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Abstract. In this paper we examine the energy efficiency of
relay aided wireless sensor network (WSN) links where the
two-hop transmission between source and destination is re-
alized with an adaptive decode and forward (DF) relay. The
receiver may use only the relayed signal (non-cooperative
mode) or it may be combined with the signal directly avail-
able from the source (co-operative mode). In the second
mode, we have considered two combining schemes, selec-
tion combining (SC) and maximum ratio combining (MRC).
A generalized α− µmodel is used to characterize fading and
spectrally efficient M-ary quadrature amplitude modulation
(MQAM) is chosen as the modulation technique. The α − µ
model is quite general in nature and it encompasses other
popular fading models such as Rayleigh and Nakagami-m.
The result of our analysis reveals that combining does not
necessarily help in reducing energy requirement and the de-
cision of whether ‘to use’ or ‘not to use’ combining depends
on the source to destination distance. Further, a comparison
between MRC and SC from the energy efficiency perspective
manifests that using MRC does not automatically guarantee
maximum energy savings and the SC strategy is more robust
against parameter variations as well as incurs lower receiver
complexity. We also investigate the optimal relay location,
which minimizes energy requirement, for all the above men-
tioned relaying strategies, and study how different system
parameters affect the optimal relay placement.

Keywords
α− µ fading channel, energy efficiency, maximum ratio
combining, relay placement, selection combining

1. Introduction
Wireless sensor networks (WSNs) has proliferated into

diverse sectors, healthcare, surveillance, logistics, and envi-
ronmental monitoring. Enhancing WSN lifetime has been
always a huge motivation for the researchers [1]. Also, from

the commercial point of view, the rapidly expanding world-
wide wireless market demands smarter energy solutions as
the energy costs comprise a large share of operational expen-
ditures (OpEx). Cooperation among sensor nodes is one of
the key ideas to minimize the energy consumption, and in
its simplest form, may be realized by finding an intermediate
relay node (Rn) between the source node (Sn) and the desti-
nation node (Dn). Cooperative diversity helps to mitigate the
effects of channel fading by combining the message received
through direct path with the signal received through relayed
path. However, cooperation increases receiver complexity at
the destination node, and it is important to investigatewhether
and how much energy can be saved with cooperation under
different circumstances.

In this paper, we considered two diversity schemes,
selection combining (SC) and maximum ratio combining
(MRC), and provided the respective calculations for out-
age probabilities and energy consumptions. These coopera-
tive techniques are then compared with the non-cooperative
mode, i.e. when the destination ignores the direct path sig-
nal available from the source. The system under study uses
an adaptive decode-and-forward (DF) relay [2] which saves
energy by refraining from transmission in the event of link
outage and employs M-ary quadrature amplitude modula-
tion (MQAM) technique that achieves high rate transmission
without increasing the bandwidth. To make our analysis
compatible with different realistic scenarios, we have mod-
eled the small-scale fading with α − µ statistics. The α − µ
model [3], [4] can be considered as a generalized fading
statistics and includes many other statistical models like one-
sided Gaussian, Rayleigh, and the Nakagami-m, as special
cases. For example, when α = 2, the model reduces to
simple Nakagami-m distribution, with the other parameter
µ being equal to m [3].

