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Abstract—This paper studies the optimum performance bound-
aries of a two-hop multi-antenna amplify-and-forward (AF) relay
system with a multi-antenna energy harvesting (EH) receiver. The
source and relay nodes employ orthogonal space-time block codes
for data transmission. When instantaneous channel state informa-
tion (CSI) is available, we design joint optimal source and relay
precoders to achieve different tradeoffs between the energy and
information transfers, which are characterized by the boundary
of the rate-energy (R-E) region. For this purpose, the optimiza-
tion problem is formulated as a relaxed convex problem but its
optimality is confirmed with a proof that rank-one optimal pre-
coders can always be obtained. As a consequence, it is shown that
the full-rate OSTBC, like the Alamouti code, can be employed for
an arbitrary number of antennas at the transmit nodes (source
and relay) and support up to seven simultaneously existing EH re-
ceivers. When only second order statistics of the CSI is available,
the tradeoff between outage probability (OP) and energy is char-
acterized by the boundary of the OP-energy (OP-E) region. In this
case, the precoder design problem is formulated using a convex
upper bound approximation to the OP, since the exact OP expres-
sion is difficult for tractable optimization. Numerical results show
that the OP-E region obtained with the upper bound of the OP is
better than that with the approach based on maximization of the
long-term average signal-to-noise ratio (SNR). The role of the dif-
ferent parameters such as average SNR, numbers of antennas, and
spatial correlation on the boundaries of the R-E and OP-E regions
is demonstrated via simulations.

Index Terms—Energy harvesting, information and energy
transfer, MIMO relay, orthogonal space-time block code.
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I. INTRODUCTION

NERGY HARVESTING (EH) is the process by which en-

ergy from external sources (e.g., radio-frequency (RF) en-
ergy, solar power, thermal energy, wind energy) is captured and
stored for energy-constrained devices. In particular, EH from
radio waves, known as RF energy harvesting (RF-EH), is a
promising technique that can be used for prolonging network
operation time in energy-constrained networks, such as sensor
networks, which are typically powered by small batteries and
have limited life time [1]-[10]. The sources for RF-EH can be
grouped into three general categories: intentional, anticipated
ambient, and unknown ambient [11]. In [1]-[4], transmission
strategies for EH nodes are studied, where the nodes harvest
energy at some time instants and use the harvested energy for
message transmission at some other time instants. The authors
of [1] solve the problem of transmission time minimization,
when the time instants and the amounts of data and energy, re-
spectively, to transmit and harvest, are known. The short-term
throughput is maximized in [2] for an EH system under the
constraints on energy replenishment process and energy storage
capacity of batteries. The relation between this optimization
problem and transmission time minimization considered in [1]
is demonstrated in [2], which also results into the solution of the
latter problem. This design problem is extended in [3] to a real-
istic scenario of battery degradation over time by considering a
time-varying battery capacity, and in [4], [5] to a two-hop relay
channel, where both single-antenna source and relay nodes har-
vest energy. Gurakan ef al. in [6] consider a scenario where
the source node assists the relay by transferring some of its
energy. The corresponding end-to-end throughput maximiza-
tion problem with wireless energy transfer subject to energy
causality at both source and relay nodes and data causality at
the relay node is formulated as a convex optimization problem.
Recently, a new protocol is proposed in [7], which computes the
fraction of each time frame reserved for harvesting energy and
the rest of the frame for concurrently transmitting message.

In [8]-[10], EH systems are studied from a different per-
spective, i.e., communication systems are designed to efficiently
transmit both wireless power and information so that low-pow-
ered nodes that exist in the vicinity of these systems can har-
vest energy. In this context, the authors in [8] consider a three-
node wireless multiple-input multiple-output (MIMO) broad-
casting 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 simultane-
ously maximize the information transfer to the intended receiver
and energy transfer to the EH receiver. Notice that [8] extends
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the study of simultaneous information and energy transfer of
[9], [10] from the single-input single-output (SISO) link in the
co-located receiver (i.e., information and EH receivers are the
same) case to the multi-antenna setup with both co-located and
separated receivers. To the best of our knowledge, simultaneous
transfer of energy and information for the MIMO relay system
has not been addressed before, though optimal MIMO relay pre-
coder designs have been solved for different scenarios (see [12]
and the references therein) in the absence of the EH receiver.

In this paper, different from the previous contributions
[1]-[10], we examine a wireless communication system, in
which, two multi-antenna user terminals, an EH receiver and
an information decoding (ID) receiver, with different require-
ments, namely, information and energy, are served by a common
network of transmitters consisting of multi-antenna source and
relay nodes. Therefore, the EH part of the considered system
may be viewed as an intentional EH, where the source and relay
nodes are assisting the EH receiver to fulfill its energy require-
ment. The requirements for both energy and information arise,
for example, when the ID-receiver with sufficient available
power is ready for only receiving information, whereas the EH
receiver, being an energy-constrained battery-powered device,
is interested in harvesting energy so that it can charge its bat-
tery. The latter task is important since the EH receiver cannot
enter into a communication phase without having enough
power level. The source and relay nodes employ orthogonal
space-time block codes (OSTBCs) [13] and precoders for data
transmission. The relay operates in a half-duplex mode using
an amplify-and-forward (AF) protocol [14]. Assuming perfect
channel estimation at the receiving nodes, the relay/destination
node of the two-hop system uses the maximum-ratio combining
(MRC) technique for detecting/decoding the source signal. The
EH receiver harvests energy from radio signals transmitted by
both the source and relay nodes. Information transfer to the
destination node and energy transfer to the EH receiver are
optimally controlled by properly designing the source and relay
precoders. Since our aim is to study the tradeoff between these
transfers under different levels of transmit channel state infor-
mation (CSI), the precoded OSTBC [15] is adopted, which can
be considered to be a generalization of transmit beamforming
[16]!. Furthermore, optimal decoding in OSTBC-based MIMO
systems can be significantly simplified. Specifically, by using
MRC, the OSTBC-based MIMO transmission channel can
be equivalently turned to parallel SISO channels. Notice that
these benefits may be achieved without incurring rate-loss, for
example, by using the Alamouti code [17] which is a full-rate
OSTBC.

We investigate two scenarios, one assuming perfect CSI,
whereas in the other, only the second-order statistics of CSI
at the transmitting nodes (source and relay) are assumed to be
available. For the former case, using the total power constraint?

! Although precoded OSTBC turns to transmit beamforming for rank-one pre-
coders, the optimal design of source and relay beamformers proposed in [16]
cannot be directly applied or easily extended to the system with an EH receiver.

2The precoder optimization with per-node individual power constraints (IPC)
follows straightforwardly from the optimization with the sum power constraint
(SPC). Accordingly, given the space constraint, we only consider the latter case.
For a given total power budget, SPC allows more flexible power allocation be-
tween the transmit nodes depending on the instantaneous channel conditions.
Consequently, SPC provides better performance than the per-node IPC [18]. It
is assumed that the hardware of each node allows to use the total power.
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of the source and relay, we design the source and relay pre-
coders that maximize the rate for the intended receiver while
keeping the energy transfer to the EH receiver above a certain
predefined value. This predefined value is varied to obtain the
boundary of the rate-energy (R-E) region which describes the
tradeoffs between information rate and energy transfers [19].
In this context, the purpose of joint source and relay precoder
optimization is to use the total power resource in an optimal
way while serving the ID and EH receivers with two different
objectives, namely, information transmission and energy har-
vesting, respectively. These different objectives render the
underlying problem significantly different from conventional
relay communication systems where the users compete for
system resources with the same requirement, i.e., information
transmission. One example to demonstrate such difference is
that transmission from the relay alone may meet the objective
of energy harvesting but not information transmission. To trade
off between the two objectives under total power resource
constraint, we use the R-E boundary and outage probability-en-
ergy (OP-E) boundary (this will be discussed later), which are
defined as joint metrics of the information transmission and
energy harvesting. It is clear that unless the joint optimization
is carried out, the performance of the information transmission
or energy harvesting, or both, will not achieve their optimal
conditions. With these motivations behind joint precoder op-
timization, we reformulate the original optimization problem
as a relaxed convex problem and confirm its optimality by
proving that rank-one optimal source and relay precoders can
be guaranteed. As a consequence, it is shown that the Alamouti
code can be employed in a system with an arbitrary number of
antennas at the transmit nodes. Furthermore, it is shown that
the EH relay system with up to seven EH receivers can be sup-
ported by using the Alamouti code, without losing optimality
of the relaxation.

