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Abstract: The simultaneous wireless information and power transfer (SWIPT) technique has been
considered as a promising approach to prolong the lifetime of energy-constraint wireless sensor
networks (WSNs). In this paper, a multiple-input multiple-output (MIMO) full-duplex (FD)
bidirectional wireless sensor network (BWSN) with SWIPT is investigated. Based on minimum
total mean-square-error (total-MSE) criterion, a joint optimization problem for source and relay
beamforming and source receiving subject to transmitting power and harvesting energy constraints
is established. Since this problem is non-convex, an iterative algorithm based on feasible point
pursuit-successive convex approximation (FPP-SCA) is derived to obtain a local optimum. Moreover,
considering the scenarios in which source and relay nodes equipped with the same and different
numbers of antennas, a low-complexity diagonalizing design-based scheme is employed to simplify
each non-convex subproblem into convex problems and to reduce the computational complexity.
Numerical results of the total-MSE and bit error rate (BER) are implemented to demonstrate the
performance of the two different schemes.

Keywords: beamforming; bidirectional wireless sensor network (BWSN); full duplex (FD);
multiple-input multiple-output (MIMO); simultaneous wireless information and power
transfer (SWIPT)

1. Introduction

Wireless sensor networks (WSNs) have attracted a significant amount of attention from researchers
and have been widely employed in vast and varied areas, e.g., object tracking, habitat monitoring,
military systems, and industrial areas [1-3]. However, in WSNs, the relay or sensor nodes are typically
powered by batteries with finite capacities [4], which are difficult or impossible to replace or recharge in
most cases. Thus, the energy supplies will limit the lifetime of WSNs. Saving on energy or prolonging
the operation time of energy-constrained nodes has become an important research issue in WSNSs.
Traditionally, multi-input multi-output (MIMO) can provide an effective way for energy saving [5,6].

Recently, simultaneous wireless information and power transfer (SWIPT) is considered
a promising energy-harvesting (EH) technique to solve the energy scarcity problem and to achieve
perpetual communications in energy-constrained WSNs [7-9], which is extensively applied in the
area. To date, two receiver architectures proposed in Reference [10], namely time switching (TS) and
power splitting (PS), have been widely used for a colocated energy harvester and information decoder
in SWIPT systems [11,12]. Compared with the TS structure periodically switching between the EH
module and information decoding (ID) module, the PS design allows the receiver to complete EH and
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information processing in the same phase [13-17]. In Reference [14], the energy-efficient cooperative
transmission problem for SWIPT and the power transfer in clustered WSNs was discussed, where
the PS architecture was equipped with the receiver. In Reference [15], the joint transceiver design for
full-duplex (FD) MIMO SWIPT systems with a PS mode was considered in order to minimize the mean
square error (MSE). In Reference [16], the secrecy outage probability minimization problem for the
decode-and-forward (DF) relay SWIPT systems with a PS scheme was analyzed. In Reference [17],
the energy efficiency problem for SWIPT in a MIMO bidirectional amplify-and-forward (AF) relay
network was formulated, where a receiver applied the PS scheme to harvest energy.

In the SWIPT context, conventionally, most networks are assumed to operate in the half-duplex
(HD) communication mode [18-22]. Therein, in Reference [19], the performance of an HD bidirectional
wireless sensor network (BWSN) with a TS EH strategy was analyzed. In Reference [20], a joint
resource optimization scheme for the DF relay SWIPT cognitive sensor networks was proposed.
In Reference [21], the authors investigated the joint source and the relay beamforming design in HD
sensor networks with SWIPT. The joint source and relay precoding design for the HD bidirectional
relay network (BRN) using a PS scheme was proposed in Reference [22]. However, in HD networks,
communication nodes can either transmit or receive on a single frequency but not simultaneously [23].
Due to this characteristic, half of the spectrum resources are theoretically wasted. Recent advances
suggest that the FD mode enables the concurrent transmission and reception of user signals over
the same frequency band for which it can provide nearly double the improvement in spectral
efficiency than HD [24]. Therefore, much interest has been turned to incorporating the networks
into the FD [25-32]. Thereinto, in Reference [25], an FD MIMO one-way relay network (OWRN)
aided by SWIPT was considered to solve the source and relay beamforming optimization problem
using minimum mean-square-error (MSE) criterion. In Reference [26], a joint source and relay
beamforming optimization for the FD one-way wireless sensor network (OWSN) with SWIPT using
MSE minimization criterion was considered. In Reference [27], the transmission rate maximization
problem for an FD OWRN powered by a wireless energy transfer was discussed. In Reference
[28], the sum rate maximization problem for the AF FD relay-assisted MIMO one-way system
was investigated, and with the consideration of self-interference aware FD relaying, an alternating
optimization (AO) method was devised. In Reference [29], the authors designed the source and
relay precoders for a MIMO FD OWRN with SWIPT-enabled destination to optimize the end-to-end
performance in residual loop-interference environments. In Reference [30], the hardware impairments
of the FD AF OWRN was considered and an optimization problem was established to maximize the
signal to a distortion-plus-noise ratio under relay and source transmit power constraints.

Nonetheless, motivated by the benefit of reducing the waste of extra-channel resources and
achieving a higher spectral efficiency than the one-way communication [33-35], the bidirectional
communication has attracted considerable interest, and much more researches have tended to adopt
bidirectional communication in the FD. In the literature [36], the joint optimization of transmit and
receive beamforming for relays to maximize the achievable sum-rate in the FD BRN system with a PS
scheme was considered. However, to the best of our knowledge, a joint source-relay design based on
a total-MSE minimization in MIMO FD BWSN with SWIPT has not yet been studied.

