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Abstract— One class of wireless sensor networks makes use
of sensor nodes that recharge their batteries by harvesting
energy from the surrounding environment. Being continuously
recharged, the battery does not need to be replaced regularly
and the sensor node is maintenance-free. A key module in such
sensor network solutions is the data link automatic repeat request
(ARQ) protocol, which must be designed to reliably deliver sensor
nodes data at the minimum energy cost. With this objective in
mind, two ARQ protocol classes are compared. In one class,
each sensor node operates individually. In the other, the concept
of cooperative communications is adopted, whereby neighboring
sensor nodes help each other during the retransmission process.

It is shown that the use of cooperative ARQ protocols in energy
harvesting sensor networks enables sensor nodes to balance their
energy consumption to match their own battery recharge rate.
In turn, a balanced energy consumption-to-recharge rate ratio
has the potential to improve the network throughput. Both
classes of ARQ protocols are analyzed and compared. Estimated
throughput gains are discussed under various network scenarios.

Index Terms— Sensor networks, energy harvesting, radio co-
operation, ARQ protocol, greedy algorithm.

I. INTRODUCTION

NETWORKS of wireless sensor nodes are often used to

monitor distributed parameters in the environment. These

parameters are related to a variety of applications, such as

security, patient monitoring, chemical and biological hazard

detection [1]. The benefits of using wireless sensor networks

include reduced installation costs, ability to rapidly reconfigure

the data acquisition procedure, and safe deployment in hostile

environments [2]–[7]. Networked sensor nodes can jointly per-

form large sensing tasks, thus greatly improving the accuracy

and scope of the information provided to the user.

Some solutions rely on sensor nodes that are powered up by

limited life-time batteries, which are periodically replaced to

provide long-term sensor node operation [1]. Others envision

sensor nodes harvesting their energy from the surrounding

environment (e.g., solar energy, vibrations, acoustic noise,

microwave power). These maintenance-free solutions — ex-

amples are the PicoRadio project at Berkeley, the µAMPS
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project (with base-station) at MIT, the WSSN project at ICT

Vienna, and the GAP4S project at UT Dallas — aim at

low cost sensor nodes densely deployed across the area of

interest. The foreseen power dissipation level at the sensor

node is in the order of 100 µW. At these power levels it may

be possible to energy-scavenge or harvest directly from the

environment [8]–[10].

The objective in this paper is to determine the maximum

throughput generated by energy harvesting sensor nodes inside

the footprint of a base-station. The base-station — which may

be mobile — gathers data from the sensor nodes, constitutes

the access point to a wider communication network, and is

assumed not to have stringent power constraints. More pre-

cisely, the objective is to determine the maximum saturation

throughput from the sensor nodes to the base-station while

offering a reliable and fair delivery of the sensed information.

Saturation throughput is defined as the maximum value of the

offered load that can be sustained by the sensor nodes without

exceeding their energy harvesting rate [11]. The term reliable

is used to indicate that a data link automatic repeat request

(ARQ) protocol is used to cope with transmission errors. The

term fair is used to indicate that all the sensor nodes must

be able to deliver an amount of data that is proportional to a

reference value.

Two classes of ARQ protocols are considered. The first is

the conventional class of ARQ protocols, whereby the source

(sensor node) retransmits its own data frames until they are

successfully delivered to the base-station. The second class

takes advantage of cooperative radio communications [12]–

[18]. In this second class of ARQ protocols one or more

relays (i.e., selected sensor nodes) assist the source during

the retransmission process. In simple terms, the relay —

instead of the source — is requested to retransmit the data

frame to the base-station when the earlier transmission attempt

made by the source is not successful. With this retransmission

mechanism, it is as if sensor nodes could borrow energy

from one another and balance their energy consumption to

match their own battery recharge rate. In turn, a balanced

energy consumption-to-recharge rate ratio has the potential

to improve the network throughput. A second advantage of

using cooperative ARQ protocols derives from their inherent

retransmission mechanism. The relay offers its spatial diversity

and, if it is located between the source and the base-station,

data frames are (re)transmitted over a shorter range, thus

reducing the required amount of transmitted energy.

For the cooperative ARQ protocol class, relays must be

chosen for each source to best balance energy usage at the

sensor nodes. This problem is formulated in its most general
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form — i.e. allowing multiple relays to be assigned to the same

source — using linear programming (LP). A special sub-case

is obtained by constraining each source to make use of one

relay only, i.e., the one-relay ARQ protocol class. For the one-

relay sub-case, a sub-optimal greedy solution is presented. The

solution is based on a sorting function applied to choosing the

relay for each source.

The saturation throughput of both cooperative and non-

cooperative ARQ protocols is discussed for a number of

(GAP4S) network scenarios, e.g., varying the sensor node

transmission power, base-station footprint size, path loss expo-

nent, and radio frequency used. It is confirmed that introducing

cooperation in the ARQ protocols enables the sensor node to

transmit data more efficiently by using lower energy levels.

Under constrained energy budget at the sensor node, higher

saturation throughput can thus be achieved when compared

to non-cooperative ARQ protocols. The one-relay ARQ pro-

tocols class is found to be a good trade-off between network

throughput and protocol complexity.

