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ABSTRACT link in the co-located receiver (i.e., information and EH re
This paper investigates performance limits of a tWO_horpeiversare the same) case to the multi-antenna setup vitih bo

multi-antenna amplify-and-forward (AF) relay system ieth C0-located and separated receivers. o
presence of a multi-antenna energy harvesting receivez. Th_I" this paper, differentfrom previous contributions [3]].
source and relay nodes of the two-hop AF system emplo[,5]' we envisage a wireless communication system in which a

orthogonal space-time block codes (OSTBC) for data trandnulti-antenna EH receiver coexists with a two-hop MIMO re-
mission. We derive joint optimal source and relay precodert®y System where both the source and relay nodes employ or-

to achieve different tradeoffs between the energy tramfer thogonal space-time block codes (OSTBC) [6] and precoders
pability and the information rate, which are characteriagd for data transmission. The relay/destination node of the tw

hop system uses maximume-ratio combining (MRC) technique
for detecting/decoding the source signal. In overall, tay
operates in a half-duplex mode using an amplify-and-fodwar
(AF) protocol. The EH receiver harvests energy from the ra-
1. INTRODUCTION dio signals transmitted by both the source and relay. Infor-
mation transfer to the destination node and power transfer t
Harvesting energy from radio signals of a transmitter is &nhe EH receiver are optimally controlled by properly design
promising technique that has been successfully implerdentgng the source and relay precoders. In particular, under the
in various applications, such as passive radio-frequety-i total power constraint of the source and relay, we design the
tification (RFID) systems [1] and body sensor networks withoptimal source and relay precoders that maximize the rate fo
medical implants [2]. Energy harvesting (EH) can be used fofhe intended receiver while keeping the power transfer¢o th
prolonging the network operation time in energy-consgein EH receiver above a certain predefined value. This predefined
networks, such as sensor networks, which are typically powga|ye is varied to obtain the boundary of the so called rate-
ered by small batteries and have limited life time. In thieco energy (R-E) region which illustrates the tradeoffs for max
text, the authors in [3] propose a wireless communicatisn sy jmal information rate versus energy transfer. To the best of
tem in which some terminals do not have fixed power supply,yr knowledge, simultaneous transfer of energy and inferma
and thus need to harvest the energy from signals transmittgfn for the proposed system model has not been addressed
by other terminals. In particular, [3] considers a three#0 pefore, although optimal MIMO relay precoder designs have

wireless multiple-input multiple-output (MIMO) broaddas peen solved for different scenarios (see [7] and the reéeen
ing system in which the two receiver nodes harvest energiherein) in the absence of the EH receiver.

and decode information separately from the signals breddca
by the common transmitter. The transmitter tries to simul- 2. SYSTEM MODEL
taneously maximize the information transfer to the intehde

receiver and the power transfer to the EH receiver. Note thajje consider a system shown in Fig. 1, which consists of a
[3] extends the study of simultaneous information and powefnylti-antenna two-hop relaying system with a source, a re-
transfer of [4], [5] from the single-input single-output §®)  |ay, and a destination (also named as an information degodin
This work was supported in part by Defense Advanced Res@agjacts (lD) rece'ver)' and an EH regewer. The.d'reCt I'n_k between
Agency (DARPA) under contract no. HR0011-10-1-0062. Thesvei, opin- the source and ID receiver is not considered, since we as-
ions, and/or findings contained in this article/preseatatire those of the au-  syme that the effects of path attenuation and shadowing are

thor/presenter and should not be interpreted as reprageh@ official views 1,416 severe on the direct link than compared to the link via
or policies, either expressed or implied, of the Defenseahded Research

Projects Agency or the Department of Defense. Approveddbliprelease.  '€lay. Sin?e’. th? relay operates in half-duplex modg, sig-
Distribution unlimited. nal transmission in source-relay (S-R) and relay-destinat

the boundary of the so-calledte-energy (R-E) region. Nu-
merical results demonstrate the effect of different patanse
on the boundary of the R-E region.




