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Abstract—In this paper, we investigate the problem of two-way ng(n)
relay beamforming optimization to maximize the achievablesum- /,;S\
rate of a simultaneous wireless information and power tranger X b A0\ her T
(SWIPT) system with a full-duplex (FD) multiple-input mult iple- Pa LT Pe
output (MIMO) amplify-and-forward (AF) relay. In particul ar, (RSt Rsl!
we address the optimal joint design of the receiver power sfiting R m‘) (iR} h"’f:") o
(PS) ratio and the beamforming matrix at the relay node giverthe
channel state information (CSI). Our contribution is an iterative T Twoway Relay T
algorithm based on difference of convex (DC) programming ad Na(n) NB(n)

one-dimensional searching to achieve the joint optimal sotion.
Simulation results are provided to demonstrate the effectieness

of the proposed algorithm. Fig. 1. The model of the two-way full-duplex SWIPT system.

I. INTRODUCTION

Conventionally, wireless communication nodes operate {Re absolute value of a scalar, ail = 0 denotes that the
half-duplex (HD) mode under which they transmit and reqermitian matrixX is positive semidefinite. The expectation
ceive signals over orthogonal frequency or time resourceperator is denoted big{-}. We definellx = X(XX)~ X'
Recent advances, nevertheless, suggest that full-dupX ( as the orthogonal projection onto the column spacXpénd
communications that allows simultaneous transmission and. — 1—TIIx as the orthogonal projection onto the orthogonal
reception of signal over the same radio channel be posible [complement of the column space Xt
[2]. This brings a new opportunity for simultaneous wirsles
information and power transfer (SWIPT) [3]-[5]. Il. SysTeEm MODEL

In addition to the immediate benefit of essentially doubling Let us consider SWIPT in a three-node MIMO relay net-
the bandwidth, full-duplex communications also find appliwork consisting of two sources, andSg wanting to exchange
cations in SWIPT. Much interest has turned to full-dupleiformation with the aid of an AF relal, as shown in Fig.]1.
relaying in which information is sent from a source nod& our model, all the nodes are assumed to operate in FD
to a destination node through an intermediate FD relayimgode, and we also assume that there is no direct link between
node. In the literature, the studies on relay aided SWIFS, andSg so communication between them must be done via
largely considered HD relaying and adopted a time-switch&l Both Sy andSg transmit their messages simultaneously to
relaying (TSR) approach[6][[7]. Iri[8], joint beamformingR with transmit powerP, and Pg, respectively.
optimization and power control for full-duplex MIMO two- In the broadcast phase, the reRymploys linear process-
way relay channel without energy harvesting was consideréag with an amplification matrixXW to process the received

In contrast to the existing results, this paper investigatsignal and broadcasts the processed signal to the nodes with
the joint optimization of the two-way beamforming matrix fo the harvested powep. We assume that each source node is
SWIPT in a multiple-input multiple-output (MIMO) amplify- equipped with a pair of transmitter-receiver antennasitprad
and-forward (AF) full-duplex relay system employing a powetransmission and reception respectively. We use &hd Mg
splitter (PS), where the sum-rate is maximized subject ¢o tto denote the number of transmit and receive antenn&s at
energy harvesting and total power constraints. respectively. We ustxr € CMr>*1 andhgx € CMr*!1 to,

Notations—We useX € CM*N to represent a complexrespectively, denote the directional channel vectors detw
matrix with dimension of\/ x N. Also, we useg(-)' to denote the source nodé&’s (€ A, B) transmit antenna t&’s receive
the conjugate transpose, whileace(-) is the trace operation, antennas, and that between the relay’s transmit antentta(s)
and|| - || denotes the Frobenius norm. In additidn| returns source nodeX’s receive antenna. The concurrent transmission
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and reception of signals at the nodes produces self-inegrée from the relay output to the relay inputl [8]. To realise this,
(S1) which inhibits the performance of a full-duplex systems easy to check froni{5) that the condition below is suffitien
We consider using existing Sl cancellation mechanismsen th

literature to mitigate the Sl (e.g., antenna isolation)@mand WHzrW = 0. ©6)
digital cancellation, and etc.). Consequently[{5) becomes

