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Abstract

The simultaneous wireless transfer of information and powih the help of a relay equipped
with multiple antennas is considered in this letter, whet@arvest-and-forward” strategy is proposed.
In particular, the relay harvests energy and obtains in&tion from the source with the radio-frequent
signals by jointly using the antenna selection (AS) and pospditting (PS) techniques, and then the
processed information is amplified and forwarded to theidason relying on the harvested energy.
This letter jointly optimizes AS and PS to maximize the achml@e rate for the proposed strategy.
Considering the joint optimization is according to the remmvex problem, a two-stage procedure is
proposed to determine the optimal ratio of received sigmalgy split for energy harvesting, and the
optimized antenna set engaged in information forwardingu&tion results confirm the accuracy of
the two-stage procedure, and demonstrate that the proploarast-and-forward” strategy outperforms

the conventional amplify-and-forward (AF) relaying ane ttirect transmission.
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. INTRODUCTION
Energy harvesting is a promising solution to increase fieeciicle of wireless nodes and hence

alleviates the energy bottleneck of green wireless netsvofls an alternative to conventional
energy harvesting techniques, simultaneous wirelessnmaton and power transfer (SWIPT),
which relies on the usage of radio frequency (RF) signalsxjpected to bring some fundamental
changes to the design of wireless communication netwoik<nsidering that a wireless relay
is not always convenient to be equipped with fixed power sappthe energy harvesting relay
with SWIPT has been presented recently, where power ggli(f*S) and time switching (TS)
are two advanced protocols| [2]. PS splits the received bigmaer at the relay into two parts,
one is for information processing, and the other is for epd@yvesting to power the forwarding
of the processed information. While the relay utilizes efifint time blocks to realize these two
operations separately in the TS protocol. Further on, thaokhe spatial processing in wireless
nodes with multiple antennas, the TS protocol has been é&ttand the information processing
and energy harvesting can be separated at different arsterves the same time, and antennas
switch between decoding and rectifying based on a anterinatism (AS) schemé [3].
Intuitively, in the multiple-antenna scenario, the joirs Bnd AS design can reach a flexible
utilization of the received RF signals, which provides éefierformances than the separated PS
or AS does. Through AS, partial antennas are selected owtfonkenergy harvesting, and the
remaining antennas are specified for both information msiog and energy harvesting, which
can be optimized further by PS. Unfortunately, few works ehaliscussed the joint PS and
AS design for the relay with multiple antennas. In this lette “harvest-and-forward” strategy
is proposed to improve the achievable rate in energy hamgeselay channels with multiple
antenna configurations. Further, the achievable rate maaiimn problem through the joint AS

and PS optimization is formulated and derived.

II. SYSTEM MODEL

An energy harvesting relay channel consisting of a singtetana source, a single-antenna
destinationD, and a multiple-antenna reldy, is depicted in Fid.]1(a). Botl and D are devices
without energy harvesting and have continuous supply ofgoow is an energy harvesting

device and relies on its harvested energy to participategmastransmission and processing. To



complete the information delivering froisi to D with the help ofR, a two-phase “harvest-and-
forward” strategy is presented in this letter. Specifigaltythe first phaseR receives a signal
from S, and harvests energy from a part of its signal power. In ticers# phase, relying on the
harvested energyy amplifies and forwards remnant signals/®oFor simplicity, the transmission
duration of each phase is set to be normalized, thus the té&nmesgy” and “power” can be
used equivalently [4]. Besides, the power consumptionHersignal receiving is assumed to be

negligible, and the harvested energyrais only used for signal forwarding [4].
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Fig. 1. System model and signal processing at the energ\es$tang relay

In the first phase, the received signalfatwith N antennas can be denoted by

r =+/Phs+z,, (1)

wherer = [Tl,r2~-~7“N]T is an N x 1 vector, s denotes the transmitted signal frofhwith

normalized powerE(|s|*) = 1, and P, is the transmit power af with P, < P. Besides,
h = [hy, hy--- hy]" denotes theV x 1 channel vector betwee$iand R, andz, ~ CN (0, 02Ly)

is the N x 1 additive noise vector introduced by the receiver antenhd? [2].