II. TWO CLASSES OF ARQ PROTOCOLS

Consider a network of wireless sensor nodes located inside

the footprint of the base-station. Taking advantage of the

base-station’s presence, the following medium access control

solution is used. Using the downlink (base-station to sensor

node) control channel, the base-station schedules when each

sensor node must either transmit or receive. By following the

base-station’s provided schedule, collision-free channel access

is achieved. Any scheduling solution that guarantees a fair

transmission (as defined in Section I) on the uplink may be

used. To keep the study general, no further assumption is made

on the medium access control scheduler. Transmission errors

may be frequent on the uplink (sensor node to base-station)

channel as the sensor node power budget limits the achievable

SNR value. To overcome these transmission errors two classes

of ARQ protocols are considered. The two classes of ARQ

protocols are defined next.

A. The Class of ARQ-NC Protocols

The ARQ-NC is the class of (conventional) non-cooperative

protocols. Upon a request from the base-station, the sensor

node transmits its data frame directly to the base-station. Data

frames are encoded to provide error detection and, optionally,

correction capabilities at the base-station. The base-station

replies with a positive acknowledgment (ACK) frame only

upon the successful reception of a data frame. A timer is used

at the sensor node to trigger retransmission if the ACK frame

is not received timely. The sensor node retransmits the data

frame until it is received correctly at the base-station and a

positive ACK frame is received at the sensor node.

B. The Class of ARQ-C Protocols

The ARQ-C is the class of cooperative protocols that take

advantage of the broadcast nature of the uplink channel to

reach the base-station via spatial diversity. Fig. 1 depicts how

the ARQ-C protocols work. Notice that, in general, sensor

nodes may act as sources (when transmitting their own data

Base−station

Relay

Source

Fig. 1. Cooperation between two sensor nodes.

frames) and as relays (when transmitting data frames gener-

ated by other sensor nodes). When scheduling the transmission

and reception functions of the sensor nodes, the base-station

must indicate which sensor node acts as the source and

which acts as the relay. Assume for a moment that the relay

successfully overhears the data frame transmission performed

by the source and stores a copy of the data frame temporarily.

Both source and relay make use of a timer. Both timers are

set at the end of the data frame transmission performed by

the source. The timer at the relay is set to expire first. If the

data frame transmission from the source to the base-station

is successful, the base-station responds with an ACK frame,

the relay discards the temporary data frame copy, and a new

transmission cycle begins. Upon the unsuccessful reception of

a data frame transmitted by the source the base-station does

not send the ACK frame. The timer at the relay expires first,

triggering the retransmission of the data frame copy at the

relay. If the data frame transmission from the relay to the

base-station is successful the ACK frame is sent and a new

transmission cycle begins. Of course, the relay may help only

when it correctly overhears the data frame transmitted by the

source. If the base-station does not hear from the relay, it is

safe to assume that the transmission of the data frame from

the source to the relay was not successful. It is also possible

that the relay retransmission attempt to the base-station was

unsuccessful. Under either circumstances the ACK frame is

not sent, and the transmission cycle for the same data frame

must start all over again, triggered by the timer expiration at

the source.

As already mentioned, a careful choice of the relay may in-

crease the probability of successfully delivering the data frame

to the base-station without requiring additional retransmission

attempts. In addition, the relay offers its own energy to help

with the source’s data frame transmission. For improved load

and energy consumption balancing, multiple sensor nodes may

be chosen to act as relay for the same source. Likewise, the

same sensor node may act as relay for multiple sources. When

multiple relays are assigned to the same source, it is assumed

that only one of them will be “active” during one transmission

cycle. This choice eliminates unnecessary reception energy

consumption at the other relays. In practice, when scheduling,

the base-station selects the active relay for each data frame

transmission proportionally to some predefined distribution
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values. Note that the required intelligence to perform this

choice is entirely residing at the base-station. Sensor nodes are

simply ordered by the base-station when they must transmit

and overhear.

It must be noted that the ARQ-C protocol solution just

described has some interesting similarity with multi-hop so-

lutions. However, these two solutions should not be confused.

In fact, the latter is a layer 3 solution, which requires routing

protocols at the sensor nodes and ACK frame exchange at

each hop to ensure correct information delivery. The former is

a layer 2 solution, whereby the base-station determines which

sensor node makes the next (re)transmission attempt and does

not require the relay to send any ACK frame to the source.

III. ASSESSING SATURATION THROUGHPUT

The two classes of ARQ protocols are compared using

saturation throughput as the metric of interest. As already

mentioned, the saturation throughput is defined as the maxi-

mum offered load — or data frame generation rate — that can

be sustained from the sensor nodes to the base-station under

two constraints:

• at each sensor node the average energy consumption does

not exceed the energy recharge rate,

• data frames are generated at each sensor node proportion-

ally to a given reference value, and must be successfully

delivered to the base-station.

It is assumed that other system factors, e.g., wireless channel

and electronics bandwidth, buffer capacity at the base-station

and sensor nodes, network latency, QoS, etc., do not limit

the network throughput. It is also assumed that the energy

consumption required to schedule the transmission and re-

ception functions at the sensor nodes is negligible1. It is

assumed that ACK frames transmitted by the base-station are

always successfully received by the source and by the relay.

This assumption is reasonable as the SNR of the downlink

channel may be considerably higher than the SNR on the

uplink channel due to the unconstrained amount of power

available at the base-station. The sensor node battery is ideal,

i.e., linear recharge rate and unbounded storage capacity. The

sensor nodes and the base-station are stationary.

The problem of maximizing the saturation throughput can

be formulated using a flow model [19], i.e., keeping track of

the number of data frame transmissions at each sensor node.

The flow model relies on the following input parameters and

variables.

