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Abstract—In this paper, the energy efficiency of cooperative
Multiple-Input Single-Output (MISO) technique for a multi-hop
wireless sensor network is investigated and compared with other
transmission schemes. Firstly, we present different schemes for
data transmission of the cluster farther from base station and
calculate their energy consumptions. The results show that the
optimal transmission scheme varies with the inter-cluster distance
in different networks. Then we explore the lifetime of the network
and find that it is not always the optimal to employ the multi-
hop transmission and the single-hop transmission outperform
the multi-hop under a certain distance threshold. In addition,
the effects of the transmission bit rate and the required bit error
ratio (BER) on the distance threshold are also clarified.

I. INTRODUCTION

A wireless sensor network (WSN) consists of large numbers

of spatially distributed devices called sensor nodes which

cooperate to accomplish various tasks. In general, the size of

nodes is small, and their operations rely on batteries which are

difficult to replenish in most applications. As a result, energy

efficiency is crucial in WSN.

Many techniques have been proposed for the improvement

of the energy efficiency in WSN [1], [2]. Among these tech-

niques, cooperative transmission diversity has been considered

as one of the effective ways to save energy in the fading wire-

less channels. Using this technique, multiple individual single-

antenna nodes can cooperate on information transmission for

energy-efficient communications. However, when cooperative

transmission diversity is used for both diversity gain and spa-

tial multiplexing gain, it also requires extra energy for the local

cooperative data exchange and extra circuit consumption of the

cooperative nodes. In [3], Cui et al. analyzed the energy effi-

ciency of transmission and reception diversities, or cooperative

Multiple-Input Multiple-Output (MIMO) scheme on Alamouti

code for the single-hop transmission in WSN. And a closer

look at the effect of increased training overhead required in

cooperative MIMO systems is further considered in [4]. From

their results, cooperative transmission can dramatically reduce

the total energy consumption if the transmission distance is

large enough. In [5], George N. Bravos et al. investigated the

effect of circuit power consumption in cooperative MIMO.

Tuan-Duc Nguyen et al. extended the work of [3] and showed

the numbers of cooperative nodes at both the transmission

and reception sides should be selected with respect to the

transmission distance [6]. The above authors all focused on

cooperative MIMO scheme for the single-hop transmission and

analyzed the energy efficiency of the related models. However,

they did not consider the energy efficiency when cooperative

transmission diversity is used for the multi-hop transmission

in WSN. Since multi-hop is generally considered to be one

of the most effective methods for data transmission in WSN,

it is of much necessity to explore the energy efficiency of

cooperative transmission diversity in multi-hop WSN.

To the best of our knowledge, this paper makes the first

attempt at investigating the energy efficiency of cooperative

transmission diversity in the multi-hop transmission. We em-

ploy a two-cluster model for our following analysis, which

is most simplified from multi-hop WSN. Furthermore, we

discuss the energy efficiency of cooperative Multiple-Input

Single-Output (MISO) instead of MIMO, for MISO can facil-

itate our analysis and extend the results easily to more general

situations including MIMO. Similar to [3] and [6], we firstly

calculate the energy consumptions for data transmission of

the cluster farther from base station in different schemes and

obtain the optimal scheme based on the inter-cluster distance.

Then we focus on the lifetime of the network and employ it

as the evaluation index for the energy efficiency of single-hop

and multi-hop networks. Moreover, we analyze the impacts

of the transmission bit rate and the required Bit Error Ratio

(BER) on the energy efficiency of the network.

II. SYSTEM MODEL

In general, wireless sensor networks are composed of hun-

dreds or thousands of sensor nodes which form hierarchical

clusters. In the multi-hop transmission, the data are sent

from each cluster, via other relay clusters, to the destination

(e.g. base station or fusion center). In order to represent this

situation, this paper uses a simple two-cluster model shown in

Fig. 1. The network has a BS (Base station) and two clusters:

Cluster A and Cluster B. Each cluster has N nodes and a

cluster head (CH). We assume that the radius of each cluster

is r, and the distance of Cluster A to Cluster B and that of

Cluster B to BS both are l. It should be noted that l � r
so that the distances from any nodes of a cluster to another

cluster or to BS can be considered the same.
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Fig. 1. System model

Data transmission can be divided into two phases: the local

and the inter-cluster transmissions. In the local transmission,

every node in a cluster firstly transmits their data which are

collected from the targets to their CH, then the CH carries out

data fusion. After that, the CH selects Mt (Mt≥1) nodes as

cooperative nodes to execute cooperative transmission. Finally,

the CH broadcasts the fused data to the Mt selected nodes.

