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Abstract—In this letter, we investigate the effects of networklayer cooperation in a wireless three-node network with energyharvesting nodes and bursty data traffic. By modelling energy harvesting in each node as a queue (buffer) that stores the received
energy, we study the interaction between data and energy queues
when only knowledge of the arrival rates is available. The maximum stable throughput (in packets/slot) of the source as well as
the required transmitted power for both a non-cooperative and an
orthogonal decode-and-forward cooperative schemes are derived
in closed-form. We prove that cooperation achieves a higher maximum stable throughout than direct link for scenarios with poor
energy arrival rates.
Index Terms—Cooperative networks, energy harvesting, power
optimization, stable throughput.

I. INTRODUCTION

I

N traditional network architectures, the nodes are characterized by limited energy resources and efficient protocols are
needed to maximise lifetime or energy savings [1]. On the contrary, energy harvesting or energy scavenging techniques enable
wireless nodes to be continuously recharged by the surrounding
environment. An energy harvester extracts energy from nature
(via solar cells, the piezoelectric effect, vibration, etc.) [2] and
converts it to electrical energy. This advance introduces a new
vision for wireless networks which necessitates the development of new models that capture the energy harvesting capability, as well as new protocols and techniques that efficiently
exploit the harvested energy.
Recent studies reexamined existing transmission techniques
and adapted/optimized them in order to take into account the
arrivals of the harvested energy. In [3] the authors propose a
rate adaptation technique that minimizes the transmission completion time according to the traffic load and the energy harvesting profile by assuming that the energy harvesting times
and amounts are known before transmission; this idea is generalized in [4] for a broadcast scenario. Work in [5] models the
energy harvesting aspect as an energy buffer and analyzes an
adaptive power optimization that minimizes the mean delay in
the data queue by simultaneously ensuring stability. Based on a
similar energy harvesting model, the authors in [6] investigate
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joint optimization of an (adaptive) scheduling and power control problem for scenarios with multiple users. In addition, the
optimal use of the harvested energy for different energy profiles and storage capabilities is discussed in [7] using the outage
probability as a performance metric. The impact of the energy
harvesting capability on the stability region of a cognitive radio
system with bursty traffic is analyzed in [8]; in that work the
authors assume a statistical knowledge of the energy arrivals
and study energy harvesting at the network protocol level. On
the other hand, the design of new protocols for cooperative networks with energy harvesting nodes seems to be a promising
research direction that incorporates cooperative benefits (diversity, capacity, etc.) with the energy harvesting concept. The impact of energy harvesting on an Amplify-and-Forward cooperative scheme with relay selection is analyzed in [9] in terms of
symbol error probability by using a probabilistic energy model;
while a scheduling policy for Decode-and-Forward (DF) cooperative networks with energy harvesting node is investigated in
[10] for a simple energy harvesting Markovian model. However, the impact of the energy harvesting at the network layer
(cooperation implemented in a packet level, i.e., [11], [12] and
references therein) has not yet been reported in the open literature. In this paper, we will adopt a packet-based network view
of cooperation and harvested energy with bursty arrivals.
In this paper, we study energy harvesting for a simple
three-node network topology (source-relay-destination) without
channel-state information (CSI) at the transmitters and when
only a statistical knowledge of the packets and energy arrivals
is available. The interplay between bursty data traffic and
energy harvesting is analyzed at the network layer and the
maximum stable throughput is analyzed for both a non-cooperative protocol and an orthogonal DF cooperative scheme. The
optimal transmitted power that achieves the maximum stable
throughput is also derived for both considered scenarios and for
different energy profiles. We show that orthogonal cooperation
outperforms direct transmission for poor energy arrivals rates
while the direct link seems to be a better solution for scenarios
with high energy arrival rates. To the best of our knowledge
network-layer cooperation for a wireless network with energy
harvesting nodes and a statistical knowledge of the packets and
energy arrivals rates is reported in this paper for the first time.
II. SYSTEM MODEL
We assume a simple network topology consisting of one
source , one relay node (without own traffic and is used for
the case of cooperation) and one destination ; the nodes ,
are energy harvesting devices that extract energy from the
surrounding environment. All nodes are half-duplex and thus
they cannot transmit and receive simultaneously. For the sake
of simplicity, a normalized linear geometry is assumed, with the
distance between the source and the relay equal to
and the distance between the relay and the destination equal
. The source node transmits with power
and the
to
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relay node with power
(transmitted power for one packet),
and path-loss attenuation is taken into account by assuming
where
is the
received power decreases proportional to
Euclidean distance between transmitter and receiver and
is the path-loss exponent. Again, for the sake
of simplicity, we assume that the energy consumed in a node
concerns the transmission process and therefore, processing or
maintenance energy cost is considered to be negligible. However, the model parameters can easily be adjusted to account
for such energy costs.
Each of the source and the relay nodes is equipped with two
queues (buffers) of infinite capacity1 to store data packets and
harvested energy. More specifically, the source node holds the
and
to store its own data packets and the received
queues
harvested energy, respectively, while the relay node holds the
to store packets relayed for and
to store its
queue
own harvested energy. With this network model, we will investigate the system performance in terms of stable throughput2. In
order to model bursty arrivals for both the data and the energy
queues, data packets and received energy (packets) are generated at the nodes , according to stationary Poisson processes
(in packets/slot) for the data queue
, and ,
with rates
(in energy units/slot) for the energy queues
and
, respectively. Time is assumed to be slotted, such that the transmission
time of a packet is equal to one time slot; due to this time normalization the numerical values of energy and power are identical
in one time slot and therefore both terms are used interchangeably throughout the paper.
All wireless links exhibit fading and additive white Gaussian
noise (AWGN). The fading is assumed to be stationary, with
frequency non-selective Rayleigh block fading. This means
(for the
link) remain
that the fading coefficients
constant during one slot, but change independently from one
slot to another according to a circularly symmetric complex
Gaussian distribution with zero mean and variance
for the link
; also we denote
. Furthermore,
the variance of the AWGN is assumed to be normalized with
zero mean and unit variance. Each data packet contains
bits which corresponds to a spectral efficiency of
bits per
is characterized
channel use (BPCU) and each link
by the success probability
, which denotes the
is not in outage. An outage
probability that the link
is
occurs when the instantaneous capacity of the link
lower than the transmitted spectral efficiency rate
. The
channel is assumed to be known only at the receivers (but not
at the transmitters). Furthermore, the retransmission process is
based on an Acknowledgement/Negative-Acknowledgement
(ACK/NACK) mechanism, in which short-length error-free
packets are broadcasted by the destinations (e.g., destination
node or relay node) over a separate narrow-band channel in
order to inform the network about the packets’ reception status.