In this paper, a MIMO FD BWSN with PS is presented. With the consideration of processing
self-interference, different from References [15,27-30], we choose to use the one presented
in Reference [37]. The merit of the proposed network lies in the considerably high spectral efficiency,
providing a cost-effective and perpetual power supply for WSNs and an uninterrupted transmission
of information. The contributions are summarized as follows. First, for the sensor system model,
contrary to Reference [36], the two source nodes are also equipped with multiple transmitter-receiver
antennas for signal transmission and reception, and the multiple data streams transmitting scenarios
are considered. Second, a joint optimization problem for source and relay beamforming and source
receiving based on the total-MSE minimization is formulated. Third, to cope with the primal
nonconvex problem, a feasible point pursuit-successive convex approximation (FPP-SCA)-based
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iterative algorithm is exploited. Finally, to reduce the computational complexity, a low-complexity
diagonalizing method-based algorithm is introduced to simplify each non-convex subproblem into
convex problems directly. In terms of the existing approach [25], the generalized singular value
decomposition (GSVD) is discussed, and the scenarios in which source and relay nodes equipped with
the same and different number of antennas are both discussed. The numerical results show a good
performance and validate our analysis.

The remainder of the paper is organized as follows. Section 2 proposes the system model,
including the sensor nodes deployment and optimization model. Section 3 focuses on the scheme
design. The numerical results are presented and discussed in Section 4. Finally, the conclusions are
presented in Section 5.

Notation: Throughout this paper, scalar variables are expressed by lowercase italic letters, vectors
are represented by boldface lowercase letters, and matrices are denoted by boldface uppercase letters.
CM*N denotes an M x N matrix with complex entries. Tr(-), (-)T, (-)¥, ()71, ()*, and ||| are the
trace, transpose operation, conjugate transpose operation, inverse operation, conjugate transpose
operation, and the bound norm of a vector. Zf\il (-) stands for the sum from 1 to M. ~ CN (x, (72)
represents a complex Gaussian distributed variable with a mean x and covariance ¢. vec(-) and mat(-)
are the matrix vectorization operator and the corresponding inverse operation, respectively. E|:]
signifies the expectation of the random variables in the bracket.

2. System Model

This paper aims to jointly design the transmitters of the source and relay and the receivers of the
source in the FD BWSN with SWIPT. We adopt a three-node sensor system consisting of two sources
and a relay and assume that the sources are equipped with the PS receiver and that the relay applies
an AF scheme. Without a loss of generality, we suppose that the energy conversion efficiency at the PS
receiver is 100 percent and that the PS ratio is fixed.

The considered three-node MIMO BWSN with SWIPT consists of two sources: S; and S, both
equipped with Mr > 1 transmit antennas and Mg > 1 receive antennas. S; and S, decode the
information, harvest the energy by PS, and exchange information with the help of the single AF relay
node R with Nt > 1 transmit antennas and Nr > 1 receive antennas, as shown in Figure 1. All nodes
are assumed to operate in FD mode, which means they transmit and receive data at the same time
and frequency.

/TMTT TNRT\ TMTT\
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\ / /
] N w4
~ B _ >
\\\\HRSl HRSZ -
—» desired channel > e
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Figure 1. The system model of the multi-input multi-output (MIMO) full-duplex (FD) bidirectional
wireless sensor network (BWSN) with energy harvesting (EH).



Sensors 2019, 19, 1827 4 0f 19

Let Hsr € CNr*Mr and Hgs, € CMr*NT denote channel matrices from S;’s transmit antennas
to R’s receive antennas and that from R’s transmit antennas to S;’s receive antennas, respectively.
We assume that all channels are statistically independent, reciprocal in the incoming and outgoing
directions, and slowly time-varying quasi-static flat Rayleigh fading. Moreover, the self-interference
channels at the corresponding nodes are represented as Hg,s, € CMrxMr Hs,s, € CMr*Mr and
Hgr € CNrxNr

Meanwhile, in our system, the two source nodes S; and S; are set far apart so that the direct
link between them is assumed to be ignored. Moreover, we suppose that the perfect channel state
information (CSI) is available at each node [38—40] and that the transmit power of the two sources
are equal.

For a further analysis, the node deployment and optimization models are presented as follows.

2.1. Node Deployment

At time instant n(n > 1), Mt data streams s;[n] € CMr*! with a normalized power are
transmitted through the beamformer F; € CMr*Mr(j ¢ {1,2}) from S; simultaneously and the
relay R forwards its received signal ygr[n] € CNr*1 after multiplying it by a beamforming matrix
F, € CNr*NR_In practice, a T(T > 1)-symbol processing delay is unavoidable at R when it processes
the received signals.

Accordingly, in time slot 7, the received signal yg [1] at R can be expressed as

2
yr [1] = Y Hg,rFisi[n] + Hrrxg[n] 4+ n,[n], 1)
i—=1

1=

where n,[n] ~ CN (0, 0?1 N, ) represents the additive white Gaussian noise (AWGN) at R.