(R-D) links takes place in two phases. In the first phase, osTeC Hi OSTRC Har
the source encodes the input signal using OSTBC, precodés ™| c) " MRC e S e
the encoded signal and transmits the resulting signal to the
relay. The relay receives the source signal using the MRC
technique and the resulting signal is normalized before ap-
plying the OSTBC. The relay finally precodes the latter sig-
nals and transmits the resulting signals in the second phase
to the destination which employs MRC. The EH receiver re-
ceives signals from both the source and relay. ®he< T Fig. 1. Two-hop OSTBC based relay system with EH Rx.
matrix of received signal samples at the relay can be given by

Y, = Hl,IFlc(S) + N, wheres = [81, cee 7SK]T isK x1

information-bearing symbol vecto€;(s) is then, x T OS-  tion during the second phase of transmission can be written a
TBC matrix formed frons, T is the number of time periods Ya = H21F2C(y) + Ng, whereHy 1 € C"¢*"+ is the R-D
used for transmittings, H;; € C"*"= is the S-R MIMO MIMO channel and\y € C™*T is the matrix of ZMCSCG
channel,F; € C"*"s is the source precoder, ald, < elements with variancé%. The destination uses MRC to de-
¢™*T s the matrix of zero-mean circularly symmetric com- tect the source signals. Due to the application of OSTBC at
plex Gaussian (ZMCSCG) elements with variaaée Itis  the relay and MRC at the destination, the R-D MIMO chan-
assumed tha{sk}szl are chosen from signal constellations N€ a_lso turns intd< p_ara!lel SISO channels. Thus, the signal
with E {|s;|?} = 1. Due to the orthogonality of OSTBC, received by the destination on thth R-D SISO channel can
C(s) fulfills the propertyC(s)CH (s) = al|s||*I,., where be expressed as

the constant (e.g,a = 1 for the Alamouti code [6]) depends Yra = ||[Ho (Fal|G5 + nok (5)

on the chosen OSTBC matrix. The source power and the en-
ergy received by the EH receiver during the first phase of th
two-hop transmission can be, respectively, given by

Y

Source Information decoding (ID)

-Rx.

Energy Harvesting
-(EH) Rx.

herens . ~ N (0, 03) is the additive Gaussian noise at the
estination for théith channel and2 = 52 /a. With the help

of (3), (5) can be written as

P, = aKtr (F1F{') Py = aKtr (Hy gF1FPHE) (1) b = |[Ha 1 Fol|[H11F1||sx + Ho 1Fang tnag. (6)
. o VIHLF |2+ of 7

whereH; g € C"*" is the MIMO channel between the

source and EH receiver. Due to the application of OSTBCThe signal-to-noise ratio (SNR) at the destination can be ex
at the source and the MRC scheme at the relay during theressed as

first phase of signal transmission, the S-R MIMO channel is B |[Ho 1 Fs||?[|H, (Fy]]?
decoupled intak parallel SISO channels. Thus, the signal T ||[H21F2|[20? + || H1 1F1|[202 + 0203
received by the relay on thigh S-R SISO channel is given by _ Y172 7
|
yi = [[HiFu sk +nag, ke {1, K} 2)
C_ lHGF® L

wheren; i, ~ N (0, 07) is the additive Gaussian noise at theWhere% o o7 fori=1,2.
relay for thekth S-R SISO channel andf = 57 /a. The relay
normalizes{y,?}kK:I yielding 3. PROPOSED TRANSMISSION STRATEGIES

r yR |[HF sy + First, we determine the optimal precoddfs and F, that

k= el VIHE P + 02 . (3)  maximize separately the received energy at the EH receiver
\/E{|yk| } LI ! and the information rate to the ID receiver. Consider the

MIMO links from the source and relay to the EH receiver,
The relay then employs OSTBC to enco@;é}}f:l and pre-  when the ID receiver is not present. In this case, the objecti
codes the resulting OSTBC encoded signal. The output of thig to desigrF; andF; to maximize the total poweP, 1 + P 2
relay is thus given by ,, = F2C(y) whereF; € C™*" is  received at the EH receiver. This design problem can be for-
the relay precodef; = [g1t, - -, gR]T, C(y) € C*Tisthe  mulated as
OSTBC obtained after encodingand satisfies the relation
C(y)CH(3) = al[y][*L,,. The transmit power of the relay 71 : nax tr (H1gF1F{H{'p) + tr (Ho gFoF5 Hip)
and the energy received by the EH receiver during the second i " "
time-phase can be thus, respectively, given by st tr (F1F) + tr (FoFy') < Pr (8)

