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Abstract

This paper presents an energy-efficient and bandwidth-efficient 2-1-1 relaying scheme in which a sensor node(SN)
assists two others in their data transmission to a clusterhead in WSNs(Wireless Sensor Networks) using LEACH
(Low-Energy Adaptive Clustering Hierarchy). We derive the closed-form BER expression of this scheme which is also
a general BER one for the decode-and-forward cooperative protocol and prove that the proposed scheme performs the
same as the conventional relaying scheme but obtains higher channel utilization efficiency. A variety of numerical
results reveal the relaying can save the network energy up to 11 dB over single-hop transmission at BER of 1077,
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[ . Introduction

High-energy utilization efficiency is a stringent design
criterion for WSNs since each sensor node(SN) must
operate for several months on a single batterym’[z]. In
addition, reliable communications over wireless channels,
which is a difficult problem due to fading, is another
requirement. A feasible solution is to take full advantage
of idle SNs, namely relays, in the vicinity of the trans-
mitting node to relay the original signal to its destina-
tion. This not only benefits from the path-loss reduction
due to these relays usually closer to the destination, but
also enables nodes to use each other’s antennas to ob-
tain an effective form of spatial diversity. Due to severe
constraints on both node size and analog device power
consumption, such a solution seems to be very appro-
priate in the WSN scenario. The ways in which the idle
SNs process the received signal from a desired node are
known as cooperative protocolst™ "],

So far, there are three basic cooperative protocols: amp-
lify-and-forward(AF)*"4, decode-and—reencode(DR)[S]N[g]
and decode-and—forward(DF)[Q]N[m. AF requires the inter-
user Channel State Information(CSI) available at the de-
stination, which is hard to obtain, and suffers noise en-
hancement at the relays that degrade the BER per-
formance. In addition, DR using convolutional codes,
turbo codes and TCM(Trellis Coded Modulation) achi-
eves the best performance among three protocols, but
complicates encoding and decoding, thus preventing im-
plementation on SNs. DF appears to be a proper choice
for cooperation in WSNs because it not only outper-
forms AF, but also demonstrates the lowest complexity

since each receiver only needs CSI of the link to which
it is listening.

For almost all cooperative protocols, transmitting nodes
must also process their received signals, but current
radio implementation restrictions do not allow for simul-
taneous transmission and reception by same transceiver
since considerable attenuation over the wireless channel
and insufficient electrical isolation between the transmit
and receive circuitry make a node’s transmitted signal
dominate the signals of other nodes at its receiver input.
Thus, cooperative systems usually rely on some form of
orthogonality to transmit and receive signals from mul-
tiple users. Without the loss of generality, the channel
allocation based on the time-division approach is nor-
mally considered as shown in Fig. 1.

Current relaying schemes use one or more interme-
diate nodes to assist the data transmission of an intended
node. Therefore, the channel utilization efficiency(CUE)
is relatively low. Specifically, we can see from Fig. 1b
that CUE equals 1/N where N is the total number of
nodes cooperating. To increase CUE, we propose a 2-
1-1 relaying scheme in which a node assists two others
in their data transmission by detecting the received sig-
nals separately and forming a composite signal with the
real part representing the decoded information from one
source node and imaginary part from the other source
node. By doing so, we achieve CUE of 2/3 compared
to 1/2 of a conventional one-relay scheme(see Fig. lc).
In the aspect of BER performance, we will show that
they perform at the same.

Besides proposing a new relaying model, this paper
derives a closed-form BER expression, which is a ge-
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neralization of DF’s performance over Rayleigh-fading
channels plus AWGN. The rest of this paper is organi-
zed as follows: Part 2 discusses the proposed 2-1-1
relaying scheme. Then, BER formula establishment is
presented in Part 3. The Monte-Carlo simulations are
also performed to verify the accuracy of the derived
expressions, and the results are reported in Part 4. Fi-
nally, the paper is closed with the conclusion in Part 5.

II. Proposed 2-1-1 Relaying Scheme

We investigate a typical communications protocol LEA-
CH for WSNs?. This protocol divides a WSN into clus-
ters, each with clusterheads. The function of clusterheads
is to assign the time at which the SNs can transmit data
to them based on a TDMA(Time Division Multiple Access)
approach, and to aggregate data from the nodes in their
cluster before sending these data to the base station.
Therefore, the high-energy dissipation in communica-
ting with the base station is spread to all SNs in the
WSN.