The current text is an extension of our earlier work [5–7]
where energy efficiency of non-cooperative relayed transmis-
sion was studied for the Rayleigh fading model. In this paper,
we compare the non-cooperative schemewith diversity based
cooperative schemes and present our analysis for generalized
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α − µ fading model. The basic energy calculation frame-
work is adopted from [8]. During comparison, we first find
analytical expressions for energy consumption per success-
ful bit transmission (in microJoule) for all the schemes and
investigate optimal relay placement location on the source-
relay-destination (Sn−Rn−Dn) line. Next, we examine how
different design parameters such as source to destination dis-
tance (D), path loss exponent (a), target end-to-end outage
probability (O), spectral efficiency (R), and fading parame-
ters (α and µ) affect the energy efficiency and optimal relay
location. In this regard, we would like to cite some relevant
literature to clarify the novelty of our work. The authors
in [9] investigate two-dimensional optimal relay placement
on the basis of energy efficiency without considering any
general fading model. Some directions regarding energy ef-
ficient relay placements in multi-hop Rayleigh channel were
mentioned in [10]. In [11], [12] the authors described energy
efficiency of some cooperative and non-cooperative transmis-
sion schemes inWSNs over Nakagami-m fading channel, but
nothing related to relay placement was mentioned. In [13],
transmit power is minimized by establishing an acceptable
limit for the packet loss whereas the authors in [14] assessed
the performance of DF relay with parallel coding and MRC.
On the other hand, most of the papers related to generalizing
fading models do not address the issue of energy efficiency
with relaying. For example, the authors in [15] present exact
closed-form of probability density function and cumulative
distribution function of generalized α − µ fading model, and
also investigate the performance of equal-gain combining and
maximal-ratio combining. Again, in [16] the authors discuss
the performance of SC diversity and effect of severe fading
condition based on η − µ fading channels. To the best of
our knowledge, the energy efficiency of relayed communica-
tion over generalized fading model has been so far discussed
only in [17] and [18]. The η − µ model, which characterizes
non-homogeneity of the diffused scattering field, is consid-
ered in [17]. The α − µ model is used for characterizing
non-linearity of the propagation medium and the respective
energy calculations are presented in [18]. However, the goal
of [18] was to assess how introduction of simple SC diversity
serves beneficial over non-cooperative scheme from the en-
ergy perspective. In this paper, we compare energy efficiency
performance of simple SC with the complex MRC technique
over relayed α − µ channel.

The paper is organized as follows. Section 2 presents
the energy consumption models. In Sec. 3 numerical results
are discussed. Finally, Sec. 4 concludes the paper.

2. Energy Consumption Modeling
The total power consumption of a wireless sensor node

can be divided into two parts, circuit power consumption and
transmit power consumption. For short range transmission,
we can express the total power consumption as:

PC = PPA + PTX + PRX (1)

where PPA indicates power consumption by the power am-
plifier (PA) at transmitter (TX) while power for the rest of
transmitter blocks are given by PTX, and PRX denotes the
power consumption by circuit components at receiver (RX).
For detailed expressions of PTX and PRX, the readers are re-
ferred to [5] and [6]. As per the notational conventions in [7],

PPA = (ξ/η) × Ψ × Eb × 2Rb (2)

where Ψ = (4π/λ)2DaMlNf /G. In (2), η is the drain
efficiency of the PA and ξ is the peak-to-average power
ratio (PAPR), which for MQAM can be written as, ξ =
3(
√

M − 1)/(
√

M + 1), with M being the modulation or-
der [11]. The parameters D, a, λ, Ml , Nf , and G denote
distance between source and destination, path loss exponent,
carrier wavelength (λ = c/ fc; c = speed of light in free
space, fc = carrier frequency), link margin, noise figure and
combined TX-RX antenna gain, respectively. The received
power can be expressed as, PR = Eb × Rb, where Eb is the
required energy per bit at receiver and Rb is the bit rate.

Fading reduces the signal to noise ratio (SNR) avail-
able at the receiver. If we consider an α − µ fading channel,
the probability density function (PDF) of the faded signal
envelope follows the distribution [4]:

fR (r) =
αµµrαµ−1

r̄αµΓ(µ)
exp

(
−µ

rα

r̄α

)
(3)

where r̄ =
√
E (R2); E (·) denotes the expectation operator,

Γ(z) =
∫ ∞

0 tz−1 exp(−t)dt is the gamma function, and α > 0,
µ > 0 are fading parameters. A detailed description of how
the small scale fading parameters (α, µ) affect the channel
statistics is available in [4].

