





















































































































































































































































































































































































































































7.4 Energy consumption of an end-to-end multihop transmission

model

- Minimum energy consumption of the end-to~end transmission
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Figure 7.5: Minimum energy consumption for different transmission powers (ver-

sus p; in Rayleigh model)

7.4.2 Lognormal fading scenario

Considering a Lognormal fading scenario, based on equations 7.4 and 7.8, the
relationship between F,,, and z is plotted in Fig. 7.6 (with static value of p,),
where the nodes’ transmission power is adjusted as shown in the figure. With
different static value of p;, the relationship between E,,, and z is plotted in
Fig. 7.6, where the nodes’ transmission power is adjusted as shown in the figure.
For each different level of p;, there is a minimum energy consumption (FEy,uu),
which occurs at the specific transmission range (z). To analyse the relationship
between Ejoal, Pt, * and Py(z) (determined by p, and z), the corresponding data
has been recorded in Table 7.2. Based on Table 7.2, the relationship between
E,ota and z, and the relationship between E;.,; and p; has been plotted in Fig. 7.7
and Fig.7.8 respectively. In both Fig. 7.6 and Fig. 7.7, Ei.ta decreases when z
increases before a specific value of z, and it increases when z increases after
that point. It is shown in Fig. 7.8 that Eja decreases when p; increases before
py = 6.25 x 10~7w, and it increases when p; increases after p, = 6.25 x 10~ "w.
Based on Fig. 7.6, Fig. 7.7 and Fig.7.8, it can be seen that there is a minimum

Ejot for specific p, and . The minimum energy consumption occurs when
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7.5 Energy efficiency with efficiency function

Energy consumption of the end-to-end multihop model
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Figure 7.6: Energy consumption of the end-to-end transmission (Lognormal)

Pt = 6.25 x 1077 and = = 28.3 for the set of parameters considered. Furthermore,
note that the minimum energy consumption for different levels of p; occurs when
Py(z) is between 79% and 81%. Thus, ., can be minimised by a range of Py(z)

values.

7.5 Energy efficiency with efficiency function

As shown in Fig. 7.9, S is the source node, D is the destination node, and R is
the relay node. In order to find the optimal location of the next hop node, which
leads to energy efficiency in the entire transmission, an efficiency function (F) is

proposed as follows:

Progress

F= (7.10)

?

Eonehop

where E,penop is the energy consumption for one transmission between S and R,
and Progress is the progress of the relay node defined as |[SD|—|RD|. Therefore,
to minimise the energy consumption between S and D, the Progress of the
current hop should be made as large as possible and E,,.hop should be made
as small as possible. Thus, by maximising F', the optimal energy consumption
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7.5 Energy efficiency with efficiency function

T 20.4 21.5 22.5 23.4

pr | 0.375x107* | 0.417x10~* | 0.458x10~* | 0.500x10~*
Py(z) | 0.79558552 | 0.79568542 | 0.7970329194 | 0.7996507994
Eiotar | 0.00270091 | 0.00267225 | 0.0026526634 | 0.0026399752
T 24.3 25.2 26 26.8

pe | 0.542x107* | 0.583x10~* | 0.625x10™* | 0.667x10~*
Py(z) | 0.80103606 | 0.80145174 | 0.8034093139 | 0.8045887559
Eiorar | 0.00263268 | 0.00262966 | 0.0026300470 | 0.0026332205
T 27.6 28.3 29.1 29.8

pe | 0.708x10~* | 0.750x10~* | 0.792x10~* | 0.833x10~*
Py(z) | 0.80512687 | 0.80723434 | 0.8067329285 | 0.807848271
Eiorar | 0.00263867 | 0.00264601 | 0.0026549431 | 0.0026651742

Table 7.2: Results from the end-to-end transmission model (Lognormal)

x 10 Minimum energy consumption for end-to-end transmission
T T T T T T T T
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267}
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Energy consumption (J)
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4 45 5 55 6 85 7 75 8 85
Transmission power (w) x10”

Figure 7.7: Minimum energy consumption for different transmission powers (ver-

sus r in Rayleigh model)
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e x 10~ Minimum energy consumption of the end-to—end transmission
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Figure 7.8: Minimum energy consumption for different transmission powers (ver-

sus p; in Rayleigh model)
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Figure 7.9: Model with the progress metric
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7.6 Summary

between S and D can be achieved. Based on equations 7.5. 7.6 and 7.7. the

efficiency Function is:

F= |SD| — |RD| o
o ( 11 E 1 - (T.11)
Py(z) P,?(x))(ee +E)+ (1 + Pb(m))(e
Using the coordinates of each node. it becomes:
F = L—/(L—1)+y .
B L 1 : .12
(Pb(x) + Pf(m))(ee + pt) + (1 + Tl(”-)(”,
For a linear network (y = 0), it is:
F = ! (-— 17)
o 1 1 ) 1 R . 1o
(Pb(z) + pg(m))((—f» +pi) + (1+ m)(,.
Since F > 0, the maximum of F is equivalent to the minimum of ,i and Il Is
expressed as:
1 (Pbl(:c) + __z_p{,l(.l.))(ee +p)+ (1 + Pbl(l‘) ), "
F 7 , 7.