Input:

• N : the set of sensor nodes,

• N = |N |: the number of sensor nodes,

• P rec
i : amount of time average recharge power harvested

by sensor node i,
• Ebi

: energy per bit radiated by sensor node i,

• E
(Rx)
b : energy consumed by the receiver while receiving

and processing one bit,

• L: number of bits per data frame,

• LACK : number of bits per ACK frame,

1If this assumption is not satisfied by the used scheduler the derived
equations must be modified accordingly.
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Fig. 2. ARQ-NC: flow model.

• γ: the transmission energy overhead at the sensor node,

defined as the ratio between the total energy consumption

and the radiated energy Ebi
,

• P
(e)
(i,j): probability of unsuccessful reception at sensor

node j of a data frame sent by sensor node i,

• P
(e)
(i,BS): probability of unsuccessful reception at the base-

station of a data frame sent by sensor node i,
• λi: offered load at sensor node i relative to a reference

value measured in packets/s.

Variables:

• S: network saturation throughput,

• S · λi: offered load2 at sensor node i,
• λ(i,j): rate of data frames transmitted at source i while

having relay j active, measured in packets/s,

• λ(i,j): rate of data frames retransmitted by relay j on

behalf of source i, measured in packets/s,

• λ∗
i : data frame transmission rate at sensor node i (count-

ing both transmission and retransmission attempts) mea-

sured in packets/s.

The problem of maximizing the saturation throughput is

equivalent to finding the maximum value of S so that, at each

sensor node i, the offered load S · λi is sustainable without

exceeding the sensor node energy recharge rate P rec
i . The

LP problem formulation for both classes of ARQ protocols is

given next.

A. ARQ-NC Protocols

Fig. 2 shows the flow model of the ARQ-NC protocols.

The figure represents the transmission queue at sensor node

i. With probability P
(e)
(i,BS) the data frame transmission is

not successful, in which case the data frame remains in the

transmission queue of sensor node i for the next transmission

attempt. The problem of maximizing the saturation throughput

S can be formulated as follows [20]:

max : S

subject to:
(

λ∗
i · L · Ebi

· γ
)

+
(

λi · S

· LACK · E
(Rx)
b

)

≤ P rec
i , ∀i ∈ N (1)

λ∗
i =

S · λi

1 − P
(e)
(i,BS)

, ∀i ∈ N . (2)

Constraint (1) ensures that the recharge power at each sensor

node is sufficient to both (re)transmit the total number of

data frames and listen to the ACK frames (one per each

successfully delivered data frame) from the base-station.

2This definition of the offered load is used to model the traffic intensity at
every sensor node using a single variable S.
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Fig. 3. ARQ-C: flow model.

B. ARQ-C Protocols

Fig. 3 shows the flow model of the ARQ-C protocols. For

simplicity only two sensor nodes are shown. N +1 queues are

used at each sensor node. Sensor node i has one transmission

queue for its own data frames, and a dedicated queue for the

data frame copies received from source j ∈ N . Note that j = i
when source i does not have a relay. Having separate queues

in the figure simplifies the description of the flow model,

but is not strictly necessary in the protocol or sensor node

implementation.

Upon the occurrence of an unsuccessful transmission at

source i, flow λ∗
i is split to reach multiple relays. Let p(i,j) =

λ(i,j)

λ∗
i
P

(e)

(i,BS)

define the probability that the base-station selects

relay j when source i begins a transmission cycle. Recall that

sensor node j can act as relay only when the transmission

from sensor node i to sensor node j is successful. Therefore,

λ(i,j) =
(

1 − P
(e)
(i,j)

)

·λ(i,j). The data frame transmission rate

at sensor node i is then, λ∗
i +

∑

j λ(j,i).

The amount of power dissipated at relay j to overhear data

frames transmitted by source i is proportional to p(i,j) · λ
∗
i =

λ(i,j)

P
(e)

(i,BS)

. The total amount of power dissipated at relay j to

overhear data frames transmitted by all sources is proportional

to
∑

i,i�=j

λ(i,j)

P
(e)

(i,BS)

. Note that the amount of power dissipated

while overhearing is irrespective of the successful reception

at the relay.

When acting as a source, the amount of power dissipated

by sensor node i to receive an ACK frame (one per each

successfully delivered data frame) from the base-station is

λi · S · LACK · E
(Rx)
b . The amount of power dissipated by

sensor node i to receive an ACK frame while acting as the

relay for another sensor node, e.g., j, is proportional to the

sum of two factors. The first factor, λ(j,i) ·
(

1 − P
(e)
(i,BS)

)

,

is the power dissipated to receive an ACK frame for each

data frame successfully retransmitted on behalf of sensor

node j. The second factor, λ(j,i) ·
1−P

(e)

(j,BS)

P
(e)

(j,BS)

, is the power

dissipated to receive an ACK frame for each data frame

successfully transmitted by sensor node j to the base-station

while sensor node i is acting as its relay. Notice that, as already

mentioned in Section II-B, the reception of the ACK frame

resets the timer at the relay avoiding unnecessary data frame

retransmissions. The problem of maximizing the throughput

can be formulated as follows [20]:

max : S

subject to:

⎛

⎝

∑

j,j �=i

λ(j,i)

P
(e)
(j,BS)

⎞

⎠ · L · E
(Rx)
b +

⎛

⎝λ∗
i +

∑

j

λ(j,i)

⎞

⎠ · L

· Ebi
· γ +

⎡

⎣λi · S +
∑

j,j �=i

(

λ(j,i) ·
(

1 − P
(e)
(i,BS)

)

+ λ(j,i)

·
1 − P

(e)
(j,BS)

P
(e)
(j,BS)