Due to imperfect channel estimation, however, the S| cannot
be cancelled completel/][9]. We therefore denbtes, hip xgr[n] = W (\/p(harsa[n — 7]+ hprspln — 7]
andHpp € CMrxMr gs the S| channels at the corresponding + ng[n—7])+ny[n—7]), )

nodes. For s.impli(.:ity3 we model the resi(.JIuaI Sl (RSI) chdmn\tfvith the covariance matrix

as a Gaussian distribution random variable with zero mean

and variancer%,, for X € {4, B, R} [9]. We further assume E[XRXE] — PPAWhARhLRWT + PPBWhBRhTBRWT

that the relay is equipped with a power splitting (PS) device 4 OoWW! + WWT (8)

which splits the received signal power at the relay such that ’

ap € (0,1) portion of the received signal power is fed to th@hus the relay output power can be written as

information receiver (IR) and the remainir{g — p) portion

of the power is fed to the energy receiver (ER) at the relay. Pr = trace(E[xpx},]) = p[Pal|Whag|® + Ps|[Whpz|?
When the source nodes transmit their signals to the relay, th + trace(WWT)] + trace(WWT). (9)

AF relay employs a short delay to perform linear processing.

It is assumed that the processing delay at the relay is gi

by a r—symbol duration, which denotes the processing time [n] = hTRAXR[n] + haasan] +nan

required to implement the full-duplex operation [16]typi- _ \/ﬁ(hT Whagsaln — 7]

cally takes integer values. We assume that the delay is short ; RA r ;

enough compared to a time slot which has a large number + hp,Whpgspn — 7] + hp , Wngn])

of data symbols, and thus its effect on the achievable rate is + hl ,Wn,[n] + haasaln] +naln). (10)

negligible. At time instant, the received signat,.[n] and the

transmit signalkz[n] at the relay can be written as

the second time slot, the received signabatis given by

After cancelling its own signa$[n — 7], it becomes
ysaln] = Vp(hl Whggrsp[n — 7]+ hl;, Wngn])
(1) +hi,  Wn[n] + haasaln] + naln].  (11)

xg[n] = Wyt (n — 1), (2)  The received signal-to-interference-plus-noise ratiNEg at
nodeSya, denoted asy 4, can be expressed as

yr[n] =hagrsa[n] + hprsp[n] + Hrrxgrn] + ngln],

respectively, whereaz[n] is the AWGN andy!R[n] is the
signal split to the IR aR given by pPs|hl, , Whpp|? 12)
YA = .
Pl A W2 + [, W2 + Palhaal? +1
Similarly, the received SINR at nod&; can be written as
pPalbh s Whag|?
Pl W2 + |hf s W2 + Pylhps|? + 1
The achievable rates are then given By = log,(1 + v4)
xgr[n] = W ({/p(harsaln — 7] + hprsp[n — 7] and Rp = log,(1 + v3), at nodesA and B, respectively.
+ Hprrxgr[n — 7]+ ngn —7]) + npn — 7)) .(4) Now the signal split to ER at the relay node is given as

yiZi[n] = V/p (hagsa[n] + hprspn] + Hrrxg[n]
+ng(n]) +npnl. (3)

(13)

Heren,, is the additional processing noise at the IR. Usldg (2) 75 =
and [3) recursively, the overall relay output can be writasn

The capacity of a relay network with delay depends only o =V(1 = p)(harsalnl+hprssn+HerxgnH+ngn]).

the relative path delays from the sender to the receiver apfys, the harvested energy at the relay is given by
not on absolute delays [11]. Thus, the relay output is given a ) ) _
Q = B(1 —p) (har|*Pa + |hpr|°Pp + E+ Mr), (14)

xg[n] = WY (HrrW)’[\/p(hagsaln — jr — 7] where E = E[xpx},] and 3 denotes the energy conversion
j=0 efficiency of the ER at the relay which accounts for the loss
+ hprSpln —jr — 7]+ ngn—jr—171]) in energy transducer for converting the RF energy to eleattri
+ nyln— jr —7]], (5) energy to be stored. For simplicity, we assume- 1.
Note that the conventional HD relay communication system
where j denotes the index of the delayed symbols. requires two phases fd&a andSg to exchange information.