Assuming that T is kept small and that the SI can be cancelled perfectly or almost perfectly with
the knowledge of the signal transmitted by the relay itself [37], the transmitted signal xg [n] € CNT*1
at R can be written as

xg[n] = F; (yr[n — 7] — Hrrxg[n — 7). 2
Substituting Equation (1) into Equation (2), the overall relay output can be given by
2
xg [n] = Fy ( Hg rFisi[n — 7] +ny[n — T]) . 3)
i=1

The signal received by S;, i € {1,2} can be written as

¥s,[n] =Hgs, {F, (HS;RF;[n — T]s;[n — 7] 4 Hg,gF;si[n — T])} + Hg,s,xs, [n] +1;[n], (4)
where, the same as below, i = 2 if i = 1 and vice versa. 1,[n] is the equivalent noise vector
representing 0;[n] = Hgg, Fyn,[n — 7] + n;[n], where n;[n] denotes an AWGN at source nodes S;

with n;[n] ~ CN (0, UgiIMR).

For simplicity, we assume that the full channel state information (CSI) is known and that both S;
and S, know their own transmitted signals; thus, the SI at S; herein can be cancelled. After subtracting
the back-propagated self-interference term Hrs F,Hs rF;s; [n — 7] from Equation (4), the received signal
at S; becomes

¥s;[n] = Hrg,Fr(Hg rF;s;[n — 7] 4 n,[n — 7]) + ny[n]. ©)
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To implement SWIPT, a portion ; € (0,1) of the signal power is applied to Equation (5), which
splits ys, [1] into two parts, ; portion for ID and the remaining (1 — ;) portion for EH. Then, the signals
for ID at each source node can be represented as

ys.[n] = \/EHRsiFrHs;RF;-S;[W — 1] +n;n, 1], (6)
where n[n,7] = /B (Hgs.Fn,[nn — 7] +n;[n]) + ny[n] denotes the equivalent noise vector and
ny[n] ~ CN (O, el MR) is the AWGN caused by the power splitter.

At the EH side, we have
Gi(1—Bi) Tr {HRSiFrRFFHgsi + agiIMR} >z, @)

where {; € (0,1] is the energy conversion efficiency at the energy harvester. It is assumed
that for {; = 1, here, ¢; represents the minimum power that should be harvested at S; and
R=Y72, Hg rFFTH{ ; + 07 Iy,

Moreover, F; and F, should satisfy the transmitting power constraints, that is,

Tr (FiFIH ) <p, Tr (FrRFf) <, ®)

where p; and p; are the maximum transmit power supplied by S; and R, respectively.
Since channels in our system are memoryless, we can define that ys, £ ys,[n], n; 2 nn, 1,

s; £ s;[n — 7], and n, £ n,[n — 7], and we assume that U}% < Ugi. Thus, (6) can be reformulated as

i =

ys. = V/Bi (Hgs,F/Hs rF;s; + Hgs Frny + ;). )

2.2. Optimization Model

Considering the harvested energy and transmit power constraints, i.e., Equations (7) and (8),
the optimization model to minimize the total-MSE of the whole system and to find the optimal source
and relay beamformer and the source receiver is described in this section. The objective function and
the problem are separately discussed below.

Using Equation (9), the MSE of S; can be given by

Ji =E “\Wz‘Ysi — 5 Hﬂ
:Tr{W,-L-B HWH + gio2 ww!! (10)

— 2Re(WiJi,) + UfWiJiAijW? + I }

where W; € CMr*MrR jg the linear receiver at S;, E[siszﬁ} =0, E[s;sf] = 1,]);, = /BiHgsFr,
Ji. = HsrF;and J; = J3, J; .

Given the MSE of S;, fixing B;, a joint source and relay beamforming and source-receiving
optimization problem based on the total-MSE with transmit power constraints and an
energy-harvesting constraint can be formulated as

i 1
F,r,r‘}\llir,lFi J1+ 0 (11a)
st.  Tr (FiFlH) < pi (11b)

Tr (F,RFE) <pr (11c)

(1—B;)Tr [HRSI,FFRFEHESI, n UﬁiIMR} >z (11d)
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3. Scheme Design

Considering the problem Equation (11) is non-convex and multivariate, the iterative algorithms
based on FPP-SCA and a low-complexity diagonalizing are employed in this section.

3.1. Iterative Algorithm Based on FPP-SCA

Since the problem in Equation (11) is non-convex and basically intractable, in this section, an
iterative algorithm based on FPP-SCA [41] is proposed to decouple the primal problem into four
subproblems corresponding to four variables: W;, F,, F1, and F,, and to solve them alternately. At each
iteration, one variable is optimized while keeping the other fixed. Starting from Equation (12), the W; is
optimized, and then, the F; is optimized by using Equation (14), following this, Equation (16) (actually
two subproblems) is formulated to optimize F; and F, separately. Finally, the four subproblems are
solved, and the four variables are optimized. Details are given below.

First, with F; and F, fixed, the receiver W; is first optimized. As W; is only involved in J;,
the optimal W?pt can be derived using 0.7;/dW; = 0, which yields

t _
WP =JIR ], (12)
where Ry = (JiJ2 + 07)i, Jit + Biog Iy )-
3.1.1. Optimization of Relay Beamformer F,
Then, the optimization of F, with a fixed F; and W; is discussed. According to [42] (p. 77),
T T T
Tr(ABCD) = (vec(D )) (CT @ A)vec(B), (13)

where A, B, C, and D are arbitrary matrices with compatible dimensions,  is the Kronecker product,
and vec(+) represents the matrix vectorization operator.

