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Abstract

The virtual multiple-input multiple-output (V-MIMO) configuration provide the reliable broadband wireless communica-
tion that raises the data rate and reduce the energy consumption, for long range communication in the wireless sensor
network (WSN). Generally in the WSN, the source node does not have sufficient power and transmission range to trans-
mit data packets directly to the sink node. Therefore, the multihop technique is necessary to transmit data from source
node to sink node. In this paper, multihop V-MIMO technique is used for long range communication in the WSN. In this
technique, the source-to-sink route divides into many optimum hops, following which the 2 x2 V-MIMO technique is
applied to all the hops. The simulation results show that for long range communication, the multihop MIMO technique
provides better energy saving than the MIMO technique or multihop single-input single-output (SISO) technique in a
WSN, while satisfying the throughput and delay. The paper also presents the effect of path loss exponent on energy
consumption. The simulation results clearly indicate that the energy consumption increases with an increase in the path
loss exponent in the SISO, MIMO, single and multihop communication techniques. The result reveals that the network
reliability is inversely proportional to the number of hops.

Keywords Wireless sensor network - Single input single output (SISO) - Virtual multiple input multiple output
(V-MIMO) - Cluster head (CH) - Sensor nodes

1 Introduction

A wireless sensor network (WSN) has various potential
applications like in environmental monitoring, medical
care, battlefield surveillance, wildlife monitoring, etc. [1].
In some applications, the replacement of batteries is a very
difficult task. Therefore, power saving is a very important
issue in WSN [2, 3]. Clustering technique is generally used
to design energy efficient WSNs. It divides the WSN into
various clusters. Each cluster consists of many nodes and
one or more cluster head (CH). CHs collect and aggregate
data from nodes and transmit it to their base station (BS).
Selection process of cluster head within the system can

help to maximize network performance as cluster head is
responsible for various energy consuming tasks [4]. Sleep
and wake technique with Time division multiple access
(TDMA) scheme is used in WSN because of low power con-
sumption and collision free data transmission [5]. In this
technique, the radio of every sensor node remains switch
off mode and it comes in switch on mode in its assigned
broadcast time. The receiver of cluster head should be in
switch on mode to collect data from its members [6]. The
direct data transfer from the source node to sink node may
not be possible due to limited signal amplification of the
sensor nodes. Therefore, multihop communication is nec-
essary for long distance communication in WSN. In single
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hop communication, the source node directly communi-
cates with the sink nodes without any relay nodes, whereas
in multihop communication, a relay node is necessary for
forwarding the source data to the sink [7]. Therefore, sen-
sor nodes are responsible for configuring the WSNs. Addi-
tionally; WSNs have numerous advantages such as low
cost, flexibility, rapid deployment, etc. In a WSN, either less
large hops or more small hops is required to transmit data
from source node to sink. Each procedure long or short
hops has its own benefits. Transmitting information over
long hops reduce the cost because the least number of
sensor nodes are used in data routing. On the other hand,
transmitting information over short hops reduce the trans-
mission energy that is proportional to the transmission
distance [8]. When we need minimum power consumption
between two nodes, the short hop strategy is preferred.
But the reception cost cannot be ignored. Hence, there
are certain distances between the source and destination
within which direct communication is considered a better
choice. Thus, using the multihop technique is not the best
method in every instance. When we form energy efficient
WSN, the number of hops increases with an increase in the
communication distance. Various researches on the WSN
have generally focused on either optimizing the length of
hop or minimizing transmitting power, while keeping the
other parameter as constant. Therefore, by choosing the
optimal hop length, unnecessary power consumption can
be saved due to reducing the intermediate sensor nodes
between the source and the sink [9].

The V-MIMO technique provides high data rates with-
out increasing transmission energy [10]. For long distance
communication, V-MIMO needs less transmission energy
than the SISO technique [2, 3]. In the V-MIMO technique,
some nodes are chosen as cooperative nodes, which are
used to form a V-MIMO structure. The selection of coop-
erative nodes depends on channel conditions, residual
energy, geographic location and distance between the
nodes. Several virtual MIMO topologies can be config-
ured in a WSN, such as 1x 2 single-input multiple-output
(SIMO), 2x 2 MIMO and 2 x 1 multiple-input single-output
(MISO), etc. The energy consumption of single hop SISO,
MIMO, SIMO and MISO are analyzed [7, 11]. The source
node tries to determine the best energy efficient configu-
ration for data transmission among SISO, V-MISO, V-MIMO,
or V-SIMO [12]. Space time block coding (STBC) is used in
a V-MIMO technique [7].