F X

which is linearly proportional to Ejotqer, s shown in equation 7.8. The only differ-
ence between equations 7.8 and 7.14 is the length of the network (L). Therefore.
the relationship between energy efliciency (Etota for the end-to-end model and ,i
for the progress model), transmission power (p). and the probability of packet

being successfully received (Py(r)) are the same based on two different methods,

7.6 Summary

Based on realistic phyvsical laver scenarios, this chapter proposed two methods 1o
achicve cnergy efficiency in ad-hoc wireless networks. The relationship between
the energy cost, the range of each hop. and the nodes’ transmission power has
heen derived based on these two methods. The results show that. these two
relationships derived through different methods are equivalent. The results in this
chapter can be implemented in an energy efficient geographic routing aleorithm,

which can form the basis for future work.



Chapter 8

Energy Efficiency in Ad-hoc

Vehicular Networks

8.1 Introduction

Green ICT (Information and Communication Technology) is a new focus with
the goal of saving cnergy by optimising mobile network communications and
ultimately protecting the natural climate [144]. In renns of the global carbon
cinissions. some analyvsts have reported that ICT accounts for 2 — 2.5% of the
global harmful emissions. which is equal to the global aviation industry [145
According to a report by the Ministry of Internal Affairs and Communications
of Japan [146]. IC'T equipment (routers. PCs.and other network svstems) con-
sumed about 45.000.000 NWh in 2006 which is 3" of the country toral energy
consumption and this figure has increased about 20% over the past hive vears.
In this chapter, vehicular ad-hoe networks (VANETS), as shown in Figo N 1are
designed to reduce their communication energy consumption.

Based on a realistic transport traffic scenario on a motorwav, "M A" in the Uk,
this chapter evaluates the energy consumption in a motorway ad-ho wireless
network.  This is based on a Geoeraphical Adaptive Fidelity (GAF 1 topology

management protocol [131 where the encrgy consumption has been analvsed to



8.2 Traffic statistics in the N4 motorway in the UK
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Figure 8.1: Equal-grid and adjustable-grid motorway GAF model.

equal-grid, adjustable-grid and genetic algorithm models. Considering nodes in
the VANET network and their transmission ranges. this chapter provides a net-
work model to compute the energy consumption of VANETs and compares their
energy efficiency performance. The proposed genetic algorithm model has been
found to be more energy efficient than the adjustable-grid model which is better

than the equal-grid model.

8.2 Traffic statistics in the M4 motorway in the

UK

As a first step, some statistical analysis has been carried out on vehicular traffic
profiles observed at inductive loops on the "M4" motorway in the UK. Fig. .2
<hows the distribution of vehicles as it is observed at inductive loop (ID) 2211
on the Md. on Tuesday (23/04/2002), Friday (26/04/2002) and on Saturday
(27/04/2002). On Tuesday and Friday. there are two peak times (7-3 am and
5-6 pm), which correspond to the morning and cvening work rush hours. On
Saturday. there are two peak times (11-12 am and 7-8 pm). which correspond to

the cquivalent leisure rush hours. Fig. 8.3 provides a comparison of vehicle dis-
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ID 2244: No. of vehicles Vs. Time durations
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Figure 8.2: Distribution of vehicles in one day over three inductive loops: 2244,

2246, 6584 in the M4 motorway
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Figure 8.3: Distribution of vehicles over inductive ID 2244 during three days.

tribution around inductive loops (ILs) on Tuesday (23/04/2002). The statistical
analysis shows that the distributions of vehicles at the ILs IDs 2244, 2246 and
6584 are very similar. This data clearly show that the transport traffic varies on
a specific location on the M4 according to the time of the day as well as varying
in different locations on the M4 during a specific time duration. Fig. 8.4 illus-
trates these trends, where vehicle distributions are shown within different time
durations, peak and off peak time, as well as, at different locations between IDs
2244-2256 on Tuesday-02/04/2002.

During a specific time duration, the bit rates and statistical probabilities

of different types of data (speech, video, data, RFID) are presented in Table
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Road traffic
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£
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2244 2246 2248 2250 2252 2254 2256
No. of ID

Figure 8.4: Distribution of vehicles during the offpeak and peak times.

