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ABSTRACT

This paper investigates performance limits of a two-hop
multi-antenna amplify-and-forward (AF) relay system in the
presence of a multi-antenna energy harvesting receiver. The
source and relay nodes of the two-hop AF system employ
orthogonal space-time block codes (OSTBC) for data trans-
mission. We derive joint optimal source and relay precoders
to achieve different tradeoffs between the energy transferca-
pability and the information rate, which are characterizedby
the boundary of the so-calledrate-energy (R-E) region. Nu-
merical results demonstrate the effect of different parameters
on the boundary of the R-E region.

1. INTRODUCTION

Harvesting energy from radio signals of a transmitter is a
promising technique that has been successfully implemented
in various applications, such as passive radio-frequency iden-
tification (RFID) systems [1] and body sensor networks with
medical implants [2]. Energy harvesting (EH) can be used for
prolonging the network operation time in energy-constrained
networks, such as sensor networks, which are typically pow-
ered by small batteries and have limited life time. In this con-
text, the authors in [3] propose a wireless communication sys-
tem in which some terminals do not have fixed power supply
and thus need to harvest the energy from signals transmitted
by other terminals. In particular, [3] considers a three-node
wireless multiple-input multiple-output (MIMO) broadcast-
ing system in which the two receiver nodes harvest energy
and decode information separately from the signals broadcast
by the common transmitter. The transmitter tries to simul-
taneously maximize the information transfer to the intended
receiver and the power transfer to the EH receiver. Note that
[3] extends the study of simultaneous information and power
transfer of [4], [5] from the single-input single-output (SISO)

This work was supported in part by Defense Advanced ResearchProjects
Agency (DARPA) under contract no. HR0011-10-1-0062. The views, opin-
ions, and/or findings contained in this article/presentation are those of the au-
thor/presenter and should not be interpreted as representing the official views
or policies, either expressed or implied, of the Defense Advanced Research
Projects Agency or the Department of Defense. Approved for public release.
Distribution unlimited.

link in the co-located receiver (i.e., information and EH re-
ceivers are the same) case to the multi-antenna setup with both
co-located and separated receivers.

In this paper, different from previous contributions [3], [4],
[5], we envisage a wireless communication system in which a
multi-antenna EH receiver coexists with a two-hop MIMO re-
lay system where both the source and relay nodes employ or-
thogonal space-time block codes (OSTBC) [6] and precoders
for data transmission. The relay/destination node of the two-
hop system uses maximum-ratio combining (MRC) technique
for detecting/decoding the source signal. In overall, the relay
operates in a half-duplex mode using an amplify-and-forward
(AF) protocol. The EH receiver harvests energy from the ra-
dio signals transmitted by both the source and relay. Infor-
mation transfer to the destination node and power transfer to
the EH receiver are optimally controlled by properly design-
ing the source and relay precoders. In particular, under the
total power constraint of the source and relay, we design the
optimal source and relay precoders that maximize the rate for
the intended receiver while keeping the power transfer to the
EH receiver above a certain predefined value. This predefined
value is varied to obtain the boundary of the so called rate-
energy (R-E) region which illustrates the tradeoffs for max-
imal information rate versus energy transfer. To the best of
our knowledge, simultaneous transfer of energy and informa-
tion for the proposed system model has not been addressed
before, although optimal MIMO relay precoder designs have
been solved for different scenarios (see [7] and the references
therein) in the absence of the EH receiver.

2. SYSTEM MODEL

We consider a system shown in Fig. 1, which consists of a
multi-antenna two-hop relaying system with a source, a re-
lay, and a destination (also named as an information decoding
(ID) receiver), and an EH receiver. The direct link between
the source and ID receiver is not considered, since we as-
sume that the effects of path attenuation and shadowing are
more severe on the direct link than compared to the link via
relay. Since, the relay operates in half-duplex mode, sig-
nal transmission in source-relay (S-R) and relay-destination



(R-D) links takes place in two phases. In the first phase,
the source encodes the input signal using OSTBC, precodes
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. Thenr × T
matrix of received signal samples at the relay can be given by
Yr = H1,IF1C(s) +Nr wheres = [s1, · · · , sK ]T is K × 1
information-bearing symbol vector,C(s) is thens × T OS-
TBC matrix formed froms, T is the number of time periods
used for transmittings, H1,I ∈ Cnr×ns is the S-R MIMO
channel,F1 ∈ Cns×ns is the source precoder, andNr ∈
Cnr×T is the matrix of zero-mean circularly symmetric com-
plex Gaussian (ZMCSCG) elements with varianceσ̃2

1 . It is
assumed that{sk}Kk=1

are chosen from signal constellations
with E

{

|sk|2
}

= 1. Due to the orthogonality of OSTBC,
C(s) fulfills the propertyC(s)CH(s) = a||s||2Ins