In the inter-cluster transmission, the cooperative nodes use

Space-Time Block Code (STBC) to encode the data, and

transmit simultaneously the coded data to the next CH or BS.

Since only CHs and BS are arranged to receive the inter-cluster

data, the system we consider here is MISO system.

III. CALCULATION OF ENERGY CONSUMPTION

According to our assumptions, since l � r, the energy

consumption of the inter-cluster transmission will be much

larger than that of the local transmission. Thus, we only

consider the former in our model. And the CHs usually have

higher power as compared to other nodes, so all the energy

consumptions of CHs are omitted. In addition, the energy

consumption of baseband signal processing circuit in each

node is also omitted in order to simplify our model.

First, we calculate the power consumption of a cooperative

node. Considering a general communication scheme similar

to [3], the total power consumption of typical RF system

can be categorized into two main parts, namely, the power

consumption of the power amplifier PPA which is a function

of the transmission power Pout, and the power consumption

of all other circuit blocks PC . Let us assume that the model

operates under Rayleigh fading environment with squared

power path loss, then Pout can be calculated according to the

link budget relationship [7]:

Pout =
RbN0(4πd)2

P
1/Mt

b GT GRλ2
MlNf (1)

where Rb is the transmission bit rate, d is the transmission

distance, Pb is the required BER, Mt is the number of

cooperative nodes in transmitter side, GT and GR are the

transmitter and receiver antenna gains respectively, λ is the

carrier wavelength, Ml is the link margin compensating the

hardware process variations and other additive background

noise or interference, Nf is the receiver noise figure defined as

Nf = Nr/N0 where Nr is the power spectral density (PSD)

of the total effective noise at the receiver input and N0 is the

single-sided thermal noise PSD at the room temperature with

a typical value N0 = −171 dBm/Hz.

Moreover, the power consumption of the power amplifier

PPA can be approximately calculated as

PPA = (1 + α)Pout (2)

where α = ξ/η − 1 with ξ being the Peak to Average Ratio

(PAR) and η being the drain efficiency of the RF power

amplifier.

As discussed in [8], we estimate the term PC as

PC = PCT + PCR (3)

where PCT is the power consumption of all other circuit

blocks excluding the power amplifier in transmitter side and

PCR is the power consumption of all circuit blocks in receiver

side. In light of our previous assumptions, PCR is equal to

zero. For a transmitter node, PCT can be further calculated

by

PCT = PDAC(Rb) + Pmix + Pfilt + Psyn (4)

where PDAC , Pmix, Pfilt, Psyn are the power consumption

values of the D/A converter, the mixer, the active filters at the

transmitter side, the frequency synthesizer, respectively. It is

important to note that PDAC depends on the transmission bit

rate Rb, and hence PCT is also a function of the transmission

bit rate Rb. According to the results of [8], we can demonstrate

that PDAC can be regarded as a constant approximately when

Rb < 10M bit/s.

Then, we consider the total energy consumption of coop-

erative transmission. Based on general physics, the energy

consumption is the multiplication of the power consumption

and the dissipated time. Thus, as for a bit data transmitted, the

total energy consumption Ebt in Mt cooperative nodes can be

formulated as

Ebt = (PPA + PC)MtTs =
(PPA + PC)Mt

Rb
(5)

where Ts is the required time during which a bit data is

transmitted.

IV. ENERGY CONSUMPTION OF DATA TRANSMISSION

FROM CLUSTER A

In certain applications of WSN, some of the clusters have

data to transmit and other clusters serve only as relays. This

situation will occur in the event-driven senor networks (e.g.,

for intrusion detection) [9]. Thus, we first consider the energy

consumption of data transmission from Cluster A with respect

to this situation.