Speech bit rate | 64 kb/s | Speech ON/OFF probability | 5/35

Video bit rate | 320 kb/s | Video ON/OFF probability | 5/65

Data bit rate | 10 Mb/s | Data ON/OFF probability | 15/75

RFID bit rate | 10 Mb/s | Data ON/OFF probability | 1/12

Table 8.1: Parameters for computing data traffic
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Data traffic
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Figure 8.5: Distribution of data traffic during the offpeak and peak times.

8.1 [147]. Therefore, the average traffic transmitted by each vehicle is assumed to
be 64 x 10% x 3 +320 x 103 x 2 +10x 10 x 22 +10x 10° x } ~ 2.9Mbits/s which is
achievable based on current standards and expected near future evolution. Based
on vehicle distribution trends within different time durations and at different
locations, Fig. 8.5 illustrates the data traffic transmitted by these vehicles.

This result will be taken into consideration in modelling transport traffic on
a typical motorway in order to achieve energy efficiency in VANETSs. Note that
the average speed of vehicles is about 25 m/s (90 km/hour) and the distance be-
tween two IDs is 500 metres. Therefore, the average number of nodes distributed

between two ILs is about 20, where the author assume that they are uniformly

distributed between any two ILs on the M4.

8.3 Preliminaries

The energy consumed by ad-hoc wireless network nodes is the sum of energy
consumed for transmitting, receiving and listening. Based on [141] the energy
consumed per second by a node in these three states can be respectively calculated
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8.3 Preliminaries

as follows (as mentioned in equations 4.4):

Ef — ((l(« + eaRn)rj‘/
ET - (Fe + eP)TT‘
Ei=eTi=efl -~ Ti—T) (~1)

where e, is the energy/second consumed by the transceivers clectronies. and ¢,
is the energy/second consumed in the transmitter RF amplifier. and ¢, is the en-
ergy /second consumed for processing in the receivers and ¢, is the energy/sccond
consumed for listening to the radio environment, where ¢; = ¢, .. ¢,. and ¢,
are determined by the design characteristics of the transceivers. Based on [65].
the typical values of these parameters are: e, = 0.083 J/S. ¢, = 0.017 J/S.
e, = 2 x 107 J/S/m? n is the power index of the channel path loss. which is
between 2 and 4. R is the node transmission range; Ty and 7, denote respec-
tively the time durations for transmitting and receiving the tratfic. which can be

expressed as follows (as mentioned in equations 4.5):

Tf - Df/{/R
T. =D.,/dpg, ~2)

where D, and D, are the transmitted and received traffic data bits respectively.
and dp is the transmitted or received data rate (bits/second) of cach network
node. Thus. during one second, 7;. which denotes the time for listening to the
radio environment, is: 7} = 1 — T, — T,. where 0 < T; < 1. thus 0 < (1=D;/dr—
D, /dg) < 1. For the static traffic data scenario. where D, = D, = D. the value

range of D can be described as follows (as mentioned in equations -1.6):
1 |
0< DL 3dR X second. (~.53)

In this chapter. the author focus on uplink communication from vehicles 1o
a Base Station (BS). Based on GAF mechanism. our motorwayv model i~ divided
into virtual grids. and the data traffic is ultimately forwarded to the Bs Siee
the distance between two BSs is about 4 km. in the model the author consider
a 2 km (L=2 km) motorway network scction with a BS located at the rieht end

of the network. As the author mentioned Lefore. about 20 vehicles are uniformly
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8.3 Preliminaries

distributed in 500 metres (distance between two IDs). the average number ot
nodes in the 2 km is 80 which corresponds to a similar trend to that shown in
Fig. 8.5 (observe the variation with time of day/rush hour). Vehicles are classified
as normal nodes (only transmit data) and head nodes (relay traffic to next arid).

Assume that a constant traffic (D) flows along the motorway network (from
the left end to the BS) and the nodes in the network do not transmit data. the
relationship between the optimal transmission range and network traffic can be
derived as follows. In the equal-grid motorway GAF model. where all the virtual
grids are the same size, L and 11" represent the length and width of the network.,
respectively, while 7 and R represent the grid length and the transmission range
of nodes in each grid, respectively. Therefore. the number of grids. m. is (as

mentioned in equations 4.7):
L

and the transmission range (R;) of nodes in the i'" grid is derived hased on GAF
mechanism as follows:
R, =\ (2r)2 4+ 1172 (3.9)

The total energy consumed in the i grid, E,. is the sum of the energy con-
sumed in the listening, transmitting and receiving states of the nodes in the grid