An outage occurs when the received SNR at the receiver
falls below a threshold β and this outage probability may be
derived from (3) as [15]:

O = Pr{γ ≤ β} =
Γ

(
µ,

µβα

γ̄α

)
Γ(µ)

(4)

where Γ(·, ·) denotes incomplete gamma function defined as
Γ(z, y) =

∫ ∞
y

tz−1 exp(−t)dt, and γ̄ is average channel SNR.
The SNR outage threshold β, which allows error free decod-
ing, may be obtained from Shannon’s capacity theorem [19]

β = 2R − 1 (5)

where R (R = Rb/B; B is the bandwidth) is the spectral ef-
ficiency. For a given maximum allowable outage value, the
required average SNR at the receiver end, γ̄, may be found
from (4), and from the calculated average SNR we can find
the required bit energy (Eb). This, in turn, may be used
to find PPA, the power consumption of the power amplifier,
according to (2), and the total energy consumption per bit is

Ebt = PC/Rb = (PPA + PTX + PRX)/Rb. (6)
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2.1 Non-Cooperative Communication
When the destination receives the signal only via

an adaptive DF relay and ignores any direct signal avail-
able from the source, an outage occurs either if there is an
outage in the Sn−Rn link (the DF relay do not forward signal
any further in this case) or there is no outage in the Sn − Rn

link but outage occurs in the Rn − Dn link. If we express
the outage probability along Sn − Rn link by OSR and in the
Rn − Dn link as ORD , the outage probability at destination is
simplyOR = OSR+ (1−OSR)ORD . For similar fading sever-
ities in both the links, i.e. OSR = ORD = Or, the end-to-end
outage probability along the entire relayed path is given by:

OR = Or + (1 −Or)Or = 2Or −O2
r (7)

where Or = O |γ̄=γ̄R is the outage probability between each
pair of nodes in the relayed path. The parameter, OR, repre-
sents the percentage of time when energy consumption does
not contribute to successful transmission. From (4) we can
write,

OR = 2
Γ

(
µ,

µβα

γ̄αR

)
Γ(µ)

−



Γ

(
µ,

µβα

γ̄αR

)
Γ(µ)



2

. (8)

One may find the minimal bit energy required for the
non-cooperative scheme:

Eb,relay = N0 × γ̄R (9)

from the required average SNR, γ̄R, which satisfies (8) for
an overall target outage probability, OR. In (9), N0 is the
one-sided noise power spectral density.

To transmit one bit through the relayed path, the respec-
tive energy consumption is given by:

Ebt,relay = Or

(
PPA,SR + PTX + PRX

Rb

)
+(1 −Or)

×

(
PPA,SR + PPA,RD + 2PTX + 2PRX

Rb

) (10)

where PPA,SR = PPA,RD = 2(ξ/η)ΨEb,relayRb. Due to the
adaptive nature of the relay, the relay does not forward the
signal in case of an outage in the Sn − Rn path which is
reflected in the first term of (10), where only the energy at
source (PPA,SR and PTX) and relay (PRX) is accounted. In the
case of no outage, the signal is again retransmitted from the
relay and this scenario is characterized in the second term of
(10) with additional power terms (PPA,RD , PTX, and PRX).

Considering the average number of retransmissions re-
quired to compensate for outage, 1/(1−OR), we may express
the average energy consumption per bit for successful trans-
mission over the relay path as:

Ebt,relay_suc =
Ebt,relay

1 −OR
. (11)

The expressions for Ebt,relay is as expressed in (10) and OR is
the target outage probability.

2.2 Cooperation Through SC
In a classical SC implementation all the various paths

to the destination are active at the same time and the one
with the highest SNR is being considered as the combined
output. Thus, outage occurs at combiner output when the
path with the highest SNR is in outage. To be more precise,
outage at destination means all the paths are in outage at the
same time, since even the path with the highest SNR has an
instantaneous SNR value that is less than the outage thresh-
old. For a single relay, the end to end outage probability with
selection combining would be:

OSC = OSR ×OSD + (1 −OSR) ×ORD ×OSD

= (2 −Os)O2
s

(12)

where Os = O |γ̄=γ̄SC is the outage probability between each
pair of nodes, i.e. OSR = ORD = OSD = Os, and, γ̄SC, is the
required average SNR with SC. From (4) we can write:

OSC =


2 −
Γ

(
µ,

µβα

γ̄αSC

)
Γ(µ)





Γ

(
µ,

µβα

γ̄αSC

)
Γ(µ)