P = aKtr(FoFH), Py = aKtr (HQEF2F§H§E) . (@) where the constantK is omitted from the objective func-

tion, and Pr is given by Pr = f—IT(, where Pr is the total
Theng x T matrix of signal samples received at the destinappower (source and relay). Let the eigen-decomposition (ED)



of HFEHLE be given byI‘Ify‘(EI‘IZ,EZUI-LE.AH“;-U—E1 5 with
eigenvalues\f:“’E (k =1,-,r; £ rank(H;g)), in the non-
decreasing order, wheie= 1,2. Let {ui,E}le be the col-

i=

Then, we have the following proposition.

. 2
umn vectors of{ Uy, ,, }271 corresponding to[)\?w }l

Proposition 1: The optimal solutions t@; are given by
0], Fy =0, if AJTVP > \Tr
L0, if AP < AT (9)

Proof: The proof is skipped due to space constraints. [J

F, = [\/Pru; i,0,--
F, =0,Fy = [\/Prug,0,---

Next, consider the two-hop MIMO relay link from

the source to the ID receiver without the presence of the E

receiver. The optimdF; andF';, that maximize the informa-

whereu; = 1+ Xfll*‘PT and“ —” is taken to guarantee that
0 < as < Pr. Then,a; is obtained fromu; = Pr — ao.
Thus, the optimal solutions f@?, are derived.

We now consider the case where both the EH and ID re-
ceivers are present. To this end, our objective is to find fhe o
timal transmission strategy for simultaneous wireless grow
and information transfer. For this purpose, we usertie-
energy (R-E) region which characterizes all the achievable
rate and energy pairs for a given total power constraint of
source and relays. We define the R-E region as

A 1 Y172
CropPr) 2 {(R,P):R<-Inp(14+—12 )
R E( T) {( ) =35 DQ( " o 1)
_ ||III,IIll|2 ||II2,I]52||2
_T’ 2 = 0,2—7
1 2

i < |[HygF1|* + [[HogFa |, [|[F1]* + |[Fa|]* < PT}(15)

tion rate over the two-hop MIMO channel can be obtained by

solving the following problem

1
Po:Rupax =  max —Ino (14 SN -
F1,F2,71,72 2 Mty +1
H, F,|? H, 1F,||?
Sty = I L] i) o = I 21t 20" (10)
01 03

tr (F1F{) + tr (FoF4) < Pr.
Letthe ED ofH[ H 1 be given by [ H; 1=Un, , An, , Ugy,
with the eigenvalueagﬂ"I (k = 1,-,7; = rank(H;)) in
the non-decreasing order, whefe= 1,2. Let {uj71}§:1
be the column vectors of{UH“}j:1
H,:]2
Py
j:
brevity) that the optimal choices f@; andF5 in P, are
Fl = [\/aul,la 01 e 70]7 FQ = [\/%uZIa 01 e 70]7 (11)
wherea; > 0, a2 > 0need to be optimized fgP,. This leads
to the following scalar-valued optimization problem 8.
YHi1{Hz 1
_ 1 : :
Py Rpax = max = Ins [ 1+ fgaw\l N)\Ii
al,a2 al)\l 1,1 _|_ QQAl 2,1 + 1
12)

corresponding to

It can be proved (the proof is omitted for

stal +agy < Pr

~ Hy g ~ Hp 1
H ’ H ’ . .
where\; "' = ’\10_2 and\; "' = ’\10_2 . Itis easy to verify

that the inequalit);zl +as < Pr satis%ies with equality at the
optimality of P,. Thus, substituting; = Pr — as into (12)
and solving the first-order partial derivative of the obijeet
function of P, W.r.t. a2, we obtain