In the second scenario where the instantaneous CSI is not
known at the transmit nodes, the optimal precoders depend on
the second-order statistics, such as covariance matrices of the
channels. In this case, we characterize the performance of the
underlying communication system using the tradeoff between
the outage probability (OP) achieved at the destination and en-
ergy transferred to the EH receiver. This tradeoff is described
by the boundary of the OP-E region. Because the exact expres-
sion of the OP is a complicated function of precoders, the de-
sign of joint optimal source and relay precoders becomes dif-
ficult. Therefore, we derive an upper bound approximation to
the OP, which is used for formulating the precoder optimization
problem. Due to the requirement of making the upper bound
tight, this formulation, in addition to the precoders, involves op-
timization with respect to two more scalar variables. As a result,
the corresponding optimization problem is solved by iteratively
solving two convex sub-problems, where the sub-problem re-
lated with the optimization of scalar variables can be solved
semi-analytically. Moreover, as in the perfect CSI case, the for-
mulated problem is a relaxed optimization problem w.r.t. the
precoders. However, unlike in the perfect CSI case, rank-one
precoder solutions of the relaxed problem cannot not be guaran-
teed. Nonetheless, this does not lead to a loss in optimality (in
the sense of minimizing the upper bound of OP) for a system
that employs Alamouti codes and two transmit antennas at each
node. The OP-E region obtained with this upper bound is com-
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Fig. 1. Two-hop OSTBC based relay system with EH Rx.

pared with the approach which maximizes the long-term av-
erage signal-to-noise ratio (LTA-SNR).

The remaining of this paper is organized as follows. The
system model is presented in Section II. In Sections III and IV,
the precoder optimization methods are proposed for character-
izing the R-E and OP-E regions, respectively. Simulations re-
sults are presented in Section V, whereas conclusions are made
in Section VI.

Notations: Upper (lower) bold face letters will be used
for matrices (vectors); (-)T, (-)¥, E{-}, I, and ||| denote
transpose, Hermitian transpose, mathematical expectation,
n X n identity matrix, and Frobenius norm, respectively. tr( - ),
vec( - ), CM*M '@ and A > 0 denote the matrix trace operator,
vectorization operator, space of M X M matrices with complex
entries, the Kronecker product and positive semidefiniteness of
A, respectively. [x]; stands for kth element of the vector x.

II. SYSTEM MODEL

We consider a system shown in Fig. 1, which consists of
a multi-antenna two-hop relaying system with an rng-sensor
source, an n,-sensor relay, and an n4-sensor destination (also
referred to as ID receiver), and an n.-sensor EH receiver. The
purpose of the relay node is to support reliable information
transfer from the source to the ID receiver. In particular, consid-
ering that the ID receiver lies in the shadowed area seen by the
source node, we assume that there is no direct link between the
source and the ID receiver. As such, the source has to rely on
the relay node to extend the coverage. Consider that the source
and relay are fixed infrastructure nodes in an LTE-advanced
(LTE-A) system with the total available power as specified in
[20]. This power is shared among these nodes, according to the
optimization schemes to be presented in the following sections.
The EH receiver is assumed to be not too far away from the
source and relay nodes and have LoS with them. Depending on
the power sharing between these nodes, the EH receiver can re-
ceive an order of several W of RF power from the source and
(or) relay, even if the source-EH receiver (S-EH) and relay-EH
receiver (R-EH) distances are about 100 m. Measurement
results also indicate that typical power levels at 25 m to 100
m distances from GSM base stations reach several ;#W/cm?
[Chapter 3, [21]]. Energy harvesting from such levels of RF
power [Chapter 3, [21]], [22] is useful in today’s technology
for a sensor node to operate environment sensing and transmit
information. Our objective is to provide a joint source and
relay precoder optimization for simultaneous energy and power
transfer to the EH and ID receivers, respectively. The proposed
optimization framework provides a general approach, meaning
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that it results in a special and simplified optimization problem
when the EH receiver harvests energy using signals from only
one of the nodes (e.g., when it is far from either the source or
the relay node).

Since the relay operates in a half-duplex mode, signal trans-
missions over source-relay (S-R) and relay-ID receiver (R-ID)
channels take place in two phases. In the first phase, the source
encodes the input signal using the OSTBC, precodes the en-
coded signal and transmits the resulting signal to the relay. The
n, X T matrix of received signal samples at the relay can be
given by

Yr = HLIFlC(S) -+ Nr (1)
wheres = [s1,...,8 K]T is K x 1 information-bearing complex
symbol vector, C(s) is the B x T OSTBC matrix formed from
s, T is the number of time periods used for transmitting s, B
is the spatial dimension of the OSTBC, H;; € C™*™ is the
S-R MIMO channel, F; € €™*B is the source precoder, and
N, € ¢™*T is the matrix of zero-mean circularly symmetric
complex Gaussian (ZMCSCG) elements with variance 2. It
is assumed that {s; }# | are chosen from signal constellations
with E{|s|?} = 1. Due to the orthogonality of the OSTBC,
C(s) fulfills the property C(s)C¥(s) = al|s||?Iz, where the
constant ¢ depends on the chosen OSTBC matrix (e.g., ¢ =
1 for the Alamouti code [17]). The power transmitted by the
source during the first phase of the transmission is given by

P, =E{tr (F1C(s)C*(s)F{)}

= aB{||s||*}tr (F1F{) = aKtr (F1F{) (2)
where Hy g € C™=*" is the S-EH MIMO channel. Notice that
the EH receiver can harvest energy from the received RF signal
without requiring to convert it to the base band signal, for ex-
ample, using the rectenna architecture [21], [23]. Towards this
end, the total harvested energy (also energy to be stored) is ap-
proximated to be linearly proportional to the received baseband
signal power with some conversion efficiency 0 < p < 1 [23].
Thus, the energy harvested by the EH receiver during the first
phase of the two-hop transmission can be expressed as

P.1 = pE {tr (H; gF1C(s)C" (s)F{H{:) }

= dtr (H, gF FTHTL) 3)
where @ = pa K. It is important to emphasize that the assumed
linear relationship between the harvested energy and received
baseband signal power is standard (see also references in [21],
[23]) and sufficiently accurate since the harvested energy due to
the antenna noise and rectifier noise is a small constant. More-
over, since p is related to a circuit that converts the received RF
signal into harvested energy, the precoder design problems to be
solved in this paper are not affected, at least from the perspec-
tive of optimization methodology. Due to the application of the
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 into K parallel SISO channels. Thus, the signal re-
ceived by the relay on the kth S-R SISO channel is given by
[24]

yp = |HyF1lsk + nyp,

ke{l,...,.K} (4
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where 711 ~ Afc(O, U%) is the additive Gaussian noise at the
relay for the kth S-R SISO channel and 0§ = 67 /a. The relay
normalizes {yR} X | vyielding

R
. Yi |Hy 1F1]|sg + 01k
A £ - NG

Ik = — = —
\/E{|y,f‘\2} VIHLF P + 0

The relay then employs OSTBC3 to encode {#}£ | and pre-
codes the resulting OSTBC encoded signal. The output of the
relay is thus given by Y,, = FyC(¥) where F, € C=*8
is the relay precoder, y = [78,...,9%]T, C(y) € CP*T is
the OSTBC obtained after encoding y and satisfies the relation
C(y)CH(y) = a||ly||*15. The transmit power of the relay and
the energy harvested by the EH receiver during the second phase
can be thus, respectively, given by