A. Different transmission methods

Since Cluster A can use Cluster B as a relay or transmit

the data directly to BS without the relay, the data from

Cluster A to BS can be transmitted in different methods which

induce different energy consumptions. In fact, there exist five

transmission methods for data transmission from Cluster A

to BS. Using the previous analysis shown in Section III, we

calculate the energy consumptions per bit in these different
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TABLE I
SYSTEM PARAMETERS

fc = 2.5 GHz N0/2 = −174 dBm/Hz
α = 0.47 Pfilt = 2.5 mW
GT GR = 5 dBi Pmix = 30.3 mW
Nf = 10 dB Psyn = 50.0 mW
Ml = 40 dB PDAC = 15.5 mW
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Fig. 2. Energy consumption when l = 20 m

methods. Firstly, in order to simplify our expressions, the

product of various constants in (1) will be represented by Ctr

which is defined as

Ctr = (1 + α)
N0(4π)2

GT GRλ2
MlNf (6)

Then the energy consumptions per bit in different schemes

are evaluated respectively, as shown by the equations below.

a. 1 hop SISO (Single-Input Single-Output) : The data

of Cluster A are transmitted directly to BS with Mt=1.

Ea =
4l2Ctr

Pb
+

PC

Rb
(7)

b. 1 hop MISO : The same with Scheme a, but Mt>1.

Eb =
4l2MtCtr

P
1/Mt

b

+ Mt
PC

Rb
(8)

c. SISO-SISO : The data of Cluster A are transmitted

to Cluster B, then sent to BS. In both clusters, Mt=1.

Ec =
2l2Ctr

Pb
+ 2

PC

Rb
(9)

d. MISO-SISO (SISO-MISO) : The same with Scheme

c. But in Cluster A (Cluster B), Mt>1; while in Cluster B

(Cluster A), Mt=1,

Ed =
l2Ctr

Pb
+

l2MtCtr

P
1/Mt

b

+ (Mt + 1)
PC

Rb
(10)
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Fig. 3. Energy consumption when l = 50 m
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Fig. 4. Energy consumption when l = 100 m

e. MISO-MISO : The same with Scheme c, but in both clusters,

Mt>1.

Ee =
2l2MtCtr

P
1/Mt

b

+ 2Mt
PC

Rb
(11)

B. Numerical results

Next we compare the energy efficiency of different trans-

mission methods by simulation. The simulation parameters are

shown in Table I and BPSK is used as the modulation scheme

during data transmission.

Since the comparison between MISO-SISO and SISO-

SISO/MISO-MISO is equivalent to that between 1 hop MISO

and 1 hop SISO with transmission distance l, we focus on

other four methods except MISO-SISO.

We set Rb = 10k bit/s, Pb = 0.001, and change l to

investigate the impact of l on the energy consumption.

Small l: Figures 2, 3 and 4 show different energy consump-

tions with different methods when l = 20 m, 50 m and 100

m, respectively. From these figures, it can be seen that when

l is small (20 m) the best method is 1 hop SISO and the

better is 1 hop MISO or SISO-SISO depending on Mt. On
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the contrary, when l is large (50 m and 100 m), 1 hop MISO

and MISO-MISO outperform 1 hop SISO and SISO-SISO.

Large l: Fig. 5 shows the performances of 1 hop MISO

and MISO-MISO as functions of l with Mt as a parameter.

From this figure, it is found that MISO-MISO has more

energy efficiency than 1 hop MISO if l is large enough, and

when Mt increases, the energy efficiency of MISO-MISO also

increases. That is, multi-hop transmission with a large number

of cooperative nodes is the optimal choice.

V. EVALUATION OF NETWORK LIFETIME

In contrast with Section IV, it is possible that all the clusters

of a WSN have data to transmit in some applications, i.e.,

there exist periodical data transmission in every cluster (e.g.,

for field monitoring) [9]. Hence, we further study the energy

efficiency of the network including the transmission for the

data of Cluster B in the following discussion.

A. General analysis

We assume that the energy of each node is J joules.

Considering the energy consumptions of both clusters, we can

use lifetime as an evaluation index for energy efficiency. We
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Fig. 7. Network lifetimes with or without Cluster B as relay

assume that each cluster needs to transmit T bits data to BS

in every round. Hence, the definition of lifetime of a cluster

is the possible total rounds K, which can be calculated as:

K =
J(N/Mt)

T (Ebt/Mt)
=

JN

TEbt
(12)

It is obvious that the lifetime of the whole network is

determined by the cluster which consumes all its energy firstly.

