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Abstract—Simultaneous power and signal transfer over wire-
less channels is particularly important to communication scenar-
ios with constrained energy, such as wireless sensor networks.
This paper considers a wireless cooperative network with multi-
ple pairs of sources and destinations communicating via a relay.
The impact of various strategies of power allocation on the
end-to-end transmission reliability in this cooperative network
is studied. Both analytical and numerical results are developed
to facilitate the comparison among the different power allocation
strategies.

I. INTRODUCTION

Recently a new concept of energy harvesting based on
collecting energy from ambient radio frequency signals has
been proposed [1], [2]. More specifically wireless signals
can be used as a means for the delivery of information and
power simultaneously. In addition, such an approach can also
reduce the cost of communication networks, since peripheral
equipment to take advantage of external energy sources can be
avoided. The concept of simultaneous power and information
delivery was first proposed in [1], where the fundamental
tradeoff between the energy and information rate is char-
acterized for point-to-point communication scenarios. The
extension of such a concept to frequency selective channels is
considered in [2]. In [3] the authors study energy harvesting
for communication scenarios with co-channel interference,
where such interference is identified as a potential energy
source. The simultaneous transfer of power and information
is also studied in multiple-input multiple-output systems in
[4], and its extension to the scenario with imperfect channel
information at the transmitter was considered in [5].

This paper considers a general wireless cooperative net-
work, in which multiple pairs of sources and destinations
communicate through an energy harvesting relay. Specifically,
multiple sources deliver their information to the relay via
orthogonal channels, such as different time slots. The relaying
transmissions are powered by the signals sent from the sources.
Assuming that the battery of the relay is sufficiently large, the
relay can accumulate a large amount of power for relaying
transmissions. The aim of this paper is to study how to
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efficiently distribute such power among the multiple users and
investigate the impact of these power allocation strategies on
the system performance.

We first develop a non-cooperative individual transmission
strategy, in which the relaying transmission to the ¢-th desti-
nation is powered by using only the energy harvested from the
i-th source. Such a simple power allocation scheme will serve
as a benchmark for other more sophisticated strategies devel-
oped in the paper. The decode-and-forward (DF) protocol is
considered, and an exact expression for the outage probability
achieved by such a scheme is obtained. Then, the performance
of an equal power allocation scheme is investigated, in which
the relay distributes the accumulated power harvested from the
sources evenly among relaying transmissions. The advantage
of such a scheme is that a user pair with poor channel
conditions can be helped since more relay transmission power
will be allocated to them compared to the individual transmis-
sion strategy. Exact expressions for the outage performance
achieved by this transmission scheme are obtained. Analytical
results show that the equal power allocation scheme always
outperforms the individual transmission strategy.

Compared to the equal power allocation scheme, a more
efficient strategy is that in which the relay serves a user with
a better channel condition first, and helps a user with a worse
channel condition afterwards if there is any power left at the
relay. This sequential water filling scheme can achieve the
optimal outage performance for the user with the best channel
conditions, and also maximize the number of successful desti-
nations. Surprisingly it can also be proved that such a scheme
minimizes the worst user outage probability. Several bounds
are developed for the average outage probability achieved by
such a scheme, and the developed analytical results show that
this scheme can achieve the best performance, when global
channel stage information is available.

II. ENERGY HARVESTING RELAYING TRANSMISSIONS

Consider an energy harvesting communication scenario with
M source-destination pairs and one relay. Each node is
equipped with a single antenna. Each source communicates
with its destination via the relay using orthogonal channels,
such as different time slots. All channels are assumed to be
quasi-static Rayleigh fading, and large scale path loss will
be considered only in Section IV in order to simplify the
analytical development.

The basic idea of energy harvesting relaying is that an
energy constrained relay recharges its battery by using the



energy from its observations. Among the various energy
harvesting relaying models, we focus on power splitting [6],
[7]. Specifically, the cooperative transmission consists of two
time slots of duration % At the end of the first phase, the
relay splits the observations from the ¢-th transmitter into two
streams, one for energy harvesting and the other for detection.
Let 6; denote the power splitting coefficient for the i-th user
pair, i.e. 6; is the fraction of observations used for energy
harvesting. At the end of the first phase, the relay’s detection
is based on the following observation:

Yri =V (1 = 0;)Pihis; + nyy, (D

where P; denotes the transmission power at the i-th source, h;
denotes the channel gain between the i-th source and the relay,
s; is the source message with unit power, and n, ; denotes
additive white Gaussian noise (AWGN) with unit variance. As
discussed in [7], such noise consists of the baseband AWGN
as well as the sampled AWGN due to the radio-frequency band
to baseband signal conversion. We consider a pessimistic case
in which power splitting reduces only the signal power, but
not the noise power, which can provide a lower bound for
relaying networks in practice.