Energy consumption is a major problem in nodes as
compared to sink because nodes are deployed at remotely
location, and the frequent replacement of the battery is
not an easy task [13]. The lessening in signal power den-
sity between the transmitter and receiver route is known
as path loss. The transmitted signal can be reflected, scat-
tered and diffracted due to obstacles. Thus, modeling of
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the path loss is not an easy task [14]. In [8], the authors
studied that data from the source node to the destination
node may send in either long or short hops. Thus, optimiz-
ing the hop length, can save energy as well as improve
the lifetime of the WSN. In [14], the authors found that
the supremacy of the multi hop method depends on the
reception cost and the distance between the source and
the sink.

The remainder of the paper is organized as follows: In
Sect. 2, problem description and proposed work is dis-
cussed. Network model is described in Sect. 3. Sections 4
and 5, present the energy consumption and reliability
analysis of the proposed technique. Section 6 presents
simulation results and discussion. Finally, paper is con-
cluded in Sect. 7.

2 Problem description and proposed work

A Wireless sensor network (WSN) generally uses single
antenna and relaying technique for long distance data
transmission and reception that is called a multihop SISO
configuration. It is not energy efficient for long distance
communication and also provides low data rate. The
V-MIMO technique is used to increase the data rate and
reduce energy consumption for long distance communi-
cation in WSN [10]. But, WSN covers a large area. There-
fore, multihop SISO or V-MIMO is not suitable for very
long distance communication in every circumstance. SISO
and V-MIMO techniques can determine optimum hops
between source and sink that reduce the energy consump-
tion and hop count in the WSN. Energy efficiency depends
upon the path loss between transmitter and receiver.
Hence, modeling of path loss is important in a single hop
and multihop energy efficient wireless sensor network.
These are not addressed in the existing research work.

A multihop technique can reduce the energy consump-
tion of the overall route with good network connectivity
using the SISO, MISO, SIMO or MIMO configurations. There-
fore, multihop V-MIMO technique is used in this paper. We
first compare energy consumption per bit in the single
hop, multihop, SISO, V-MIMO transmission techniques for
some fixed distance in the WSN. This work is different from
previous research work because we determine the number
of optimum hops between the source and the destina-
tion path for various fixed distances in SISO and V-MIMO
techniques that consume lowest energy on that specific
distance in the WSN. Then, energy consumption of MIMO,
SISO and optimum hop MIMO techniques is compared.
Number of hops can be properly selected in the WSN on
the basis of cost or energy consumption according to the
requirement. This paper also discusses the effect of energy
consumption per bit for single hop, multihop, SISO and
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MIMO communication techniques on different values of
the path loss exponent in short and long distance com-
munication. The effect of hop count on reliability of net-
work is also discussed for better guideline. The MATLAB
Lab simulation tool has been used for evaluation of the
experimental results.

3 Network model

In Fig. 1, the distance between the source to the destina-
tion node is d. In this figure, the route from the source
to the destination is divided into 1 hop, 2 hop and 3 hop
respectively. Figure 2 shows the network topology of the
V-MIMO, V-SIMO and V-MISO techniques.

Figure 3 shows the two hop homogeneous network
using the V-MIMO scheme, where the first hop is from the
source to the intermediate node while the second hop
is from the intermediate node to the destination node.
WSNs have many nodes between the source and destina-
tion. Some nodes may be cooperative or non cooperative
node. In Fig. 3, the nodes between source-to-intermediate
nodes and intermediate node-to-the destination is used in
cooperative communication, are called cooperative nodes.
In networking operations from the source to the destina-
tion node, 9 nodes are involved.