P, = aKtr (FoF5 ), P.p = atr (HygF2FYHYE)  (6)
where H» g is the R-EH MIMO channel. The nq x T matrix
of signal samples received at the ID receiver during the second
phase of transmission can be written as

Yq=H,1F,C(y)+ Ny 7

where Ho 1 € ™% is the R-ID MIMO channel and Ngq €
C"a*T is the matrix of ZMCSCG elements with variance 3.
The ID receiver uses MRC to detect the source signals. Due
to the application of the OSTBC at the relay and MRC at the
ID receiver, the R-ID MIMO channel also turns into K parallel
SISO channels. Thus, the signal received by the ID receiver on
the kth R-ID SISO channel can be expressed as

Yea = |[Ha1Fa |75 + nok )]
where n2 . ~ Nc(0,03) is the additive Gaussian noise at the
ID receiver for the kth channel and ¢ = 53 /a. With the help
of (5), (8) can be written as

|Ho 1Fo[|Hi 1 F1[s + [[H2 1F2||n1 & e

VIHLIF? + 07

Yk.d =
)

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

[Ha 1Fo||*[[Hy 1F4 ||

77 I H2iFa [P0} + [[HodF 1?03 + 0703
7 +y+1
where v; = HH;ifll_ for 2 = 1,2. Equation (10) shows that

the end-to-end SNR is a monotonically increasing function of

3For simplicity and notational convenience, it is assumed that the source and
relay nodes use the same OSTBC. Since our aim is to use OSTBC without incur-
ring rate loss, the available OSTBC for both source and relay nodes is, in fact,
the Alamouti code. Because the employed OSTBCs are precoded, the afore-
mentioned assumption does not result in any restriction on n, and n., except
that {n.,ns} > 2.
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the SNRs of S-R and R-ID links. The structure of this expres-
sion is the key for making the optimal precoder design problem
tractable through an efficient approach.

III. FuLL CSI CASE: R-E REGION

In this section, we design optimal source and relay precoders
considering that all channels are slowly time-varying, and thus,
the instantaneous CSI of all channels can be obtained with neg-
ligible uncertainty. In order to obtain the transmit CSI of the
S-R and R-ID channels, CSI acquisition methods based either on
feedback (for frequency-division duplex transmission) or reci-
procity (for time-division duplex systems) approach can be em-
ployed [25]. The EH receiver may use a small fraction of its EH
time period to transmit control signals, which the source and
relay nodes use to estimate the transmit CSI of the S-EH and
R-EH channels, respectively. Although this requirement is mo-
tivated from the goal of achieving the best performance, it can
be simplified or relaxed by using the precoder design based on
only the second-order statistics of the channels (cf. Section IV).
For better exposition of the concept behind R-E tradeoff, we first
determine joint optimal F'y and F'5 that maximize separately the
average energy transfer to the EH receiver and the information
transfer to the ID receiver. We then consider the problem of op-
timizing precoders when both receivers are present.

A. Optimization With Only EH 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 design F; and F5 to maximize the total power
P.1 + P, 5 received at the EH receiver. This design problem
can be formulated as

Py ¢ max tr (Hy gF F{H L) + tr (Hy 5FoFYHY L) st

1,r2
tr (F1F{7) + tr (FoFY) < Pr (11)

where the constant ¢ is omitted from the objective function,
and Pr is given by Pt = f—IT{, where Py is the total power
available for the source and relay. Let the eigen-decomposition
(ED) ofoEHi,E be given by HfEHi‘E = UHLEAH@EU&W
with eigenvalues A, % (k = 1,...,r;5 2 rank(H;g)), in
the non-increasing order, where 7 = 1,2. Let {u; g }7_, be the
column vectors of {Uy, ; }2_; corresponding to {)\?“"E 2.
Then, we have the following proposition.
Proposition 1: The optimal solutions to P; are given by

F,,j = [ PTI,ILE,O,...,O],F]' = [0,0]
if AR > APIE o255 e {12}, (12)

Proof: For brevity, the proof for this proposition is summa-
rized as follows. Substituting H;H; g = Un, ,An, , Ufj _,
the ED of F;F¥ into P; and applying [(9.H.1.g.7), [26]], the
matrix-variate optimization problem P; can be converted to a
scalar-valued linear programming (LP) problem [27]. The solu-
tion of this LP results in the solution (12). O

B. Optimization With Only ID Receiver

Consider the two-hop MIMO relay link from the source to
the ID receiver without the presence of the EH receiver. The
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optimal F'; and F'» that maximize the information rate over the
two-hop MIMO channel can be obtained by solving the fol-
lowing problem

R, Y1y2
P. 2 ma —Iny [ 1+ ———F— ] s.t.
2 ¢ Mmax F17F2~,’3§7”/2 2 2 ( y1+7+1
CHLF P [[Hy Fy?
1 2

tr (F1F{') + tr (FoFY) < Pr (13)

where R, is the code rate of the OSTBC (i.e., R. = %) and the
factor 3 is due to the half-duplex relay. Let the ED of Hf{IH G
be givenby HI H; 1 = Un, , Am,, Ugp | with the eigenvalues
/\?"I (k=1,...,r1 = rank(H 1)) in the non-increasing
order, where j = 1,2. Let {u;1}? = be the column vectors of

{Umn,,}3—, corresponding to {A;"""}3_,. Following Proposi-
tion 1, we can prove that the optimal choices for F'; in P, are

Fi = [\/a_iuilvo'/"'vo]',i =

where {a; > 0} need to be optimized for P». This leads to the
following scalar-valued optimization problem for Ps.

1,2 (14)

TH; 1 {H:
CL1(J,2)\ 1’1)\ 21

_ R.
Py Ry 2 max —Inp {1+ — H s.t.
ay,az 2 (Ll)\ T agA !
a1+ a2 < Pr (15)
<Hig AHl H) doa
where A\ = = = . It is easy to verify

that the mequahty a1 + as < Pr satlsﬁes with equality at the
optimality of Ps. Thus, substituting a; = Pr — as into (15) and
solving the first-order partial derivative of the objective function
of Py w.rI.t. az, we obtain the following solution

wy £ ,\/ul (1 + X?”PT)

1H H:
AllT_)\ 2,7

a9 =

(16)

where u; = 1+ S\?MPT. The value of as with “—” is taken
to guarantee that 0 < as < Pr. Then, a4 is obtained from
a; = Pr — as. When 5\?” = 5\?2’1, it can be readily shown
that a1 = ay = PTT. Thus, the optimal solutions for P, are
derived.

C. Optimization With Both ID and EH Receivers

We now consider the case where both the EH and ID receivers
are present. In this case, our objective is to find the optimal trans-
mission strategy for simultaneous wireless energy and informa-
tion transfer. For this purpose, we use the rate-energy (R-E) re-
gion which characterizes all the achievable rate and energy pairs
for a given total power constraint of source and relays. We de-
fine the R-E region as

R.
Cr-p(Pr) £ {(RP) R < 7’1 (
HHI IF1H2 ||H2 IF2||2
5 V2= 5

01 ’ 02

(71 + Dy + 1))
Y1t+72+1 ’

P < |[HypFy|l” + [[HapFo | [ Fuf” + |F2)* < PT} :
(17)
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Let (Ren, Pumax) and (Rmax, Pip) be the boundary points
of this R-E region corresponding to the maximal en-
ergy and information transfers, respectively. The source
and relay precoders for the former boundary point are
given by (12), which yield maximum energy transfer of
Poax = o(|HigF1]]? + [|H2gF2||?) to the EH receiver
and the information transfer of Rgy = 0 to the ID receiver.
Note that no transfer of information to the ID receiver is
obvious in this case, since the solution (12) 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 (14) together with (16). With these precoders
(i.e., F1 and F5), the information rate of R, is achieved
whereas the energy transferred to the EH receiver becomes
Pp = a(|[Hy gF1|? + |[H2gF2||?). It can be easily seen
that for P < Pip, where P > 0, the maximum rate R, is
achievable with the same F'; and F that achieve the R-E pair
(Rmax, £ip ). The remaining boundary of R-E region that needs
to be characterized is over the interval Pijp < P < Ppax. For
this purpose, we consider the following relaxed optimization
problem with W1 £ F;F¥ > 0 and W, 2 FoF¥ > 0:

R. Y172 )
'P‘ M max —_— lIl- 1 + —_———— s.t 18a
SUWLWoms 20 ( Y14+ v +1 (182)

tr (H{{,IHI,IWI) > y107, tr (H§1H2,1W2) > 2073,

(18b)

P
tr (Hi'gHy g W) + tr (HY g Hy g W3) > = (18¢)
tI‘(Wl + Wg) <Pr,W; =0, Wy >0 (18d)
where the rank-constraints on W,, Vi are relaxed4. The

constraints of the optimization problem (18) are convex [28],
whereas the objective function is quasi-concave. The quasi-con-
cavity of f(71,72) = Ilno(1 + "““ 7) can be proved by
showing that the ordered determinants of the bordered Hessian
matrix [29] of f(1,72) alternate in signs. The derivations are
skipped due to space constraints. However, the fact that the ob-
jective function of (18) increases monotonically with -+, which
in turn is a monotonically increasing function of -y;, V¢, allows
us to equlvalently replace (18a) by Hllﬂ{w 15 Vi) f(’yl,’)/g)

where f(71,72) is defined as f(v1,72) = [{11 + L +5 —L ] As

12}

a result, without loss of any optimality, (18) can be expressed as

f(v1.792) .. (18b), (18¢), (18d).  (19)

min
{W,7i,Vi}
The objective function of (19) can be shown to be convex as
follows. Since {v;} are positive scalars, {; '} are convex.
Moreover, since the Hessian matrix of the term can be

12

readily shown to be a positive semidefinite matrix, ﬁ is a
convex function of 7; and 5. Since sum of convex functions is
convex [28], (19) is a convex optimization problem. By solving
(19) and recovering optimal {F,} from optimal {W;}, it is
principally possible to characterize the R-E region described by
(17). However, since the ranks of {W,} are relaxed in (18) (or
(19)), this recovery may not be straightforward. Fortunately,
we can verify that the optimal {F;} can be recovered from the

“It is obvious that this relaxation is optimal when F'; and F, are square ma-
trices, i.e., when B = n, = n,. However, when Alamouti code is used for
avoiding rate loss in a system with {n., n,} > 2, the optimality of the relax-
ation requires further investigation, which will be considered in Proposition 2.
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optimal {W,} without any loss of optimality. The main idea
is to utilize the Shapiro-Barvinok-Pataki (SBP) rank reduction
result [30] derived in [31] for a semidefinite relaxation (SDR)
of complex-valued non-convex quadratically constrained
quadratic programs (QCQP). However, in order to apply SBP
result to (18), we have to equivalently formulate (18) to a
standard SDR formulation of QCQP. These contributions are
reflected in the following proposition:

Proposition 2: Rank-one optimal solutions of {W;}?_, can
always be obtained for the optimization problem (18).

Proof: Please refer to Appendix A. O

We should note that the part of the proof of Proposition 2 is
based on SBP result which is constructive, meaning that we not
only know that the rank-one solution exists, it can also be al-
gorithmically obtained when necessary [31]. This necessity de-
pends on the solutions obtained from a semidefinite program-
ming (SDP) solver in (18) and will be commented later. Note
that, although (19) is convex, the term ’)’11"/2 makes it difficult
to reformulate (19) to a suitable form so that a general convex
optimization toolbox can be used for solving (19). Towards this
end, the following proposition is formulated.

Proposition 3: The optimization problem (19) is equivalent
to

Ps min T+ T+ ist (20a)
{Wi,",'i,u“‘l‘i,vi},t
{”1 “}} -0, { ! “2] =0, (200)
uy Uz Y2
Uy + ug > H[\/i ULUQ]T ) (20c)
it 2 ||V )T i (20d)
(18Db), (18c), (18d). (20e)

which is a convex optimization problem since (20a) is linear,
(20Db) consists of linear matrix inequalities, (20c) and (20d) are
second-order cone constraints, and the constraints of (20e) are
convex.

Proof: Please refer to Appendix B. O

By solving the problem Ps (e.g., with CVX software [32])

for Pip < P < P.ax, we obtain the optimal rate solutions
that form the boundary of the R-E region over the interval
(Ren = 0) < R < Ryux. It is important to emphasize that,
although (18) is equivalent to (20) and Proposition 2 shows that
rank-one optimal solutions of {W,} can always be obtained, an
SDP solver (e.g., CVX) may not give always rank-one optimal
{W}.In such cases, a rank reduction algorithm, on the basis of
which the SBP result is derived, can be applied to the solutions
given by CVX. Interestingly, in our simulations (cf. Section V)
of (20), we have not encountered a case in which CVX yields
optimal solutions of { W} with ranks higher than one. We now
complete this section with the following remarks:

* Remark 1: 1t is clear from the Proposition 2 that the op-
timal source and relay precoders are none other than the
transmit beamformers. In other words, the performance ob-
tained with the optimal solutions of {W}2_, should be
same as that obtained with the optimal source, relay and
ID-receiver beamformers without OSTBCs. However, in
contrast to the case of a MIMO relay system without an EH
receiver [16], it is difficult to obtain these optimal beam-
formers without employing OSTBCs in our case.
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Remark 2: The use of general OSTBCs may incur rate loss.
However, the result of Proposition 2 enables us to employ
Alamouti codes, even if {ng, n.} > 2. This is due to the
fact that the main system equations (1) and (7) remain un-
affected except that the ranks of F'; and F5 reduce to two.
Remark 3: The Alamouti code can be used to support mul-
tiple EH receivers for any n; > 2. The maximum number
of EH receivers can be determined by extending the results
of Appendix A. Assume that there are (2 EH receivers. The
corresponding rate-maximization problem with the energy
transfer constraints is given by

R. Y12 )
ax o —-lnp {1+ ———— ) st. 21a
(Wi} 2 nQ( MR (21a)
P
tr (HY, pH1 o gW1) + tr (HY, pHy , g W) > =,
(21b)
g€ {1,...,Q}, (18b),(18d) le)

where H, ,r and Hy ,r denote the MIMO channels
between the source and the gth EH receiver, and be-
tween the relay and the gqth EH receiver, respectively.
Let (W73, W35, 47, ~43) be the optimal solution of (21).
Consider the following problem

{Vl\’,[:i}r_ng tr(Wi) 4 tr(Wo) s.t. (22a)

tr (H{{Hy (W) > yio7, tr (HY [ Hy 1W3) > y303,
(22b)

(21b), (18d). (22¢)

As an extension of the proof in Appendix A, it can be
readily shown that for any optimal solution (W1, W) of
(22), (W1, Wy, 7%, +2) forms an optimal solution of (21).
By the SBP result based on rank reduction algorithm [31],
(22) has an optimal solution (W, W3) such that

(rank(W1))? + (tank(W3))2 < 2 + Q. (23)
Moreover, as a necessary gondition, it remains true that
rank(W1) > 1 and rank(W3) > 1 (cf. Appendix A). Be-
cause of this necessary condition and the inequality (23),
it can be easily verified that as long as ) < 7, we have
optimal solutions in (21) satisfying rank(W;) < 2,Vi.
For example, assume that () = 8 is possible. In this case,
according to (23), we may obtain rank(W;) = 3 and
rank(Wy) = 1 or rank(W1) = 1 and rank(Ws) = 3,
i.e., we cannot guarantee that rank(W;) < 2,Vi. Con-
sequently, in such cases, the full-rate OSTBCs do not
exist. Furthermore, the fact that rank(W;) < 2.Vi is
guaranteed for @ < 7 means that the proposed OSTBC
based precoder optimization can handle up to seven EH
receivers without incurring rate reduction. The following
corollary and remark are now in order.