To simplify the signal model and to keep the optimizatioRD relay systems on the other hand reduce the whole operation
problem tractable, we add the zero forcing (ZF) solutioto only one phase, hence increasing the spectrum efficiency.
constraints such that the optimizationf nulls out the RSI For simplicity, we assume that the transmit power at thes®ur



nodes are intelligently selected by the sources. Thergfore It is easy to verify that the objective of the problefm](18)
this work, we do not consider optimization at the sourds an increasing function op. Hence the optimal receive
nodes. To ensure a continuous information transfer betwesower splitter p* can be determined based on constraints
the two sources, the harvested energy at the relay should(®88) and [(I8c) only. The optimal point will be the largest
above a given threshold so that a useful level of harvestedatisfying both constraints. Note that the left-hand sifle o
energy is reached. As a result, we formulate the joint relapnstraint[[I8b) is a decreasing functionofvhereas that of
beamforming and receive PS ratip) (optimization problem constraint[(I8c) is an increasing functionofNow the largest
as a maximization problem of the sum-rate. Mathematically,satisfying constrain{{I8b) to equality is given by

this problem is formulated as A
pL = 1-— Q = . (19)
Wlf)lea()é N Ry + Rp |har|?Pa + |hpr|?Ps + E + Myr
st. Q>Q, pgr< Pg, (15) On the other hand, the minimal satisfying constrainf (18c)

: . . to equality is given by
where Pg is the maximum transmit power at the relay and

Q@ is the minimum amount of harvested energy required to _ Pr — [|w|? . (20)
maintain the relay’s operation. " Pal|lwi||?Cra + Pallwe|2Crp + |[we|?

I1l. PROPOSED SOLUTION We check whethep; satisfies the constraift_(18c). If it does,

Considering the fact that each source only transmits aesindi€" it is the optimal solutiop®. Otherwise, we perform a
data stream and the network coding principle encouradda€-dimensional search oveuntil p,, is reached. Obviously,
mixing rather than separating the data streams from the tiyg?= > £t then the probleni(18) turns to be infeasible.
sources, we decompod asW = w,w], wherew, is the C. Optimization of the Transmit Beamforming Vector (w+)
transmit beam forming vector and,. is the receive beam
forming vector at the relay. Then the ZF condition is simgptifi
to (w/Hgrrw:)W = 0 or equivalently(w/Hzrw;) = 0
since in generaWV # 0 [8]. We further assume without loss of
optimality that||w..|| = 1. Therefore, the optimization problem
in (I3) can be rewritten ag§ (L6) (at the top of the next pag

In this subsection, we first study how to optimize for
given a and p. Then we perform a 1-D search ento find
optimalo* which guarantees an optimal* as defined in[(17)
for the givenp. For convenience, we define a semidefinite
gsatrix W, £ w,w,. Then the probleni{16) becomes

whereC, 4 £ |[wihaz|?> andC,5 £ |wihpp|?. nax F(Wy)
A. Parametrization of the receive beamforming vector w,. - Pg
) ) o ) i 5 s.t. trace(Wy) <
Observe in[(16) thatv, is mainly involved in|wlh4g]| p(PaCya + PpCrp + 1) +

1
and|wlhgr|?, so it has to balance the signals received from 1 hanl2P 2 0 A
r ’ . ; - AR|?Pa + |hpr/*Pp+E+1) > Q
the sources. According to the result obtained(in [#2], can (1= P)(|har] harl" P )

T T _
be parameterized by < o < 1 as trace(WHp pw,w/Hgg) = 0

k(W) =1 (21)
o h HL h ran t y
w, = q e ARy e AR (7 e
ITh, ,harl ITE hag where F(W,) is given in [22) (at the top of the next page).
BR

