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Abstract.
The energy efficiency of non-cooperative
and cooperative transmissions are investigated in a twodimensional wireless sensor network, considering a target
outage probability and the same end-to-end throughput for
all transmission schemes. The impact of the relay selection
method in the cooperative schemes is also analyzed. We
show that under non line-of-sight conditions the relay selection method has a greater impact in the energy efficiency
than the availability of a return channel. By its turn, under
line-of-sight conditions a return channel is more valuable to
the energy efficiency of cooperative transmission than the
specific relay selection method. Finally, we demonstrate
that the energy efficiency advantage of the cooperative over
the non-cooperative transmission increases with the distance
among nodes and with the nodes density.
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1. Introduction
The nodes of a wireless sensor network (WSN) are usually small in size and are deployed inside or close to a phenomenon of interest. The sensor nodes are not required to be
positioned in engineered or predetermined positions and are
also prone to failures. As the ad hoc networks, the WSNs
are not dependent of a previous infrastructure, however the
number of nodes in a WSN can be several orders of magnitude higher. The power units of the sensor nodes are composed of limited power sources, whose replenishment or replacement might be impossible [1]. In addition, batteries
capacity present a modest increase if compared to the computational capacity and wireless throughput gains obtained
in the last decades. The wireless throughput has grown by
roughly one million times and computational capacity has
had an increase of 40 million times since 1957, while the
average nominal battery capacity has increased only 3.5 percent per year over the last two decades [2], [3]. Thus, due to

the power source limitations, the overall energy consumption
and energy efficiency have great importance and are major
concerns in the design and analysis of a WSN [4], [5].
One way to reduce the required transmit power, and
therefore possibly reduce the energy consumption, is to consider cooperative transmission (CT) schemes [6], [7], [8],
[9]. Differently from the multi-hop (MH) transmission,
where the message from the source is passed from node to
node up to the destination, cooperative transmission schemes
take advantage from the broadcast nature of the wireless
transmission. Thus, in a transmission from a source to a destination, a partner relay can overhear the source message
and then forward it to the destination node. At the destination, both messages are combined in the decoding process.
Moreover, the relay node can have different behaviors after
receiving a source transmission. One possibility is that the
relay node just amplifies the received signal and afterward
retransmits it to the destination, which is defined as amplifyand-forward (AF) cooperative protocol. However, the AF
protocol can be outperformed by the selective decode-andforward protocol (SDF) in some scenarios. In the SDF protocol the overheard message is only forwarded to the destination in the case of successful decoding at the relay. In
scenarios where a return channel is available, the incremental decode-and-forward (IDF) protocol can be employed. In
these scenarios, the destination node is able to inform other
nodes if a relay transmission is required or not. Therefore,
a retransmission from a relay node only occurs if required by
the destination node, which increases the maximum achievable throughput. Note that the only difference between SDF
and IDF is the return channel, which is present in IDF, but
not in SDF.
The use of CT schemes can contribute to the energy efficiency by reducing the required transmit power, however
additional relay nodes and additional RF circuitry are also
involved. Although the transmit power is more relevant at
longer distances, the transmitter and receiver circuitry power
consumptions are significant at short distances [10]. The
power consumed by the RF circuitry can be properly represented by the model in [11], which is composed of several building blocks of typical transmitter and receiver circuitry. Another factor that should not be ignored when dif-
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ferent transmission schemes are compared is the end-to-end
throughput. For example, the CT schemes require more time
slots than single-hop (SH) to perform a transmission. In SH,
only two sensor nodes are involved and a relay is not required. The CT schemes composed of half-duplex nodes require two time slots, while only one time slot is needed for
SH. Thus, for a fair comparison, each transmission of a CT
scheme should use not less than twice the spectral efficiency
of SH.
In [12], non-cooperative SH and MH are compared
to the SDF cooperative scheme in terms of their bit error rate (BER). It is concluded that the best results are obtained by the SDF scheme. However, the analysis does
not consider energy efficiency nor end-to-end throughput restrictions. A cellular network considering the MH and CT
schemes is analyzed in [13]. Although higher achievable
rates are obtained by SDF if compared to MH, the energy efficiency and the end-to-end throughput are also not included
in the analysis. The IDF protocol is studied in [14]. The
energy efficiency analysis showed that although IDF is more
efficient at most of the scenarios, SH outperforms IDF when
the source and destination nodes are at short distances. However, no end-to-end throughput restrictions are imposed to
the transmission schemes. For instance, we show in [15]
and [16] the importance of the circuitry consumption and
end-to-end throughput requirements when the energy efficiency of different transmission schemes are compared. The
network topology is composed of three nodes in [15] and
some nodes in [16], where the sensor nodes are distributed
over a line. The results show that CT presents the best performance, being the most energy efficient scheme even for
small transmission distances, specially if a return channel is
available.
In the case of WSNs distributed over a two-dimensional
topology, many nodes can operate as relays, which may increase the performance of the cooperative protocols. In such
case, some relay selection algorithm must be defined. Relay
selection algorithms have been the focus of many works, as
for instance in [17], [18], [19], [20], [21], [22], [23]. In [17],
two types of selection algorithms are discussed: reactive and
proactive. In the reactive algorithm, the relay is chosen after the source transmission, while in the proactive algorithm,
the relay is selected before the source transmission. A survey of distributed relay selection schemes can be found in
[18], where the authors compare such algorithms in terms of
energy efficiency, complexity and performance. A general
framework for energy efficient relay selection has been considered in [19], where the number of relays that participate
in the cooperation is optimized. Relay selection schemes
for 802.11-like networks have been considered in [20], [21].
The best relay is selected in [20] in a way to keep the residual energy of each node comparatively the same, while in
[21] a joint MAC design and physical layer power control is
used. Another selection strategy is presented in [22], where
the nodes are modeled as energy sellers. The relay is selected
in a way to minimize the total transmission cost. The sim-