To guarantee the feasibility of Equation (11), the feasible region is relaxed and approximated by
adding slacks s € R? to the non-convex constraint of Equation (11d), and the positive slack variables
and slack penalty are used in Equation (11a). Then, the original problem can be recast as

min tH17,f, — QHf, — £1Q, + C, + A ||s|| (14a)

st. £1Quf, <~ + s (14b)

1Qf, < p, (14c)

Sy =0, m=1,2, (14d)

where ||-|| can be any vector norm, ||s|| denotes the slack penalty term, and A > 1 is the trade-off

between the original objective function and ||s||. Besides, f, = vec(F,), Z, = Z,1 +Z,2, Q; = Q)1 +
T
Qn, C =Cy+GCp, Z = B (chlg +0721NR> ® (HESinIWiHRsi), Q,i = y/Bivec (JnggsinH),
Cri = Tr (Bio2 WWH + Ly, ), Q = I, ©RT, Q;; = —H His, @ RT,and & = (%5 — Tr (03 Lagy ).
Since Q;, is negative, Equation (14) is non-convex. To tackle this subproblem, we define
¢(f,) = £1Q;f, and assume that a center point z, € CN*!, N = Nr x Ny is given. Introducing
§(f;) = 2Re (z/'Q; f,) — zHQ;,z,, Theorem 1 can be established and proved.

Theorem 1. § satisfies the following properties: (i) §(z,) = g(z,); (i) () > g(f); and (iii)
03(£r)/0fr|g,—p, = 0g(£r)/0fs|,—y,-

Proof. Substituting z, into ¢(f,) and g(f;), (i) can be easily certified. For (i), Q;; =< 0, (f —
z,)"Q;, (f, — z,) < 0 always holds, which shows g(f,) = f1Q;,f, < f1Q;.z, + z/'Q,,f, — 2 Q;,z, =
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2Re (zﬁ Qi,fr) —z1Q;z, = 3(f,), property (ii) is proved. For (iii), the derivatives can be computed as
0§(£r)/0fr|g,—,, = (zHQ;,)T and 9g(f,) /0f,|¢,—,, = (zHQ;r)T; therefore, property (iii) is proved. O

Replacing g(f;) with §(f,), Equation (14) can be rewritten as

min fHz7,f, — QH'f, — £1Q, + C, + A ||s]| (15a)
s.t. 2Re(z7Q;f,) < zHQiz, — & + sy (15b)
£0f, < p, (150)

Sy =0 m=1,2. (15d)

Equation (15) can be efficiently solved using the modeling language YALMIP [43] and the generic
conic programming solver SeDuMi [44]. A new approximated problem can be built and solved
when the optimal solution of Equation (15) becomes the new center point, that is, z, = f;. Based on
Theorem 1, Equation (14) can be solved.

3.1.2. Optimization of Source Beamformer F;

Similarly, F; can be optimized given F, and W;. According to Equation (13), the original problem
in Equation (11) can be transformed into Equation (16)

min £'Q;f; — qf'fi — £7q; + C; + A s (16a)
s.t. .15 < p; (16b)
£7Quif; < pr — Tr(Qy) (160)

£1Qy, i < Ay, (16d)

£1Q, fi <Ay, (16e)

Sm =0, m=1,2, (16f)

where fl' = UEC(Fi), Ql' = ﬁzT (IMT & Al'AlH), q; = ,/,B;Uec (A,‘)H, A,' = WZHRS;.FrHS,-R/ D=1, D= 2,
Q/ZiD = —Ip, ® QLQip, Qip = Hrs, F:Hsr, Ay = Tr (Qs;‘D +U§DIMR) - (15% +sp, Qsi, =
Hps, F-QciF/ Hs , Qci = J; I + 07 Ing, Qui = v, © HEF'FHs p, Qp = EJ; JI'F + o7 F.F]/,
C, = Tr (CiD +Ciy + CEWWH 4 o2 WWH —|—21MT> — VBiTr Ry) — /Bi (RE) + Tr (RwRE),
RW = WiJiBr and CiD = UrzﬁDWDHRSDFT’F{f{HgSDWID{IMR-

The optimized f; and f; can be separately obtained from Equation (16) using a similar FPP-SCA
method foresaid.

3.1.3. Summarization of the Proposed Algorithm

Based on the FPP-SCA algorithm presented above, the iterative algorithm is summarized as
Algorithm 1.
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Algorithm 1 An alternating optimization algorithm based on a feasible point pursuit-successive convex
approximation (FPP-SCA)

1. Initialize Define 8; = 0.5, F, = %INR, and F; = \/ {i- L,

(1) Update W; using Equation (12) with a fixed F; and F;.

a. Set k = 0 and vec(F,) as the initial point 2.

b. Solve Equation (15) at the kth iteration for
k > 0 to yield the optimal solution fX.
c.LetzZE*l = fkand k = k4 1.

d. Until convergence, let F, = mat(z

2. Iterative updating (2) Update F, by solving Equation (14)

with a fixed F; and W;.
k+1)
).

(3) Update F; by solving Equation (16) with a fixed F, and W;, following similar steps in (2).

3. Until convergence

The Algorithm 1 is convergent based on the following Property 1.

Property 1. The iterative algorithm based on FPP-SCA is convergent.

Proof. In the kth iteration of the proposed algorithm, we first compute FLk] with the given F[lk_l], ng_l],

and Wl[.k_l]. Since the optimal solution Fik] can be achievable with CVX, where CVX is a Matlab-based

available convex programming toolbox [45], we can discover that the objective value corresponding to

Fy(], ngil], ngil], and Wl[kfl] is no greater than that to FLkil], ngil], ngfl], and Wl[kfl]. Similarly, ng]

is no larger than that to ngil], ng is no larger than that to ngil] , and Wl[k] is optimally solved and the

objective value is descendent. Consequently, the objective value of the original problem monotonically
decreases and is lower-bounded by zero, which verifies the convergence of Algorithm 1. [

3.2. Low-Complexity Diagonalizing Design

However, the main drawback of the proposed FPP-SCA algorithm is the high computational
complexity. In order to overcome this shortcoming, a low-complexity algorithm using the channel
parallelization (CP) technique [22], namely the generalized singular value decomposition (GSVD) and
SVD, is applied.