Corollary: For @@ < 7, optimal solutions with
rank(W;) < 2, Vi can always be obtained in (21).
Remark 4: From the results of Proposition 2, Remark
3 and the Corollary, it can be observed that smaller the
number of EH receivers, higher is the probability that
the optimal solutions of {W;} are low-rank matrices.
This observation can be explained intuitively as follows.



CHALISE et al.: OSTBC BASED AF-MIMO RELAY SYSTEM

The resource allocation problem (21) (or P3 for Q@ = 1)
is solved in terms of {W;} by relaxing the constraints
W, = F,F Vi or equivalently the rank constraints on
{W,}. This means the feasible region of (21) is larger
than that of the original problem in terms of {F;}. In
other words, the possible maximum ranks of {W,} can
be viewed as degrees-of-freedom (DoF) available for
(21). On the other hand, R,,.x, which is an upper bound
to (21a), is achieved when there is no EH receiver, and
most notably with rank-one optimal solutions of {F;}
(equivalently rank-one {W,}). Due to these reasons, it
may be argued that not all available DoF are required for
attaining the maximum value of (21a). This means that, as
the number of EH receivers increases, more DoF will be
used up, i.e., the probability of having optimal solutions
of {W,} with higher ranks increases.

IV. OUTAGE PROBABILITY-ENERGY (OP-E) REGION

In the previous section, the optimal precoders that charac-
terize the boundary of the R-E region are designed assuming
that the instantaneous CSI of channels are perfectly known. In
particular, the assumption of having perfect instantaneous CSI
at transmit nodes (source and relay) is idealistic due to the fact
that these nodes in general have to rely on the CSI fed back by
the relay and ID receiver, and the control signals transmitted by
the EH node for computing the optimal precoders. In order to
minimize the cost of CSI feedback and simplify (or relax) the
requirement for the EH receiver to allocate some of its EH time
period to transmit control signals, the precoders are designed
using the knowledge of second-order statistics of the channels.
Notice that, if the channel varies rapidly, this approach becomes
somehow inevitable, since the optimal precoders designed on
the basis of previously acquired CSI becomes outdated quickly
(see [33] and the references therein). Towards this end, we aim
to analyze the OP and examine the tradeoffs between the OP and
energy transfer. We first derive the closed-form expression for
the OP in terms of the precoders and the second-order statistics
of channels. Since the precoder optimization based on the exact
expression is nonconvex and unlikely to be tractable, we derive
an upper bound approximation to the OP and propose a convex
optimization framework for characterizing the boundary of the
OP-E region.

All MIMO channels are considered to exhibit both transmit
and receive side correlations. Using the Kronceker’s model [34],
these channels can be expressed as

L L L L )
Hir=Riy HiwR/ o Hip = Rig HipwRip Vi
(24)
where Ri1, € C™*™ and Ry1y € C™*"s are, re-

spectively, the receive and transmit correlation matrices
for the S-R channel, whereas the respective receive and
transmit side correlation matrices for the R-ID channels
are Ray, € C""™ and Rppy € C™*™. Similarly,
Rig: € C™*" and Ryg: € C™*™ represent receive
and transmit spatial correlation matrices for the S-EH channel,
respectively, whereas the respective correlation matrices for
the R-EH channel are represented by Ro g, € C"*™ and
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Rop: € C"*™. The entries of H; 1w and H; g «, V4,
are assumed to be i.i.d. ZMCSCG random variables>. We
define a; 2 ||Hy1F:1||? and oo = ||HaF3||?. Using the
facts that tr(X2YXW) = vec(X)?(WT @ Y)vec(X),
vec(XYZ) = (ZT @ X)vec(Y) [35] and after some simple
steps, we get

o T 1
o = VGC(HLLW) Rf’l [Wl 3¢ Inr] Rlz,I Ve(,‘,(Hl,LW)7

P,

1 1
ay = vee(Hy 1) RE; [W3 @1, ] RS vee(Ha 1 w)

i3

(25)
where Ri1 =R{ @ Rir,andRor =RJ;, @ Rop,.

A. Exact OP Expression

In this subsection, we derive a closed-form expression for the
OP. Using the ED &, = UlAlUfI and ¥, = U2A2U§I, we
can write

h¥ A,
g7 Ao

o = VCC(HLLW)HUlAlU{{vcc(Hl,LW)
Qo = VeC(H27I7W)HUQAQUglveC(HZLW)

>l

(26)

where U; € (™ Xn™ gpnd U, €
unitary matrices, and A; = diag()\gl).,....,/\g,,ls)nr) and

Ay = diag()\gz) veees )\57%,)77,1,) are the diagonal matrices repre-
senting the eigenvalues of ®; and ®,, respectively. Since Uy
and U, are unitary, and the elements of both vec(H; 1) and
vec(Ho 1) are ii.d. ZMCSCG random variables, the entries
ofh £ Ufvec(H; 1) and g £ Uf'vec(Hs 1) remain i.i.d.
ZMCSCG random. Let Ly < nyn, and L, < n,nq be the
number of non-zero { /\51)}?;'1‘" and {)\,(Cz)}z;"id, respectively.
In this case, cr; and o can be further expressed as

Ly Ly
a1 =Y AV az = 3 AP g
i=1 k=1

Crdne Xndan:  gre

@7

where fzi and g; are the ith elements of h and g. Since fli and g;
are i.i.d. ZMCSCG with the unit variance, under the assumption
that both the weights, {A{"”}51, of @y and {A\?}E2, of as,
are differents, |h;|2 and |g;])? will be exponentially distributed
with parameter 1. This means that «v; and « are the weighted
sum of the exponentially distributed random variables. Note that
‘;—i% = v and ;“—é = -y represent the instantaneous SNRs of
the S-R and R-ID links, respectively. The OP as a function of
precoders is defined as

1 Y1Y2
P,(W{,Wy)=Pr< - lu 14— <r 2
(W1, W) 1{2112( +’Y1+’72+1)_,0} 25

where rg is the predefined threshold for rate in bits/channel use.
For notational simplicity, we drop the dependence of F,, on W
and Wy, and use the notation P, for P,(W1, W3} in the rest of

SWithout loss of generality, unit variance is assumed.

®In practice, this assumption is reasonable since small perturbations make
these eigenvalues different with a negligible effect on the final OP.
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the paper. Let o be defined as g £ 2270 _ 1. Then, the closed-
form expression for £, is obtained in the following proposition’.

Proposition 4: The OP, P, = Pr{y < g}, for the ID-re-
ceiver can be expressed as

2
)

L, Lo el _ 07 9%
P, _1_220 bre A§1>e A3 200102
im1 k=1 VA
o5
x K, M (29)
Af:”A?f’

where @; = )\El)ai, by = )\f)bk,

@\ 2
(*") -

Ly (1) (1)’
Hj:l,j;&i )‘i - )‘j

()\(2)>L2—2

2 2
Hl 1.1#k ()_)‘5>

Y = V(v +1), and Ky(-) is the first-order modified
Bessel’s function of the second type.
Proof: Please refer to Appendix C. O
It is worthwhile to mention that when L; = 1 and L, = 1,
P, reduces to the OP expression derived in [38].

a; =

; (30)

B. Upper Bound of the OP

The derived OP expression (29) is a complicated function of
precoders, and thus, any optimization problem based on this ex-
pression is difficult. Based on this observation, we derive the
upper bound of the OP that results in a tractable precoder op-
timization problem. Towards this end, the main contribution of
this subsection is included in the following proposition.