plest selection algorithm is the random relay selection [23].
In such algorithm, the relay is randomly chosen among the
available nodes in the network.
In this paper, we analyze the energy efficiency performance of SH and CT (SDF and IDF) transmission schemes
by considering a two-dimensional network topology. For
the sake of fairness, we assume in our analysis that the system is under a target outage probability and also under the
same end-to-end throughput requirement for all transmission schemes. Differently than [15] and [16], we investigate the impact of the relay selection on the energy efficiency
of the cooperative techniques. Our results show that under
some line-of-sight (LOS) conditions, the best relay selection
has just a small advantage over the random relay selection
(which is less complex than the best relay selection), while
in the case of non line-of-sight (NLOS) the best relay selection is of paramount importance for maximizing the energy efficiency. Therefore, as our main contribution, we conclude that in some scenarios the relay selection method can
be more critical than the availability of a return channel in
terms of the energy consumption, so that SDF with best relay selection can outperform IDF with random relay selection in terms of energy efficiency. We also show that, in case
of NLOS, CT is in general more energy efficient than SH,
while SH can be more energy efficient in case of some LOS
or very high attempted information rates. Moreover, the energy efficiency advantage of CT over SH increases both with
the distance among nodes and with the nodes density. To
the best of our knowledge, there are no similar works in the
literature that perform an analysis in terms of the energy efficiency comparing the impact of the relay selection method
with the availability of a return channel.
The rest of this paper is organized as follows. Section 2
presents the system model. In Section 3 the outage probability and the energy consumption of the SH and CT schemes
are presented. Section 4 presents numerical results, including the impact of the outage probability, end-to-end throughput requirements and different network topologies. Finally,
Section 5 concludes the paper.