, where
the constanta (e.g,a = 1 for the Alamouti code [6]) depends
on the chosen OSTBC matrix. The source power and the en-
ergy received by the EH receiver during the first phase of the
two-hop transmission can be, respectively, given by

Ps = aKtr
(

F1F
H
1

)

, Pe,1 = aKtr
(

H1,EF1F
H
1 HH

1,E

)

(1)

whereH1,E ∈ Cne×ns is the MIMO channel between the
source and EH receiver. Due to the application of OSTBC
at the source and the MRC scheme at the relay during the
first phase of signal transmission, the S-R MIMO channel is
decoupled intoK parallel SISO channels. Thus, the signal
received by the relay on thekth S-R SISO channel is given by

yRk = ||H1,IF1||sk + n1,k, k ∈ {1, · · · ,K} (2)

wheren1,k ∼ NC(0, σ
2
1) is the additive Gaussian noise at the

relay for thekth S-R SISO channel andσ2
1 = σ̃2

1/a. The relay

normalizes
{

yRk
}K

k=1
yielding

ỹRk =
yRk

√

E
{

|yRk |2
}

=
||H1,IF1||sk + n1,k
√

||H1,IF1||2 + σ2
1

. (3)

The relay then employs OSTBC to encode
{

ỹRk
}K

k=1
and pre-

codes the resulting OSTBC encoded signal. The output of the
relay is thus given byYro = F2C(ỹ) whereF2 ∈ Cnr×nr is
the relay precoder,̃y = [ỹR1 , · · · , ỹRK ]T ,C(ỹ) ∈ Cnr×T is the
OSTBC obtained after encoding̃y and satisfies the relation
C(ỹ)CH(ỹ) = a||ỹ||2Inr

. The transmit power of the relay
and the energy received by the EH receiver during the second
time-phase can be thus, respectively, given by

Pr = aKtr(F2F
H
2 ), Pe,2 = aKtr

(

H2,EF2F
H
2 HH

2,E

)

. (4)

Thend × T matrix of signal samples received at the destina-
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Fig. 1. Two-hop OSTBC based relay system with EH Rx.

tion during the second phase of transmission can be written as
Yd = H2,IF2C(ỹ) +Nd, whereH2,I ∈ Cnd×nr is the R-D
MIMO channel andNd ∈ Cnd×T is the matrix of ZMCSCG
elements with variancẽσ2

2 . The destination uses MRC to de-
tect the source signals. Due to the application of OSTBC at
the relay and MRC at the destination, the R-D MIMO chan-
nel also turns intoK parallel SISO channels. Thus, the signal
received by the destination on thekth R-D SISO channel can
be expressed as

yk,d = ||H2,IF2||ỹRk + n2,k (5)

wheren2,k ∼ NC(0, σ
2
2) is the additive Gaussian noise at the

destination for thekth channel andσ2
2 = σ̃2

2/a. With the help
of (3), (5) can be written as

yk,d =
||H2,IF2||||H1,IF1||sk +H2,IF2n1,k

√

||H1,IF1||2 + σ2
1

+ n2,k. (6)

The signal-to-noise ratio (SNR) at the destination can be ex-
pressed as

γ =
||H2,IF2||2||H1,IF1||2

||H2,IF2||2σ2
1 + ||H1,IF1||2σ2

2 + σ2
1σ

2
2

=
γ1γ2

γ1 + γ2 + 1
(7)

whereγi =
||Hi,IFi||

2

σ2

i

for i = 1, 2.

3. PROPOSED TRANSMISSION STRATEGIES

First, we determine the optimal precodersF1 andF2 that
maximize separately the received energy at the EH receiver
and the information rate to the ID receiver. Consider the
MIMO links from the source and relay to the EH receiver,
when the ID receiver is not present. In this case, the objective
is to designF1 andF2 to maximize the total powerPe,1+Pe,2

received at the EH receiver. This design problem can be for-
mulated as

P1 : max
F1,F2

tr
(

H1,EF1F
H
1 HH

1,E

)

+ tr
(

H2,EF2F
H
2 HH

2,E

)

s.t. tr
(

F1F
H
1

)

+ tr
(

F2F
H
2

)

≤ PT (8)

where the constantaK is omitted from the objective func-
tion, andPT is given byPT = P̃T

aK
, whereP̃T is the total

power (source and relay). Let the eigen-decomposition (ED)



of HH
i,EHi,E be given byHH

i,EHi,E=UHi,E
ΛHi,E

UH
Hi,E

with

eigenvaluesλHi,E

k (k = 1, ··, ri , rank(Hi,E)), in the non-
decreasing order, wherei = 1, 2. Let {ui,E}2i=1

be the col-

umn vectors of
{

UHi,E

}2

i=1
corresponding to

{

λ
Hi,E

1

}2

i=1
.