⎞

⎠

⎤

⎦ · LACK · E
(Rx)
b ≤ P rec

i , ∀i ∈ N (3)

λ∗
i = S · λi +

∑

j

(

P
(e)
(i,j) · λ(i,j)

)

+
∑

j

(

P
(e)
(j,BS) · λ(i,j)

)

, ∀i ∈ N (4)

λ(i,j) =
(

1 − P
(e)
(i,j)

)

· λ(i,j), ∀i, j ∈ N (5)

∑

j

λ(i,j) = P
(e)
(i,BS) · λ

∗
i , ∀i ∈ N . (6)

Constraint (3) balances the energy harvested at sensor node

i with the sum of: (a) the total energy required to both

overhear and transmit data frames, and (b) the total energy

required to receive ACK frames. Constraint (4) represents the

transmission rate of sensor node i own data frames. This is the

sum of three terms: new data frames, data frames that the base-

station designated to be retransmitted by relay j but were not

successfully received at relay j, and data frames that source

i has to retransmit because the retransmission attempt made

by relay j was not successful. Expressions in (5) and (6) are

flow conservation constraints. The expression in (6) ensures

that λ(i,j) ≤ P
(e)
(i,BS) · λ

∗
i , i.e., p(i,j) ∈ [0, 1].

IV. THE CLASS OF ONE-RELAY ARQ PROTOCOLS

The formulation of the maximum saturation throughput

for the cooperative ARQ protocols (Section III-B) makes the

assumption that different transmission cycles from the same

source might use a different sensor node as relay. It may

be advantageous to simplify the cooperative ARQ protocols

by limiting the number of relays per source to one. The LP

problem in Section III-B can be modified to be an integer
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Fig. 4. Three nodes network scenario: sensor node s, sensor node r and the
base-station BS.

(ILP) problem that takes into account this new constraint by

adding:

∑

j

p(i,j) = 1, ∀i ∈ N (7)

λ(i,j) ≤ M · p(i,j), ∀i, j ∈ N (8)

p(i,j) ∈ {0, 1}, ∀i, j ∈ N (9)

where M is a constant that takes a large value. Constraint (8)

is used to force p(i,j) = 1 whenever λ(i,j) �= 0, [20]. To

circumvent the computationally intensive ILP solution, an

approximate greedy solution is proposed. First, a function is

introduced to sort the set of potential relay candidates. Then,

the greedy algorithm is described.

A. Sorting Function

A criterion must be found to identify the relay that is most

suitable to cooperate with any given source. The simplified

network scenario shown in Fig. 4 is used to construct the

sorting function. As already mentioned in Section II-B, sensor

nodes may act sometimes as sources and sometime as relays.

The network consists of one base-station BS and two sensor

nodes s and r. The following assumptions are made:

1) both s and r generate data frames to be transmitted to

BS,

2) when r transmits its own data frames to BS, the

transmission is always successful,

3) when s transmits its own data frames, the transmission

may be unsuccessful,

4) upon an unsuccessful data frame transmission from s to

BS, r is always the relay chosen to retransmit the data

frame, i.e., p(s,s) = 0, p(s,r) = 1,

5) when r acts as a relay for s, its transmission to BS may

be unsuccessful,

6) s does not act as relay for r, i.e., p(r,s) = 0,

7) the cost of listening to ACK frames is negligible, i.e.,

LACK = 0 in constraints (1) and (3).

The objective is to define a function that takes as input the

coordinates of s, r, BS, and the value of Ebi
, and returns an

upper bound Ψ(s,r) on the saturation throughput S, subject to

energy budget constraints. Two cases are considered.

Unlimited energy budget at r. In this case the limiting factor

is the energy budget at s. Considering that P rec
r = ∞ and

using assumptions 6) and 7), λ∗
s can then be derived from (3)

as:

λ∗
s =

P rec
s

L · Ebs
· γ

. (10)

Using assumption 4), the upper bound Ψ
(s)
(s,r) on the saturation

throughput S
(s)
(s,r) can be derived from (4)-(6) and (10) as:

S
(s)
(s,r) ≤ Ψ

(s)
(s,r) =

λ∗
s

λs

·

[

1 − P
(e)
(s,r) · P

(e)
(s,BS) − P

(e)
(r,BS)

·
(

1 − P
(e)
(s,r)

)

· P
(e)
(s,BS)

]

. (11)

Equation (11) takes into account the three energy consumption

factors at s that are proportional to the following transmission

flows: (i) the flow of data frames transmitted to BS, i.e., λ∗
s ,

(ii) the flow of data frames not successfully received at BS

nor at r, i.e., λ∗
s · P

(e)
(s,r) · P

(e)
(s,BS), and (iii) the flow of data

frames that s must retransmit because the retransmission per-

formed by r was not successful, i.e., λ∗
s ·P

(e)
(r,BS) ·

(

1 − P
(e)
(s,r)

)

·

P
(e)
(s,BS).