The data rate at which the relay can decode the ¢-th source’s
signal is

1
Ry = 5 log(L+ (1= 0;) Pilhl), @)

and the parameter 6; can be set to satisfy the criterion R, ; =
R, ie.,

220

Pilh;|?”
where R is the targeted data rate. The reason for the above
choice of ; can be justified as follows. A larger value of
0; yields more energy reserved for the second phase transmis-
sions, and therefore is beneficial to improve the performance at
the destination. On the other hand, a larger value of 6; reduces
the signal power for relay detection and hence degrades the
receptional reliability at the relay. For that reason, a reasonable
choice is to use a 6; that assumes successful detection at the
relay, ie., R, ; > R.

At the end of the first phase, the relay harvests the following
amount of energy from the ¢-th source:

0, =1 3)

Ep,; = 77Pi|hi|29i€a 4)
where 7) denotes the energy harvesting efficiency factor. During
the second time slot, this energy can be used to power the relay
transmissions. However, how to best use such harvested energy
is not a trivial problem, since different strategies will have
different impacts on the system performance. In the following
subsection, we first introduce a non-cooperative individual
transmission strategy, which serves as a benchmark for the
transmission schemes proposed later.

A non-cooperative individual transmission strategy

One straightforward strategy to use the harvested energy is
allocating the energy harvested from the ¢-th source to the

relaying transmission to the i-th destination, i.e., the relaying
transmission power for the -th destination is

P AEHJ_
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During the second time slot, the DF relay forwards the -
th source message if the message is reliably detected at the
relay, i.e. |h;|> > ¢, where ¢ = 222_1. Therefore, given a
successful detection at the relay, the i-th destination receives
the observation, \/P,;g;s; + na, which yields a data rate at

the ¢-th destination of

1
Rq; = 5 log(1+ Pilgil?), (6)

where g; denotes the channel between the relay and the ¢-
th destination and n4; denotes the noise at the destination.
For notational simplicity, it is assumed that the noise at the
destination has the same variance as that at the relay. The
outage probability for the i-th user pair can be expressed as

1 1
Pi1=Pr (2 log(1 + P|hi|*) < R) +Pr (2 log(1  (7)
1
FPIP) > R lou(1+ Polaf?) < ).

The following proposition characterizes the outage of such a
strategy.

Proposition 1: The use of the non-cooperative individual
transmission strategy yields an outage probability at the i-th
destination of

e i 4aP; 4a
Pr=1- "1 22K ,
! 2 no ( 77Pi)

where a = 22 — 1 and K,,(-) denotes the modified Bessel
function of the second kind with order n. The worst and best
outage performance among the M users are 1 — (1 — 772-71)M
and (P;, ™M, respectively.

Proof: Please refer to [8]. |
With some algebraic manipulations, the averaged outage per-
formance achieved by the non-cooperative individual strategy
can be approximated at high SNR as

1(1e)<1+2n€1n\/§>
e(l—ilnﬁ).

Note that € is proportional to <+, which means that the
averaged outage probability for the individual transmission
scheme decays as %. Strategies achieving better outage
performance will be introduced in the following sections.
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III. CENTRALIZED MECHANISMS FOR POWER ALLOCATION

Recall that each user uses the power splitting fraction 6; =
2R . . .
1-— % , which implies that the total power reserved at the
relay at the end of the first phase is

E N

i

Pr=2 =1 =2 nblhif0;
1=1

=1 2 =
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where N denotes the number of sources whose information
can be reliably detected at the relay. Note that N is a
random variable whose value depends on the instantaneous
source-relay channel realizations. To simplify the analysis, it
is assumed that all the source transmission powers are the
same P; = P;. In the following, we study how to distribute
such power among the users based on various criteria. Specif-
ically, an equal power allocation strategy is introduced first,
and then we will investigate the water filling based strategy
which achieves a better outage performance but requires high
complexity.

A. Equal power allocation

In this strategy, the relay allocates the same amount of
power to each user, ie., P,; = %Zil nPs|h;|?0;. The
advantage of such a strategy is that there is no need for the
relay to know the relay-destination channel information, which
can reduce the system overhead significantly, particularly in a
multi-user system. The following theorem describes the outage
performance achieved by such a power allocation scheme.