Then, we have the following proposition.

Proposition 1: The optimal solutions toP1 are given by

F̃1 = [
√

PTu1,E,0, · · · ,0], F̃2 = 0, if λ
H1,E

1 ≥ λ
H2,E

1

F̃1 = 0, F̃2 = [
√

PTu2,E,0, · · · ,0], if λH1,E

1 < λ
H2,E

1 . (9)

Proof: The proof is skipped due to space constraints. �

Next, consider the two-hop MIMO relay link from
the source to the ID receiver without the presence of the EH
receiver. The optimalF1 andF2 that maximize the informa-
tion rate over the two-hop MIMO channel can be obtained by
solving the following problem

P2 : Rmax , max
F1,F2,γ1,γ2

1

2
ln2

(

1 +
γ1γ2

γ1 + γ2 + 1

)

s.t γ1 =
||H1,IF1||2

σ2
1

, γ2 =
||H2,IF2||2

σ2
2

, (10)

tr
(

F1F
H
1

)

+ tr
(

F2F
H
2

)

≤ PT.

Let the ED ofHH
j,IHj,I be given byHH

j,IHj,I=UHj,I
ΛHj,I

UH
Hj,I

with the eigenvaluesλHj,I

k (k = 1, ··, rj , rank(Hj,I)) in
the non-decreasing order, wherej = 1, 2. Let {uj,I}2j=1

be the column vectors of
{

UHj,I

}2

j=1
corresponding to

{

λ
Hj,I

1

}2

j=1
. It can be proved (the proof is omitted for

brevity) that the optimal choices forF1 andF2 in P2 are

F̄1 = [
√
a1u1,I,0, · · · ,0], F̄2 = [

√
a2u2,I,0, · · · ,0], (11)

wherea1 ≥ 0, a2 ≥ 0 need to be optimized forP2. This leads
to the following scalar-valued optimization problem forP2.

P̄2 : Rmax , max
a1,a2

1

2
ln2

(

1 +
a1a2λ̃

H1,I

1 λ̃
H2,I

1

a1λ̃
H1,I

1 + a2λ̃
H2,I

1 + 1

)

s.t a1 + a2 ≤ PT (12)

whereλ̃H1,I

1 =
λ
H1,I

1

σ2

1

andλ̃H2,I

1 =
λ
H2,I

1

σ2

2

. It is easy to verify
that the inequalitya1 + a2 ≤ PT satisfies with equality at the
optimality of P̄2. Thus, substitutinga1 = PT − a2 into (12)
and solving the first-order partial derivative of the objective
function ofP̄2 w.r.t. a2, we obtain

(λ̃
H1,I

1 − λ̃
H2,I

1 )a22 − 2(1 + λ̃
H1,I

1 PT)a2 +

PT(1 + λ̃
H1,I

1 PT) = 0, (13)

which yields the following solution

a2 =
−u1 ±

√

u1(1 + λ̃
H2,I

1 PT)

λ̃
H1,I

1 − λ̃
H2,I

1

(14)

whereu1 = 1+ λ̃
H1,I

1 PT and“− ” is taken to guarantee that
0 ≤ a2 ≤ PT. Then,a1 is obtained froma1 = PT − a2.
Thus, the optimal solutions forP2 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 the op-
timal transmission strategy for simultaneous wireless power
and information transfer. For this purpose, we use therate-
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

CR−E(PT) ,

{

(R,P ) : R ≤ 1

2
ln2

(

1 +
γ1γ2

γ1 + γ2 + 1

)

,

γ1 =
||H1,IF1||2

σ2
1

, γ2 =
||H2,IF2||2

σ2
2

,

P ≤ ||H1,EF1||2 + ||H2,EF2||2, ||F1||2 + ||F2||2 ≤ PT

}

(15)

Let (REH, Pmax) and(Rmax, PID) be the boundary points of
this R-E region corresponding to the maximal power and in-
formation transfers, respectively. The source and relay pre-
coders for the former boundary point are given by (9) which
yield maximum power transfer ofPmax = ||H1,EF̃1||2 +

||H2,EF̃2||2 to the EH receiver and the information transfer
of REH = 0 to the ID receiver. Note that no transfer of in-
formation to the ID receiver is obvious in this case, since the
solution (9) means that either the source or the relay remains
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.e.,F̄1 andF̄2), the information
rate ofRmax is achieved whereas the power transferred to the
EH receiver becomesPID = ||H1,EF̄1||2 + ||H2,EF̄2||2. It
can be easily seen that for̄P ≤ PID, whereP̄ ≥ 0, the max-
imum rateRmax is achievable with the samēF1 andF̄2 that
achieve the R-E pair(Rmax, PID). The remaining boundary
of R-E region that needs to be characterized is over the in-
tervalPID < P̄ < Pmax. For this purpose, we consider the
following optimization problem withW1 , F1F