For the realization of the harvest-and-forward strategyantennas are divided into two sets
via the AS technique, thus the received signas split into two sub-signals (i.er; andrs).
The components in the first antenna set are used to forwanglsignd harvest energy via the
PS technique. The ratio of sub-signal power split for th@rmfation processing is denoted as

A € [0,1], and the energy harvesting is denoted(&s- A\). The components in the second



antenna set are used to harvest energy solely. Consequbstlyarvested energy fromcan be
calculated as
n N
2 2 2
Po=n(1=N) [rall; +nlrall; =0 (L =2 D s P 4+n Y Irs,
i=1 i=n-+1
wheren € (0, 1] denotes the energy conversion efficiency from signal poweirtuit power, and

g ()

r1 = [re,,7s, - 75,]" presents the sub-signal received by the first antenna setewhe [1, N]
is the number of antennas therein, ands, - - - s,, are labels of themes = [ry, 75,0 - -rsN]T
describes the sub-signal received by the second antennanskt, ., s,.» - - - sy are labels of
antennas therein. Note that these variables and vector(isets:, A\, andry, r3) should be
optimized for performance improvement. What's makg,is limited, sinceP, < 7 |r|2 < nP..
During the second phase, the remnant signals will be angléiel forwarded ta, which is
powered by the harvested energy in the first phase. Note tiatrédbuted beamforming design is
adopted atR as in [5], since the joint optimization of a centralized béamming, PS and AS is
too complex to achieve a tractable solution. In this way, wky docus on the joint optimization

of PS and AS in this letter. The processed signakas formulated as
Xy = ejeﬁ(\/xrl + Zb)7 (3)

where x,, z, and Vv \r; aren x 1 vectors,z, ~ CN (0,0?21,) is the additive noise vector
introduced by signal conversion from passband to basel#ndtje harvested energy allocation
is based on the strength of remnant signals at each antehna, the relay amplification gain
is depicted by

b,
A |rg,|” + no?
i=1

Besides,e’ is then x n distributed beamforming diagonal matrix [5], which hd$, (i =
1,2---n)’s on the main diagonal and zeros elsewhere, &anrd — (arg h,, + arg gs,). The above

processes are illustrated in Fig. 1(b). The received sighal is expressed as
Y=8gXy +2= 5\/X\/ Psz |gsz'hsz'
i=1

whereg” = [g,,,0s, ---9s,]7 is then x 1 channel vector between these forwarding antennas

s + Bgel’ (\/Xza’ + zb> + 2z, (5)

and D, z,’ is the noise vector from these antennas comprising of;-th, s,-th ... s,-th items

from z,, andz ~ CN (0, 0?) is the Gaussian noise &l.



Accordingly, the received signal-to-noise-ratio (SNR)[atcan be given by

) 2
(6)

> (\o2 + 02) + 02

B2AP; (Z |95, hs,
i=1
B2 2 195,

Consequently, an optimization problem is formulated fag firoposed harvest-and-forward

SNR =

strategy to maximize the achievable rate:

(P1): max  R=Wlog,(1+ SNR),

A,M,81Sn,

s.t. 0< A<,
P, <P,

(7)

n7i7j75i7’3j € [1 : N]’
wherelV is the channel bandwidth, s; - - - s,, are variables determined by the AS scheme, and
A is the variable determined by the PS scheme. Note that P must be satisfied for the

achievable rate maximization.

IIl. ACHIEVABLE RATE OPTIMIZATION

Note that Problem (P1) is equivalent to the SNR maximizatimblem [5]. Since the above
two kinds of variables are coupled together for calcula@MR in (8), the SNR maximization
problem is non-linear and non-convex. To make this problemstable, a general two-stage
optimization procedure is proposed, where the antenna &ged firstly to determine the optimal

A, followed by the optimal antenna selection configuration.

A. Power Splitting and Optimal A

According to [4), [6) and[{7), the corresponding SNR maxatian problem with a given
antenna set is reformulated as
nAq, (Ao?2 + 02) (Ry — Ra, \) + 02 (no} + Ra, \)’ ®)

(P2) s max Jy =
st 0<A<I,

whereQ,, = [s1,s2...s,] denotes the set of forwarding antennasdg, = > |gs, 2, Bq, =
i=1

n 2 n N
(z 9ol ) Ra, =SS |rl? andRy = 30 I

i=1 i=1 i=1




Lemma 1. With a given antenna sét,, the received SNR/, is a concave function in terms

of the power splitting ratio\.
Proof: Please refer to Appendix A. [ ]

Based on Lemma, Problem(P2) can be regarded as a convex optimization problem. The
Karush-Kuhn-Tucker (KKT) conditions are employed for aiing the optimal solution, which
can be readily derived by using the following theorem.