Proposition 5: The upper bound for P, is given by

P, < Py £ min {e‘/jlt“ det ( nens T —5 ﬁl )

81,82 1

. - 71ndcr(1n‘ns+3—é‘1>1)
= min { ¢”t¥¢ 1
31,02

; 89
fatey ln<let(1nrnd+¥@g) }

+e (31)

where t. = 2% — 1, v = 2 and {#; > 0}.
Proof: Please refer to Appendix D. 0.
It is clear from (31) that the optimal choice of 3; and 5 re-
duces the gap between F, and P, .1,. Although an analytical ap-
proach for quantifying this gap is an open question and beyond
the scope of this paper, we numerically show (cf. Section V.C)
the difference between F, and its upper bound when 31, -, and
the precoders are optimized according to the method to be pre-
sented in the sequel.

"The outage probabilities for OSTBC based MIMO relay system have been
derived in [36] and [37] for single-antenna relay (no OSTBC at the relay) and
MIMO relay with OSTBC, respectively. Although the authors of [36] and [37]
consider correlated Nakagami-m fading case, no precoders are employed at the
source and relay nodes, and thus, there does not exist a straightforward way
through which their expressions can be directly utilized to our case.
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C. Precoder Optimization

The derived upper bound F, ,, is not a convex function of
{W,. 3}, ¥i. However, it is a convex function of {W;} for
fixed {f3;}, and {/3;} for fixed {W,}. As a result, the precoder
design problem is formulated as an alternating minimization
problem where the objective is to minimize the upper bound
of the OP while maintaining the energy transfer to the EH re-

ceiver above a certain threshold value Ps, By varying this value
between Pp,,x and Prp, where Py, and Pip are in analogy
with respect to Py, and Pip defined in the perfect CSI case,
we obtain the boundary of the OP-E region. The corresponding
optimization problem for given {3} is expressed as

X —lun det(Iy,,sr,,,..+%¢'1)+8ftc
Py min |e 1
W, Vi
g .
—lndet(L,,, . +—2®2)+45tc
+e (hena 22 ’ ] s.t (32a)
H H P
E {tI‘ (Hl,EHLEWl) + tr (HQ,EHQ,EWQ)} 2 5, (32b)
tr(W1 + WQ) < Ppr,W; =0, W, >0, (32¢)

whereas the optimization problem for given W7 (®}), which
satisfy the constraints (32b)—(32c¢), is given by

o | g, —mmdet (I,lrner’%—i’{)
fob = e/ 1 ca 77

“Indet (Inrnder—i:i‘I’E)
. (33)

732 :  min
£1>0,82>0

_A'_eﬂZ te e

Notice that for X € CM*N with ZMCSCG random variables
of unit variance and a deterministic matrix A € CM*M
E{X# AX]} can be expressed as E{X# AX]} tr(A)Iy
[39]. Using this fact and introducing the auxiliary variables
71 > 0 and 72 > 0, the optimization problem (32) can be
expressed as

min e ! +e st
W, 7,V

Py (34a)

7; < Ilndet (Im + —;{)i) — Bfte,i=1,2, (34b)
a;

2
Ztr(Ri,E,r)tr(Ri,E,tWi) > —,(32¢)

i=1

[ "o

(34c)

e

where n; = n,nys and ne = n,n4. The optimization problem
(34) can be solved by using a convex optimization toolbox,
such as CVX [32]. The solution {3;} of P% can be obtained

by solving % 8f ¢2 = 0, which results into
0 |ln det Inl—l— '1’*
e (1, 527)]
ap;
L ()
-y =12 (39)

o=l ol + By (AS?)

8When this threshold value is zero, the precoder design problem turns to a
scenario without an EH receiver and yields the best (minimum) OP.
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where the second equality is obtained by using the fact that
dd%ﬁw = det(Y)tr{Y "12¥}. Equation (35) can be ex-
pressed as a polynomial of L;th degree. The positive root of
(35), which yields minimum value of f.p, is the solution for
{fi}. If no such positive root is feasible, (35) can be solved
using computationally efficient line search over {/3;}. It follows
that the precoder optimization problem is solved by iteratively
optimizing P§ and P! until a predefined convergence accuracy
is achieved. The convergence of this iterative method to a
stationary point can be confirmed as follows. Notice that our
problem is a two-block alternating optimization, where the
blocks are {W1, Wy} and {f31, 52 }. This means that for each
iteration cycle, we only have two alternating optimization
updates. Furthermore, the objective function is continuously
differentiable and the feasible set is nonempty and convex.
Under the observation that the modifications of 31 > 0 and
B > 0toy > 0and J2 > 0, respectively, do not change
the optimization problem, the feasible set is also closed. As a
result, we can apply the result of Corollary 2 of [40] and verify
convergence of the alternating optimization to a stationary
point. However, due to the fact that the objective function
cannot be shown to be convex or belong to a group of general-
ized convex functions, it cannot be guaranteed that the iterative
approach converges to the global minimum. Nonetheless, in
the considered numerical examples (cf. Section V), we find
that the alternating minimization technique gives (almost) the
same result as the one obtained by solving P for a fine grid
of {B;}. Moreover, it is interesting to note that the search over
{f;} can be limited to a very small region due to the fact that /3;
can be upper bounded as 3; < f— This upper bound is obvious
from (35) which is a necessary ‘condition for the joint optimal
solutions of (W, 3;, Vi).

* Remark 5: In contrast to the optimization problem in the
perfect CSI case, the optimal {W}} are likely to have
higher ranks due to the fact that {7;} are related to {W;}
through the log-determinant function. As a result, in gen-
eral P¢ is a relaxed optimization problem. However, when
Alamouti code is used to avoid the rate loss, the solutions
of P are optimal for n, = ng = 2. Forn, = ny, > 2, we
can employ rank-one or rank-two approximation methods,
such as randomization [30] (see also references therein), to
generate a feasible solution from Py

* Remark 6: We describe an alternative to the OP-E region
corresponding to P, which is based on the maximiza-
tion of the LTA-SNR. Notice that this approach is inspired
from other applications, such as power control [41] and
beamforming [42], [43], where the relation between the
LTA-SNR and OP is reported, i.e., maximizing LTA-SNR
is shown to be approximately equivalent to minimizing
the OP?. Following the approach of [41], the LTA-SNR

is defined as f,. '”j)’ > where 41 = = E{y1} and
T = E{’Y?} The LTA SNR based optimization problem
is then given by

Y172

Ps - max — = s (36a)
Wi Wy 72 Y1+ 52 + 1

tr(Ry 1.0 )tr(Ri 14 W1 ) > 5567, Vi, (36b)

(34¢) (36¢)

9The authors in [41] use a different notion such as certainty equivalent margin
(CEM), however, its close relation to LTA-SNR is obvious.
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where (36b) is due to the fact that E{ X AX} = tr(A)Ix
[39] for X with ZMCSCG random variables of unit vari-
ance. Notice that the structure of problem Ps is similar
to the problem (18) or (19). The only difference between
these problems is that (18) depends on the instantaneous
channels, whereas P5; depends on channel covariance ma-
trices. As a result, the results of the Propositions 2 and 3
are also applicable to the problem Ps. Consequently, Ps
can be solved as P3 and the corresponding rank-one op-
timal solutions of W3 and W can be always obtained.

V. NUMERICAL RESULTS

In this section, we present numerical results that characterize
the tradeoffs between rate and energy, and OP and energy. For
all simulation examples, we take 02 = 02 = o2, n, = n, =
2, u = 1, and consider that both the source and relay use the
Alamouti code (R = 1). For a uniform linear array with a half-
wavelength spacing at each MIMO node, the spatial correlation
matrices are given by [44]

[Ri,I/E,r/t]m,n = ejﬂ—(min) Sin0i1/8.0/s

e~ (7r(’m n)a’z AIESE g GI/E r/t) /2

(37)
where the notation xi/yi stands for either index xi or yi and
[]im,n represents the mth row and nth column of R; /g /¢
Notice that #1 1/61 1; is the central angle of the outgoing/in-
coming rays from the source/to the relay and 0'; L / rrl b s the
standard deviation of the corresponding angular spread Similar
definitions follow for all other #; 1 /E,r/t- In all examples, we
take o I/E e = oy for all 7, and

Br1e =2 011, =4%,021 =6°, 021, =8°,
brpe=30%01p, =35% 02 =40°, 025, = 45°.