Unlimited energy budget at s. In this case the limiting factor

is the energy budget at r. Using assumption 4) and considering

that s can sustain any value of throughput (P rec
s = ∞), λ∗

s

can be derived from (4)-(6) as:

λ∗
s = Ψ

(r)
(s,r) · λs · α

−1 (12)

where Ψ
(r)
(s,r) is the upper bound on the saturation throughput

S
(r)
(s,r) and

α = 1−P (e)
s,r ·P

(e)
(s,BS)−P

(e)
(r,BS) ·

(

1 − P
(e)
(s,r)

)

·P
(e)
(s,BS). (13)

Using assumptions 2), 4) and 7), and combining (3) and (12)

the upper bound Ψ
(r)
(s,r) on the saturation throughput S

(r)
(s,r) can

be expressed as follows:

S
(r)
(s,r) ≤ Ψ

(r)
(s,r) = P rec

r ·

{

λs · α
−1 · L · E

(Rx)
b +

[

λr + λs

· α−1 · P
(e)
(s,BS) ·

(

1 − P
(e)
(s,r)

)

]

· L · Ebr
· γ

}−1

. (14)

Equation (14) takes into account three energy consumption

factors at r. They are proportional to: (i) the energy spent to

receive the flow of data frames from s while taking part in the

cooperating process, i.e., λs · α−1 · L ·E
(Rx)
b , (ii) the energy

spent to transmit its own data frames to BS, i.e., λr ·L·Ebr
·γ,

and (iii) the energy spent to transmit the copies of the data

frames successfully received from s, i.e., λs · α
−1 · P

(e)
(s,BS) ·

(

1 − P
(e)
(s,r)

)

· L · Ebr
· γ.

Since the limiting factor in evaluating the saturation

throughput is the energy budget available at both s and r, the

saturation throughput S is upper bounded by the expression:

S ≤ Ψ(s,r) = min{Ψ
(s)
(s,r), Ψ

(r)
(s,r)}. (15)
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TABLE I

PSEUDO CODE OF THE GREEDY ALGORITHM

begin algorithm

for(∀ sensor nodes i ∈ D){
for(∀ sensor nodes j ∈ N ){

Compute Ψ(i,j)

}
Find r | Ψ(i,r) = maxj∈N (Ψi,j)
Update energy available at sensor node r
Update energy available at sensor node i
if(i | di = mink∈D(dk))

Ψ = Ψ(i,r)

}
end algorithm

Should s use an ARQ-NC protocol to transmit data frames to

BS, the upper bound of the saturation throughput SARQ−NC

can be derived from (1), (2) and (10) as follows:

SARQ−NC ≤ Ψ(s,s) =
λ∗

s

(

1 − P
(e)
(s,BS)

)

λs

=
P rec

s

L · Ebs
· γ

·

(

1 − P
(e)
(s,BS)

)

λs

(16)

where λ∗
s is the total rate of data frames transmitted by s to

BS as indicated in (10).

B. The Greedy Algorithm

The function in (15) takes into account the retransmission

attempts made for one sensor node only, and ignores the other

sensor nodes’ retransmission attempts. For example, it does

not capture the practical case where one sensor node may

act as the relay for two or more sources. This section details

a greedy algorithm that is designed to assign one relay to

each source. The assignment algorithm attempts to maximize

the saturation throughput while making sure that the energy

budget at the sensor node is met. Equation (15) is used to sort

the relay candidates for every given source.

The algorithm works as follows. Each sensor node i ∈ N is

assigned a parameter di =
P rec

i

λiEbi
LE[txi]

. E[txi] is the average

number of transmission attempts per data frame if i makes

use of an ARQ-NC protocol. E[txi] =
λ∗i

S·λi
= 1

1−P
(e)
i,BS

can

be derived using (1) and (2). Let D be the set of sensor

nodes ordered by non decreasing values of di. The algorithm

considers one sensor node at a time following the order in D.

For each i ∈ D the algorithm computes Ψ(i,j) when j ∈ N
is the relay for i. The value of Ψ(i,j) is computed from (15)3.

Sensor node r such that Ψ(i,r) = maxj∈N (Ψ(i,j)) is chosen

to be the relay for i.

The algorithm must consider that a sensor node r may be

chosen to be the relay for two (or more) sources. This affects

the power budget available at r, as explained next. Every time

r is chosen to be a relay, its remaining power budget is updated

3When i = j, Ψ(i,i) is derived using (16).

as follows:

P rec(new)

r = P rec(old)

r − Ψ(i,r) · λi · L · α−1

·

[

P
(e)
(i,BS) ·

(

1 − P
(e)
(i,r)

)

· Ebr
· γ + E

(Rx)
b

]

(17)

where α is given in (13). In addition, every sensor node i
must reserve sufficient power budget to transmitting its own

data frames. At each step, the algorithm updates the remaining

power budget at i using (11) as follows:

P rec(new)

i = P rec(old)

i − Ψ(i,r) · λi ·

{

1 − P
(e)
(i,r) · P

(e)
(i,BS)

− P
(e)
(r,BS) ·

(

1 − P
(e)
(i,r)

)

· P
(e)
(i,BS)

}−1

· L · Ebi
· γ (18)

where α is given in (13). The algorithm stops after N steps,

when one relay ∀i ∈ D is chosen. The complexity of the

algorithm is O(|N |2).
Table I provides a pseudo code description of the algorithm.

The description also indicates how to compute an upper bound

(Ψ) for the one-relay ARQ protocols saturation throughput.

The computation of the upper bound is based on the ob-

servation that sensor node i with the smallest value of di

receives the least amount of recharge power and/or has the

lowest probability of successfully transmitting data frames to

the base-station. The upper bound is a direct consequence of

the inequality (15), S ≤ Ψ = Ψ(i,r).

V. PERFORMANCE EVALUATION

This section reports some saturation throughput results

obtained for the two classes of ARQ protocols. The saturation

throughput is used to determine under what conditions the

ARQ-C protocols outperforms the ARQ-NC protocols and

quantify the potential gain. Additionally the two classes of

ARQ protocols are compared against a simple energy aware

multi-hop protocol. The study is carried out for the GAP4S

architecture. A short description of the GAP4S system and the

energy aware multi-hop protocol are given first.