Theorem 1. The optimal power splitting ratio. under condition of a given antenna $&t
to maximize SNR for the proposed harvest-and-forward exgsain the multiple-antenna relay

channel can be deduced by

At =min{Ay 1},

R . 2 2
)\* QRSZ;]” ? ngb AQ’!L =0 (9)
Qn = \/770'2AQ RN+nU202—\/U2RN+nU202
2 2 +2 b n b b . 2 2
\/nUbAQnRN + no2o; R, (107 A7) inopAq, 0
Proof. Please refer to Appendix B. [ |

B. Exhaustive Searching Based Antenna Selection

Similar to the derivation of (8), for each feasible antenet(s,, substituting (4) and (9) into
(6), the SNR expression can be reformulated as

_ nPBq, (Ry — A3 Ra, ) Ag,
" nAg,(Ry — AT Ra,) (A'02 + 02) + 0% (nof + A& Ra,)
Considering the fact that the number(f’s is finite, the maximization of(10) can be solved

Ja (10)

through searching the optimal one among all feasible aatsets with the determined PS ratio.

C. Greedy Antenna Selection

The exhaustive searching process for the optimal antenn@°ecan be categorized as an
Non-deterministic Polynomial-time (NP)-hard problem &ese the number of feasible antenna
sets is2"V — 1. A greedy antenna selection scheme is presented to appifoaciptimal solution,
which is of a complexity ofO(N?), and thus easier to handle. We ug = {i,, € [1, N]|i,, ¢
Q°P'} to denote an antenna set with energy harvesting solely,igadare antennas therein.
We usef2, to denote a feasible antenna set with power splitting, wilaldlo serves in signal
forwarding. Note that(2,| = n and thus|®,| = N — n, where|---| denotes the cardinality

of a set. The key idea is to determine whether there are tedNR gains when an antenna



1, IS switched from energy harvesting set (i.®,,) to signal forwarding set (i.e£2,). Thus,

Q, = Q* Uli,], and®, = &, /[i,], where/ denotes the subtraction of sets. As described

in Algorithm 1, there is no forwarding antennas initially (i.62°?" = ()). The optimal power
opt

splitting ratio (i.e.,\, ) and the achieved SNR (i.elp,) for each feasible antenna s}, are

calculated. Then the largest SNR withforwarding antennas is determined by

J (n) = max Jo,. (11)

n

The optimal(2,, derived from [(11) is settled for signal forwarding, whichdapesQ°"'. This
algorithm ends until the above procedure cannot increas&MNR performance or all antennas
are settled for signal forwarding. Note that no iterationnisluded in our algorithm, since the
greedy AS procedure is given one shot. What's more, the igihgorcan converge, since it's a
one-time non-decreasing SNR based searching, and the nwhbeasible solutions is finite.
TABLE 1 shows the complexity comparison between the proposecegyratnd the exhaustive

searching method.

TABLE |
CoMPLEXITY COMPARISON

Proposed strategy Exhaustive searching method

Time complexity O(N?) oN 1

Algorithm 1 Joint optimization of the AS and PS
1: Set the stage as = 1, and the optimal antenna set for signal forwarding &€ = (.

2. For alli, € ¢,
Set a feasible antenna @} = Q' U [i,,);
Calculatekg”j according to[(P), and,, according to[(10).
3: Derive J' (n) and the optimal?, according to[(I1).
4. If J' (n) > J' (n—1), mark the optimal,, asQ*, and seth = n + 1.
5. Stop if J'(n) < J' (n—1), orn = N + 1, otherwise go to step.




IV. NUMERICAL RESULTS

The path loss model for the energy harvesting relay charmndenoted bypi|2d;2, where
i=1,2,3, di(dy) is the distance betwees\ D) and R, anddj is the distance betweesiand D.
Besides,|p;| denotes the short-term channel fading, and is assumed t@pleigh distributed.
|p2-|2 follows the exponential distribution with unit mean. We g&t energy conversion efficiency
asn = 0.2, and the noises as’* = —50 dBm, 0> = o7 = ¢2/2. In addition, the bandwidth is
W =1 MHz, and the number of antennas/is= 10.

Achievable rate performances for different transmissitrategies are evaluated in Fig. 2.
The conventional amplify-and-forward (AF) relaying ane ttiirect transmission are traditional
information transmissions without energy harvesting psses. The consumed power of the
system is assumed a@ = 10dBW. Thus, the transmit power i® at the source node for
the proposed strategy and the direct transmission, artj 2sat both the source node and the
relay node for the conventional AF relaying. The distancevben the source and the relay is
normalized asl; = 1 meter. The results imply that the proposal enjoys a betteieaable rate
than the direct transmission and the conventional AF raetayi
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Fig. 2. Achievable rate versus distance betwseand D, d; = 1, N = 10, P = 10dBW, 0> = —50dBm.