Consider a certain cluster as shown in Fig. 2. The in-
formation sent from any SN can reach its clusterhead in
the following ways.

1) Single-hop transmission: SN sends its data directly

to the clusterhead without the help of any relay.

(a) Single-hop transmission where the whole time-slot is used
for sending useful data

o T RyTx |

(b) Conventional relaying scheme where only 1/N of time-
slot is useful

RTx |

(¢) Proposed scheme where 2/3 of time-slot is useful

Fig. 1. Channel allocation based on time-division approach.
S denotes a transmitting node, R(or R) a relay,
Si first sending node, S, second sending node. 7
represents the transmitting and R, receiving.

Cluster 1.

Clusterhead.
O~ @ O

Cluster 2.

Clusterhead.

Co® o
O O

Fig. 2. Clusters of wireless sensor network.
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2) Multi-hop transmission: data transmission has to
pass through several relays before reaching the
destination. The relay’s role is to simply decode
the data it receives from the preceding node and
again encode the message prior to retransmission
to the destination. It is shown that this communi-
cations scheme can only extend range or save trans-
mit power but achieves no diversity gains(diversity
order of 1)®.

3) Cooperative transmission: this protocol is an exten-
sion of the multi-hop transmission protocol in which
the receiver can combine the data from a desired
node and its relays instead of only from the last
relay. Here we distinguish two relaying schemes,
namely conventional and proposed ones. More-
over, we limit the number of relays to 7 and only
consider the DF cooperative protocol as the most
feasible choice for WSNs as introduced in Part 1.

For ease of exposition, we denote the transmitting
SNs as S(or §,, §,), their relay as R and clusterhead
as D. In the conventional scheme™ ™, a single-hop trans-
mission time-slot is divided into two intervals. S uses
the first interval to broadcast data to D as well as to
R(see Fig. 1b for the case of N=1). After decoding the
received signal, R forwards the resulting signal to D.
Then, the clusterhead combines the signals received in
two intervals based on MRC(Maximum Ratio Combi-
ning) to make a final decision on the original data.
Therefore, CEU is 1/2.

For the proposed scheme, a time-slot is divided into
three intervals. The first two intervals are for S, and
S, to send their own information to D and R(see Fig.
Ic), respectively. Then, R detects the received signals
and forms a composite signal(will be discussed clearly
in next part), which is sent to D in the last interval.
Thus, CEU is 2/3. Similar to the conventional scheme,
D decodes the signals from each node relying on the
output value of MRC. Moreover, it is straightforward to
realize that the proposed scheme becomes the conven-
tional one when only one sending node is available.

2-1 Channel Model

Assuming that the channels between SNs are inde-
pendent, this is possible since the antennas of SN’s are
relatively far apart from one another. In addition, all
channels experience fast and frequency-flat Rayleigh
fading, i.e. the amplitude of path gain o, between trans-
mitter { and receiver j is Rayleigh-distributed(equiva-
lently, 4% is exponential random variable with mean A2),
the phase ¢2 has uniform distribution in the interval[O,
2 7], and they are constant during one symbol period
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and change independently to the next.

To capture the effect of path loss on overall perfor-
mance, we use the same model as discussed in [14]
where %= (d y/d;)? with 4, being the distance bet-
ween transmitter i and receiver j and g being the path
loss exponent. For a suburban environment, we have g
=3 and only this case is considered in the sequel.

2-2 Signal Analysis

For convenience of presentation, we use discrete-time
complex equivalent base-band models to express all the
signals. The BPSK transmission is under investigation.
Moreover, channel-state information is assumed to be per-
fectly known at all the respective receivers, but not at
transmitters, and all receivers can achieve perfect timing
and carrier synchronization. In addition, we restrict the
analysis of one-symbol-length data frames without the
loss of generality.

2-2-1 Conventional Relaying Scheme(CRS)

As briefly mentioned above, CRS consists of two
phases. In the first phase, S broadcasts a BPSK-mo-
dulated symbol a and so, the signals received at R and
D are given by, respectively

Yse=a eV Esatn g (1)
ysp=agVEsatng (2)

where y . denotes a signal received at the node j from
the node i, », a zero-mean complex additive noise
sample of unit variance at the node j, E , the average
bit energy of the source.

At the end of this phase, R recovers the original data

by maximum likelihood(ML) decoding as

‘a= sign(Re (a%zy sp) (3)

Here sign( + ) is a signum function and Re( : ) a real
part.