A. GAP4S System Description

This section contains a brief description of the GAP4S

architecture. Additional details can be found in [10]. In the

GAP4S architecture (Fig. 5) the location of the sensor nodes

is restricted to a predetermined footprint surrounding a power-

rich base-station. The sensor node sends its generated data

directly to the base-station via a wireless uplink channel. Each

sensor node recharges its battery using the received microwave

(MW) power that is continuously radiated by the base-station

in an omnidirectional way4. The radiated recharge power is

constrained to safety levels. A simple modulation — e.g.,

On/Off Keying (OOK) — of the MW signal provides the

downlink channel from the base-station to the sensor nodes.

Among other functions, the downlink control channel is used

to distribute slot synchronization, poll the sensor nodes for

collision-free uplink transmission, send ACK for the received

4Although this feature is not explored in this work, the base-station may
use directional antennas to ensure best power provisioning and full-duplex
connectivity with the sensor nodes.
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Fig. 5. GAP4S system architecture.

sensor data frames, download software updates, and remotely

program sensor nodes for achieving the desired sensing oper-

ations. Unlike other solutions, the GAP4S peculiar downlink

transmission is not costly to the sensor node in terms of

energy as it takes place over the MW recharging channel5.

Another GAP4S peculiarity is the use of dumb and low power-

consumption sensor nodes, which are entirely driven by the

intelligent base-station.

Among other things, the base-station is responsible for

ensuring that data frames are collected reliably and fairly from

across the entire set of sensor nodes, despite their location

within the footprint. Note that both the energy recharge rate

at the sensor node and the uplink channel signal-to-noise ratio

(SNR) may be affected significantly by the location of the

sensor node with respect to the base-station.

B. Energy Aware Multi-Hop Protocol

The following simple energy aware multi-hop protocol is

used as a comparison benchmark for the considered classes

of ARQ protocols. The multi-hop protocol is referred to as

minimum energy path (MEP) protocol. The multi-hop path

from each source to the base-station is computed as follows.

For each (i, j) pair, where i is a sensor node and j may be

either another sensor node or the base-station, the following

energy metric is computed:

e(i,j) =
1

1 − P
(e)
(i,j)

· L · γ ·
Ebi

P rec
i

+ LACK ·
E

(Rx)
b

P rec
i

+ LACK · γ ·
Ebj

P rec
j

+
1

1 − P
(e)
(i,j)

· L ·
E

(Rx)
b

P rec
j

.

(19)

Equation (19) takes into account four energy consumption fac-

tors while transmitting from i to j: (a) the energy consumed

at i to successfully transmit a data frame to j, i.e., 1

1−P
(e)

(i,j)

·

L · γ ·
Ebi

P rec
i

, (b) the energy consumed at i to receive an ACK

5This feature corresponds to having LACK = 0 in constraints (1) and (3).

frame from j, i.e., LACK ·
E

(Rx)
b

P rec
i

, (c) the energy consumed

at j to transmit an ACK frame to i, i.e., LACK · γ ·
Ebj

P rec
j

,

and (d) the energy consumed at j to successfully receive

a data frame from i , i.e., 1

1−P
(e)

(i,j)

· L · E
(Rx)
b . Notice that

factor (b) is set to zero when j = BS, due to the nature

of the GAP4S architecture, i.e., ACK frames are sent using

the downlink MW channel that is used to recharge the sensor

nodes. Additionally, since the base-station is characterized by

a non-stringent power constraint, terms (c) and (d) are set

equal to zero when j = BS. Each factor in (19) is normalized

to the recharging power received at the sensor node. The multi-

hop sequence from each source to the base-station is then

computed running a shortest path algorithm [19] based on the

metric defined in (19).

C. Results

When comparing the two classes of ARQ and multi-hop

protocols, the following assumptions are made. Unless other-

wise specified, both the uplink and MW downlink frequency

is 2.4 GHz. Path loss and fading are taken into account in the

uplink transmission. Only path loss is taken into account in the

MW downlink recharging signal. Unless otherwise specified

a path loss coefficient of n = 3 is used. Fading is assumed

to be Rayleigh slow and flat, i.e., the fading coefficients are

considered constant over a single frame transmission. The

fading experienced by each frame transmission is statistically

independent of the fading experienced by any other frame

transmission. More details on the models used for path loss

and fading can be found in [10].
It is assumed that the MW downlink channel is error free.

On the wireless uplink channel, data frames are augmented

with a cyclic redundancy code (CRC). Each block contains B
bits (including the CRC bits). The probability of receiving a

frame incorrectly (error probability) is a function of both the

instantaneous SNR and the CRC. The CRC is used to detect

the case of an erroneous codeword decoding, in which case

retransmission is required. We assume that the CRC is able to

detect all erroneous codewords. Data frames have fixed length

and carry B = 128 bits of combined data and CRC, which are

encoded into L = 256 bit codewords using a rate-compatible

punctured convolutional code (RCPC) with rate 1/2, parent

code rate of 1/4, puncturing period of 8, and memory of

4 [21]. The overall frame error probability P (e) versus SNR

at the detector stage of the receiver, SNRrec, is shown in

Fig. 6, based on [14]. SNRrec accounts for both Ebr
/N0 and

the receiver noise figure F . It is assumed that F = 5 dB. It

is assumed that binary PSK with soft decoding is employed.
The values for the transmitting and receiving antenna gain

at the base-station and at every sensor node are assumed to

be GT = GR = 1. The recharge power constantly radiated

at the base-station is PBS = 10 W. It is assumed that at the

sensor node the energy received from the MW channel by the

antenna is fully transferred into its battery, and circuitry losses

are negligible.
The effects of various energy consumption factors at the

sensor node, i.e., analog-digital conversion, processing, power

management and coding are all taken into account and com-

bined using parameter γ introduced in Section III. Consistently
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Fig. 6. Frame error probability P (e) versus SNR at the detector stage of
the receiver (SNRrec). The RCPC code used has rate 1/2, parent code rate
of 1/4, puncturing period of 8, and memory of 4. The receiver noise figure
(F ) is 5 dB.

with [22], γ = 300. Traffic is uniform, i.e., λi = 1, ∀i ∈ N .