4 Energy consumption analysis of multihop
MIMO technique

Total power consumption in Transmitter circuit is given by

M
Pr = Nr(Ppac + Prix + Prie) + Psyns M

where the number of transmitting nodes, digital to
analog converter, mixer, transmitter filter and frequency

Source Destination
. O d O
(b) : d/2 : d/2 O
© d/3 d/3 d/3

Fig. 1 Transmission distances fora 1 hop, b 2 hop, ¢ 3 hop WSN

—

(a) 2x2 V- MIMO

(¢) 2x1 V- MISO

Fig.2 Network topology for a 2x2 V-MIMO, b 1x2 V-SIMO, ¢
2x1V-MISO techniques

synthesizer are denoted by Ny, Ppac, Prixs Paie @and Pgy
respectively. Total power consumption in receiver circuit
is given by (2)

Pr = Ng(Papc + Prix + Pir + Pina + PIFA) + Psyns (2)

where number of receiving nodes, analog to digital con-
verter, mixer, receiver filter, low noise amplifier, interme-
diate frequency amplifier and frequency synthesizer are
denoted by Ng, Papc, Prixs Pritrs Pinas Piea @nd Py respec-
tively. The power amplifier power consumption (Pp,) can
be expressed as (3)

Single hop
A Source A Destination
—»  Short haul — Long Haul
0 Cooperative Node O Intermediate node

Fig.3 2-Hop V-MIMO technique for energy efficient wireless sensor
network
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Ppa = (1 + )P, (3)

a is a ratio related to the drain efficiency and P is the
output of the amplifier. In Fig. 2a, the energy consump-
tion for transmitting a bit in intracluster communication
at transmitter side is given by [11]

(1 + WE,(4n)’d MNPy L NaPy

(4)
GG, 12 Ry R,

Ta-intra —

In Fig. 2a, the energy consumption for transmitting a
bit in intracluster communication at receiver side is given
by [11]

L _Oewmemdmy N
Ra-intra Gterz Rb Rb

In Fig. 2a, the energy consumption for transmitting a bit
in intercluster communication is given by [11]

(1 + E,(4m)>dMN; NP, o NePy

+ (6)
G,G,\2 Ry Ry

a-inter —

where M, N¢, G, G,, k, R, and A are the link margin, receiver
noise figure, transmit and receive antennas gain, path loss
exponent, bit rate and wavelength respectively.E, denotes
energy per bit. d,and d, are the distances between trans-
mitting and receiving nodes in intra and inter cluster com-
munication, respectively. E, can be determined by the fol-
lowing Eq. (7)

NyNg

- 4 1 1 1 M
P =—1-— 1- X —
b b( 2§>2NTNR % Z 2k<

Ev-simo = Ep-inter T Erb-intra 9

EV-MISO = ETc—intra + Ec_inter (10)

If P,,P,,Ps, ... P, are single, double, triple hop and n
hop transmitted power in SISO communication. Receiver
requires Py power in SISO communication. Therefore, totals
transmitted power in single-hop ((Py},,,), double-hop
(Panop ) triple-hop (P34, ) and n-hop (P, ) SISO com-
munication will be (11)

Pinop = P71+ Pg (1

whereP, = P; 4+ Pppand Ny = 1,N; =1

P1

Pahop =2<?+PR> (12)
P1

P3hop =3 ? + Pg (13)
P1

I:)nhop =n m + Pg (14)

Energy Consumption per bit for n-hop 2x2 V-MIMO
transmissions is given as (15)

Pmimo
Enbt_ mivo = n<T + Rwimo (15)
k
NTNR;1+k>X 11 7)
14 2%
By

where N, denotes the power spectral density, Eb denotes
the BER and b denotes constellation size. Now, in the
Fig. 2a, the total energy for transmitting a bit using
V-MIMO communication in a single hop is expressed as
[12]

Ev_mmo = Eraintra + Eainter + Erazintra

2(1 + WE,(4m2dMN; (1 + E,(4m)2diMN; 5P

GG\ G,G,\2

5 Reliability of WSN

WSN generally uses frequencies of 470 MHz to 2.4 GHz.
The single or multihop sensor network is used in environ-
mental monitoring. Homogeneous sensor nodes are used

5Pg (8)
iy

= [Total energy for transmitting a bit in single hop com-
munication (Py;uo)] + [Total energy for receiving a bit in
single hop communication (Ryymo)l-

Now, in Fig. 2b, 2¢, the total energy for transmitting a bit
using V-SIMO and V-MISO communication in a single hop
is given by (9) and (10)
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for this application and range of multihop network is up
to 500 m. The initial energy of each node is 1 J. Generally,
frequency is inversely proportional to radio range, but
the disadvantages of lower frequency are the bigger size
of the antenna [15]. If P is the probability of a message
delivered from one node to another node. Then, P" is the
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probability of successful delivery of a message transmitted
over n hops. Therefore, multihop communication protocol
is fault tolerant. Hence, it should be able to re-transmit lost
packets. Network connectivity chooses whether multi-hop
paths exist or not between any pair of sensor nodes. It is
determined by node density, node distribution, effective
communication radius and channel propagation model.
Network connectivity is measured by probability of exist-
ence of n-hop route between sources-to-destination in
the WSN [16]. Obviously, the probability of existence is
inversely proportional to hop count.