2

. (13)

Alike the non-cooperative case, we may first set a tar-
get total outage probability, OSC, and find the average SNR,
γ̄SC, which satisfies the value from (13). This SNR value
determines the minimum bit energy required:

Eb,SC = N0 × γ̄SC. (14)

For energy consumption calculation, we have to con-
sider the energy consumption in all the paths, since all the
paths are active at any point in time for SC, i.e.,

Ebt,SC = Os

(
PPA,SR + PTX + 2PRX

Rb

)
+(1 −Os)

×

(
PPA,SR + PPA,RD + 2PTX + 3PRX

Rb

) (15)

where PPA,SR = PPA,RD = 2(ξ/η)ΨEb,SCRb, with Eb,SC as
specified in (14). It may be noted that the second term in (15)
contains a power term 3PRX in contrast to 2PRX in (10). The
extra receiver power term accounts for the extra branch at
receiver node (Rn) for realizing diversity combining. Next,
considering the retransmissions required, we may write the
average energy consumption per bit for successful transmis-
sion as

Ebt,SC_suc =
Ebt,SC

1 −OSC
(16)

where Ebt,SC is given by (15).

2.3 Cooperation Through MRC
The advantage of usingMRC to combine the signals ob-

tained over the relayed path and the direct path is, even if the
SNR of the individual paths are below the desired threshold,
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the combined SNR (γMRC) might exceed it, as the combined
SNR at the destination is summation of the individual branch
SNRs. The trade-off for the improved performance is the
added receiver complexity because all the available paths
should be optimally combined at the receiver.

We consider the following two cases: case A, when
there is an outage in the Sn − Rn link, and case B, when
there is not. The relay refrains from transmission under sit-
uation A due to its adaptive nature. This results in only the
direct Sn − Dn path to be active, i.e. γMRC = γD , where γD
represents the SNR along the direct path, and outage occurs
at destination when the direct path is in outage, i.e.,

OA = OSD = Om (17)

where

Om = O |γ̄=γ̄MRC =

Γ

(
µ,

µβα

γ̄αMRC

)
Γ(µ)

(18)

is the outage probability between each pair of nodes, and,
γ̄MRC, is the required average SNR with MRC.

For case B, there is no outage in the Sn − Rn link, and
both the relayed and the direct path will be active. Hence,
the combined SNR is found by adding the SNRs of both the
paths, i.e. γMRC = γD + γRD , where γRD is the SNR along
the Rn − Dn link. It may be noted here that the term γRD

should be replaced by γSRD , the end-to-end SNR, in case of
an amplify-and-forward (AF) relay [20].

The corresponding outage probability, OB =

Pr{γMRC ≤ βm} = Pr{γRD ≤ βm − γD |γD }, is calculated as:

OB =

∫ βm

0
Pr{γRD ≤ βm − γD } f (γD )dγD (19)

where the SNR threshold is, βm = 22R − 1, as the spectral
efficiency is double in this case [11]. The limits of the inte-
gration are taken from 0 to βm since if γD becomes greater
than βm then the summation of γD and γRD can never be less
than βm. Using (4) and (3), the integral in (19) is expressed
as:

OB =

∫ βm

0

Γ

(
µ,

µ[βm−γD ]α
γ̄αMRC

)
Γ(µ)

αµµγ
αµ−1
D

γ̄
αµ
MRCΓ(µ)

× exp
(
−µ

γαD
γ̄αMRC

)
dγD

(20)

which is computed numerically due to the complex nature of
the integrand.

Finally, the total outage probability for MRC, OMRC =
OSROA + (1 −OSR)OB, is computed as:

OMRC = OmOA + (1 −Om)OB = O2
m + (1 −Om)OB (21)

where, the expressions of Om, and OB are given by (18) and
(20), respectively.

For a given target total outage probability, OMRC, it is
possible to find the required average SNR, γ̄MRC, from (21).