protocol and the DF orthogonal cooperative scheme. Given that
all system parameters are stationary (arrival and service processes, channel gains), the stability of the data queues is determined from Loynes’ Theorem [13].
A. No Cooperation
In the non-cooperative protocol, the source node transmits its
data without any assistance; this case is used as a baseline scenario in order to evaluate the benefits of the cooperative scheme.
In each time slot, when node transmits a packet, if the destination decodes the packet successfully, it sends back an ACK
does not deand the packet exits the system; otherwise, if
code the packet, the packet will remain at ’s queue for retransmission. In order to decouple the interaction between the data
queue and the energy queue and be able to characterize the stability region of the system, we assume a stochastic dominant
system where the source node transmits dummy packets and
even for the case that it
thus continuously consumes power
becomes empty (a similar method is used in [8] in order to chardenotes the energy/power consumed at
acterize stability). If
the source node for the transmission of a data packet, the starequires
bility of the data queue

(1)
where
denotes the service rate for the queue and
denotes the probability that the energy/power
is available at
and is given as
the energy queue
if
,
otherwise.

The above stability conditions are sufficient and necessary
conditions for the stability of the original system [8]. Based on
the construction of the dominant system, the data queues of the
dominant system are always larger in size that those of the original system, provided the queues start with identical initial conthe queue
ditions in both systems. Therefore, If for some
is stable in the dominant system then it must be stable also in the
original system (e.g., the source can transmit in a higher power
). Conversely, if for some
in the dominant system, the
saturates, then it will not transmit dummy packets
queue
and thus the behavior of the dominant system becomes identical to that of the original system. Therefore, the original system
and the dominant system are indistinguishable at the boundary
points and thus have the same stability region.
Given that the maximum departure rate depends on the
transmitted power, the maximum stable throughout is given by
solving the following optimization problem:

if

III. STABILITY ANALYSIS AND OPTIMAL
POWER ALLOCATION POLICY
In this section, we determine the maximum stable throughput
and the related power allocation policy for the non-cooperative
1If

in practice these buffers are large enough compared to packet size and
energy consumed in a slot, this is a reasonable approximation [5].
2It

is defined as the set of data arrival rates for which the data queues in the
is the length of the queue
at the beginning of time
system are stable. If
.
slot , the queue is stable if

(2)

,

elsewhere.
with
with

,
.
(3)

The above result shows that for the case of a poor energy
) the source transmits
profile (i.e., when
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with a power
that is higher than the energy
arrival rate; for all other cases a transmitted power/energy equal
to the arrival energy rate maximizes the stable throughout.

to the destination is higher than the data rate
coming
. Hence,
into the buffer by the transmitter , i.e.,
the stability condition can be expressed as follows [12]:

B. Orthogonal DF Cooperation
In this case, a relay node assists the source to deliver its
packets to the destination using two time slots. The adopted cooperative protocol is a “network” version of the orthogonal DF
cooperative scheme where relay assistance is performed in an
orthogonal channel. Since our main target is to study the interaction between the data and energy queues for a cooperative
network topology, the orthogonal DF scheme is a illustrative
case study and a useful guideline for more advanced cooperative
schemes. More specifically, we assume that time slots are assigned to the source and the relay node according to a Time-Division Multiple Access (TDMA) policy; odd slots are dedicated
for source transmission and even slots for relay transmission.
The cooperation strategy is stated as follows: (1) during odd
time slots, node transmits a packet, if the destination decodes the packet successfully, it sends back an ACK and the
packet exits the system; (2) otherwise, if does not decode the
packet but decodes the packet, sends back an ACK and
keeps the packet in its queue for retransmission, upon receiving
the ACK from , will drop the packet (the relay node observes the ACK/NACK signal transmitted by the destination,
and hence it knows whether it is the only node that decodes the
source signal [12]); (3) if neither nor decode the packet, the
packet will remain at ’s queue for retransmission; (4) during
even time slots, node relays source packets (which are stored
) via the link
; if this packet is decoded at the desat
queue; otherwise, it remains in
tination, it is removed from
for future retransmission. In order to determine the stable
throughput for this case, we need to study stability conditions for
and
. It is worth noting that in order
both data queues
to characterize the stability of the system, we assume a dominant system where the nodes (source or relay) transmit dummy
packets when their queues becomes empty. By using the same
arguments presented in Section III-A, the constructed dominant
system ensures the stability of the original system while it becomes indistinguishable with the original system for the saturation case.
1) Stability Conditions at the Source: As in the non-cooperative case, the source establishes stability for the data queue
if the rate by which data are transmitted to the destination
is higher than the data rate
coming into the buffer.
when the time
A packet is removed from the source queue
slot is assigned to the source node, and (a) the packet is decoded
at the destination, or (b) the packet is decoded at the relay node.
Hence, the condition is as follows:

Therefore

(6)
again denotes the required probability of relay
where
transmission to ensure stability of the energy input/output queue
at the relay:
if
,
otherwise.

(7)

(the factor 2 in the above expression is related to the TDMA
policy) and

,
elsewhere with

.

(8)

Note that the TDMA policy decouples the interaction between
source and relaying queues and therefore the maximization
of the service rate for the relaying queue is independent of
the source queue. The total maximum stable throughput for
the source stems from the maximum throughput that can be
established by the intersection of the stability regions for both
the source and the relay nodes [12, Sec. IV-B]. By combining
(4) and (6), the total maximum stable throughput is given by
the following optimization problem:

(9)
which yields the optimal transmitted power for the source node
equal to
(10)

(4)
where the factor 1/2 correponds to the TDMA policy using two
is given by
time slots and
if
,
otherwise.

(5)

2) Stability Conditions at the Relay: Likewise, at the relay ,
by which data are transmitted
it is required that the rate

with
if
if

,
.

(11)

IV. NUMERICAL RESULTS
Computer simulations were carried out in order to evaluate
the performance of the proposed schemes. The simulation set-up
,
,
follows the system model of Section II with
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Fig. 1. Stable throughput versus
,
,
BPCU and

for no cooperation and cooperation;
.

BPCU and
. In Fig. 1 we plot the maxversus the energy arimum achievable stable throughput
rival rate for the considered non-cooperative and DF cooperative schemes. The main observation is that the cooperative protocol achieves a higher stable throughput than the direct link
energy units/
for scenarios with a poor energy profile (
packet). For these scenarios, which are characterized by a critical energy constraint, cooperation and the related short-range
transmissions ensure a more efficient use of the harvested energy and provide a higher maximum stable throughput, despite
the bottleneck of the orthogonal transmission. However, the cooperative scheme due to the TDMA limitation converges to a
maximum stable throughout equal to 1/2 as the energy arrival
rate increases. On the other hand, for high energy arrival rates,
the source node has enough energy in order to deliver its data to
the destination without suffering from the TDMA limitation and
therefore outperforms the cooperative scheme. As for the direct
link, we can see that for the low energy arrival rates, the transachieves a higher
mission policy
; this observation valstable throughput than the policy
idates our analysis in (3). Finally, Fig. 2 depicts the power transmitted by the source node under the DF cooperative scheme. We
can see that the optimal transmission policy for energy arrival
is
which is found by solving the
rates with
optimization problem in (10).
V. CONCLUSION
This letter has dealt with the impact of the energy harvesting
capability on a simple wireless network with orthogonal DF cooperation, when a statistical knowledge of the data and energy
arrival rates is available. We have explored the interplay between energy and data queues and characterized the maximum
stable throughput and the related power allocation policy for the
case with and without cooperation. We have proved that network-layer orthogonal cooperation uses the harvested energy
more efficiently for scenarios with a poor energy profile, while
direct link is a suitable solution for high energy arrival rates.
This work demonstrates the benefits of an energy harvesting

Fig. 2. Optimal source transmitted power
,
,
BPCU and
.

versus

for cooperation;

cooperative system and constitutes a useful guideline for more
complex network topologies (multiple nodes) and more sophisticated cooperative protocols.
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