Reliability is defined as, the success probability of n-hop
route between source-to-destination in WSN. In multihop
transmission, node will not fail even if link fails. If channel
loss rate is e and a packet is transmitted from the source
node to the base station using n time hoping. Then, the
probability of a packet to reach sink node is given by [17]

P=(-¢)" (16)

If source sensor node transmits L packets, then the
probability of sink sensor node successfully receive L pack-
ets can be expressed as (14)

P=(1-¢e)" (17)

5.1 Routing mechanism of multihop transmission

Source sensor node broadcast a SRD packet. The relay sen-
sor node forward the packets as long as they receive it. The
destination sensor node instantly acknowledges a routing
response packet (DRS) to source node, when it successfully
receive the SRD packet from the source node.SRD packet
and DRS Packet both follow the same route. After receiv-
ing the DRS packet by source nodes, routing procedure
finishes.

The method of multihop routing procedure is shown in
Fig. 4. The shortest path is applied in routing mechanism.

DRS \/

DRS DRS

SRD

Fig.4 The process of Multihop routing discovery

Thus, the relay sensor node which is closest to destination
sensor node has the highest priority to transmit DRS pack-
ets.SRD and DRS packets may lose several times during
packet transmission. If multihop routing discovery process
fails, the data transmission between source and destina-
tion sensor nodes is not possible.

6 Simulation result and discussion

Figure 5 reveals the graph between the energy con-
sumption per bit (mJ) and distance (m) for various fixed
hops. From the Fig. 5, it proves that the single hop uses
less energy for short distance communication, whereas
multiple hops become energy efficient for long distance
communication. However, for all types of hops, energy
consumption increases with an increase in transmis-
sion distance. Thus, if an optimal hop is chosen, the total
energy consumption can be minimized through the SISO
technique in the WSN.

Figure 6 shows the energy consumption analysis of
SISO, 1 x 2 V-SIMO and 2 x 2 V-MIMO techniques for sin-
gle hop communication. It indicates that for short dis-
tance communication, SISO technique consumes the
lowest energy among all. For mid-range communica-
tion, V-SIMO technique is preferable as they consume the
lowest energy among their all counterparts. Finally, for
long distance communication, V-MIMO technique con-
sumes the lowest energy among all [2]. This is because

0.8 — .
P | --e-1nop
L=
0.7f----mmmemmmmene- 15 ----------------- ! P14
: i —©— 8hop

Energy consumption per bit (mJ)

H H
50 100 150 200
distance in meter

Fig. 5 Comparison of Energy consumption per bit of various multi-
hop communications
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Fig. 6 Comparison of Energy consumption of various V-MIMO con-
figurations

for short-distance communication, circuit energy domi-
nant over transmission energy, whereas for long distance
communication, transmission energy dominant over
circuit energy. In each hop, the minimum energy con-
sumption V-MIMO configuration (e.g., SISO, 2 x 1 V-MISO,
1x2V-SIMO, 2 x 2 V-MIMO etc.) is needed.

Figure 7 depicts the energy consumption per bit
versus hop count for distances 200 and 300 m for SISO
technique. It can be observed that the total energy con-
sumption shows a convex behavior. One can observe
from Fig. 7 that energy consumption is lowest for 8 hops
at distance 200 m, and thus 8 hops is the most energy
efficient at a distance of 200 m for the SISO technique.
From the Fig. 7, it is evident that 10 hops are the opti-
mum hops at distance 300 m for the SISO technique [9].
Using 8 hops and 10 hops for distance 200 m and 300 m
are not practically suitable. Thus, SISO technique is good
for short range communication in the WSN already prove
in Fig. 6.