(equation 8.1), thus (as mentioned in equations 1.10):

E, =E +E, + E
=e, I, +e + e T (2 .0)

Therefore, based on equations 8.2. 8.4 and 8.5. the energy consumed in the entire

network can be expressed as follows (as mentioned in equations 4.11):

Efotal - 771Ei
L 9 v n -
- 7[€PDT+(Jl/dR+('u(\/(2")ﬁ+” ") D'] (\_,)

As mentioned. data traffic is constant through the network. thus D, = Dy =

D. To compute the minimum energy consumption of nodes. OF e/~ 0 Fon
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n = 2 (as mentioned in equations 4.14):

2 epD+efdp + W2e,D
ie,D

. e,D+¢//dg + W3, D

r* = (N~
de,D ' (>~)

where r* is the optimal grid length. Based on equation 8.5. the optimal trans-

mission range, R*. can be described as follows (as mentioned in equations 1.15):

. oD+ e /dp+ 202, D

R" = P SRl : (~.9)
(oD

Equation 8.9 shows that the optimal radio transmission range. i7", relates to the

static network traffic data. D. and width 117, where 117 = 10m in the motorway

model.

8.4 Energy consumption in peak time traffic model

In what follows we discuss energv-efficient communication models where the anal-

ysis and simulations arc based on a 100-sccond duration.

8.4.1 Equal-grid motorway GAF model

In the equal-grid model, as shown in Fig. 8.1. the entire network is divided into
cqual grids and the traffic is forwarded grid by grid to the BS. To caleulate the
energy consumption of the motorway network. the veliicular nodes are classified
as normal nodes (1,) and head nodes (V).

The energy consumed by the normal nodes is only for transmitting. which can

Le derived based on equations 8.1 and 8.2:
E,\'n = ((’(\ + ('”R?)D,/(ln. \\.l())

where R; = /12 4+ 1172 (normal nodes are able to transmit data to the head node.
: C o - th ,
no matter where their location is). r, is the grid length of the i orid. In the

cqual-grid model, r, = 7.
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The energy consumed by the head nodes of the ith grid can be derived using

equation 8.7:

Eng =epDri+e/dr + eo(\/(2r)2 + 112)"D,,. (>11)

where

Dy = (L — (i — 1)r)IV'x
D, = (L — i)W (~12)

A denotes the traflic data (bits) intensity per mctres® (mm2). which can be caleu-
lated from the the data traffic model (A = 1.16 x 10%hits/m?/s).
By using equations 8.10, 8.11 and 8.12. the energy consumption of the entire

network: is:

m

Etotal = Z Ethi + (N — m) X ENn» (\\‘41."))
i=1

where N is the number in vehicular nodes in the motorway network (N = 80).

8.4.2 Analysis of network connectivity

Based on [148], the probability of network connectivity (B,) can be calculated by
P, = (1 — e7 Y, (511

where d is the node density, R is the transmission range of nodes. and .\ is
the total number of nodes in the network. To meet Py > 99% . and using the
parameters stated earlier in this section, I? is solved to be @ > 113m. Using the
mechanism of equal-grid GAF model. the number of grids is about 36 (1 = 36).
where the energy consumption of the network is 3841 J. which is lareer than the

minimum cnergy consumption of the cqual-grid model (£, — 3567 .J).

8.4.3 Adjustable-grid motorway GAF model

Obviously. nodes near the sink will relay more traffic than nodes at the other end

of the network. Therefore, to optimise their cnergy consumption according to
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the relationship between optimal radio range (optimal grid length) and network
traffic from equation 8.9 (8.8). the nodes near a sink should have a smaller radio
range. An adjustable-grid motorway GAF model can lead to lower encrgyv con-
sumption compared to equal-grid GAF model, if properly designed. Asillustrated
in Fig. 8.1, the adjustable-grid motorway GAF model divides the network into
m variable-length grids, where the length of each grid is determined according to

equation 8.9.

The energy consumed by the normal nodes is only for transmitting. which can

be derived based on equations 8.1 and 8.2:
En, = (¢e + ¢, R')D:/dR. (N.10)

where R, = /72 + W2 (normal nodes arc able to transmit data to the head node,

no matter where their location is ), r; is the grid length of the i orid.

The energy consumed by the head nodes of the i grid can be derived using,

equation 8.7:
En,: = ¢yDy + ¢1/dr + (/202 + 1172 Dy, (x.16)
where

Df,, = (L — 1" — Ty = 7"1'_1)”')\

D,.,' = (L—T'l — 7. —IL)”/\ (\lri
)\ denotes the traffic data (bits) intensity per metres® (in?). which is the same ax
the equal-grid model (A = 1.16 X 10%bits/m?/s).