(A = A3 = 2(1+ A Pr)ag +
Pr(1+ A" Pr) =0, (13)
which yields the following solution
—up 4+ \Ju (1 NP
gy = LA ) (14)

TH11 THa 1
A1 - A1

Let (Rgn, Pmax) @and(Ruax, Pip) be the boundary points of
this R-E region corresponding to the maximal power and in-
formation transfers, respectively. The source and relay pr
coders for the former boundary point are given by (9) which
yield maximum power transfer oP,,.. = |[H; gF1||* +
|[H, g F5||? to the EH receiver and the information transfer
of Rgg = O to the ID receiver. Note that no transfer of in-
formation to the ID receiver is obvious in this case, sinee th
solution (9) means that either the source or the relay resnain
turned off. On the other hand, the source and relay precoders
for the latter boundary point are given by (11) together with
(14). With these precoders (i.&; andF,), the information
rate of Ry,.x IS achieved whereas the power transferred to the
EH receiver becomeBp = ||[H; gF1||2 + ||[HygFao||?. It
can be easily seen that fér < Pip, whereP > 0, the max-
imum rateR,,.. is achievable with the sani®, andF, that
achieve the R-E paifR...x, Pip). The remaining boundary
of R-E region that needs to be characterized is over the in-
terval Pp < P < Pa.y. For this purpose, we consider the
following optimization problem withW,; £ F,Ff = 0and
Y172

W, £ FgFg‘( = 0:
1
5 1112 (1 + m) s.t (163)

7)3 .
tr(H{'{H1 1W1) > y107, tr(HY Hy 1 W3) > 42073 (16b)

max
Wi, Wa,v1,72

tr(H{gHy g W) + tr(HY g Hy g W5) > P (16¢)
tI‘(Wl + WQ) < Pr,W; = 0,W5 = 0. (16d)
Let f(71,72) be defined ag (v1,72) = =125, Then, we

have the following Lemma fof (71, 72).

Lemma 1: f(v1,72) is a concave function.

Proof: This Lemma can be proved by showing that the Hes-

sian matrix off(y1,72) is negative definite. Due to limited

space, the derivations have been omitted. O
Sincef(v1,72) is concavelns (1 + f(y1,72)) is also con-

cave [8]. Thus, the optimization probleRy is convex since

all of its constraints are linear w.r.tW; and W, which in



turn are constrained to be positive semidefinite. Howetver, i
is not easy to reformulate the convex optimization problem
(16) into a suitable form so that standard convex optimiza-
tion toolboxes [9] can be used. To circumvent this issue, we
make the assumption that + . >> 1, which is accurate

for moderate and high SNR values at the relay and destina-
tion. Thus, we approximatg¢(vyi,v2) by f(’yl,’)/g) where

f(y1,72) = L2, The resulting problem in (16) can be

Y1+72

shown to have a semidefinite programming (SDP) formula-
tion. For this purpose, we rewritg~;,v2) as

Energy (joules/sec)

~ 1 . .
fon,v2)=zm+r-—m7 " "m—7¥ ) A7)

2 c=g=ng = 4,ne 5
wherej = v; + 2. Introducing a slack variable > 0, we L s
can re-express (16) as Rate (bpsiHz)
_ 1
Ps: max  —Ing(1+ 7)s.t. (16d), (16¢), (16d), (18a) _ ) )
{rm, Wi, 2 Fig. 2. R-E region tradeoff for the considered system.
21 < (m+ 72— T — 27 ). (18b)

5. CONCLUSIONS
Applying Schur-complement theorem [8] twice in (18b), we

can express it as We have provided the performance limits of OSTBC based
Y1+v2 0 0 0 MIMO cooperative relay system that allows low-powered
0 o 0 Yo wireless devices in its vicinity to harvest energy. The éaits
=0. (19 . . . .
0 0 M+ ol in information rate and energy transfer were charactetized
0 Y2 " i+ —T the boundary of the R-E region which is obtained by solving

joint source and relay precoder optimization problems.

Finally, the following SDP formulation is obtained
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