Figure 8 depicts the energy consumption per bit ver-
sus number of hops for distances 200 and 300 m for
2 x2-MIMO technique. One can observe from Fig. 8, that
energy consumption is lowest for 2 hops at distance
200 m, and thus 2 hops is the most energy efficient at a
distance of 200 m for the 2 x 2 V-MIMO technique. From
Fig. 8, it is evident that 3 hops are the optimum hops at
distance 300 m for the 2 x 2 V-MIMO technique [9]. Thus,
the energy saving for long range communication in WSN
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Fig.7 Energy consumption per bit versus number of hops at dis-
tances 200 and 300 m for SISO technique

can be obtained through the selection of optimum hop
MIMO technique.

In Fig. 9, energy consumption per bit of SISO, 3 hop
SISO, 2 x 2 V-MIMO, 2-hop V-MIMO and 3-hop V-MIMO
communication techniques are compared up to some
fixed distance. The simulation result indicates that there is

0.65

—— d=200
—©— d=300

] i S S e
0.55H
0.5
0.45

0.4

Energy consumption per bit(mJ)

0.25

0.2

number of hops

Fig.8 Energy consumption per bit versus number of hops at dis-
tances 200 and 300 m for 2 x 2 V-MIMO technique
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no need of multihop communication at smaller distances.
The SISO technique is suitable for a small distance up to
30 m, whereas V-MIMO is energy efficient for mid range
communication (d < 120 m). For long distance communica-
tion (d> 120 m), the proposed technique is more energy
efficient than SISO, 2 x 2 V-MIMO, 3 hop SISO techniques
[11, 18, 19]. Therefore, 2 hop V-MIMO technique is more
energy efficient than other techniques at the d=200 m,
while 3 hop V-MIMO technique is more energy efficient
than other techniques at the d=300 m. It is shown in
Table 1 [11, 18, 19]. The reason is that more number of
hops is needed as communication distance increases, and
MIMO technique is more energy efficient than SISO tech-
nique for long range communication in the WSN.

N
of------
o
N
af------
o

300
Transmission Distance in meter

The path loss exponent n depends on propagation
environment. In free space, the value of the path loss expo-
nent (k) is equal to 2 and when obstacle exists then k will
have a bigger value. The reference path loss determines
using the free space path loss formula. The effect of path
loss exponent on energy consumption can be determined
in different environments (Table 2).

Figures 10 and 11 show the energy consumption of
single hop, double hop, triple hop, quad hop network for
different value of path loss exponent. Figure 10 shows that
single hop is more energy efficient than multihop commu-
nication for short distance communication (d=15m) and
low value path loss exponent (k=2), while Fig. 11 shows
that multihop communication is more energy efficient

Table 1 Comparison of energy consumption per bit for different communication techniques such as SISO, 3 hop SISO, 2 x 2 V-MIMO, 2-hop

V-MIMO and 3-hop V-MIMO

Distance  Energy consumption per bit in mJ
in meters

SISO (Thiswork) 3 hop SISO 2x2V-MIMO 2x2V-MIMO 2x2V-MIMO 2x2V-MIMO 2 hop 3 hop

(Thiswork)  [11] [18] [19] (This work) V-MIMO V-MIMO
(Proposed) (Proposed)
20 0.048 0.048 - 0.298 0.125 0.097 0.132 0.181
30 0.098 0.099 - 0.336 0.127 0.098 0.133 0.182
100 0.684 0.257 0.545 0.367 0.206 0.146 0.157 0.197
200 2.671 0.921 4.383 0.463 1.272 0.307 0.237 0.251
300 5.99 2.025 - - - 0.578 0.373 0.341
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Table 2 Path loss exponents for different environments

S.no. Environment Path loss
exponent
(k)
1 Free space 2
2 Urban area 2.7-3.5
3 Obstructed in factories 2-3
4 In building line-of-sight 1.6-1.8
0.5 - T
-=-©-- single hop at d=15m ol
double hop at d=15 m H E
0450 —— triple hopatd=15m |77 7777 { """" [ r
—6— quad hop at d=15m i :
"
()77 S deeeaas A [ . O 4
:l
H1
ol
— i
S 0.35 - m e R CREEP AERE -
£ i
3 i
B 0.3f--mmmmm e R T .
Q 1
c 1
S i
B 025 - ]
g 0.25 /d’
3 ll H
2 S
S 02p--------- . R il SeCELE LR [ -
[} 4
5 015
(O T L ot REEREEEES
0.0
------ I ‘;d
OT 1 : 1 1