It should be made clear thaEq{17) is not the Comple%early,lf(wt) is not a concave function, making thg problem
characterization ofwv,. because it is also involved in the zF°© allenging. To solve(22), we propose to use the differerfice

constraintw!Hrrw; = 0, but this parametrization makes thetcr?nvexdprogrammmgg(?;) o fmddiflocal opﬂfrr:um point. To
problem more tractable. Thus, given we can optimizew, is end, we expres8(W.) as a difference of two concave

for fixed PS ratiop. Then perform a 1-D search to find thefunctionsf(Wt) andg(W,) i.e.,

optimal o*. F(W,) = log,y((pPsCrp + p+ 1)trace(Wihpahl, ,)
B. Optimization of the receive power splitter (p) + Palhaal® +1) — logy(ptrace(W hgahl, )
For givenw, and w,, the optimal receive PS ratip can + trace(WthRAhJ}%A) + PAlhAA|2 +1)

be determined. Firstly, using the monotonicity betweenFSIN

. 1 PAC, 1 hpph!
and the rate[(16) can be rewritten as H+10gy((PPaCra + p + Dtrace(Wihrshyy)

Pglhpg|? + 1) — log,(ptrace(Wihggh', )
trace(Wihpphl, ) + Pplhgg|® + 1)
= f(Wi) — g(Wy), (23)

.- pPyC,plhl Wi j:
peO1)  pllhfy  wil|? + [[hf , w12 + Palhaal? +1
n PPACTA|hEBWt|2
plbfpwel|? + [hfwill? + Pplhps|> + 1
s.t. (1=p)(|hag|?Pa+|hpr|?Pe+E+Mr)>Q(18b)  f(W,) £ logy((pPsCrp + p + 1)trace(W hgahl, )
p(Palwil|*Cra + Plwil*Crp + [|wil?) + Palhaal® +1) +10g;((0PaCra+p+1)
+|lwe||? < P (18¢) trace(W,hgghh ) + Pslhpp? +1),  (24)

(182) \yhere

X



PpC,5|hl 2
max log, [ 1+ ; Ll TB| R’Awt|
wr,wep€(0,1) plhg awel|? + [[hy s Wi[[2 + Palhaal? + 1
PAC,alhtl, w2
+logy | 1+ T pra TA| RB f
pllhgswill? + [hppwi|? + Pslhpp|? + 1
st. (1 —p)(|hag|>Pa + |hpr|*Pp +E+ M7r) > Q
p(Pallwil|*Cra + Ppllwi|*Crp + lwe||?) + [[wel|* < Pr

Wj.HRRWt =0. (16)
PpC, ptrace(Wihpah!
F(W;) 2log, [ 1+ pT 5Crptrace(Wihpa TRA)
ptrace(Wihgahp, o) + trace(Wihgahy, o) + Palhaal? +1
P,Chatrace(W hgph!
+log, | 1+ pT ACratraco(Wihrs TRB> (22)
ptrace(WthRBhRB) + traceWt(hRBhRB) + PB|hBB|2 +1

g(Wy) élogQ(ptrace(WthRAh}zA)+trace(WthRAhI?A) Algorithm 1 Procedure for solving probleri (1)
4 Palhaal? +1)+ 10g2(ptrace(WthRBhTRB) 1: ?E;&fa?\;olbgr:gvo zspgfv(lanalsnr&%]?)negatlve real-valued
+ trace(Wihgphlp) + Pplhps|* +1). (25) 2 At step k, seta(k)7: a(k — 1) + Aa until a(k) = 1,
where A« is the searching step size.
3: Initialise (R4 + RB)iow = 0 and(Ra + Rp)up = (Ra +
RB)maI-
4: Repeat
a) SetR « %((RA + RB)low + (RA + RB)up)
b) Obtain the optimal relay transmit beamforming
vectorw; by solving problem[(27).

Note that f(W;) is a concave function whilgy(W,) is a

convex function. The main idea is to approximg{@V.;) by

a linear function. The linearization (first-order approation)

of g(W,) around the pointf(W, ) is given in [26), (at the
top of the next page). Then, the DC programming is applied
to sequentially solve the following convex problem

iii) Update the value ofR with the bisection search
W ’ - W - W ) W . .. . .
L Ao (W) =90 (Wi We) method: if (i) is feasible, setRs + Rg)iow = R;
, _ Pr otherwise,(Ra + Rp)up = R.
Sh. treca(Wa) = p(PaCra+ PpCrp +1)+1 5. Until (Ra + Rp)up — (Ra + RB)iow < €, Wheree is a
(1—p)(|har|*Pa+ |hpr/*Ps+E+1) > Q small positive number. Thus we g&ta(k)).
trace(WH} rwWrWIHRgR) = 0. 27) 6: k = k+1

7: Find optimal o* by comparing allR(«(k)) that yields
maximal R. Correspondingw; is the optimal one.