By using equations 8.15, 8.16 and 8.17. the energy consumption of the entire

network is:
i
Eitotal = E Ev,i+ (N —m)x Ex,. (~ 1Y)
i=1

where N is the number of vehicular nodes in the motorway network (V= N0).
The cnergy consumption of the adjustable-grid motorway GAF model is 3012 ],

when the number of grids m = 21
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Figure 8.G: Genetice algorithm fow chart

8.4.4 Genetic Algorithm motorway GAF model

Genetic Algorithms (GA) [90][91] arc optimisation and scarch techniques hased on

the principles of genetics and natural sclections. The GA operations arc explained

in the flow chart shown in Fig. 8.6.

In the GA model, the fitness function is:

m

E, = ZE,-.
i=1

where

€ IV
E; = epDyi + Lt eV i+ ric)2 + W) Dy

dr

which is constraint by the set:

\/ = {(r1. 2. )t 0< < L.Z r. =L},

=1

(%191

(~.21)

where 7 is represented by a chromosome in the GA aleorithm. based on which

hew chromosomes are produced in each generation by crossover and mutation

operations on parent population. as shown in Fig. 8.6. C

p—
|

yiven cnoueh conerations



8.5 Energy consumption in off peak time traffic

(about 20000 generations), the minimum of the fitness function (minimum eneray
consumption) is computed: E, = 2946J. where m = 20. Thix result will be

analysed in Section &.6.

8.5 Energy consumption in off peak time traffic

In the off peak data traffic scenario. the average number of vehicles in the motor-
way section GAF model is only about 4. Since the maximum number of erids s
4. with the same mechanism of the peak time trathic model. the mimimum energy
consumption of the equal-grid model is achicved at this number of arids, where
m = 4. Since the data traffic density is too low and the number of vehicles is
very small, the energy consumption results of the adjustable-grid. cqual-grid and
genetic algorithm models show comparable results in terms of enercy consumyp-
tion.

Fig. 8.5 shows that the average data traffic transmitted by vehicles during the
peak time is much larger than that during off peak time and varies at different
locations during specific time durations. The huge difference in data trattic calls
for enabling vehicles to transmit at different transmission ranges according to
time duration and location on a motorway in order to save more energy. There-
fore, vehicles adjust their transmission range based on transport traffic density in
order to maintain vehicular network connectivity as well as to save more energy.
When the number of vehicles in a specific time duration or over a specific location
is siall. cach vehicle adjusts its transmission range to a large value in order to
laintain network connectivity, Whercas. when the number of vehicles inereases
then cach vehicle should adjust its transmission range based on the optimal trans-
mission range and total energy relationship functions derived in this chapter so
that the total energy consumption can be minimised. As a result. vehicles will be
able to automatically tune their wireless communication cards to a trausmission
range. which corresponds to a specific driving time or a specific location on a

motorway in order to save more Cnergy.
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8.6 Numerical results
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| 8.6 Numerical results

The author has conducted simulations to evaluate the energy efficiency of the
equal-grid, adjustable-grid and GA models. Eightv vehicular nodes (determined
by the M4 motorway traffic model) were randomly distributed in the motorway
network which is divided into virtual grids following the GAF models introduced.
In cach grid, the head node to which all the other nodes transmit was randomly
sclocted. The data is relayed by the head node of each orid until it reaches the
<ink node. Each simulation was repeated 1000 tinies. and the total average energy
consumption was computed. In what follows the we discuss the results based on
the relationships derived and the cnergv-efticiency GAF models considered.
Based on the relationship between the optimal transmission range and data
traffic transmitted by vehicular nodes in Section 8.4. Fig. 8.7 depicts the relation-
ship between optimal grid length and network traffic. Three important points can
be observed in the results shown in Fig. 8. First. the optimal grid leneth (or
optimal radio transmission range) increases sharply when the network trathe s
low. where the number of transmissions i« small and therefore the global net-

work energy can be minimised by minimising the number of nodes involved in
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the transmission. which corresponds to a large node transmission range. The
majority of the network is in the sleeping state when the network trathic is less
than 2 x 10° bits/s. Second, when the network traffic is large. the optimal trans-
mission range, R*, takes smaller values and therefore the optimal grid length

becomes smaller, and hence. there will be more relayving nodes (more grids).