Theorem I: Based on the equal power allocation, the
outage probability for the i-th destination is given by

Moo by 2 b,
St (a5 (5)

(M — 1)!
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where b, = 22.

Proof: Please refer to [8]. |
With some algebraic manipulations, the high SNR approxima-
tion of P; ;; can be obtained as follows

M
Pir ~ (1 + > €,
(M —1)n

which means that the equal power allocation scheme can
achieve better performance than the non-cooperative scheme,
i.e. a faster rate of decay, WlR’ since € is proportional to SNR.

Based on Theorem 1, we also obtain the best outage and
worst outage performance among the M users achieved by the
equal power allocation scheme as follows.

Proposition 2: Based on the use of the equal power alloca-
tion, the outage probability of the user with the best channel
conditions among the M users is

wr s (e ()

n=1 T =

ibn ! _a\M-n _aM
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X ( P>n!(M—n)!( ) A
and the worst outage performance among the M users is

1 Mba\ *
Puworst, i1 = m ((M —1l-2 (P)
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xK s <2 PM>>6ME+16ME.

Proof: Please refer to [8]. [ |
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B. Sequential water filling based power allocation strategy

Provided that the relay has access to global channel state
information, a more efficient strategy that maximizes the
number of successful destinations can be designed as follows.
First recall that in order to ensure the successful detection
at the ¢-th destination, the relay needs to allocate the relaying
transmission power P; ;qrgeted = 2|2R71 to the ¢-th destination.
Suppose that n sources can deliver their information to the
relay reliably, and the required relaying transmission power
for these n destinations can be ordered as

22— 22r 1

lgy? |9(n) 12
The sequential water filling power allocation strategy is de-
scribed in the following. The relay first serves the destination
with the strongest channel by allocating power | IQ to it, if
the total harvested energy at the relay is larger than or equal

to - ‘2 . And then the relay tries to serve the destlnatlon

2R
MEK

Ig(
with the second strongest channel with the power |g(
if possible. Such a power allocation strategy continues until
either all users are served or there is not enough power left at
the relay. If there is any power left, such energy is reserved
at the relay, where it is assumed that the capacity of the relay
battery is infinite.

The probability of having m successful receivers among n
users can be expressed as

™ 92R
Pr (Z 2ol

i—1 |g(n—z+1)\2
from which the averaged number of successful destinations
can be calculated by carrying out the summation among all
possible choices of m and n. Evaluating the above expression
is quite challenging, mainly because of the complexity of the
density function of the sum of inverse exponential variables.
However, explicit analytical results for such a power allocation
scheme can be obtained based on other criteria. Particularly
we are interested in the outage performance achieved by the
water filling strategy.

Although such a water filling power allocation scheme is
designed to maximize the number of successful destinations,
it can also minimize the outage probability for the user with
the best channel conditions, since such a user is the first to
be served and has access to the maximal relaying power. The
following proposition provides an explicit expression for such
a outage probability.

Proposition 3: With the sequential water filling power al-
location strategy, the outage probability for the user with the
best channel conditions is

M v b\ 2 ib
Phrest, 111 = Z n—l'z P K, |2 P

X—————e " (1 - e*S)an

where b = 2.
Proof: Please refer to [8]. |



The optimality of the water filling scheme in terms of the
number of successful destinations and the performance for
the user with the best channel conditions is straightforward
to demonstrate. However, it is surprising that the performance
of the water filling scheme for the user with the worst outage
probability is the same as that attained for the worst user with
the optimal strategy, as shown in the following lemma.

Lemma I: Denote by P;(s) the outage probability for the
i-th user achieved by a power allocation strategy s, where s €
S and S contains all possible strategies. Define Pyorst(s) £
max{Pi(s),i € {1,--- ,M}} and Pyorst, 111 as the worst user
performance achieved by the sequential water filling scheme.
Then 7Dwov"st,lll = min{Pworst (5)7 SRS S}

Proof: Please refer to [8]. [ |
The following proposition provides upper and lower bounds
of the outage performance of the users with the worst channel
conditions.

Proposition 4: The outage probability for the user with the
worst channel conditions achieved by the water filling strategy
can be upper bounded by

o0 M2
Pworst,III < 671\45/ (1 —e w
0

_(MmM-1? 4
w =

dv | fulw)dw +1—e"Me (12)

and lower bounded by

)

x671¥16 +1— efMe

Pworst,III > (1 -

)

M-1l,=5w
Proof: Please refer t(;7 [8]. | |

While the expression in (12) can be evaluated by numerical
methods, it is difficult to carry out asymptotic studies for such
an expression with integrals, and the following proposition
provides a bound slightly looser than (12) that enables asymp-
totic analysis.