In the second phase, the relay sends 7 to D. The
signal arriving at D is of the form

yRD=aRDVERZZ+nRD 4)

where E , represents the average bit energy of the relay
and y , the Gaussian noise at D.

Now, D combines the received signals from both pha-
ses based on MRC to detect the transmitted signal a

“a= sign(Re (a’spy spt+ @rpY kD)) (5)

For a fair comparison, it is essential that the total

consumed energy of the cooperative system does not
exceed that of a corresponding direct transmission sys-
tem. This is a strict and conservative constraint; allo-
wing the relays to add additional power can then only
increase the attractiveness of cooperation. Therefore, com-
plying with this energy constraint requires E =F .=
E /2 where E . is the average bit energy of SN in
case of single-hop transmission.

Using (2), (4) and the fact that £ =F , to rewrite
(5), we have

“a= sign (V E (| a o Yatla gl 2a) + n) (6)

Here y=Re(a’pnep+ arpngp) 18 a Gaussian r.v.

with zero-mean and variance, given channel realizations,

2 2
+
Var(n):_SD—RD_IQ | |2 g

2 (7
(7) is derived from the assumption that 5 i, and 4

are independent Gaussian r.v.’s with zero-mean and unit
variance.

2-2-2 Proposed 2-1-1 Relaying Scheme(PRS)

Different from CRS in which each relay assists the
data transmission for each transmitting node, PRS uti-
lizes a 2-1-1 scheme: 2 sending nodes, 1 relay and 1
receiving node. Following the signal flow of Fig. lc, we
obtain the signals at R and D during the first phase as

yse=aspVEgai+ngp ®)
ysp=asoNEsaitngsp 9)

where 4, is BPSK-modulated data symbol of s, and
E 5 the average bit energy of §..

Similarly, the signals received at R and D in the se-
cond phase are

Ysep=a¢sgVNEs,astngsr (10)
yso=a¢sNEg,atng,p (11)

Now R decodes the signals from each SN separately
to result in the recovered symbols as

a,= sign(Re(a’s gy 5,2) (12)
a,= sign(Re(a’s gy s,2) (13)

Then, a pair ( z,, a,) is used to choose one of the
4 points in the QPSK signal constellation; that is, R will
transmit the following signal to D in its own time-slot:

VEL a,+iay) (14)
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where ;2=-—1
It is apparent that D will receive the signal

yeo=arVER a1+iaz)+ ngp (15)

Since there are two sending nodes, the total energy of
the system must be 2£ ,. If SNs transmit equal power,
then the following equation must be satisfied for a fair
comparison among the examined schemes

Er=Es=E;=E[2=E; (16)

The clusterhead can restore the data of s, and S,
after the third phase relied on MRC

a,= sign(Re (@’ py s,p+ @ ro¥ rp)) 17

ay= sign(Im(a’s,py s,p+ @’rp¥ rp) (18)

where Im( - ) is the imaginary part.
Replacing (9), (11), (15), (16) into (17)~(18), we
obtain the explicit forms as follows

a,= sign( Edlasa+tlagd®a ) +ny) (19)

72: Sign(VEsﬂasle 2(12+|CYRD|221 2)+n2) (20)

where
n1= Re(a’spn s pt @ pp) 1)
ny= Im(a’s,pn s,p+ @ rp7 gp) (22)

Conditioned on the channel realizations, », and 4,
are Gaussian r.v.’s with zero-mean and variances, respec-
tively

lo s 0 24l gl 2
Var(nl)z—%“—SD =

2 (23)

2 2

Var(n2)= la sle ;‘|G/RD| (24)
The pairs of expressions (6)~(7), (19)~(23), (20)~
(24) show that the error probabilities in detecting 4, 4,
and 4, are equal if the path gains ¢ ), @sp @s,p
have the same variance. So, we affirm that CRS and PRS
achieve the same performance. Moreover, both schemes
yield spatial diversity gain of order 2 when the quality
of channels between sending nodes and relay is high
since under such good S-P channel conditions, the relay
will decode correctly and resend versions of the original
data over an uncorrelated channel to the clusterhead. In
addition, we benefit from path-loss reduction: a relay
located between S and D will receive the information
transmitted by S much more reliably than the cluster-
head, and in turn it needs to use a dramatically smaller

transmission power to reach the clusterhead.
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[li. Performance Analysis

Since the expressions for use in recovering 4, 4, a,
in (6), (19), (20) are of the same form, we just for-
mulate BER performance of detecting ,. Following the
similar steps can easily derive the BER of ,, and o,.