The average SNR for the S-R and R-ID links is defined

as Yav = I;—E, where ., is varied by changing Pr and
taking 02 = 1. The optimization problems P3, P§ and P;

are solved using the CVX software [32]. While solving P3
(for each channel realization) and Ps, we verified that the
condition = “; < 10~* holds true, where ¢; v,1 and e; y o are
respectlvely, the largest and second largest eigenvalues of the
optimal solutions of { W, }2_, obtained from the CVX toolbox.
This indicates that optimal solutions of {W,}?_, are roughly
rank-one matrices.

A. Effect of Correlation on R-E Region

The effect of spatial correlation on the boundary of R-E re-
gion is shown in Fig. 2. The performance of both the uncorre-
lated case, where all channel correlation matrices are identity
matrices, and the correlated case, where the channel correlation
matrices as given by (37), are considered. The boundaries of the
R-E regions are obtained by averaging over 200 independent re-
alizations of {H; 1 }?_, and {H; g « }7_, 10. We take vay, = 10
dB and ng = n. = 4. It can be observed from this figure that
energy transfer improves when correlation increases, i.e., when
og decreases. However, the corresponding information transfer

10The elements of these matrices are drawn from ZMCSCG distribution.
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Fig. 2. R-E regions with uncorrelated and correlated channels for
Jav = 10 dB.
Vav

reduces. This result can be explained as follows. Notice that
higher spatial correlation means larger values for the maximum
eigenvalues of the channel covariance matrices. Based on
optimal solutions of (12), the average Pp,.x turns to be linearly
proportional to the largest eigenvalues of E{HfEH,—,,E},Vi,
meaning that correlation increases average maximum energy
transfer. On the other hand, instantaneous information rate is
limited by the weaker single-hop link, i.e., the link with smaller
largest eigenvalue. It is known that in a double-sided correlated
point-to-point MIMO channel with rank-one optimal precoder,
higher spatial correlation also results into higher spreading of
the instantaneous largest eigenvalue [45], i.e., probability of
having lower values of the largest eigenvalue also increases.
Linking above two facts, it can be intuitively said that an
increase in spatial correlation can cause reduction in average
Rax.

B. R-E Region

In Figs. 3 and 4, we plot the boundary of the R-E region. The
R-E boundaries are obtained by averaging over 200 indepen-
dent realizations of {H, 1 }?_; and {H; g v }7_;. The spatial
correlation matrices are taken as identity matrices (uncorrelated
case). Fig. 3 shows the tradeoff between the maximum energy
harvested by the EH receiver and the maximum information rate
transferred to the ID receiver for different values of ngq with
Nne = 2 and 7y,, = 20 dB. It can be observed from this figure
that information transfer increases when nq increases, whereas
the energy transfer remains the same. In Fig. 4, the R-E region
is displayed for different values of n, by keeping nq = 4 and
Yav = 20 dB. It can be observed from this figure that the energy
transfer increases with the increasing value of 7., whereas the
information transfer remains the same.

C. OP-E Region

For all simulation results of this subsection, we take g = 1
bit/channel use and set |3"t* — 57| < 1072 and ||[W]"*! —
W|| < 10~ %, where m stands for iteration step, for stopping
(convergence criterion) the iterative optimization Py.

In Fig. 5, we compare the exact OP (evaluated by (29)) and
simulated OP for different n4 and n. = 4. The upper bound
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of the OP is also displayed in this figure by taking = 1 and
op = H°. Notice that v = 1 is taken since this yields smaller
gap between P, and its upper bound without affecting P,. This
shows that, although factor % is required in (54) to strictly upper
bound 7, due to the fact that the bound (54) is tight at high SNR
region without this factor, better values of F, .1, are obtained in
the considered simulation example. The precoders are obtained
by iteratively solving P§ (with no power constraint for EH re-

ceiver, i.e., pP= 0) and 732. It can be observed from this figure
that the simulated and analytical OP exhibit very fine matching
for bothng = 2 and nq = 4.

Fig. 6 shows the tradeoff between the energy harvested by
the EH receiver and the OP maintained to the ID receiver for
different values of o4, when ng = n. = 4 and v,, = 15 dB.
The OP-E boundary obtained with the LTA-SNR maximization
approach is also shown in Fig. 6. It can be observed from this
figure that energy transfer increases when oy decreases, i.e.,
correlation increases. The corresponding OP also increases.
This observation can be explained as follows. The asymptotic
OP (with respect to 7,y ) is known to provide the diversity gain
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of the system. With a simple manipulation of P, 1, for high
SNR (e.g., 02 — 0 with a given Pr), it can be readily shown
that the diversity gain for the ith hop is equal to rank({®,).
This means that the diversity gain for the relay system is
min(rank(®; ), rank(®,)). For a given optimal solution of
W, rank(®,;) decreases when rank(R; 1) decreases, which
happens when spatial correlation increases. Similar result w.r.t.
symbol error probability has been reported in a point-to-point
MIMO system [24]. Furthermore, in Fig. 6, the proposed upper
bound minimization approach provides better performance
than the LTA-SNR maximization in terms of the OP-E region.
The OP-E tradeoff for different values of nq is shown in Fig. 7
for both the upper bound minimization and LTA-SNR maxi-
mization methods. In this figure, we take n, = 4, gp = 10°
and v,, = 20 dB. By comparing Fig. 7 with Fig. 6, it can be
observed that the proposed method significantly outperforms
LTA-SNR, especially when +,, and ng4 increase. For a given
antenna configuration and oy, increase in y,, improves both
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OP and energy transfer, whereas, for the given 7, and n,, the
OP improves with the increasing nq and/or .

VI. CONCLUSION

We proposed optimum performance boundaries of a dual-hop
OSTBC-based MIMO relay system in the presence of a low-
powered energy harvesting receiver. The tradeoffs between in-
formation rate and energy and between outage probability and
energy were characterized by the boundaries of the R-E and
OP-E regions, respectively. When perfect CSI is available, the
proposed joint source and relay precoder design is shown to be
optimal and the Alamouti codes can be employed for an arbi-
trary number of antennas at the transmit nodes and support up to
seven simultaneously existing EH receivers. For the case where
only the second-order statistics of CSI is known, the perfor-
mance tradeoffs are characterized by the OP-E region. In this
case, a tractable precoder optimization problem based on the
upper bound of the OP is proposed. Numerical results show
that the proposed method provides better tradeoff between OP
and energy when compared to the method based on maximizing
the LTA-SNR. The role of the numbers of antennas and average
SNR on the boundaries of the R-E and OP-E regions is demon-
strated with numerical results. It is observed that spatial correla-
tion increases energy transfer for both cases with instantaneous
and second-order statistics of CSI, while the corresponding in-
formation transfer/outage probability reduces/increases.

APPENDIX A
PROOF OF PROPOSITION 2

Let (W35, W3, ~7,+3) be an optimal solution of the problem
(18). Consider the following problem

min  tr(W; + Ws) s.t. (38a)
W;. W,
tr (H{{IH171W1) > yio?, tr (HgIHQJWZ) > y503,
(38b)



4210

tr (Hi'gHy pW1) + tr (HYpHy g W) >
W, ~-0,W; >0

(38¢)
(38d)

@1| i

Let (Wl,WQ) be an optimal solution of problem (38). We
claim that (W1, W, v¥, %) is also an optimal solution of
problem (18). The proof is as follows. Since (W71, W3) is fea-
sible to (18), it can be verified that (W7, W3) is also feasible
to (38). As such, we have

tr(W1 4+ W) < to(WF + W) < Pr. (39)
The above equation implies that (Wy, Wy, v, 75) is fea-
sible to (18). In addition, since (Wi, Wy, ~v* 4%) and
(W73, W3 47, v3) attain the same objective value in (18),
(W1, Wy,~F, 43%) is indeed optimal to (18).