2. System Model
The nodes are disposed in either a random or uniform
grid topology. In the random topology the sensor nodes are
randomly distributed in an area, while in the grid topology
the nodes are placed in a structured grid, with the same distance between each line and each column. All the sensor
nodes can act as source (S) by gathering information from
the environment and sending it to the destination node (D),
which is positioned at the center. Moreover, any sensor node
can be selected to operate as relay (R). We also consider that
all the sensor nodes are half-duplex and all transmissions are
orthogonal in time.
The Nakagami-m distribution [24] is employed to
model the multipath fading. As the Nakagami-m distribu-

RADIOENGINEERING, VOL. 22, NO. 2, JUNE 2013

551

tion allows the severity of the fading to be adjusted by the
parameter m, it can be adapted to represent a wide variety of
conditions. We consider in our analysis, based on the experimental results in [25], m = 1 for NLOS and m = 2 for the
case of some LOS. Note that for the particular case of m = 1,
the Nakagami-m distribution is the same as Rayleigh [27]. In
addition, we consider that the channel is in long-term quasistatic fading.
The energy efficiency of SH and CT is analyzed in
terms of the total energy consumption per bit. The transmitting and receiving power consumed by the internal RF
circuitry, besides the distance dependent transmit power, are
also included in our analysis. Thus, the total consumed energy per bit in a transmission from node i to node j is
Ebt,i j =

PPA,i j + PT X + PRX
Rb

(1)

where PPA,i j represents the power consumed by the power
amplifier, PT X and PRX are respectively the energy consumed
by the transmitting and the receiving circuitry, and Rb corresponds to the bit rate in bits/s. Moreover, Rb = ∆ · B, where
∆ is the spectral efficiency and B is the system bandwidth,
in hertz. The transmitting and receiving RF circuitry follows
the block diagrams introduced in [11]. For the transmitting
circuitry, the total consumed power is
PT X = PDAC + Pmix + Pf il tx + Psyn

(2)

where PDAC represents the power consumed by the digital-toanalog converter, Pmix is the power consumed by the mixer,
Pf il tx corresponds to the power consumed by the transmit
filters and Psyn is the power consumed by the frequency synthesizer. For the receiving circuitry, the following component blocks are considered: frequency synthesizer, low-noise
amplifier, mixer, intermediate frequency amplifier, receive
filters and analog-to-digital converter, with the respective
power consumptions: Psyn , PLNA , Pmix , PIFA , Pf il tx , PADC .
The total power consumption for the receiving circuitry is:
PRX = Psyn + PLNA + Pmix + PIFA + Pf il

rx + PADC .

ξ
Pi
η

where γi j represents the path loss in the i − j link, hi j is a
scalar that represents the unity variance Nakagami-m quasistatic fading, x corresponds to the transmitted frame and ni j
represents the AWGN vector, with variance N0 /2 per dimension, where N0 is the thermal noise power spectral density
per hertz. The path loss between i and j is given by [27]
γi j =

Gλ2
(4π)2 diαj Ml N f

(6)

where G represents the total gain of the transmit and receive
antennas, λ = 3 · 108 / fc is the wavelength, where fc is the
carrier frequency, di j corresponds to the distance in meters
between nodes i and j, and α represents the path loss exponent. Moreover, note that we also include the link margin
(Ml ) and the noise figure at the receiver (N f ) in the path loss.
The instantaneous SNR in the i − j link is
SNRi j = |hi j |2 · SNRi j

(7)

γ P

where SNRi j = iNj i and N = N0 · B is the noise power spectral density. The outage probability of the i − j link is [28]


Ψ m, mNβ
γi j Pi
Oi j =
(8)
Γ (m)
where Ψ(a, b) = 0b ya−1 exp(−y)dy
is the incomplete
R
gamma function and Γ(a) = 0∞ ya−1 exp(−y)dy is the complete gamma function. At high SNR (low outage region),
the incomplete gamma function can be approximated by
Ψ(a, b) ' (1/a) · ba [28]. Thus:


mNβ m
1
Oi j '
.
(9)
Γ(m + 1) γi j Pi
R

(3)