In this section, we assume that Mt = Mgr = M and Ny = Nr = N for simplicity and focus on
the scenarios where N > M.

3.2.1. Channel Parallelization

Substituting Equation (12) into Equation (10) and employing
El— (F*llzﬂ)_1 El=(E+F)!, (17)
where E and F are arbitrary matrices and I is the identity matrix, the function J; can be simplified as
7= | (g +72,5,) ] (18)

where Zy; = EL-Aij + ﬁiaﬁiIMR-

Applying GSVD on the uplink channel matrix pair {Hgl1 R’ Hg R} and SVD on the downlink

T
channels Hy; = {Hgsl, HIESJ , we can obtain
Hg g = R;E4Uf,  Hgr = Ry, UL (19)

Hgs, = RynZgUN,  Hgs, = RypZ UL, (20)
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where R, € CN*N, U, € CMXM Ry € C*M*2M and Uy € CN*N are four unitary matrices;

T T T
Iy, = <O(TN—M)xM' Aii) Ty = (Al{Z’O{N—M)xM) Xl = (Agl’OéM—N)xN) i Ay and Ay are M x
M and N x N nonnegative diagonal matrices; Ry = Ry (1: M,1: N);Ryp =Ry (M+1:N,1:N)
for N > M;and Ry;; = Ryjp = Ry(1: M, 1: M), Ry = Rypp = Ryy(M +1:2M,1: M) for N = M.
In order to parallelize the channels in Equations (19) and (20), the relay and source beamformers
F, and F; can be proposed as
F, =UyAR, ', F; = UhiAng, (21)

where A, and A; are N X N and M x M nonnegative diagonal matrices, respectively.
Substituting Equations (19)—(21) into Equation (18), the resultant objective function [J;* becomes

1 -1
T =Tr [(IMT + B AT AL (a}ﬁiAdlA,ABhAf’Ag + AB[ﬁiagiIMR> AdlArZ‘.hl_Ai) )

(22)
where Ap, and Ap, are two diagonal matrices containing the (k, k)th entries of Bj and B,
Bh = (RhR{;)il, and Bi = (RgiRdli)il for N > M, Bi = (Rgif{d”)il for N = M.
Substituting Equations (19)—(21) into each of the constraints in Equation (11), the original problem
can be expressed as

AVA; Ji+ T (23a)
st. Tr (AiAIH) < pi (23b)
(1= B)Tr [T+ B lmg| > Vi (230)

2 H
Tr [Ar (r + B0 INR) Al } < (23d)

where I = B; 'Ay A, (T +Bjo2Iy, ) AHAH and T = &), AlA{fZ{; + I, A2ASE}L. To solve the
nonconvexity caused by Equation (23c), we propose Theorem 2 as follows.

Theorem 2. The left side of the energy-harvesting constraint in Equation (23c) can be replaced by its
lower-bound (1 — B;)Tr [AFG + Ug,-IMR]

Proof. We take N > M as an example to illustrate the proof procedure and the optimization problem.
Expanding the left side of Equation (23c), defining A = Ry;;A4 A, and ignoring the constant matrix

0?1y, the part Tr [Bi_lAdlArBhAﬁ A;ﬂ becomes
Tr {ABhAH] - T {AAHBh] = Tr [CBy,]. (24)

Define the (i, j) entry of CBy, as (CBy,);; = M, cikbp;; then, we have Tr(CBy,) > Tr(CAg,) based on
the relationship Zf\i 1 Zﬁi 1Cikbn,, = Zf\i 1Ciiby,;. Following a similar procedure, the lower-bound of
Tr [Bi_lAdlArl’AﬁAéﬂ can be expressed as Tr [Agil Ad,A,FAyAéﬂ .

Then, Theorem 2 is proved. O



Sensors 2019, 19, 1827 10 of 19

By using Theorem 2, Equation (23) can be reformulated as

1I\r:11r\11 I+ T (25a)
st. Tr (AiAlH> < p; (25b)
(1= B)Tr [Arg + 31| > 7, Vi (250)

Tr [A, (r + ABhUEINR) Aff] <pr, (25d)

where Ar, = Ag' Ay A, (T + Ap,o7In, ) AFAL

3.2.2. Alternating Optimization of F, and F;

In this section, an iterative approach is utilized to convert the multivariate non-convex problem
in Equation (25) into three convex subproblems. We first study how to optimize A, with a fixed A;,
and then, the alternating optimization of A1 and A; is performed with a given A,.

1. Optimization of A,

Using Equation (17), J;* can be simplified and rewritten as

T =M-—Tr { [ﬁiA?Z‘.{éDi_lz‘.h;A; - MSEE‘} } (26)

-1
where MSE! = B; (A?Z{;Di_lA;Zh?) [l%:'gAfIAZAdl A,AngiHM} and D; = BZ), AAFES!

