pn

It is interesting to see that each subproblem in (19) is
only relevant to the cell . Thus, at the (g + 1)-th iteration
of the distributed algorithm, each cell copies with one rele-
vant subproblem in (19) to get (t, (¢ + 1), p, (g + 1)), and
then exchanges (t, (7 + 1), p» (¢ + 1)) with neighboring
cells so that it can obtain (t (¢ + 1), p, (¢ + 1)) by solving
(20). Then, according to ADMM, the dual variable can be
updated by

Vn(q+1) ZVH(Q)+C(9nt(q+1)_tn(q_{'l))’
up(@+1) =up(q@ +cpn(g+1) —pu(g+1))
(21)

For clarity, the proposed distrusted algorithm is summa-
rized in Algorithm 1.

5 Simulation results and discussion

This section represents some simulation results to show
the efficiency of the proposed centralized and distributed
AN-aided MCBF designs. For comparison, the non AN-
aided MCBF design is also simulated as a benchmark.
We discuss the system performance in perspective of the
SINR requirement at IRs, the allowable SINR threshold at
Eves, the EH model at ERs, and the number of antennas at
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the transmitter. Besides, the centralized MCBF design and
the distributed MCBF design are compared.

The simulation network scenario is shown in Fig. 1
where the number of cells N; is 3 and the number of
antennas N; at each transmitter is 4. The inter-transmitter
distance D is 500 m. The number of IR, ER, and Eve in
each cell is set as 2, 1, and 1, respectively. All IRs and
ERs are located about 50 m from their serving transmit-
ters and all ERs are located about 10 m from their serving
transmitters, which is close enough that the line-of-sight
communication channel is expected. The channel mode
adopted in our simulation is given by [29]

A

hyue = B (i) - Yinnk = @ - Ngnkes
by = B @) - Vot - @ - IA‘mnlr
Emns = B (mns) - Vimns - ¢ - gmns;

where B8 (d) = 10—(128‘1+37.610g10(d))/20, Aynicr Ayt and
duns denote the distance between the transmitter and the
k-th IR, /-th ER, and s-th Eve, respectively. ¥,k Yinis
and Vs represent the shadow fading, which follows
the log-normal distribution with zero mean and standard
deviation 8. ¢ denotes the transmit-receive antenna gain
which is set to 15 dBi, and flmnk, flmn;, and g5 are the
multipath fading which is modeled as Rayleigh fading for
IRs and Eves and Rician fading for ERs. The noise power
spectral density is — 162 dBm/Hz and the bandwidth B
is 10 MHz. For each IR, the SINR requirement is set as
10 dB. For each Eve, the allowable SINR threshold is set
as — 10 dB. For the non-linear EH model of each ER, we
set all M; as M = 24 mW which corresponds to the
maximum harvested power at each ER. Besides, we adopt
a; = ..=ar =150 and b; = ..by = 0.024. The required
EH power ¢ at each ER is set as 10 mW. All parameters in
the simulations are as described above unless specified. In
the presented simulation results, each point of the curves
is averaged over 1000 channel realizations.

Figure 3 shows the required power versus the SINR
requirement at each IR y,. In the proposed AN-aided
MCBF design, the total required power contains two
parts where one is associated with beamforming vectors
Zg;l Zle ||w,,k||% and the other is associated with AN
fo;l Tr (X,). For clarity, we also plot these two parts in
Fig. 3, where the power of beamforming part is marked by
“Beamforming part (proposed)” and the power of AN part
is marked by “AN part (proposed)” As y,, increases, more
power is required in both beamforming part and AN part.
Compared with the non AN-aided MCBFE, the proposed
AN-aide MCBF requires less power, which is consistent
with Proposition 2.

Figure 4 compares the proposed AN-aided MCBF under
the non-linear EH model and linear EH model, where for
the linear EH model, the RF-to-DC conversion efficiency
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T
—&—Non AN-aided MCBF
16F AN-aided MCBF(Proposed)

. —£x- Beamforming part(Proposed)
—>- AN part(Proposed)

Power (W)

11
SINR requirement at IR (dB)

Fig. 3 Required power versus SINR requirement at each IR

p issetas 1 and 0.5, respectively. It is observed that for the
linear EH model, the total required power increases lin-
early as each ER’s required output DC power 6 increases.
For the non-linear EH model, the total required power
also increases as 0 increases, but there exists a satura-
tion point on 0 (e.g, M = 24 mW in our example) due
to the non-linear EH circuit feature. Moreover, if the lin-
ear EH model with p = 1 is adopted, it may result in
false and deceptive output DC power at each ER. That is,
when 60 < M, although less power is consumed by the
linear EH model, the output DC power cannot meet the
practical requirement (i.e., (9d) cannot be satisfied). When
0 > M, although the transmit design can still be generated
by the linear EH model, (9d) also cannot be satisfied. In
contrast, for the non-linear EH model, when 0 < M, (9d)
can be guaranteed, and when 6 > M, beamforming vec-
tors and AN cannot be generated because of the saturation
limitation of practical EH circuits. Thus, the false out-
put DC power is avoided by employing the non-linear EH
model. Furthermore, if the linear EH model with p = 0.5
is adopted, the design under the linear EH model is also
feasible in practical system but more power is required
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compared with the design under the non-linear EH model.
This result demonstrates the advantage of employing the
non-linear EH model.

The relation between the required power and the allow-
able SINR threshold at each Eve y, is investigated in Fig. 5.
Since the small y, may make (12) infeasible, we just show
the results of y, with the range from —2 to —10dB. It
is observed that smaller y, requires more total required
power as well as the power in the AN part. Besides, the
smaller y,, the larger gap between the AN-aided MCBF
and the non AN-aided MCBE, which indicates that to
achieve high-quality secure transmission, AN is required.