Similar to the previous section, Cluster A can take Cluster

B as a relay or not in its transmission. When Cluster A uses

Cluster B as a relay, the communication distances of Cluster A

to Cluster B and Cluster B to BS are both l, thus the number

of cooperative nodes in Cluster A is equal to that in Cluster

B, i.e. MtA = MtB . However, if Cluster A directly sends its

data to BS, the communication distance of Cluster A to BS is

2l and MtA may not be the same to MtB .

From the results of the previous section, there are different

optimal schemes for different communication distances. That

is, the value of optimal Mt varies with the communication

distance, as shown in Fig. 6. It can be seen that optimal Mt

will be 2, 3 and 4 when the communication distance exceeds

d1, d2 and d3, respectively. Hence, we choose optimal MtA

and MtB for the above two cases, according to different values

of their communication distances.

B. Numerical results

We still use the parameters in Table I and can get the values

of d1, d2 and d3 in Fig. 6 are 61 m, 326 m and 687 m,

respectively. Then assuming that T = 2000 bit, J = 100 joule

and N = 12 [10], [11], the network lifetimes in cases with

or without Cluster B as a relay can be calculated from the

previous analysis, as shown in Fig. 7.

Fig. 7 shows that it is not always the optimal to employ a

relay. When l < 486 m, the lifetime of network without relay

is even longer than that with a relay. Thus it can be concluded

that when the inter-cluster distance is under a certain threshold,

the transmission energy saved in the network with a relay is not

sufficient to compensate for the circuit consumption increased,

so it is not of the most energy efficiency to use a relay.
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TABLE II
THE DISTANCE THRESHOLD OF THE NETWORK LIFETIMES

The distance Pb

threshold [m] 10−3 10−4 10−5

10k 486 421 236

100k 152 133 100Rb [bit/s]

1M 49 42 32

On the other hand, we can also get the conclusion that the

multi-hop networks with small communication distance are not

always more energy efficient than the single-hop ones, due to

the circuit consumption. Hence it is more energy efficient to

choose the single-hop method with cooperative transmission

in a small-scale or medium-scale WSN.

C. The impacts of Rb and Pb on the distance threshold

According to (1), (5) and (12), the lifetime K is also a

function of the transmission bit rate Rb and the required BER

Pb. It is obvious that in whichever cases, K has the same

varying trend with Rb and Pb. And what we pay more attention

to is the changes of the distance threshold which decides the

more energy efficient case.

Table II shows the impacts of Rb and Pb on the distance

threshold. As depicted in Fig. 7, when Rb = 10k bit/s and

Pb = 0.001, the distance threshold is 486 m. When Rb

increases or Pb decreases, the distance threshold will decrease

correspondingly.

The results of Table II indicate that multi-hop network

will outperform single-hop at a shorter inter-cluster distance

with the increase of Rb or the decrease of Pb. Hence, the

energy efficiency of multi-hop networks will be improved by

increasing Rb or decreasing Pb.

VI. CONCLUSIONS

In this paper, we investigate the energy efficiency of differ-

ent transmission schemes in a two-cluster WSN. In our model,

the cluster farther from BS can use the nearer one as a relay to

transmit its data. Firstly, we compare the energy consumptions

for the data transmission of the farther cluster in different

transmission methods. As a result, the single-hop transmis-

sion with SISO is the best candidate when the inter-cluster

distance is small, and the multi-hop with SISO brings more

energy efficiency with the increase of inter-cluster distance.

However, if the inter-cluster distance becomes much larger, the

cooperative MISO transmission will outperform SISO and the

multi-hop transmission with more cooperative nodes will be

the optimal choice. Then, the energy consumptions for the data

transmission of both clusters are considered and we put our

emphasis on the analysis of the network lifetime in two cases:

with or without the nearer cluster as a relay. Our results show

that because of the circuit consumption, multi-hop network

will have less energy efficiency than single-hop network if the

inter-cluster distance is under a certain threshold. That is, the

single-hop method with cooperative transmission will be more

efficient in a small-scale or medium-scale WSN. Moreover,

our simulation results also clarify that the energy efficiency

of multi-hop networks will be improved by increasing the

transmission bit rate Rb or decreasing the required bit error

ratio Pb.
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