+oy BiAB,-

Since A, exists in MSE; only, the problem of minimizing J;* + J, is equivalent to that of
minimizing MSE] + MSE;. Defining a;,, ay,,, @rn, G4n, ABn, and Ap, , as the nth diagonal element of
A, Ay, Av, Agi, A, and Ap,, respectively, MSE; can be given by

M 202 a2 a2 Ap
MSET _ 2 ﬁl S517°2n"hyn 1n , (27)
n=1 (a%nain/\ln + )‘Bln,B10§1> AMn
N 202 4% a> Ap
MSE; — Z B205,81, 8, A Bon , (28)
=6 (a%naén/\Zn + Aanﬁ20§2> Ay
wherec =N -M+1, A, = ﬁi”%;n”%n + 02Bi)rB,n.
Moreover, we define ¢;, = a%naﬁyna%n, Orn = a2, Ap,n, Pin = ¢inﬂ§n)\§ilw and ©,, = Gyn/\gi}qagn.
Accordingly, the problem related to A, can be described as
min MSE; + MSE} (29a)
Arn
s.t. (1=Bi)[Ar] = (29b)
M N N
Yo Pt Y Pt Y 070w < p (29¢)
n=1 n=g n=1
ar =0, (29d)

where A, = Zﬁ/le b, + UgiIM + ZnN:g Dy, + ZHN:1 020,.

2. Optimization of A;
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Similarly, the solution for 4;,, can be described in the following scalar form

min T2+ T (30a)
Tin
M
st. Y ai, <pi, ayu=0 (30b)
n=1
(1—-Bi) [Ar] =2 (30c)
M N N
Z $1n + Z P2 + Z Urzern < Prs (30d)
n=1 n=g n=1

2 .2 2 2
ﬁ1”2numah2nadn

énﬂ%n)‘Bhn +ﬁ1‘7§1 /\Bln

2 2 2 2 -1
ﬁZﬂlnamahlnadn )

Urzﬁzflﬁn agn/\Bh n +132‘7§2 )\an

-1
where J7 = Y1, <1 t Fpua ) and 7y’ = Yol (1+

By proving
2
O?MSE;  2B:°08.a7 4y Apnag, Aain

= 0
242 32
m (a%nailn)\“i” + ABi”lBiaé,')

(1)

and )
azjitl B 2b;,, <5ia%n“%l;n”§ln>

0222 2 2 2 37
in (bin—i—ﬁia a%n”h;n”dn)

(32)
in

wherefori=1,1<n< Mandfori=2, N—-M+1<n< Nandb;,, = E[Siaénagn/\ghn + ﬁiagi/\gm,

we can indicate that Equations (29) and (30) are convex for a2, and alzn. Then, the optimal solution can

be obtained by CVX directly.

3.2.3. Summarization of the Proposed Algorithm

The low-complexity algorithm based on CP method depicted above is summarized as Algorithm 2.

Algorithm 2 The low-complexity algorithm based on the channel parallelization (CP) method

1. Channel
decomposition

Decompose the channel pairs {Hg R Hg R} and {HRSl, HRSZ} using Equations (19) and (20).

Define 8; = 0.5, F, = , /%IN, and F; = &—;IMT,

where ¥g = R, Zj, A AT E R + R,y Ao AYEF R + 0Py,

2. Initialization

(1) Update W; using Equation (12) with a fixed F; and F,.

~ a. Update A, using a,, by solving Equation (29).

2) Update F, with a fixed F; and W;.
(2) Update Fy with a fixed F; and Wi. Substitute A, into F, = Uy A/R; .

3. Iterative updating

a. Update A and A using a1, and a, by
(3) Update F; with a fixed F, and W;. solving Equation (30) separately.
b. Substitute A and A; into F; = UhiAng .

4. Until convergence

Algorithm 2 is convergent based on the following Property 2.

Property 2. The low-complexity algorithm based on the CP method is convergent.

2

Proof. In the kth iteration of the proposed algorithm, we first compute F;" with the given ngil],

F[zkfl], and Wl[kfl]. Since the optimal solution FLk] can be achievable with CVX, we discover that the
objective value corresponding to Fik}, ng_l], F[zk_l], and Wl[k_l] is no greater than that to Fik_”, ng_l],

ngfl], and Wl[kfl], which means the objective value is descendent. Consequently, the objective value
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of the original problem monotonically decreases and is lower-bounded by zero, which verifies the
convergence of Algorithm 2. [

4. Numerical Results and Discussion

In order to analyze the performance of the proposed algorithms, the following simulations are
conducted. Fifty random Rayleigh fading channels are generated, and the pathloss exponent is set
to 2. The variances of noises are assumed as 07 = (Tg’_ = ¢?, the transmit powers are set as p; = 18E;
and p, = 12E;, and the signal noise ratio (SNR) is calculated from SNR = 10l0g10(Es/ (72), where Eg
is the power of signal. Meanwhile, the energy-harvesting requiremente; = 0.1. N =4, M = 2 and
N = 2, M = 2 are both considered, and the data stream S = 2. Moreover, the carrier frequency of the
system is given by f. = 5 GHz. Four schemes are simulated: 1. The unaided scheme, which means
that the beamformers are set as initial matrices; 2. the proposed FPP-SCA scheme; 3. the proposed
low-complexity scheme; and 4. the semidefinite relaxation (SDR) scheme [46] used in the previous
literature. In order to show the impact of noise, the impact of different values of B, and the number of
antennas, we do the corresponding simulations.

Figure 2 and Table 1 show the performance under different § for the proposed FPP-SCA scheme
and the Low-Complexity scheme. From the simulation results, obviously, a larger 8 leads to a higher
system performance for both schemes, since more signals can be used for decoding the information
in the receiver shown in Equation (6). In order to make the comparision with the existing works, we
choose to use B = 0.5.