The total required power versus N; is shown in Fig. 6,
where N; changes from 4 to 7. It is observed that the total
required power of both the AN-aided MCBF and the non
AN-aided MCBF decreases with the increment of N;. The
system performance gain between AN-aided MCBF and
non AN-aided MCBF is more obvious for relative small
Nt. As larger Ny indicates larger spatial DoF, it can be con-
cluded that for system with limited spatial DoF, AN-aided
MCBEF is a better choice to achieve lower power con-
sumption. Besides, it is observed that with increment of
transmit antennas, the effect of AN on the total required
power decreases.

Figure 7 gives the comparison of total required power
between the centralized algorithm and the distributed
algorithm over 20 randomly generated channel realiza-
tions, and the iteration number is 20. It is seen that the
distributed solution has a very close result to the cen-
tralized one, which means that the distributed algorithm
can converge to the optimal solution to the centralized
algorithm.

6 Conclusions

This paper studied the AN-aided MCBF for multi-cell
multi-user SWIPT, where the non-linear EH model was
adopted at each ER. We formulated an optimization
problem to minimize the total required power by jointly

— = Nonlinear EH model
{ L|—Linear EH model (p=1) ]
|| =-—- Linear EH model (p=0.5) ) 1
1
0.9+ , 4
!
0.8 ’ 4
’
50-7 B ’ ! 4
= PR ———
9] S
306F e - |
[ -
05F - —=-77 === |
0.4 |
0.3
0.2 - L L L
20 21 22 23 24 25

Required output DC power at each ER (mW)

Fig. 4 Non-linear EH model versus linear EH model

Non AN-aided MCBF
:§:AN-aided MCBF(Proposed)
—£x- Beamforming part(Proposed)
—P>- AN part(Proposed) 4

02} B ——

0
-10 -8 -6 -4
Allowable SINR threshold at Eve (dB)

Fig. 5 Required power versus allowable SINR threshold at each Eve
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—E—Non AN-aided MCBF
AN-aided MCBF(Proposed)
- Beamforming part(Proposed)
—b AN part(Proposed)

Number of antennas at transmitter

Fig. 6 Required power versus number of transmit antennas

optimizing the transmit beamforming vectors and the
AN covariance matrixes at all transmitters, while guar-
anteeing IRs and ERs’ QoS and avoiding the information
intercepted by any Eve. Since the problem is non-convex,
we solved it by applying SDR and proved that our pro-
posed solution method guarantees the global optimal
solution with full CSI in a centralized manner. We fur-
ther presented a distributed AN-aided MCBF design using
ADMM, with which, each transmitter is able to calculate
its own beamforming vectors and AN covariance matrix
based on its local CSI. Simulation results showed that
our proposed distributed algorithm converges to the opti-
mal results obtained by the centralized one. Some insights
are derived as follows. For the same secure transmis-
sion requirements, the proposed AN-aided MCBF con-
sumes less power than the non AN-aided MCBF. With
increment of transmit antennas, the total required power
decreases and the effect of AN on the total required
power decreases. Compared with the traditional linear EH
model, employing the non-linear EH model avoids false
output power at the ERs and save power at the transmitter.

25 T T T T T T T

—Centrallzed deS|gn
O _distributed design

Power (W)

2 4 6 8 10 12 14 16 18 20
Channel realization number

Fig. 7 Comparison of the centralized design and the distributed one
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Endnotes

!The CSI of Eve can be estimated through the local
oscillator power inadvertently leaked from the Eves’
receiver RF frontend [32].

2Note that if there is no information leakage con-
straints, i.e., (9c), problem (9) could be reformulated as
a convex second-order cone program (SOCP), which can
be efficiently solved [29]. However, due to the information
leakage constraints (9c), problem (9) cannot be solved by
SOCP anymore.

Appendix

Let W* " represent the optimal solution to (12). Ynk’ e
and u},, are the corresponding optimal solutions to the
dual problem of (12). The KKT equations corresponding
to W», in (12) can be given by

S *
Ine =Y, — A+ Zl s (8unsByms) = 0,
s=
YW =0,
Y, =0, uj; >0, 0% >0, VkeK, VseS, Vne .

where
- L s N
_ Mk H nl H
A= ﬁ (hnnkhnnk) + Z T Z hmnlhmnl’
=1 "™ m=1

which is a PSD matrix.

So, we have rank (Y:l W;k) = 0. Moreover, it is known
th}a:t rank (Y:sz:zk) > rank (Y;k) + rank (W:Ik) — N,
Thus,

N¢ — rank (Y},;) > rank (W}, ).

n

(22)
Since Iyt + Zs_l ’;’“ (gnmgﬁfns) is positive definite,
we have Iyt + Zs—l ’;/’” (gnmgffm) = AAf where A
is invertible, e.g., rank(A) = N;. Therefore, Y;, =
A (Ine — A"'AAY) A, and thus,
rank (Y*k) = rank (INt — A_lAA_l) .

n

Since h,,x, hy,,; # 0, we have
—ATTAATY) =N -,

i.e.,, rank (Y:lk) = N; — 1. Moreover, with %,,
o2 > 0and (12), we have W, #0.

Following (22), if ranl( ]3 Ny —1, rank( ) #0,
or rank (W;k) =1 Since rank (W:l )750 rank( p ) =1
always holds. As a result, rank (W?*, ) = 1.

rank (INt

> 0 and
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