8.6.1 Comparison of GAF models for energy efficiency

To evaluate the total network energy consumption with dvnamic traffic in the
equal-grid motorway GAF model, the author evaluated the total energy con-
sumption in terms of the number of network grids. m. based on cquation N3,
The relationship between E,; aud m is shown in Fig. 8.8 The mininmmun energy
consumption of the equal-grid model is achicved when m = 27, Fig. 8.8 shows the
optimal transmission range in terms of the number of grids covering a network in
the cqual-grid model. When the number of grids is small. the length of the grid
is large. Therefore, the d" (n = 2) propagation loss component dominates the
energy consumption. thus the encrgy consumption decreases sharply for m <27
with increase in the number of grids. However, when the number of grids is large.
the length of each grid is small. Therefore, the A" propagation loss component
becomes smaller, where the transmitter and receiver electronics cnergy cousunp-
tion per bit become large. This linearly increases in turn the cnergy consumption
with the number of grids. as shown in Fig. 8.8. for m > 27.

As presented in 8.4. the energy consumption of the adjustable-grid and GA
models have been computed. Accordingly. the network energyv consumption of
the equal-grid. adjustable-grid and GA models are compared in Fig. 8.8 This
<hows that the network energy consumption of the equal-grid model reaches the
minimum energy consumption (3567 J) at m = 27. and the network cnergyv
consumption of GA model reaches the minimum energy consumption (2916 1) at
m = 20. Cowmpared to the minimum network energy consumption of the equal-
orid model. the adjustable-grid model saves 19.3% energy and the G model saves
21.1% cnergy (by comparing the minimum cnerey consimption of both models).
Note that. there is only one single value for the network energy consumption

in the adjustable-grid model because in the adjustable-grid model. the leneth of
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Figure 8.8: Energy consumption comparison

each grid is computed according to the network traffic, and the number (m) of
grids is determined once the sum of the length of these grids exceeds the length
of the network (2km).

8.6.2 GAF models with variable transmission ranges

In the numerical results obtained so far, the transmission range in each grid is
considered to be static based on GAF models. In these any node in one grid is
able to communicate with any node of its neighbouring grid, which means that
the transmission range in one grid is determined by the size of its neighbour and
itself. Here, however, the author assumes that the transmission range, R;, from

one head node to its neighbour head node is only determined by their positions

on the motorway: R; = \/(zi — zi—1)? + (¥i — ¥i—1)?, where z; and y; are the
coordinates of the active node in the " grid.

As a result, Fig. 8.8 also shows the energy consumption of the GAF models
which considers variable transmission ranges, and this shows that the models
based on the variable transmission range can save more energy than those which
are based on a static transmission range. Based on the computation, it has been

found that the GAF models based on variable transmission ranges can save energy
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Figure 8.9: Power consumption in three models

by 35.3% in (equal-grid model), 34.5% in (adjustable-grid model), and 36.1% in
(GA model), compared to the GAF models which are based on static transmission

ranges. Furthermore, the comparison is more clearly shown in Fig. 8.9.

8.6.3 Comparison of power consumption

The results above are all based on 100-second simulations, in which the power
consumptions (J/s) of these models are calculated and shown in Fig. 8.9. Without
the GAF mechanisms, it is assumed that every vehicle can transmit data directly
to the BS. Thus the transmission range of each vehicle is considered to be fixed,
and is set to be the network length (L = 2km). Based on equation 8.6, the energy
consumed by the entire network is computed to be about 6.4 x 10°J, thus the
power consumption is 6.4 x 103W, which is shown in Fig. 8.9. Compared to the
power consumption without using GAF mechanism, the GAF models proposed in
this chapter can reduce the power consumption by 99.4% — 99.7% (about 6364-
6381W), and the comparison is given in Fig. 8.9. Note that, in Fig. 8.9, the
author only considers the minimum energy consumption of both equal-grid and
Genetic Algorithms models, which occur respectively at m = 21 and m = 27. As

an example, if we consider a 60W-bulb, then, the power saved in the 2 km section
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of the motorway network can power 106 bulbs and over the cutire motorway (3011

km approximately) 16,000 bulbs.

8.7 Summary

Based on transport traffic profiles observed at different inductive loops on the
M4 motorway in the UK. this chapter introduced. analvsed and evaluated three
GAF models to optimise energy consumption in vehicular ad-hoe networks. The
author has derived the relationship between the number of ¢rids and energy
consumption. where the minimum number of network grids can be determined
in the cqual-grid GAF model, determining the minimum cnergy consumption in
this model. The relationship between the network energy consumption and nodes
transmission range has been derived in the adjustable-grid GAF model. This
cnabled us to find the optimal transmission range, which corresponds to minimum
cnergy consumption in the adjustable-grid model. The performance of these two
GAF models is comparced to the performance of a genetic algorithm introduced to
optimise cnergy consumption in VANETs. The comparison results show that the
GA model is the most cnergy efficient one and saves 21.1% compared to the equal-
grid modecl, whereas the adjustable-grid model saves 10350 compared to the equal-
grid model. It was determined that a GAF model with variable transmission
ranges can save about 35% energy compared to the GAF models based ona static
transmission range. This chapter draws the first step towards building a software
utility to control the encrgy consumed in vehicular communication. Consce puentlyv.
vehicles will be able to tune their communication transmission range hased on
the driving time or specific locations along their trajectory. Furthermore, the
proposcd transmission range adjustment mechanism can be deploved in other ad-
hoe network scenarios where dvnamically varving node densitios are expected. for

example in social networking.