This SNR value determines the minimum bit energy required

Eb,MRC = N0 × γ̄MRC. (22)

The energy consumption calculation should take care
of all possible paths, and is given by:

Ebt,MRC = Om

(
PPA,SR + PTX + 2PRX

Rb

)
+(1 −Om)

×

(
PPA,SR + PPA,RD + 2PTX + 3PRX

Rb

) (23)

where PPA,SR = PPA,RD = 2(ξ/η)ΨEb,MRCRb, with Eb,MRC
being specified in (22). The second term in (23) also contains
a power term 3PRX similar to (15) for the reason explained
in the previous subsection. The average energy consumption
per bit for successful transmission in MRC, considering the
retransmissions, is expressed as:

Ebt,MRC_suc =
Ebt,MRC

1 −OMRC
(24)

which is calculated by substituting the expression of Ebt,MRC
given by (23).

3. Results and Discussions
In this section, we compare the energy consumption

for one successful bit transmission, measured in µJ, for non-
cooperative (without-combining) and cooperative (SC and
MRC) schemes in a WSN with three collinear nodes. The
topology is described in Fig. 1, where the relay is placed on
the same line joining the source and the destination nodes.
The coordinates for source, relay and destination are, (0, 0),
(dSR, 0) and (D, 0), respectively. The inter-node channels
are characterized with the α − µ fading model.

During our comparison, we consider the effect of fol-
lowing metrics, namely, the source to relay distance (dSR),
source to destination distance (D), and spectral efficiency
(R). The vertical axis of such plots denote energy consump-
tion per bit, in µJ, whereas for the horizontal axis we describe
the location of the relay in terms of the normalized distance,
dSR/D ; (0 ≤ dSR/D ≤ 1), a unit less quantity which de-
notes the ratio of distance between source and relay to the
total distance between source and destination. This enables
us to analyze the optimum location of relay irrespective of
the source-destination distance (D).

Sn Rn Dn

dSR dRD
D

Fig. 1. Collinear relay placement.
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Parameter Notation Value
Modulation order M 16
Drain efficiency η 0.35
Carrier frequency fc 2.5GHz
TX-RX distance D 35m
Path loss exponent a 3
Link margin Ml 40 dB
Noise figure Nf 10 dB
Antenna gain G 5 dBi
Target outage O 0.01
Noise PSD N0/2 −174 dBm/Hz
Spectral efficiency R 2 b/s/Hz
Bandwidth B 10 kHz

Tab. 1. System parameters [6], [11].
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Fig. 2. Energy efficiency comparison with no-cooperation, SC,
and MRC for different values of D.

We also investigate the optimal location of the relay
for both cooperative and non-cooperative schemes and how
fading parameters (i.e. α and µ), target outage probability,
path loss exponent, or spectral efficiency affects the optimum
location. It is worth to notice that the variation of optimum
location (d∗SR) with path loss exponent (a) is similar in all
cases; for low a values the optimum location is closer to Sn,
i.e. (d∗SR/D < 0.5), but as a increases, the optimum location
converges to the mid-point of Sn − Dn line (d∗SR/D → 0.5).
This fact inspired us to replace the vertical axis for all op-
timum location plots with path loss exponent, and depict
how other parameters affect the above mentioned trend. The
optimal relay locations for each path loss exponent value
are found from the valley points when energy consumption
expressions are plotted against normalized source to relay
distance.

All the figures presented in this section are obtained
by evaluating the respective analytical expressions through
MATLAB. The non-cooperative scheme is omitted in some
plots as the topic is already covered in [18] in detail. The
power consumption of TX and RX, which are PTX = 97.6
mW and PRX = 112.4 mW, respectively, are calculated by

summing up the power consumed by individual circuit com-
ponents (see Tab. 1 of [6] for details) of the TX and RX
blocks. All the other system parameter values are described
in Tab. 1, unless otherwise specified.

3.1 Effect of Sn − Rn and Sn − Dn Distances
In Fig. 2 we compare how the energy consumption per

bit changes when the relay is shifted along the Sn − Dn line.
The optimum location is at mid-point (d∗SR/D = 0.5) for
non-cooperative scheme. On the other hand, the optimum
location is closer to the source (d∗SR/D < 0.5) when com-
bining at the destination is realized.