Proposition 5: The outage probability for the user with the
worst channel conditions achieved by the water filling strategy
can be upper bounded as follows:

2 M2\ %
(- 1) (n) (1
M2¢ M € M32e E
Ky |2 _ <
- M( \ n > (M2)!<77>< 0 >
xKyr_1 <2’ / ]\4”726>> e Me +1-— e~ Me,

Proof: Please refer to [8].
It can be straightforward to verify that the upper and lower
bounds converge at high SNR. For example, at high SNR, the
upper bound which can be rewritten as

(M+1)
2n(M — 1)) 7

where f,,(w) = ﬁ (E)Mw

Pworst,III < (1 -

Pworst,]]] < eM <]- +

which decays as 3. On the other hand, the lower bound
can be approximated as follows:

1
Pworst,III >eM (1 + ) .
n(M —1)
So the worst case outage probability achieved by the water
filling scheme also decays as ﬁ.

IV. NUMERICAL RESULTS

In this section, computer simulations that illustrate the
performance of those energy harvesting relaying protocols
described in the previous sections are described.

We first study the accuracy of the developed analytical
results. Specifically in Fig. 1, the outage performance achieved
by the individual transmission scheme and the equal power
allocation scheme is shown as a function of SNR. All the
channel coefficients are assumed to be complex Gaussian
with zero means and unit variances. The targeted data rate is
R = 2 bits per channel use (BPCU), and the energy harvesting
efficiency is set as = 1. As can be seen from the figures
the developed analytical results exactly match the simulation
results, which demonstrates the accuracy of the developed
analytical results.

Comparing the two cases in Fig. 1, we find that the use
of the equal power allocation strategy improves the outage
performance. Consider the averaged outage performance as an
example. When the SNR is 40 dB, the use of the individual
transmission scheme realizes outage probability of 1 x 1072,

(13 whereas the equal power allocation scheme can reduce the

outage probability to 3 x 1073, Such a phenomenon confirms
the asymptotic results shown in Section IV.A. Specifically
the outage probability achieved by the individual transmission
scheme decays with the SNR at a rate w35 (1 +2InSNR),
but the equal power allocation scheme achieves a faster rate
of decay, ﬁ.

When more source-destination pairs join in the transmission,
it is more likely to have some nodes with extreme channel
conditions, which explains the phenomenon in Fig. 1 that with
a larger number of user pairs, the best outage performance
improves but the worst outage performance degrades. The
impact of the number of user pairs on the average outage
performance can also be observed in the figure. For the
individual transmission scheme, there is no cooperation among
users, so the number of user pairs has no impact on the average
outage performance. On the other hand, it is surprising to
find that an increase in the number of users yields only a
slight improvement in the performance of the equal power
allocation scheme, which might be due to the fact that power
allocation can improve the transmission from the relay to the
destinations, but not the source-relay transmissions.

In Fig. 2, the performance of the water filling scheme is
studied. The same simulation setup as in the previous figures is
used. Firstly the upper and lower bounds developed in Lemma
4 are compared to the simulation results in Fig. 2.a. As can
be seen from the figure, the lower bound developed in (13)
and the upper bound in (12) are very tight, whereas the upper
bound in (14) is reasonably close to the actual performance.
Recall that the reason that the bounds in (12) and (13) are
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Fig. 1. Outage probabilities achieved by the individual transmission scheme

and the equal power allocation scheme. R = 2 BPCU. The solid curves are
for the simulation results and the dashed ones are for the analytical results.

tight is because the sum of inverse exponential variables is
an unbounded variable. On the other hand, the gap between
the upper bounds in (14) and (12) is due to the applied
approximation. In Fig. 2.b, the outage performance based
on different criteria is shown for the water filling scheme.
Comparing Figures 1 and 2, we can see that the use of the
water filling scheme yields the best performance.

V. CONCLUSION

In this paper, we have considered several power allocation
strategies for a cooperative network in which multiple source-
destination pairs communicate with each other via an energy
harvesting relay. The non-cooperative individual transmission

. . log SNR
scheme results in a outage performan.ce decaylgg as =2xgm
whereas the centralized power allocation strategies ensure that
the outage probability decays at a .faster rate <yg> .and the
water filling scheme can achieve optimal performance in terms
of a few criteria.
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Fig. 2. Outage probability achieved by the water filling transmission scheme.
R =2 BPCU.
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