Chapter 9

Conclusions and Future work

9.1 Conclusions of research work

Encrgy efficiency is one of the most important issues in ad-hoce wireless networks
and forms one of the important constraints in the development of wireless ad-hoc
networks. The work in this thesis focused on how to achicve energy efficiency in
ad-hoc wircless networks. The cnergy saving approaches are classitied into three
main approaches: node states control. optimal transmission range, and topology
managceient or routing algorithms.  In this thesis, these three approaches are
utilised together in different ad-hoce wireless networks. \

In Chapter 1, the author introduced a classification for communication net-
works and then introduced node characteristics in ad-hoce wireless networks. In
relation to energy ethiciencey, the energyv constraints and the definitions of network
lifetinme in ad-hoc wireless networks have been introduced.  To achieve energyv
cfficiency in ad-hoce wireless networks. knowledge of energy consumption states.
multihop transmission techniques. topology management and routing algorithms
are needed. These were introduced and discussed. Furthermore. this chapter out-
lined the objectives of this rescarch work and the original contributions. which
were supported by a list of publications.

In Chapter 2. the energy efficiency approaches used in ad-hoc wireless net-

works have been surveved. and most of these approaches have been classified o
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9.1 Conclusions of research work

three main categories: multiple power consumption states. transmission range ad-
justment, and topology management and routing algorithms. As the main user
of the multiple power consumption states approach. the IEEE 502.11 PSM has
been introduced and discussed, and work related to it has been evaluated. The
concept of transmission range adjustment approach has been introduced. and the
work based on this concepvt has been assessed and summarised. The main routing
and topology management algorithms have been introduced. and several specitic
routing and topology management algorithms used in ad-hoc wircless networks
have been introduced and evaluated. Furthermore. other encrgy saving methods.
such as hybrid ad-hoc wireless network have been discussed.

In Chapter 3. an energy efficient GAF protocol has been proposed 1n a linear
ad-hoc wireless network. In terms of the network traflic. the attenuation loss
factor, the data bit rate. and the optimal transmission range have been derived,
The network energy consumption of the equal-grid GAF model has been derived
and the optimal grid length has been determined. Furthermore. based on the
optimal transmission range and Genetic Algorithms respectively, adjustable-grid
models have been proposed, and the related energy consumptions has been eval-
uated. The results show that, compared to the minimum cnergy consumption
of the equal-grid model. GA and OTR adjustable-grid models respectively save
energy by 12.0% and 10.9% under the sct of network and transceiver parameters
assumed. Note that. the energy consumption model considers the cnergy con-
sumed in the listening states, which has been neglected in previous work in the
literature.

In Chapter 4. an energy efficient GAF protocol has been proposed i a rect-
angular ad-hoc wireless network. Compared to the lincar GAF model proposcd
in Chapter 3. the rectangular model is closer to real networks. such as VANET
on motorways, or rectangular (or squarc) WASNETs. In a tashion similar to
the moethods in Chapter 3. the author has derived the relationship between the
optimal transmission radio range and network traffic. The analysis of network
cnergy consumption has been carried on in both equal-grid model and adjustable-
grid model. The results show that about 7T8.1% cnergy is saved by using the
adjustable-grid model compared to the minimum encrgy consumption in the

cqual-grid model. Furthermore. the network lifetime has heen evaluated based on
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a new grid-lifetime concept in both an equal-grid and an adjustable-grid models.
and the results show that the adjustable-grid model can prolong the network life-
time by 420% compared to the equal-grid model. With the node density control
approach, the network lifetime can be prolonged. In this chapter. the cnergy
consumption model has been improved by adding transmission impairments. in-
cluding the propagation attenuation function, loss factor (n=2n =4) and
Rayleigh fading.