Next, we show that optimal solutions with rank(Wl) =
rank(Ws,) = 1 can always be obtained in (38). First, by ap-
plying the Shapiro-Barvinok-Pataki (SBP) rank reduction the-
orem for complex-valued SDPs [[31], Lemma 3.1] (also [30] for
a friendly description), we know that there is an optimal solu-
tion (W1, W) of (38) such that

(rank(W1))? + (rank(W5))? < 3 (40)
Consequently, we have rank(wl) < 1 and rank(Wg) <1
Second, as a necessary condition, we must have rank(wl) >
1 and rank(W3) > 1. This can be shown by contradiction.
Suppose that rank(Wl) = 0, or, equivalently, W, = 0. Then,
to satisfy (38b), we must have v = 0 (except for the trivial case
of Hi; = 0). However, having v = 0 is equivalent to zero
rate in (18), which is not optimal (again, except for the trivial
case of Hy 1 = 0 or Hy 1 = 0). Combining the two results, we
conclude that rank(W,) = rank(W3) = 1. This completes
the proof of Proposition 2.

APPENDIX B
PROOF OF PROPOSITION 3

By introducing positive real auxiliary variables 71, 7> and £,
we can express the optimization problem (19) as

min 7 4T+ ist (41a)
W i,ys,7:. Vi) 1}
fjp}/l'}? Z 17 (41b)
77 2 1V, (18b)~(18d). (41c)

We introduce further auxiliary variables vy > 0 and uwy > 0,
and rewrite (41b) as

ty1vs > 1 u%u% > 1, u% = 1, u% = 2. (42)
In order to proceed to final formulation, we employ the result of
the following lemma.

Lemma 1: For the optimization problem (41), the constraint

(42) can be equivalently expressed as

tyiye > 1 ugup > 1,ui < fyg,u3 < 7. (43)
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Proof: We prove this Lemma by the method of contradic—
tion. Let us assume that the constramts u1 < 1‘71 and u2 < v
are inactive at the optimality, i.e., u? < ty; and u2 < v2. We
can scale u1 and uz by positive scalars 7; and i, such that the
inequality constramts 71% < tryl and u3 < v become active,
i.e., we have ?u? = iv; and n3u? = 7. This does not affect
the other constraints of (41) including the constraint u3u3 > 1.
The corresponding achieved objective function in this case turns
to

Fop = 1 e + njuinzus 5 1 el +1
Y Y1Y2 oy

(44)

because 'r/%u%rlgug > 1 due to the facts that uyus > 1,11 > 1
and 7» > 1. This shows that higher objective function value will
be achieved with u? < i, and u3 < 7. This contradicts that
(44) is minimum. Therefore, the constraints u% < t~717 u% < vy
are not inactive at the optimality. It follows that the proof of
Lemma 1 is complete. O

Using Schur-complement theorem [28], the constraints u] <
tv1 and uZ < 7 can be equivalently expressed as

7? U1:|>_0

5 -
ui <ty —
Uy > 1 |:U1 1

W < s [ulz 72] -0, (45)

whereas the hyperbolic constraints wius > 1 and 7y; > 1,Vi
can be, respectively, expressed as

ur +ug > [[[V2, 01, u0]" ),
T+ 2 ”[\/5 Ti’%]TH"W'

(462)
(46b)

Thus, the proof of Proposition 3 is completed.

APPENDIX C
PROOF OF PROPOSITION 4

We have considered that { )\51)}5:11

{/\22) }fil are distinct for all k. The following lemma provides
the probability density function (PDF) of vy and cs.

Lemma 2 (p. 11, [46]): The PDFs of the random variables
and o are, respectively, given by

are distinct for all 2 and

Lo =
Jour(2) = Za e g =Y be @)
k=1
where z > 0,and for Ly > 1 and Lo > 1
(A,@))Lﬁz (/\(”)LT2
a; = (48)

0’ k=
)\j

L 1 2 (2
Hj;m;si, )‘7(: = Hl 1,1#k /\( ) - )‘ a

For L.y = 1 and Lo, = 1, a; and b;, takes the values of (1) and
(—, respectively. ([

l
Since v1 = 2+ and v2 = 23, the PDFs of ; and 2 are
1

M) I\/l

readily given as

f'Yl (Z) = U%fal (ZU%) 7f“/‘2 (Z) = ngozz (ZU%) . (49)
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Applying (49), the OP can be expressed as

Y12
p=pry_N"2 <
{7‘1 +92+1 _’Yo}
= / Pr{vi(z — ) < volz + 1)} frp (2) dor
Jo

-0 Je ) . 1
- [t [Terfa s MDY e
~ Yo -
(50)

where the third equality is the result of separating the integral
into two parts and using the fact that Pr{~y1(z — v) < vo(z +
1)} = 1 for0 < x < -~y. Substituting (47)—(49) into (50),
noting that 37, ai)\,gl) = 1, and making a variable substitution

' = 1 — 7y, we obtain

2 2
Yoo01  YoO3
L, L -

VNG
Pazl—crg E E (I@/\El)bke /\77 )‘k
i=1 k=1

x / e MU T g (51
Jo
Applying the following result [(3.324.1), [47]]
o B p
/ e 4z di' = | =K1(\/B7). (52)
Jo Y

expression (29) is obtained. This completes the proof of
Proposition 4.

APPENDIX D
PROOF OF PROPOSITION 5

We first find a lower boundony = v+ 1 =1+ %
Notice that .
- 1 1
V= g 2 T I (33)

(I+~v1)(14+2) v1+1 v2+1
which is a tight bound when m & 1, i.e., when v,
and o take large values. The lower bound in (53) is a harmonic
mean of positive variables (1 + 1) and (1 + 2). Therefore, it
can be further lower bounded as

1 1 .
———— = smin(m + 1,72+ 1)

¥ 2> 5
Y141 Y241

(54

where the second inequality turns to equality only if v = 7.
Due to the lower bound of (54), P, can be upper bounded as

1
P, ="Pr { 5 lna (%) < ’r‘(]}

Z

~ 1
<P 2pPr { 5min(’71 +1,74+1)< 22T“} . (55

For a deterministic b and independent random variables X and
Y, we know that Pr{min(X,Y) < b} = 1 —Pr{min(X,Y) >
b} =1 —Pr{X > b}Pr{Y > b}. Thus, F, is given by

Po=1- Pr{yy > t.}Pr{vya > t.}
= PI’{’Yl S t(‘} + Pr{’72 S tc}

—Pr{y < t.}Pr{ve <t} (56)
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where t. = 22" — 1 and v = 2. Based on (56), it is easy to
see that

Po S Pl‘{”h S tL} + Pl"{fYQ S tc} (57)

where the bound is tight for large values of v; and ~s. Now,
consider the following probability

L
Pra >y Cnan <t (58)

n=1

where x,, are i.i.d. exponentially distributed with mean 1 and
(n > 0foralln=1,...,L and L is the number of {x,, }. For
any § > 0, the Chernoff bound [48] yields

L p L
Pr {z Cntn < tc} <E, [e*’(zuﬁmtr)}
n=1
= e, [or (Tl

L
— ofte H E,. [efﬁcnwn}
n=1

L

. 1
_ Bt
e

n=1

(59

where the second and third equalities are due to the facts
that x,, are statistically independent and E{e 7#¢»®»} =

fooo e~ Crne=%ndy  Recalling that y; = %% and 2 = %‘%,

where a1 and ay are weighted sum of exponenltially distributed
random variables, after using (59) and (58), we obtain the upper
bound of the OP given by (31). This completes the proof of
Proposition 5.
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