3. Transmission Schemes

The power amplifier consumption is modeled as [11]
PPA,i j =

to node j, an outage occurs when the SNR (Signal-to-NoiseRatio) at node j falls below a threshold β = 2∆ − 1 [27].
Thus, the received frame at node j is given by
p
yi j = Pi γi j hi j x + ni j
(5)

(4)

√

where ξ = 3 √M−1
is the peak-to-average ratio for an MM+1
QAM modulation, η is the amplifier drain efficiency and Pi
is the transmit power of node i.
Most of our analysis is based on the network total energy consumption. We calculate the total consumed energy
(including source, relay and destination) when each node
acts as source and then perform the sum of these values in order to obtain the energy consumption of the entire network
for different transmission schemes. The energy efficiency
analysis is performed under the constraint of an outage probability, which predicts well the frame error rate of good practical codes [26]. In the transmission of a frame from node i

In this section we analyze the outage probability, the
optimal transmit power, and the consumed energy per bit of
SH and CT schemes.

3.1 Single-hop Transmission (SH)
The SH scheme consists of a direct transmission from
S to D, thus a relay node is not required. The consumed energy per bit of the SH scheme can be obtained by replacing i
and j by S and D in (1):
Ebt,SH = Ebt,SD =

PPA,SD + PT X + PRX
.
Rb

(10)

Note that as PT X and PRX are dependent of the specific
technology, the minimum consumed energy per bit in (10) is
obtained by minimizing PPA,SD , or equivalently PSH . Using
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(9), and for a target end-to-end outage probability O ∗ , we
obtain the minimum transmit power of the SH scheme as
∗
PSH
=

mNβ
γSD [Γ(m + 1)O ∗ ]1/m

.

(11)

3.2 Cooperative Transmission (CT)
In the CT scheme, a selected relay node (R) cooperates
in the transmission process. In the CT model, two time slots
are required to perform the communication: an initial transmission from S, followed by a retransmission from R in the
second time slot. Thus, in order to obtain the same end-toend throughput, each transmission requires twice the spectral
efficiency of SH. Consequently, an outage occurs when the
received SNR is below a threshold β0 = 22∆ − 1. Thus, the
outage probability for each i − j link is


mNβ0 m
1
.
(12)
pi j '
Γ(m + 1) γi j Pi
Considering selection combining [27] at D, the end-toend outage probability for the CT model, which includes the
outage probabilities of each of the links that are involved in
the transmission (S − D, S − R and R − D), is given by

OCT = pSD · [pSR + (1 − pSR ) · pRD ] ,

(13)

which can be rewritten as




fSD
fSR
fSR
fRD
·
+
1
−
·
(PCT )m (PCT )m
(PCT )m
(PCT )m
(14)

m

m
mNβ0
mNβ0
1
1
where fSD = Γ(m+1) γSD
, fSR = Γ(m+1) γSR
and


0 m
mNβ
1
∗ can
. The optimal transmit power PCT
fRD = Γ(m+1)
γRD
∗
be obtained by replacing OCT by O in (14), and finding the
smallest real and positive root of

OCT =

O ∗ (PCT )3m − ( fSR fSD + fRD fSD ) (PCT )m + ( fSR fRD fSD ) = 0.
(15)
In the following we consider the cases where a return
channel from the destination node may be available or not
by analyzing two CT protocols: SDF and IDF.
SDF: in the CT scheme using the SDF protocol, node R cooperates if it successfully decodes the message from S.
The total consumed energy per bit is then
PPA,CT + PT X + 2PRX
2Rb
(16)
2PPA,CT + 2PT X + 3PRX
+ (1 − pSR ) ×
.
2Rb

Ebt,SDF = pSR ×

The first term in (16) represents the consumed energy
if the message from S can not be decoded by R. The
second term represents the case where R is successful
in decoding the message, which is retransmitted to D.