The convergence property of different schemes is evaluated in Figure 3, where the total-MSE
is plotted versus the iterations ranging from 0 to 50 in SNR = 5 dB and SNR = 20 dB when
N = M = 2. From Figure 3, as the increment in the number of iterations, the FPP-SCA scheme
always converges slower and requires more iterations for a convergence as SNR increases than the
proposed low-complexity one. Furthermore, the FPP-SCA scheme exhibits a better performance than
the low-complexity one for different SNRs when the curve converges. Meanwhile, comparing the
FPP-SCA and conventional SDR scheme, we can find that the SDR scheme always converges slower
than the FPP-SCA one and that the MSE of it is always higher than that of the FPP-SCA one (e.g., 2.07
vs. 2.04 for SNR = 5 dB and 0.50 vs. 0.48 for SNR = 20 dB) under 50 iterations, which implies an
advantage of the proposed FPP-SCA scheme.

10°

107}

107}

BER

107}

—— FPP-SCA Scheme,beta=0.3

—%¥— Low-Complexity Scheme,beta=0.3
10} —8— FPP-SCA Scheme,beta=0.5 H
—%— Low-Complexity Scheme,beta=0.5
—— FPP-SCA Scheme,beta=0.7

—v— ng-Complexity Scheme,beta=0.7

0 5 10 15 20 25 30
SNR (dB)

10°

Figure 2. The bit error rate (BER) versus signal noise ratio (SNR) for the proposed schemes under
different B.
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Table 1. The effects of § variation.

FPP-SCA Scheme

Low-Complexity Scheme

SNRs (dB)
p=03 B=05 B=07 p=03 p=05 =07
0 0.35 0.25 0.2 0.80 0.77 0.74
5 0.12 0.06 0.03 0.66 0.62 0.59
10 0.01 0.003 93 x 10~* 0.52 0.47 0.45
15 1.8 x107* 1.0x 107> 0.0 0.38 0.33 0.31
20 0.0 0.0 0.0 0.25 0.22 0.19
25 0.0 0.0 0.0 0.14 0.11 0.09
30 0.0 0.0 0.0 0.06 0.04 0.03
e —— Unaided Scheme, SNR=5dB
SNR=5dB —&— | ow-Complexity Scheme, SNR=5dB
—%¥— SDR Scheme, SNR=5dB
—4—FPP-SCA Scheme, SNR=5dB
" SNR=20dB | =&%— Unaided Scheme, SNR=20dB
2 100k —&— Low-Complexity Scheme, SNR=20dB ||
= —%—SDR Scheme, SNR=20dB b
§ —0— FPP-SCA Scheme, SNR=20dB

Figure 3. The total mean square error (total-MSE) versus the iterations for N = M = 2.

20

Iterations

30

13 of 19

It can be claimed that the proposed FPP-SCA scheme has a lower level of total-MSE while it has
a higher iteration complexity than the low-complexity counterpart.

The performance comparison of different schemes is indicated in Figure 4, Tables 2 and 3, where
in Figure 4, the bit error rate (BER) is plotted against SNR ranging from 0 dB and 30 dB under
conditions N = M =2 and N = 4, M = 2 with respect to 50 iterations. From the results illustrated
in Figure 4, obviously as the SNR increases, the BER decreases for all schemes. Meanwhile, in both
conditions of antenna, the FPP-SCA one is the best in terms of the performance of all schemes, which
increases the performance 0.003 compared with the Unaided Scheme, 0.4 x 10~% compared with the
Low-Complexity Scheme, and 4.0 x 10~® compared with the SDR Scheme for N = M = 2 under
SNR = 20 dB and 0.38 compared with the Unaided Scheme, 0.33 compared with the Low-Complexity
Scheme, and 1.5 x 107> compared with the SDR Scheme for N = 4, M = 2 under SNR = 15 dB, which
are shown in Tables 2 and 3.
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10— T T T T T
M —@— SDR Scheme, M=2,N=2
—%*— Unaided Scheme,M=2,N=2
107t —8— FPP-SCA Scheme,M=2,N=2

—%¥— Low-Complexity Scheme, M=2,N=2
—®— SDR Scheme, M=2,N=4

103 —*— Unaided Scheme,M=2,N=4

—— FPP-SCA Scheme,M=2,N=4

—%— Low-Complexity Scheme, M=2,N=4

’ \\\ |

BER

10°}

10-6 1 1 1 1 1
0 5 10 15 20 25 30

SNR (dB)

Figure 4. BER versus SNR for 50 iterations.

Table 2. The BER performance for different schemes when M = N = 2.

SNRs (dB) Unaided Scheme FPP-SCA Scheme Low-Complexity Scheme SDR Scheme

0 0.44 0.39 0.44 0.42

5 0.26 0.19 0.21 0.20
10 0.12 0.04 0.047 0.05
15 0.03 0.003 0.0043 0.004
20 0.0027 5.0 x 10~° 45 x 107> 9.0 x 10
25 35 x 107> 0.0 0.0 0.0

30 0.0 0.0 0.0 0.0

Table 3. The BER performance for different schemes when M =2, N = 4.

SNRs (dB) Unaided Scheme FPP-SCA Scheme Low-Complexity Scheme SDR Scheme

0 0.80 0.25 0.77 0.28
5 0.67 0.06 0.62 0.07
10 0.52 0.003 0.47 0.005
15 0.38 25 %1075 0.33 40 x 105
20 0.27 0.0 0.22 0.0

25 0.18 0.0 0.11 0.0

30 0.12 0.0 0.04 0.0

Accordingly, in comparison to the results in Figure 4 and the two tables, we can see that for the
proposed FPP-SCA algorithm, the performance is always higher than the SDR-based one for different
antennas and SNRs, and we can make the conclusion that our proposed FPP-SCA-based scheme
performs better than the traditional SDR-based scheme.