The cooperative protocol used for CRS and PRS is
obviously DF and so, it is extensively discussed in the
literature. However, to the best of our knowledge, the
performance measure for this protocol is limited to the
outage probability. Although the authers in [12] made
efforts in computing the BER expression, they only
showed the upper bound. Thus, our goal in this paper
is to derive a closed-form BER expression of the pro-
posed relaying scheme, which is also generalized for DF
protocol.

Rewritten, (6) is

o= sien(VE {(la g 2+ éla g Datn) (25)

where <= —1 means that the relay made the wrong
decision on the symbol 4.

Then, based on (25), the ML detector offers the mini-
mum error probability, conditioned on the channel rea-
lizations as

P,=P,[ a=1la=—1]
=Pr[~VEla gl *+la gl D+ n>0]Prle=1]+
Prl—VE (|a gl >—|a g D+ n>0]Pre=—1]
=P ,(1—Prle=—11)+ P 4, Prle=—1]

The average BER can be found by averaging the above
over the distributions of path gains as

P,= P, (1— Prle=—11)+ P ,Prle=—1] (26)

Since Pr[ e=—1] is the instantaneous error probability
of BPSK signal transmission over Rayleigh fading cha-
nnel S-R plus AWGN with zero-mean and unit variance,
its average BER is easily established as

2

1__£LSR__

= _ 1
Prie=—11=75 1+E o

(27)

where A%, is the variance of path gain of S-R channel.
Rewritten, the expression of p in the explicit form
as

Pa= PrinV E (lasd 2 +1a gl D)
= Q(\/ 2E (la spl *+1a ol ) (28)

Here O(+) is a Q-function.
Let x=|a g 2 and y=|q gy

Since 4 ; are zero-mean complex Gaussian r.v.’s with



KONG : EXACT BER EXPRESSION OF 2-1-1 RELAYING SCHEME IN WIRELESS SENSOR NETWORKS

variance A%, x and y have exponential distribution with
that is,

F)=4,e "
%, Ay =1/ 2%p and x, y>=0; £ (%), 7 (v
are pdfs of r.v.’s x and y, respectively.

Also, we denote w=x+y. The pdf of w, hence, is
expressed as

mean values of 42

fA)=2,e "
where 3 =1/2

i 2

flw= [ £0f (w—nax
_AA:; [ — 4w
= [ A=A y €
ble vy
Now we establish BER expression in (26) according
to two cases of (29).

—e ), A,#4A,
, Ay=A,=b 29)

3-1 Case of A=A,

This is the case that both paths S-D and R-D have

quality similar to the destination. Hence, we obtain from
(28)

P,= fOOOQ(V 2E sw)b *we "™ guw
By changing the variable of the integration ,; = p sw

and letting y = E ¢/, the probability of error is derived
as follows

= waQ(‘/Z_m)—Lzme_J:dx

-

1+7) (24 1+7) (30)

Also in this case, it is easy to realize that

Pa=Pil-VE{lagl®lag D+ w0]1=05 (31)

Substituting (27), (30), (31) into (26), we obtain p.

3-2 Case of 2 A

The asymmetric scenario happens when fading level
of one of the propagation paths to the receiver is diffe-

rent from the other path. In such a case, (28) is of the
form

[ —Aw

P_e1= meQ(V 2E;gw)/1—i%‘t e
A g 1
=Ty Y CFAES)

Ay 1
20 ,—a )[I‘V 1+ /ES]
~ gy ] T
2(A%0— %) 1+ E 2%
_EJ%
ASD[“V 1+E %

e_A’w]dw

) (32)

If we let z=x—y, then p_, and p, are written as

Pa=PilVElag lap)+n0)]
= Pr[n)\/_(laspl 2—la gl B

=Q(\/ 2Bz )Pr[220]+[1— ( Z—E;A)sz—z“)]Pr[zSO]

=TQPG+ (1- P)(1=Py)
and

P,= PgPs+(1— P)(1—Py) (33)

Consider the case of z>=0 in the sequel, we have [20,
(6-55)]

142 = ["F ety 9y

Cia
® - - A e
:fo A e Azt ve A gy =

AtA,
So

Ps=Pr[z>0]= fomfz(z)d’z= A ,,AH y (34)