Note that, since the energy spent with baseband processing is considered to be very small when compared
to the consumption of the RF circuitry [11], the power
consumption for decoding at the relay and at the destination have been ignored in this paper.
IDF: the IDF cooperative protocol makes use of a return
channel, which here is considered to be error free.
Through this channel, node D is able to request a retransmission from R if the previous transmission from
S was not successful. Thus, R only retransmits if required by D. The total consumed energy per bit is:
PPA,CT + PT X + 2PRX
2Rb
PPA,CT + PT X + 2PRX
+ pSD · pSR ×
2Rb
2PPA,CT + 2PT X + 3PRX
+ pSD · (1 − pSR ) ×
.
2Rb
(17)
The first term in (17) represents a successful transmission from S to D. A failure is represented in the second
term, where neither D nor R can decode the message.
In the third term, although the transmission from S to
D is not successful, R is able to decode it, resulting in
the cooperation with an additional transmission from
R to D. Moreover, since the feedback message from D
has usually much less bits than a frame from S, the energy consumption of the ACK/NACK messages have
not been taken into account [15].
Ebt,IDF = (1 − pSD ) ×

In addition, we consider that node R is selected by
a proactive selection algorithm, which allows all the
other sensor nodes that are not involved in the communication process to be in idle mode during the transmission [17]. We consider that the relay nodes can be
selected by two different methods: best relay selection and random relay selection. The first selects the
best relay in terms of the energy efficiency, thus the
relay that provides the lowest energy consumption is
selected. The other is the least sophisticate algorithm,
in which a relay is randomly selected among all the
available sensor nodes according to a uniform distribution. Therefore, the best relay selection always provides the most energy efficient transmission for each
scheme, while in the random selection, although the
energy efficiency and throughput are not maximized,
the implementation complexity is rather low.

4. Results and Analysis
In this section the energy efficiency of SH and CT are
numerically evaluated and compared under LOS and NLOS
conditions, considering that a return channel may be available or not. The system parameters are listed in Tab. 1 and
the circuitry consumption parameters follow the values presented in [11], with PT X = 97.9 mW and PRX = 112.2 mW.
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We start considering that the nodes are uniformly distributed
in an 11 × 11 grid with a distance of 10 meters between
each line and each column. Node D is positioned at the center of the grid1 . Initially we assume a maximum outage of
O ∗ = 10−3 and ∆ = 2 b/s/Hz.
Ml = 40 dB
N f = 10 dB
G = 5 dBi
fc = 2.5 GHz
N0 = −174 dBm
B = 10 kHz
α = 2.5
α = 3.5

Link Margin
Noise Figure
Antenna Gain
Carrier Frequency
Noise Power Spectral Density
Bandwidth
Path Loss Exponent (LOS)
Path Loss Exponent (NLOS)

553

advantageous at longer distances. With random relay selection, SH is the most energy efficient scheme for all nodes in
the grid, as can be observed in Fig. 2(b). Thus, in case of
some LOS, the relay selection is of paramount importance
for the energy efficiency of cooperative communication. In
the availability of a return channel IDF is more energy efficient than SH for all positions in the grid either with the best
or random relay selection in LOS. However, under NLOS
conditions, SH is more energy efficient than IDF with random relay selection for some node positions, while IDF with
best relay selection is the most energy efficient scheme for
all positions in the grid, as shown in Fig. 3.
LOS − No Return Channel

Tab. 1. System parameters.

Node D

120

SH
SDF

100

80

Distance [m]

Figure 1(a) illustrates the most energy efficient transmission schemes for each node in NLOS condition with the
random relay selection and without a return channel. SH is
more energy efficient than SDF for short S − D distances.
However, if the best relay is selected, the SDF transmission
scheme is the most energy efficient for all node positions, as
shown in Fig. 1(b).
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(a) Best relay selection.
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(a) Random relay selection.
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120

Node D
SDF

(b) Random relay selection.