The formulations presented in Section III are solved using LP

Solve 5.5.0.7 [23].

The transmission energy per bit Eb, i.e., the value of energy

that is radiated by a sensor node to transmit one bit, is assumed

to be the same at each sensor node. Unless otherwise specified,

the energy consumed to receive and process one bit at the

sensor node receiver is E
(Rx)
b = 30 nJ [24].

Figs. 7 and 8 show the value of (15) for a simple network

with one base-station BS and 2 sensor nodes s and r. The

value of upper bound Ψ(s,r) on the saturation throughput is

plotted as a function of the coordinates of r. Coordinates of s
and BS are (50, 0) and (0, 0), respectively. Fig. 8 shows the

y = 0 m section of the three dimensional plot of Fig. 7. The

following parameter values are used: λs = λr = 1 packet/s,

Ebs
= Ebr

= 2e−12 J, E
(Rx)
b = 0 J, and γ = 1. Not

surprisingly, both Figs. 7 and 8 indicate that cooperation is

most effective when r is placed between s and BS.

Additionally, Fig. 8, reports the value of SARQ−NC ex-

pressed in (16). For the set of parameter values chosen in this

example, cooperation may increase the saturation throughput

up to three times.

As the value of the saturation throughput depends heavily on

the sensor node positions, multiple simulation experiments are

performed. Each experiment is obtained by randomly placing

300 sensor nodes within a circular footprint of radius R
according to a uniform distribution. The base-station is at

the footprint center. The number of simulation experiments

is chosen such that the average value for the saturation

throughput S has a confidence interval of 8% or better at

98% confidence level.

Fig. 9 plots the saturation throughput S versus the trans-

mission energy per bit Eb. ARQ − C(300) refers to the

case of cooperative ARQ protocols with no constraints on

the number of relays per source. ARQ − C(1) refers to

the one-relay cooperative ARQ protocols. All curves show a
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Fig. 7. Upper bound on the saturation throughput (Ψ(s,r)) as a function
of the position of sensor node r. Sensor node s is placed in (50, 0) and the
base-station is placed in (0, 0).
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Fig. 8. Upper bound on the saturation throughput (Ψ(s,r)) as a function
of the position of sensor node r. Sensor node s is placed in (50, 0), the
base-station is placed in (0, 0) and the y coordinate of the relay r is fixed to
0 m.

similar pattern, with a maximum at some intermediate value

of Eb. Higher values of Eb increase both the SNR and the

probability of successful transmission, but consume too much

energy. In this case, all ARQ protocols perform similarly, as

retransmission attempts are sporadic. Lower values of Eb save

energy on the single transmission attempt, but require too

many retransmission attempts. In this case, the two classes of

ARQ protocols behave in a significantly different manner from

one another. The ARQ-C protocols achieve their maximum

S at a Eb value that is slightly lower than the value of the

ARQ-NC protocols. This fact is explained by the combined

effect of energy borrowing and relay retransmission of the

ARQ-C protocols. Sensor nodes whose energy consumption-

to-recharge rate ratio is not favorable, can borrow energy

from other (energy richer) sensor nodes by asking them to
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Fig. 10. Saturation throughput (S) versus energy per bit transmitted at the
sensor nodes (Eb). R = 50 m, G = 1, γ = 300, F = 5 dB, n = 3.

perform data frame retransmissions. At the same time, the

transmission energy level at the sensor node may be lowered

without compromising throughput due to the shorter trans-

mission range offered by the relay retransmission mechanism.

Note that lowering the transmitted energy level has the initial

effect of increasing the amount of retransmissions performed

by the relay, i.e., more energy is borrowed from the relay.

Further lowering of the transmitted energy level compromises

the ability of the relay to help, causing a sharp throughput

decay. Finally, the plots indicate that, when the energy amount

available at the sensor node is the limiting factor in the system,

the saturation throughput achieved by the ARQ-C protocols,

may be more than twice the saturation throughput of the ARQ-

NC protocols. In addition, limiting to number of relays per

source to one seems to be a good trade-off between network

throughput and protocol complexity.

Fig. 10 shows the effect of E
(Rx)
b on S. Two values are

considered, E
(Rx)
b = 30 nJ and E

(Rx)
b = 0.3 nJ. As intuition

suggests, S grows with decreasing E
(Rx)
b . The figures also

shows the upper bound for ARQ−C(1) derived in Section IV-

B. Note that the performance gap between ARQ−C(300) and

ARQ − C(1) decreases with decreasing E
(Rx)
b .