Now the problem[(21) can be solved by (i) Choosing an
P 1) y O d 8: Obtain the optimaw: from (17) usinga*.

initial point W, and ii) Fork = 0,1,---, solving [2T) until
convergence. Notice that il (27), we have ignored the rank—1

constraint onW,. This constraint is guaranteed to be satisfied

by the results in[[13, Theorem 2] when7M> 2, therefore, E. lterative update
the decomposition oW, leads to the optimal squtiowI.

Now, the original beamforming and receive power splitter
S _ _ optimization problem [(16) can be solved by an iterative
D. Optimization of the Receive Beamforming Vector (w) technique shown in Algorithni] 2. Algorithrl] 2 continually

Given w;, the value of the optimal receive beamforminé‘pdates the objective function il_{16) until convergence.

vectorw,. can be obtained by performing a 1-D searchnoto
find the maximumy* which maximisesR ., (w,.) for a fixed
value ofp € (0,1). Algorithm 1 summarises this procedure. In this section, we evaluate the performance of the pro-
The bounds of the rate search interval are obtained as fellowosed algorithm through computer simulations assuming flat
The lower bound R4 + Rp)i.w IS Obviously zero while the Rayleigh fading environments. In order to ensure that tleyre
upper bound R4 + Rp)ma: 1S defined as the achievable sumharvests the maximum possible energy, we assume that the
rate at zero RSI. With optimal*, optimalw’ can be obtained two source nodes transmit at their maximum power budget,
from (17). i.e., Py = Pp = Pmaxand Pz = 4 (dB). All simulations are

IV. NUMERICAL EXAMPLE



1 ptrace((W; — W, ;) hgahl, ) + trace((W, — W, x)hgahl, )

gL (Wt; Wt,k) =

B In(2) ptrace(WtythAh}%A) + trace(WthRAhkA) + Palhaal? +1
1 ptrace((W; — W, )hrghhy) + trace((W; — Wz )hgghl )

111(2) ptrace(WtﬂthBhEB) + trace(WthRth?B) + PB|hBB|2 +1

+ log, (ptrace(Wt_,thAhTRA)

+ trace(Wt7thAhEA)+PA|hAA|2 + 1)+10g2(ptrace(Wt,thBhEB)+trace(Wt,thBh}%B)+PB|hBB|2—|—1). (26)

Algorithm 2 Procedure for solving problerh ([16)

1: Initialise 0 < p < 1.

2: Repeat
a) Obtainw; andw using Algorithm[1.
b) Obtain optimalp* following the procedure in
subsectiof III-B

3: Until convergence.

averaged ove500 independent channel realizations.

—+— Joint Opt, Q = 20 dBy
25F | —*-FRBV,Q = 20 dBm A

—&— Joint Opt, Q = 10 dB jd

—©-FRBV,Q = 10dBm _—

15
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Fig. 2.  Sum-rate versusnkax.

—+—Joint Opt, P = 10dg]
A2.5 —%—FRBV,P__ =10dB
N —p—Joint Opt, P =2dB
2 2 —o-FRBV,P_ =2dB
.\;;
o 1l5
©
: X
£k,
w N AN
05f X, -
—o >
TR R N S gy e GG
0 s S S e e
0 1 2 3 4 5
RSI (dB)

Fig. 3. Sum-rate versus residual self-interference.

In the last figure, we analyze the impact of the residual
self-interference on the sum-rate. We can observe fron{3ig.
that an increase in the residual self-interference resuolis
corresponding decrease in the achievable sum- rate. Also, w
see that the sum-rate decreases faster at higher transmet po
in the low RSI region.

V. CONCLUSION

In this paper, we investigated the joint beamforming opti-
mization for SWIPT in FD MIMO two-way relay channel and
proposed an algorithm which maximizes the sum-rate subject
to the relay transmit power and harvested energy consdraint
Using DC and a 1-D search, we jointly optimized the receive
beamforming vector, the transmit beamforming vector, and
receive PS ratio to maximize the sum-rate. Simulation tesul
confirm the importance of joint optimization.
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