100

Fig. 2. The most efficient transmission schemes for O ∗ = 10−3
and ∆ = 2 b/s/Hz without a return channel in LOS.

Distance [m]

80
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20

0
0

20
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60

80

100

120

Distance [m]

(b) Best relay selection.
Fig. 1. The most energy efficient transmission schemes for O ∗ =
10−3 and ∆ = 2 b/s/Hz without a return channel in
NLOS.

However, in LOS condition (which can be common in
some WSNs [28]), cooperation has a decreased advantage
over SH. Fig. 2(a) shows that under some LOS even with
the selection of the best relay for each source, SDF is only
1 Note

Table 2 lists the network total energy consumption for
the SH and CT transmission schemes in the same 11 × 11
grid scenario for many conditions. From this table we can
conclude that: i) while in LOS condition the best relay selection has just a small advantage over the random relay selection, under NLOS, where cooperation is more energy efficient, the advantage is much more relevant; ii) under NLOS,
SDF with the selection of the best relay (Ebt = 3.3 · 10−4 J)
is more energy efficient than IDF with random relay selection (Ebt = 6.7 · 10−4 J). Thus, the relay selection method
can prevail over the availability of a return channel in terms
of the energy efficiency in NLOS. Under this condition, it
can be more energy efficient to employ the best relay selection method than having a return channel; iii) in LOS

that assuming D at the center is a general case. For instance, considering D at a corner can be seen as a particular case of the grid, by dividing it
into quadrants.
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we can observe an opposite situation, where the availability
of a return channel prevails over the relay selection method
and IDF with random relay selection (Ebt = 0.11 · 10−4 J)
has some advantage over SDF with best relay selection
(Ebt = 0.15 · 10−4 J); iv) besides being a simpler transmission scheme, SH is more energy efficient than SDF in LOS
condition either with the best or random relay selection; v) in
NLOS, CT even with random relay selection outperforms
SH.

schemes. Table 4 shows that, for O ∗ = 10−2 , CT does have
an advantage over SH under NLOS, however smaller than in
the case of O ∗ = 10−3 , and it has a similar performance as
SH in case of some LOS. If O ∗ = 10−4 is considered, which
results we do not show here for the sake of brevity, then CT
has a greater advantage over SH, specially under NLOS.
NLOS SDF
NLOS IDF
NLOS SH
LOS SDF
LOS IDF
LOS SH

1

10

0

10

NLOS − Return Channel
Node D
SH
IDFr

100

Distance [m]
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Ebt [J]

120
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80
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60
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40
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80
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(a) Random relay selection.
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Most Efficient Transmission Scheme [%]
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9

LOS − No Return Channel
Node D
IDF

20

8

Fig. 4. Total consumed energy per bit of the Single-hop and Cooperative transmission schemes under NLOS and LOS
conditions for O ∗ = 10−3 .

NLOS − Return Channel
120

0

4
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7
Spectral Efficiency [b/s/Hz]

100

120
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(b) Best relay selection.
Fig. 3. The most efficient transmission schemes for O ∗ = 10−3
and ∆ = 2 b/s/Hz with a return channel in NLOS.

SDF
SH
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0.6

0.4

0.2

0
0

20

40
60
Distance [m]

80

100

Fig. 5. The most efficient transmission schemes (considering SH
and SDF with the best relay selection) for different distances between nodes in LOS condition for O ∗ = 10−3
and ∆ = 2 b/s/Hz, without a return channel.