Table II documents the effect of the uplink frequency (fup),

the footprint radius (R), and the path loss coefficient (n)

on S for the two classes of ARQ protocols. Results are

compared against an upper bound of the multi-hop MEP

protocol throughput. The upper bound of the MEP protocol

throughput is computed assuming that LACK = 0 bits, i.e.,

transmitting and receiving ACK frames do not consume energy

at the sensor nodes. Two values of E
(Rx)
b are considered, i.e.,

E
(Rx)
b = 30 nJ and E

(Rx)
b = 0.3 nJ. The S values reported

in the table are obtained using the value for Eb that yields

the maximum S value for each solution. Results in the top

part of the table are obtained using an uplink frequency fup=

2.4 GHz. Results in the middle part of the table are obtained

using an uplink frequency fup= 916.5 MHz. Results in bottom

part of the table are obtained using an uplink frequency

fup= 433.92 MHz. Depending on the surrounding environment

— which may affect the value of n — the practical size

of the footprint spans from tens to hundred meters. Even

though the ARQ-C protocols always yields higher saturation

throughput values than the ones achieved by the ARQ-NC

protocols, noticeable performance differences are found only

in those cases when the direct transmission of data frames

from the sensor node to the base-station is not favored by the

surrounding environment, e.g., for increasing values of fup,

R and n. Similar results are found under non uniform traffic

patterns, which are discussed in [10]. For even larger values of

fup, R and n the multi-hop MEP protocol is the best solution.

This is the case when the relay based approach used in the

ARQ − C protocols might not suffice to compensate for the

noisy uplink channel from the source to the base-station.

VI. CONCLUSION

To ensure reliable sensor node data collection in energy

harvesting wireless sensor networks, two classes of ARQ pro-

tocols – one of which is based on cooperative communications

— were considered and compared. It was found that when the

energy available at the sensor node is the main limiting factor

in the system, the cooperative ARQ saturation throughput

may be more than twice the saturation throughput of the

non-cooperative ARQ protocols. Cooperating sensor nodes

are able to effectively balance their energy consumption-to-

recharge rate ratio by borrowing energy from one another

during the data frame retransmission phase. At the same

time, the transmission energy level at the sensor node may

be lowered without compromising throughput due to the

shorter transmission range offered by the relay retransmission

mechanism. It was also found that limiting the number of

relays per source to one constitutes a good trade-off between

network performance and protocol complexity.
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TABLE II

SATURATION THROUGHPUT (S) AS A FUNCTION OF THE UPLINK FREQUENCY (fup), FOOTPRINT RADIUS (R), AND PATH LOSS COEFFICIENT (n)

fup = 2.4 GHz, GT = GR = 1, γ = 300, F = 5 dB

E
(Rx)
b

= 30 nJ E
(Rx)
b

= 0.3 nJ

n = 3 R = 50 m n = 3 R = 50 m

R = 10 m R = 50 m R = 100 m n = 2 n = 4 R = 10 m R = 50 m R = 100 m n = 2 n = 4

ARQ-NC 64.3 4.1E-3 6.4E-5 10.2 1.6E-6 64.3 4.1E-3 6.4E-5 10.2 1.6E-6

ARQ-C(1) 112.4 1.1E-2 2.4E-4 10.9 1.2E-5 170.9 1.6E-2 2.6E-4 20.5 1.2E-5

ARQ-C(300) 124.1 1.5E-2 2.5E-4 13.9 1.2E-5 232.2 1.6E-2 2.6E-4 24.9 1.2E-5

MEP 65.1 4.9E-3 1.4E-4 10.3 1.8E-5 71.6 2.7E-2 1.3E-3 8.3 2.6E-4

fup = 916.5 MHz, GT = GR = 1, γ = 300, F = 5 dB

E
(Rx)
b

= 30 nJ E
(Rx)
b

= 0.3 nJ

n = 3 R = 50 m n = 3 R = 50 m

R = 10 m R = 50 m R = 100 m n = 2 n = 4 R = 10 m R = 50 m R = 100 m n = 2 n = 4

ARQ-NC 440.7 2.8E-2 4.4E-4 69.7 1.1E-5 440.7 2.8E-2 4.4E-4 69.7 1.1E-5

ARQ-C(1) 597.2 5.6E-2 1.2E-3 70.5 7.5E-5 843.9 11.2E-2 1.8E-3 122.3 8.2E-5

ARQ-C(300) 731.5 7.6E-2 1.6E-3 78.9 8.1E-5 1.1E3 11.2E-2 1.8E-3 149.8 8.2E-5

MEP 444.5 2.4E-2 5.4E-4 70.1 5.3E-5 369.9 7.7E-2 3.2E-3 70.3 5.9E-4

fup = 433.92 GHz, GT = GR = 1, γ = 300, F = 5 dB

E
(Rx)
b

= 30 nJ E
(Rx)
b

= 0.3 nJ

n = 3 R = 50 m n = 3 R = 50 m

R = 10 m R = 50 m R = 100 m n = 2 n = 4 R = 10 m R = 50 m R = 100 m n = 2 n = 4

ARQ-NC 1.9E3 12.6E-2 2.0E-3 314.9 4.8E-5 1.9E3 12.6E-2 2.0E-3 314.9 4.8E-5

ARQ-C(1) 2.1E3 22.4E-2 4.2E-3 315.5 2.5E-4 3.5E3 42.4E-2 7.8E-3 406.3 3.6E-4

ARQ-C(300) 2.6E3 27.7E-2 5.6E-3 335.1 3.3E-4 4.1E3 49.2E-2 7.8E-3 530.8 3.6E-4

MEP 1.9E3 11.9E-2 1.8E-3 316.5 1.3E-4 1.9E3 21.2E-2 6.7E-3 316.5 1.0E-3
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