H
1 � 0 and

W2 , F2F
H
2 � 0:

P3 : max
W1,W2,γ1,γ2

1

2
ln2

(

1 +
γ1γ2

γ1 + γ2 + 1

)

s.t (16a)

tr(HH
1,IH1,IW1) ≥ γ1σ

2
1 , tr(H

H
2,IH2,IW2) ≥ γ2σ

2
2 (16b)

tr(HH
1,EH1,EW1) + tr(HH

2,EH2,EW2) ≥ P̄ (16c)

tr(W1 +W2) ≤ PT,W1 � 0,W2 � 0. (16d)

Let f(γ1, γ2) be defined asf(γ1, γ2) ,
γ1γ2

γ1+γ2+1
. Then, we

have the following Lemma forf(γ1, γ2).
Lemma 1: f(γ1, γ2) is a concave function.
Proof: This Lemma can be proved by showing that the Hes-
sian matrix off(γ1, γ2) is negative definite. Due to limited
space, the derivations have been omitted. �

Sincef(γ1, γ2) is concave,ln2(1 + f(γ1, γ2)) is also con-
cave [8]. Thus, the optimization problemP3 is convex since
all of its constraints are linear w.r.t.W1 andW2 which in



turn are constrained to be positive semidefinite. However, it
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 thatγ1 + γ2 >> 1, which is accurate
for moderate and high SNR values at the relay and destina-
tion. Thus, we approximatef(γ1, γ2) by f̃(γ1, γ2) where
f̃(γ1, γ2) = γ1γ2

γ1+γ2

. The resulting problem in (16) can be
shown to have a semidefinite programming (SDP) formula-
tion. For this purpose, we rewritẽf(γ1, γ2) as

f̃(γ1, γ2) =
1

2
(γ1 + γ2 − γ1γ̃

−1γ1 − γ2γ̃
−1γ2) (17)

whereγ̃ = γ1 + γ2. Introducing a slack variableτ ≥ 0, we
can re-express (16) as

P̄3 : max
{τ,γi,Wi}

2

i=1

1

2
ln2(1 + τ) s.t. (16b), (16c), (16d), (18a)

2τ ≤ (γ1 + γ2 − γ1γ̃
−1γ1 − γ2γ̃

−1γ2). (18b)

Applying Schur-complement theorem [8] twice in (18b), we
can express it as








γ1 + γ2 0 0 0
0 γ̃ 0 γ2
0 0 γ1 + γ2 γ1
0 γ2 γ1 γ1 + γ2 − τ









� 0. (19)

Finally, the following SDP formulation is obtained

P̄3 : max
{τ,γi,Wi}

2

i=1

1

2
ln2(1 + τ) s.t. (16b), (16c), (16d), (19).

By solving the above problem̄P3 for PID < P̄ < Pmax, we
obtain the optimal rate solutions that form the boundary of the
R-E region over the intervalREH = 0 < R < Rmax. Note
that, in our case, the optimal{Fi}2i=1

can be recovered from
the optimal{Wi}2i=1

without any loss of optimality.

4. NUMERICAL RESULTS AND DISCUSSIONS

We plot the boundary of the R-E region using numerical re-
sults. The results are obtained by averaging over 200 inde-
pendent realizations of{Hi,I}2i=1

and{Hi,E}2i=1
whose ele-

ments are ZMCSCG random variables with unit variance. We
takeσ2

1 = σ2
2 = σ2, andns = nr = 2, i.e., both the source

and relay use Alamouti code [6]. Figure 2 plots the tradeoff
between the maximum energy harvested by the EH receiver
and the maximum information rate transferred to the ID re-
ceiver for different values of average SNR (γav , P̃T/σ

2),
nd, andne. As can be seen from this figure, for the given
nd andne, the information transfer increases asγav increases
whereas the power transfer remains almost the same. The lat-
ter also remains unchanged whennd increases for the given
γav andne. However, the power transfer to the EH receiver
improves whenne increases for the givenγav andnd. Hence,
based on the results of Figure 2, it can be concluded that the
larger values ofγav andnd are desired for having better infor-
mation rate transfer whereas the larger value ofne is required
for improving the energy transfer to the EH receiver.
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Fig. 2. R-E region tradeoff for the considered system.

5. CONCLUSIONS

We have provided the performance limits of OSTBC based
MIMO cooperative relay system that allows low-powered
wireless devices in its vicinity to harvest energy. The tradeoffs
in information rate and energy transfer were characterizedby
the boundary of the R-E region which is obtained by solving
joint source and relay precoder optimization problems.
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