4.1 Spectral Efficiency and Outage Probability
In this section the impact of different spectral efficiencies and outage probabilities in the network total energy consumption are analyzed. Table 3 shows that for ∆ = 4 b/s/Hz,
the relay selection method is more impacting in the energy
efficiency than for ∆ = 2 b/s/Hz. For instance, now CT with
random relay selection is always outperformed by SH, unless in the case of a return channel being available (IDF)
and NLOS. Thus, it is clear that the choice of the attempted
rate changes the relative performance between the different
schemes. In this regard, the total energy consumption of SH
and CT with the best relay selection, under NLOS and some
LOS, for 1 ≤ ∆ ≤ 10 b/s/Hz, are compared in Fig. 4. Note
that under NLOS SDF and IDF are outperformed by SH for
∆ > 6 b/s/Hz and ∆ > 7 b/s/Hz, respectively. In some LOS,
SH outperforms SDF for ∆ > 3 b/s/Hz, while IDF is outperformed for ∆ > 5 b/s/Hz. The outage probability requirement also impacts the energy efficiency of the transmission

4.2 Nodes Density and Number of Nodes
We analyze in this section the total energy consumption
for different nodes densities and number of nodes in the grid
topology for O ∗ = 10−3 and ∆ = 2 b/s/Hz. First we consider
an 11 × 11 grid with uniform variation of the distance (ranging from 5 meters to 100 meters) between each line and each
column. Figure 5 shows the most energy efficient schemes
considering SH and SDF with the best relay selection under
LOS. For instance, a result of 80 % means that such a scheme
is more energy efficient for 80 % of the nodes in the grid.
Note that at short distances, due to the circuitry consumption provided by the additional transmission of SDF, SH is
the most energy efficient transmission scheme. However, as
transmit power increases with distance, then SDF presents
better efficiency and outperforms SH for most of the grid
positions. If a return channel is available, IDF is the most
energy efficient method for all distances. Under NLOS, CT
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NLOS
LOS

SH
45 · 10−4
0.14 · 10−4
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SDF Best Relay
3.3 · 10−4
0.15 · 10−4

SDF Random Relay
13 · 10−4
0.18 · 10−4

IDF Best Relay
1.7 · 10−4
0.09 · 10−4

IDF Random Relay
6.7 · 10−4
0.11 · 10−4

Tab. 2. Total network energy consumption per bit in joules [J] for each transmission scheme for O ∗ = 10−3 and ∆ = 2 b/s/Hz.

SH
200 · 10−4
0.22 · 10−4

NLOS
LOS

SDF Best Relay
48 · 10−4
0.34 · 10−4

SDF Random Relay
200 · 10−4
0.85 · 10−4

IDF Best Relay
24 · 10−4
0.18 · 10−4

IDF Best Relay
100 · 10−4
0.43 · 10−4

Tab. 3. Total network energy consumption per bit in joules [J] for each transmission scheme for O ∗ = 10−3 and ∆ = 4 b/s/Hz.

Moreover, we also analyze the impact of the number of
nodes in the grid. We consider grid scenarios composed of
different number of nodes: from 9 nodes (3 × 3 topology)
to 841 nodes (29 × 29 topology) with a constant distance
of 5 meters between each line and each column. Figure 6
shows that under LOS condition SH outperforms SDF most
of the time. Note, however, that for a large number of nodes
SDF starts becoming more energy efficient than SH. Under
NLOS, SH and SDF have similar energy efficiency only for
the smallest 3 × 3 topology, and as the number of nodes increases, SDF outperforms SH most of the time. If a return
channel is available, then SH is always outperformed by IDF.

that either if the best or the random relay selection is employed, the results obtained for the random topologies have
similar values and, more importantly, lead to the same conclusions as for the grid topology. Thus, in NLOS the relay selection method is more relevant than the availability of
a return channel, as SDF with best relay selection is more
energy efficient than IDF with random relay selection.
NLOS
1.8
Structured Grid Topology
Random Topology