In Chapter 5. energy-efficient geographic routing algorithms. ORF and OFEB.
have been proposed to prolong the network lifetime in a linear ad-hoc wireless
network. The ORF algorithm selects as the next hop node the node nearest to the
optimal transmission range (within the maximum range) and therefore minimises
the energy consumption. The OFEB algorithm selccts the next hop node as the
node (within the maximum range) that minimises the valuc of [a %,,l, —(1—(1)%}.
This node has the best combination of energy reserves and nceds the minimum
energy to be reached. Compared to the existing geographic routing algorithms
MFR and NFP, the simulation results show that the OFEB algorithin has the
best performance in terms of network lifetime and amount of data veceived by
the destination node. Furthermore. the author has introduced a method to select
the optimum locations of relay nodes, and has derived the rauge of relayv node
location that result in energy saving.

In Chapter 6, energy-efficient geographic routing algorithms, ORF and OFEB,
have been proposed to prolong the network lifetime in a 2-D ad-hoc wireless
network. The network lifetime and other network performance metrics have been
considered . analysed and improved. Similar to the ORF and OFEB algorithms
proposed in a linear ad-hoc wireless network in Chapter 5. the 2-D ORF algorithm
selects as the next hop node the node nearest to the optimal transmission range
(within the maximum range) and therefore minimises the energy consumption.
and the 2-D OFEB algorithm sclects the next hop node as the node (within the
maximum range) that minimises the valuce of [u% — (1 - n);——TJ This node
has the best combination of energv reserves and needs the minimum energy to he
reached. The weight factor a determines the relative significance placed on these
two requirements. The simulation results show that the OFEB algorithm has the

hest performance. The network lifetime. the network thronghput. the number of
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9.1 Conclusions of research work

received packets, and the enerev consumed for cach received packet have all been
considered. Also, in this chapter we introduced a method that can be uscd 10
select the optimum location of relay nodes.

In Chapter 7, two methods have been proposed to achieve encrgyv efliciency
in ad-hoc wireless networks in realistic phyvsical laver scenarios. Most transimiis-
sion and energy consumption models in ad-hoc wireless networks assume an ideal
physical layer model, where the packet will be 100% received by the neighbour
once the neighbour node is within the transmission range of the transmitter. In
this chapter. Ravleigh fading and Lognormal fading scenarios have been ives-
tigated to derive the optimal transmission range in ad-hoc wireless networks.
Furthermore, the relationship between the total expected energy consumption.
the range of cach hop. and the transmission power of cach node has been derived
and analvscd based on different approaches in an equal-hop end-to-end multihop
transmission model. The results show that. two relationships derived through
different approaches are equivalent. which validates the models. The vesnlts in
this chapter can be used to evaluated the realistic scenarios. and can form the
hasis for further work.

In Chapter 8. the cnergy efficiency GAF models were applied in a realistic
vehicular ad-hoe wireless network. The associated vehicular traffic is observed at
different inductive loops on the M4 motorway in the UK. The equal-grid GAE
model and the adjustable-grid GAF models which are based on the optimal trans-
mission range and Genetic Algorithms respectivelv. have been utilised to achicve
cnergy efficiency in the motorway network. The comparison results show that the
GA adjustable-grid model is the most cnergy efficient one and saves 21.1% com-
pared to the equal-grid model. whereas the adjustable-grid modcel hased on the
optimal transmission range saves 19.3%0 compared to the equal-grid model. Fur-
thermore. the results show that a GAF model with variable transinission ranees
can save about 35% energy compared to GAEF models based on a static transnis-
sion range. This chapter draws the first step towards building a software utility
to control the encrev consumed in vehicular communication. Conscquent v the
communication transmission range can be tuned based on the driving tme or

specitic locations of vehicles along their trajectory to save eneray,



9.2 Areas of futwre work

9.2 Areas of future work

The following areas can be considered for future resecarch:

The physical layer models introduced and routing algorithms discussed can
be used in Geographic Routing approach to reduce the energy consumption

and to prolong the network lifetime.

Nodes mobility can be considered and improved routing protocols can be

derived to enhance the current cnergyv saving protocols.

The relationship between node density and network lifetime can be evalu-
ated, and node density can be used together with other protocols to reduce

energy consumption and to prolong the network lifetime.

Current energy saving algorithms can be applied to specific ad-hoe wire-
less networks, such as sensor networks and vehicular ad-hoc networks. and

cortain constraints in specific networks can he considered.

The current work should be utilised in a test bed, which consists of several
computers with wircless trausceiver and trathe gencrators. [ndoor and out-
door experiments should be carried out to assess the performance of current

energy saving algoritlims. Also. nodes’ mobility can be considered.

Some critical nodes in ad-hoc wireless networks can be replaced by nodes
with a permanent energy source to prolong the network lifetime. Hyvbrid

ad-hoe networks are worthy of being studied i this context.
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