i i i
1 1.5 2 2.5 3 35 4
path loss exponnent

Fig. 10 Energy consumption per bit versus path loss exponent for
SISO technique at various hop atd=15m

than single hop communication for long distance com-
munication (d=75 m) and low value path loss exponent
(k=2) in the WSN. For both short and long-range commu-
nication, energy consumption increases with the increase
in the path loss exponent in the single as well as multihop
communication [14]. Figures 10 and 11 indicate that after
path loss exponent (k) =2, energy consumption increases
more rapidly in long distance communication than short
distance communication in both the single hop and mul-
tihop communication in the WSN.

Figure 12 indicates the energy consumption ver-
sus path loss exponent of SISO and MIMO techniques
for short distance communication. Figure 12 shows
that SISO technique is more energy efficient than
2 %2 V-MIMO technique for short distance communi-
cation and low value of the path loss exponent. Fig-
ure 13 indicates the energy consumption versus path
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Fig. 11 Energy consumption versus path loss exponent for SISO
technique at various hop atd=75m
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Fig. 12 Energy consumption per bit versus path loss exponent for
SISO and V-MIMO technique atd=15m

loss exponent of SISO and MIMO communication for
long distance communication. Figure 13 shows that
2 x 2 V-MIMO technique is more energy efficient than
SISO technique at path loss exponent k=2 for long dis-
tance communication.
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T T
SISO at d=75m
—©— V-MIMO at d=75 m

Energy Consumption per bit (mJ)

path loss

Fig. 13 Energy consumption per bit versus path loss exponent for
SISO and V-MIMO technique atd=75m

From Figs. 12 and 13, one can observe that Energy con-
sumption is directly proportional to path loss exponentin
both techniques [14]. But, energy consumption increase
more sharply after path loss exponent (k) =2 in both SISO
and V-MIMO techniques.

Figure 14 shows the reliability of multihop wireless sen-
sor network. Figure 14 reveals that the reliability of mul-
tihop network is inversely proportional to the number of

0.7 .
i | =-©--- Reliability

0.6¢------- R sRiCRht BECLEETL SLREEE boeeee- fomneeed R A

\ : : : : : : : :

\

\

\

v ! : : : : : '
L Ak e A bt s

\

\

\ ' ' ' ' ' ' '
P S A S S
= . ' ' ' ' ' ' '

3 R
T PN : : : ! i i
@ 0.3f------ R demenes toemenes benonees boonond oneneee dmememeed

Number of Hops

Fig. 14 Reliability of WSN

hops because the probability of successful delivery of a
message transmitted over n hops inversely proportional to
the channel loss rate. Therefore, Reliability of the network
increases with decrease in channel loss rate [17] (Table 3).

7 Conclusion

The multihop V-MIMO technique is proposed to design
an energy efficient WSN for long distance communication.
The multihop technique transmits the data packets from
source to sink (BS) through various relay nodes, whereas
V-MIMO technique improves the data rate through spa-
tial multiplexing in the WSN. The simulation results prove
that 2 hop V-MIMO technique is more energy efficient than
other techniques at the d =200 m, while 3 hop V-MIMO
technique is more energy efficient than other techniques
at the d=300 m. The simulation results also prove that
energy consumption is directly proportional to the path
loss exponent in single and multihop communication. The
results reveal that probability of successful delivery of a
message transmitted from source to sink is inversely pro-
portional to the number of hops. Various V-MIMO configu-
rations (SISO, 1x 2 SIMO, 2 x 2 MIMO etc.) can be combined
with network coding, spatial modulation, etc. By appro-
priate combination of these techniques a very effective
energy efficient multihop Virtual MIMO technique can be
developed in the WSN.

Table 3 Simulation parameters

Symbol Value
A 0.125m
a 0.47
GG, 5dBi
No —174 dBm/Hz
B 10 kHz
P 303 mwW
Pra 2mw
Peyn 50 mW
Pen 2.5 mw
Peir 2.5 mW
N, 10dB
Pia 20 mW
M, 40dB
Poac 1543 mW
Paoc 6.62 MW
L 10 bits
e 0.05
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