Fig.[3 is given to demonstrate the efficiency of the proposétt pptimization, wherel; = 5



meters,d, = 10 meters,d; = 15 meters. The exhaustive searching method is to find the optima
joint AS and PS solution numerically with the help of TheorenThe energy harvesting strategy
with pure PS is a special case of the proposed strategy, valeartennas are selected for signal
forwarding (i.e.,n = N). The pure AS strategy is another special case of the prdpsisategy,
where the sub-signal power at the selected transmittingnaais is used solely for information
processing (i.e.\ = 1). It's obvious that the performance of the proposed styagggproaches to

be optimal, which indicates that the proposal is accuratkeediicient. What's more, the proposed
strategy outperforms the pure AS strategy or the pure P&gyran the achievable rate. It reveals
that both AS and PS techniques are indispensable to optithézeachievable rate performance
of the proposed harvest-and-forward strategy.
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Fig. 3. Achievable rate versus transmit powér,= 5, d> = 10, ds = 15.

V. CONCLUSIONS
A harvest-and-forward strategy in relay channels with ipldtantenna configurations has been
proposed in this paper, where the optimization problem imseof the achievable rate has been
solved through jointly designing antenna selection and grasplitting techniques. Simulation

results have indicated that the proposed strategy and thesponding solution have significant
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achievable rate performance gains. The optimization ofggnefficiency performance when

jointly considering power splitting and antenna selectiaould be analyzed in the future.

APPENDIX A
PROOF OF LEMMA 1

From (8), the second-order derivative .&f is derived as

Iy _ —2Cq,,
o2 nAq,, (RN—Rq,, )\)(ag)\-l-ag)-i-zﬂ (Rgn)\—i—nof)
{(0” R, Ry + n0°0%Ra, ) (1073 Ag, Ry +n0®0) + 102 Aa, 13 An, (12)

*(RN——RQWw3+ﬂQU%MAﬁ]+ﬂ0é&%na%€[(RN——§ngw +——uﬁ%xf}},
WhereCQn = nPBQn/[(nO‘gAQnRQn) A2 — (HAQn aRN nAQnUbRQn + UzRQ ) A —
o2 (nAq, Ry 4+ no?)]> > 0.

Since\ < 1, and Rq, < Ry, we haveRy — Rg, A > 0. The:refore,i;"QA <0,andJ, is a

concave function of\. This completes the proof of Lemma 1.

APPENDIX B

PROOF OF THEOREM 1
Since (P2) is concave, and the feasible setXfas convex, the KKT conditions are sufficient

for achieving the optimal solution with the Lagrange fuoati
L p) = —p(A—1), (13)

where i > 0 is the Lagrange multiplier associated with the constraint 1 < 0. The KKT

conditions are stated by
OL(A\pm) _ 9Jx

o = o k=0,
p(A—1) =0, (14)
A—1<0,
where a"k is the first-order derivative of,, and is given by
9 = Cq, [(Ra,)? (no2Aq, — 0%) N2 = 2Rq, (n0}Aq, Ry + no?o?) A (15)
+Ry (noAq, Ry + no?al)].
There are two groups of solutions for the KKT conditidnd (Fjst,\; = 1, andu = ‘”A }A »

Second0 < A < 1, andp = 0. Whenp = 0 and (ne?Aq, — o) # 0, it's derived that

o 3 25 2\/17crbAQnRN+m72cr +\/O'2RN+TLCT2O'§
Az = \/nab Ag, By +no Ra,, (770;, Aq, —02) 7 (16)
\/7701, Agq, Rn+no?o? —\/02 Ry+no?o}
Rq,, (nUbAQn —02) ’

\/nabAQ Ry + no?o}
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whose values depend dno?Aq, —o?). It's clear that\, < 0 or X\, > 1, thus), is not feasible.
When i = 0 and (no?Aq, — o?) = 0, it's derived from [I#) that\, = Ry/2Rq,. Next, the
optimal power splitting ratid\g’f is determined through monotonicity analysis of the optatian

object J,. According to [(I5), wherino? Aq, — o?) # 0, the expression can be factorize as

oJ
Sy = Cau(Ra,)” (o7 Aa, = %) (A= A2)(A = Xs). (7)
Since0 < Cq, (Ra,)? and (no?Aq, — 02) (A — X2) < 0, when )z < 1, 22 is non-negative
among|0, A3}, and is non-positive amon@\s, 1], i.e., /\SO{’,f = )\3. In the case of\; > 1, % is

non-negative among, 1], i.e., A?{f =1.1In conclusion,)\gf = min{1, \3}. In a similar way, it
can be derived thaky = min{1, \,}, when(no?Aq, — 0?) = 0. Consequently, the optimal

is derived as in[(9). This proves Theorem 1.
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