1.6

Random Relay

1.4
1.2

Ebt [mJ]

is the most energy efficient scheme for all cases, regardless
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(a) CT energy efficiency comparison in NLOS.
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Fig. 6. The most efficient transmission schemes (considering
SH and SDF with the best relay selection) for different
number of nodes in LOS condition for O ∗ = 10−3 and
∆ = 2 b/s/Hz, without a return channel.
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4.3 Random Topologies
In this section we consider that the nodes are randomly
positioned. The objective is to show that the previous analysis, based on a structured grid, is relevant. Here we assume
a network composed of 121 nodes in which 120 of the sensor
nodes take random positions in a 100 meters by 100 meters
area. Moreover, the D node is still positioned at the center of this area. We considered 50 random topologies and
evaluated the mean network energy consumption for each
transmission scheme. Figure 7 compares the network energy
consumption of the random topologies and the 11 × 11 structured grid topology for O ∗ = 10−3 and ∆ = 2 b/s/Hz. Note

Fig. 7. Network energy consumption comparison considering
a structured grid topology and random topology under
LOS and NLOS for O ∗ = 10−3 and ∆ = 2 b/s/Hz.

Even for higher spectral efficiency values, as shown in
Figure 8 (∆ = 4 b/s/Hz), the same conclusions can be obtained for the grid and random topologies. Several other
O ∗ and ∆ combinations were also analyzed, without relevant
changes in the conclusions. Moreover, as in the structured
grid topology many sensors are positioned in further S − D
distances, a lower mean network energy consumption is obtained for the random topology, as in the random topology
nodes are more likely found close to D. In addition, note
that as in LOS the nodes position and the S − D distance
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SH
46 · 10−5
1.2 · 10−5

NLOS
LOS

SDF Best Relay
11 · 10−5
1.4 · 10−5

SDF Random Relay
41 · 10−5
1.6 · 10−5

IDF Best Relay
6.2 · 10−5
0.88 · 10−5

IDF Random Relay
22 · 10−5
0.95 · 10−5

Tab. 4. Total network energy consumption per bit in joules [J] for each transmission scheme for O ∗ = 10−2 and ∆ = 2 b/s/Hz.

have a lower impact in the required transmit power, the network energy consumption of the random topology is closer
to the grid topology than in the case of NLOS.
NLOS
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(a) CT energy efficiency comparison in NLOS.
LOS

are also considered. Results show that the relay selection
method can have great impact on the energy efficiency of the
CT schemes. The SDF scheme employing best relay selection presents better performance than IDF with random relay
selection under NLOS. Thus, under NLOS condition the relay selection method can be a more relevant factor than the
availability of a return channel for the energy efficiency of
a cooperative WSN. However, under some LOS the presence
of a return channel prevails over the relay selection method
in terms of the energy efficiency. Therefore our main contribution is to show that in NLOS scenarios, it can be more
relevant to employ the best relay selection algorithm than
having a return channel. Additionally, we show that, under
NLOS, CT schemes are in general more energy efficient than
SH, while in LOS condition SH outperforms SDF in many
situations. Finally, we also demonstrate that the energy efficiency advantage of the CT schemes over SH increases with
the distance among nodes as well as with the nodes density.
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Random Topology
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(b) CT energy efficiency comparison in LOS.
Fig. 8. Network energy consumption comparison considering
a structured grid topology and random topology under
LOS and NLOS for O ∗ = 10−3 and ∆ = 4 b/s/Hz.

Table 5 details the mean network energy consumption
of the random topologies with their respective standard deviation values. Note that these mean values are close to the
values in Tab. 2, thus the conclusions are the same as those
from the previous analysis. Therefore, the structured grid
topology, where the sensor nodes are uniformly positioned,
can be considered as a good reference to analyze the energy
consumption for different transmission schemes.

5. Conclusion
We compare the energy efficiency of SH and CT
schemes in two-dimensional WSNs. The impact of the availability of a return channel and of the relay selection method
are taken into account in the performance of the CT schemes.
Moreover, the constraint of a target outage probability and
end-to-end throughput under LOS and NLOS conditions
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