More intriguingly, when N = M, the low-complexity scheme achieves a comparable performance
to that of the FPP-SCA one and yields a better performance than that of N > M (e.g., 0.0 vs. 0.04 for
SNR = 30 dB shown in Tables 2 and 3). Combined with the low complexity of the low-complexity
scheme, it is more applicable than the FPP-SCA one in the N = M case. However, when N > M,
in comparison to the FPP-SCA scheme, the performance of the low-complexity scheme is a bit worse
owing to the influence of the enhancive diversity gain.

In summary, when the number of antennas at the relay node and source nodes are different, it is
more beneficial to choose the FPP-SCA scheme.



Sensors 2019, 19, 1827 15 of 19

From Figure 5 and Table 4, we can see that the performance increases with the number of antennas
for both schemes under M = N or N > M. When the number of antennas increases, more antennas
can be used to suppress multipath fading with antenna diversity, to increase the system capacity,
and to improve the performance. Considering the cost of computing of the low-complexity scheme
and comparing the existing work proposed in Reference [35], we choose to use M = N = 2 and
M = 2,N = 4 for both schemes. In detail, in Table 4, AMN BMN CMN anq pMN correspond to
M=N=2M=2N=4M=N =4and M =4,N = 8 for the FPP-SCA scheme and EMN, FM.N,
GMN and HMN correspondtoM =N =2, M =2,N =4, M =N =4;and M =4, N = 8 for the
low-complexity scheme.

10 v v v v
—#— FPP-SCA Scheme,M=2,N=2
—»— Low-Complexity Scheme,M=2,N=2
—— FPP-SCA Scheme,M=2,N=4 L
102 —»— Low-Complexity Scheme,M=2,N=4 | |

—il— FPP-SCA Scheme,M=4,N=4

—»— Low-Complexity Scheme,M=4,N=4
FPP-SCA Scheme,M=4,N=8
Low-Complexity Scheme,M=4,N=8

10} \. \ ]

10°} 1

BER

0 5 10 15 20 25 30
SNR (dB)

Figure 5. The antennas versus SNR for 50 iterations.

Table 4. The effects of antennas variation.

SNRs (dB) FPP-SCA Scheme Low-Complexity Scheme

AMN BMN CMN DMN EMN FMN GMN HMN
0 0.39 0.25 0.29 0.20 0.44 0.77 0.35 0.64
5 0.18 0.06 0.09 0.04 0.21 0.62 0.12 0.40
10 0.04 0.003 0.012 5.0 x 1074 0.05 0.47 0.02 0.26
15 0.003 1.0 x107°  65x 107° 0.0 0.004 0.33 0.002 0.14
20 5.0 x 107° 0.0 1.6 x 1077 0.0 45x107° 022 57x107° 0.07
25 0.0 0.0 0.0 0.0 0.0 0.11 0.0 0.02
30 0.0 0.0 0.0 0.0 0.0 0.04 0.0 0.0045

In order to verify the advantage of the proposed network, we make the comparison of our
network and the existing BWSN proposed in Reference [35]. In Reference [35], a joint source and relay
design for MIMO two-way relay networks with SWIPT considering a perfect CSI is proposed. In the
network, the sources are equipped with PS receivers. The comparison is implemented under the same
parameters for the two systems, and the results are as follows.

According to the results shown in Figure 6, it can be observed that the performance of the same
algorithm based on the proposed system is preferred to that based on the BWSN, which verify the
superiority of the proposed system.
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BER

—%— Unaided Scheme for the existing system
10 F| —»— Low-Complexity Scheme for the existing system

—— FPP-SCA Scheme for the existing system
10° —%— Unaided Scheme for the proposed system
—— FPP-SCA Scheme for the proposed system

—%¥— Low-Complexity Scheme for the proposed system

5 10 15 20 25 30
SNR (dB)

Figure 6. The comparison between the proposed network and existing BWSN N = M = 2.

5. Conclusions

In this paper, we have investigated the joint optimization problem for source and relay
beamforming and source receiving in a MIMO FD BWSN SWIPT system. In terms of the problem, two
iterative algorithms based on FPP-SCA and low-complexity diagonalizing designs which minimize
the total-MSE subjected to the relay-and-source-transmitted power and energy-harvested constraints
are proposed. The simulation results demonstrate that the low-complexity scheme always converges
faster than the FPP-SCA based one, while the FPP-SCA-based scheme achieves a lower BER compared
with the work of the low-complexity scheme. Moreover, when N = M, the performance of the
low-complexity scheme yields better than that of N > M. In further works, we will analyze the
system performance for multiple users and the interference suppression in the FD network scenario,
where a large number of nodes are involved, and a discussion on the optimization scheme under the
imperfect SCI will be developed.
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Abbreviations

The following abbreviations are used in this manuscript:

WSN Wireless sensor network

MIMO  Multiple-input multiple-output

FD Full-duplex

HD Half-duplex

BWSN  Bidirectional wireless sensor network
BRN Bidirectional relay network

OWRN  One-way relay network

OWSN  One-way wireless sensor network
SWIPT  Simultaneous wireless information and power transfer
TS Time switching

PS Power splitting
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EH Energy harvesting
1D Information decoding
MSE Mean square error

FPP-SCA  Feasible point pursuit-successive convex approximation

CP Channel parallelization

BER Bit error rate

GSVD Generalized singular value decomposition
AF Amplify and forward

DF Decode and forward

AWGN Additive white Gaussian noise

CSI

Channel state information

SNR Signal noise ratio
SDR Semidefinite relaxation
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