Also, as seen from Fig. 2, when the Sn − Dn distance
is 18 m (or less), the non-cooperative scheme is more en-
ergy efficient than the SC and MR schemes, if we consider
that the relay is placed at an optimum location in both in-
stances. Thus, we may conclude that for very short distances
non-cooperative scheme is a better choice than the cooper-
ative schemes. The situation is reversed for D = 35 m, or
for more than 18 m in general. Among the two combining
schemes, MRC scheme is more energy efficient compared to
SC scheme.

3.2 Effect of Target Outage Probability
It was observed earlier [18] that if we allow worser

target outage, non-cooperative strategy may outperform the
combining schemes. We do not repeat such a plot as the
energy saving is nominal and the phenomenon is observed
only at such a high outage probability that the link can be
rendered as ‘broken’ for realistic communication purposes.

Instead we compare the optimal location of the relay for
different end-to-end outage values in Fig. 3. We see that for
high outage values (lines with markers) the optimal location
of the relay is shifted towards the source node. Again, for
a given outage value (lines with different colors), the shift is
nominal when combining is not used, more in case of SC,
and most prominent for MRC.

3.3 Effect of Spectral Efficiency (R)

When we compare the energy consumed per bit for dif-
ferent spectral efficiency values (see Fig. 4), we found that
MRC performs marginally better with the performance being
identical when the relay is close to the destination. The en-
ergy consumption is of course higher when a higher spectral
efficiency is required.

Figure 5 shows how the optimal location of the relay is
shifted when R or a decreases. Similar to Fig. 3, the shift is
more for theMRC scheme when compared to the SC scheme.
Further, the optimal location becomes fixed for higher values
of spectral efficiency (R ≥ 4). This indicates that the optimal
location is affected by the spectral efficiency when its value is
low. The same trend was seen for the no-combining scheme
as well (not shown in figure).
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3.4 Effect of Fading Parameters (α, µ)

The fading severity changes with fading parameters
(α and µ) of the model. As we change α and µ values,
the required average SNR at receiver also changes so that the
end to end outage probability can be maintained.

Let us consider the effect of α first. Figure 6 shows
that for µ = 1 if we increase value of α from 2 to 4, the
energy requirement reduces for both SC and MRC. However,
the most interesting observation is that while MRC is more
energy efficient for α = 2, for α = 4 SC outperforms MRC
from the energy efficiency perspective.

Figure 7 shows that for µ = 1, if we increase α value
from 1.5 to 3, there is a significant change of optimal re-
lay location when MRC is employed. The effect is almost
non-existent for SC, and the curves for different α values
overlap.

Next, we study the effect of µ in Fig. 8, keeping the value
of α fixed at 0.5 and 2. The curves for SC overlap, irrespec-
tive of the fading parameter values. The variation with path
loss exponent is also very low for SC. This is another inter-
esting finding because if SC is employed and locations of all
three nodes remain fixed, the energy efficiency do not change
with a change of fading environment (either small scale fad-
ing parameters or the large scale fading loss exponent), as
the optimal location is not affected much. For MRC, the
variation is quite noticeable, although the amount of shifting
can not be linearly related with the fading parameter values.

4. Conclusion
In this paper, we investigate the energy efficiency

of three different relay assisted communication strategies in
sensor networks operating over a α − µ fading channel. The
cooperative strategies combine the relayed signal with the
direct signal from source through SC or MRC, whereas in
the non-cooperative strategy the direct signal is discarded.
The results indicate that co-operation does not necessarily
yield lower energy consumption, especially for small source
destination separations. While comparing the cooperative
schemes for different source destination distances, spectral
efficiency values, and fading parameters, we found that SC
is preferable than MRC as SC is more robust against pa-
rameter variations and incurs lower receiver complexity. In
addition, the energy saving with MRC is nominal and not
guaranteed across the whole range of parameter values (e.g.
high α values). Further, the optimal location of the relay is
also dependent on the system parameters and may be quite
far away from the mid-point between source and destination.
This demands careful inspection of all intermediate nodes
when being considered for potential candidates as relays in
a sensor network.
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