Moreover, the pdf of =22 is easily found as [14,
(5-22)]
Ade

1
Fdo) =i £ 0 =

Now we compute the pdf of w=v/iw as follows [14,
(6-60)]

flw= [ wf (s Sw)dw

— AN wu
_f 7]_ Ax/]ve te Ax/lv [ef/lyw_
- wu Axt4, A—4,

By changing the variable =V and using [15, (7)
on page 361], the above is reduced to

fu(u)zf %_3’1_1;__24’1_\1_1?2

e dw

A t+A
[e- (A p7+a kf)__e (ue +2 k\/’)]dk
1Ay
o, )t
O AEAE | T Akut24 Aiu 0 Adu\
TA-AA VA 4 FXPY 44 24,

Finally, P, is given by

Po= [ AV 2E ) (w0du (35)

The integral in (35) can be easily approximated as a
sum [14].

Using (34), (35), we find (33). In addition, from (27),
(32), (33), we calculate the BER in (26).

IV. Numerical Results

In this part, we investigate the performances of three
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communications schemes in a cluster as mentioned in
section II. For the proposed relaying scheme, since the
BER performance analysis of SNs §, and g, are simi-
lar, we only investigate the node S, as an:example.

A simple network geometry is examined where the
relay is located on a line between S, and D. The direct
path length §,—D is normalized to be 1. We also de-
note d as the distance between S5, and R. Therefore,
dpp=1—d.

First of all, we verify the accuracy of BER expression
in (26) by comparing with Monte-Carlo simulations. The
results are depicted in Fig. 3. We can see that the
simulation results match the analytical ones. This shows
that the theoretical BER expression is completely exact.

Fig. 4 studies the influence of the relay location on
the performance of cooperative protocol for two diffe-
rent values of average bit energy E . of 4 dB and 12
dB. The multi-hop transmission is really better than the
single-hop one only when the partner is placed in the
interval [0.2° 0.8] while the proposed scheme always
outperforms the single-hop communications unless the
distance between P and §, is greater than 0.8. Fig. 4
also illustrates the optimal relay position for the multi-
hop transmission is at the center of §,—D line since it
presents a good trade-off between good receiver condi-
tions for the partner and transmit power savings. More-
over, the cooperative scheme exposes its considerable
superiority to comparable ones when it is closer to §
and attains the best performance at roughly d=0.2.

Fig. 5 compares the optimal performances of commu-
nications schemes via the total transmit energy E .. At
the target BER of 10 °, the proposed relaying scheme
can save the system energy up to 8 dB and 11 dB in
comparison to the multi-hop and single-hop cases, respec-

@ d=0.1-Simulation
—— g=0.1-Analysis
+  d=0.3-Simulation
.......... d=0.3-Analysis
. @ - d=0.5-Simulation
107~ == d=0.5-Analysis
d=0.7-Simulation
- d=0.7-Analysis
d=0.9-Simulation
X d=0.9-Analysis
1 L L

0 2 4 8
E; ©@B)

BER
=

Fig. 3. BER comparison between analysis and simulation.
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—I—I- Proposéd- ET=4d'B
—@— Proposed-E;=12dB |-
w5 Multihop-E=4dB
----§--- Multihop-E;=12dB v
—jp— Singlehop-E=4dB
—+— Singlehop-E,=12dB

P 4

~—— Singlehop
~—&-— Multihop-d=0.5
—@— Proposed-d=0.2

E; (@B)

Fig. 5. BER performance of communications schemes.

tively. In addition, energy saving keeps increasing in
proportion to the higher performance requirement, which
is represented by the steeper slope of BER curve in the
cooperative case than those in the other cases. This is
because the cooperation benefits from diversity gains as
well as from path-loss reduction.

V. Conclusion

The proposed relaying scheme allows an idle node to
help two other SNs in data transmission to the cluster-
head. A closed-form BER expression was also esta-
blished to facilitate the evaluation of the performance
without time-consuming computer simulations. This expre-
ssion is also a generic error probability form of DF pro-
tocol. The Monte-Carlo simulations verified its validity.

The numerical results showed the suggested scheme
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increases the channel utilization efficiency and energy effi-
ciency significantly without requiring additional implemen-
tation complexity for SNs. Energy saving that the coo-
peration achieves is equivalent to prolonging sensor net-
work lifetime and better satisfying the critical design
condition of WSNi.
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