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The evaluation of the current electric power grid with novel communication facilities is one
of the most challenging and exciting issues of the 21st century. The modern grid technol-
ogy is called the smart grid in the sense that it utilizes digital communication technologies
to monitor and control the grid environments, which ultimately require novel communica-
tion techniques to be adapted to the system. Wireless sensor networks (WSN) have
recently been considered as a cost-effective technology for the realization of reliable

I;g;:f rd:ld remote monitoring systems for smart grid. However, problems such as noise, interference
Wirelefs sensor networks and fading in smart grid environments, make reliable and energy-efficient multi-hop rout-
Routing ing a difficult task for WSNs in smart grid. Our main goal is to describe advantages and

applications of WSNs for smart grid and motivate the research community to further inves-
tigate this promising research area. In this study we have investigated and experimented
some of the well-known on-demand, table-driven and QoS-aware routing protocols, in
terms of packet delivery ratio, end-to-end delay, and energy consumption to show the
advantages and disadvantages of each routing protocol type in different smart grid spec-
trum environments. The environmental characteristics which are based on real-world field
tests are injected into ns-2 Network Simulator and the performance of four different multi-
hop routing protocols is investigated. Also, we have shown that traditional multi-hop rout-
ing protocols cannot deliver adequate performance on smart grid environments. Hence,
based on our simulation results, we present some guidelines on how to design routing pro-
tocols specifically for smart grid environments.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction different electricity consumers (industrial, commercial,

residential) will be realized.

The smart grid is the modernization of the existing elec-
tric power grid, which mainly has a centralized energy
generation and a unidirectional energy distribution. The
current power grid suffers from the limited and unreliable
communication and monitoring facilities, which cause the
existing grid to be unreliable and ineffective [8]. By inte-
grating various digital communication technologies to the
power grid, new functionalities and applications for
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With the increased use of various digital control and
communication techniques for smart grid applications
and development of smart grid communications standards,
the reliability, security and efficiency of the electric grid
will be enhanced. By establishing bi-directional flows of
communication and control capabilities, a sustainable
and effective electricity generation, transmission, distribu-
tion, and utilization for current and future generations is
envisioned. Moreover, with the new grid smooth transition
to renewable sources, reduced greenhouse gas emissions
and resistance to both physical and cyber attacks are also
targeted [9].
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There is a tradeoff between the utilization of wired
communication and sensor systems and WSNs into the
smart grid. Utilization of wired communication systems
can be regarded as a more robust infrastructure, however,
it would necessitate much more investment and mainte-
nance costs. Also wired sensors would decrease the net-
work scalability which ultimately will cause inflexibility
in the new grid. On the other hand, WSNs will be one of
the most feasible means to realize embedded electric
power grid monitoring and diagnostic systems [35]. In
these systems, sensors are deployed on the critical equip-
ment of the smart power grid to measure various system
parameters, such as conductor temperature, voltage and
dynamic thermal rating line fault detection, outage detec-
tion [11-14]. These sensor measurements will then be sent
to utility control centers via sink nodes, which may reside
in the network gateways. The existing WSNs applications
on smart grid vary on a wide range. Some of the applica-
tions are: automatic meter reading, equipment diagnostics,
automation of distribution, detection of outage, remote
monitoring, fraud detection, etc. [23-26]. However, as sta-
ted in [6], there exist many problems of deploying WSNs in
smart-grid applications. These problems can be summa-
rized as follows:

e Harsh environmental conditions: In WSN-based smart
grid applications, due to the obstructions and the noisy
environment, the wireless links show different charac-
teristics over time and space. Thus, wireless link capac-
ity is limited and changes continuously.

QoS provisioning: The wide variety of WSN applications
has different QoS requirements making QoS provision-
ing a difficult task. Furthermore, due to the time sensi-
tive nature of the sensor data, it is regarded as a vital
subject to transmit the data to controller in time.

e Sensor parameters: The adaptability of WSNs in smart
grid is important, since it enables end-users to cope
with dynamic link-quality and topology changes in
smart grid environments. In this respect, choosing the
appropriate sensor parameters, such as energy scheme,
transmission range, and multi-hop routing protocol, is
critical to meet application objectives.

Large-scale deployment and ad hoc architecture: In
most of the smart grid applications, large number of
sensor nodes is utilized. Also WSNs are obliged to estab-
lish multi-hop network connections because the net-
work infrastructure is not predetermined. Hence,
reliable multi-hop routing becomes a vital issue to
design a WSN-based smart grid application.

In spite of the recent interest in smart grid applications
based on WSNs, wireless multi-hop routing in different
smart grid environments is still a vastly unexplored area.
To address this need we evaluated and tested different
types of routing protocols, such as on-demand (AODV
and DYMO), table-driven (DSDV) and QoS-aware (TUQR)
routing protocols, in terms of packet delivery ratio, end-
to-end delay, and energy consumption to show the advan-
tages and disadvantages of each routing protocol type in
different smart grid spectrum environments. In this work,
we present and describe the advantages challenges of

WSNs for smart grid, specifically on the network layer
and motivate the research community to further investi-
gate this research area. Consequently, the main contribu-
tions of this study can be summarized as follows:

o Performance evaluations of different types of multi-hop
routing protocols, such as on-demand (AODV and
DYMO), table-driven (DSDV) and QoS-aware (TUQR)
routing protocols, have been conducted specifically
under harsh smart grid spectrum environments. Based
on these evaluations, important design guidelines on
how to develop routing protocols specifically for smart
grid environments have been presented.

The smart grid environmental characteristics (which
are taken from real-world field tests using IEEE
802.15.4 compliant wireless sensor nodes [6]) are
injected into ns-2 Network Simulator. Upon request,
the complete experimental data will be made available.
This can help the research community develop novel
wireless communication protocols for smart grid
applications.

The paper is organized as follows. In Sections 2, WSN-
based smart grid characteristics and applications are sum-
marized and the opportunities and challenges of applying
WSNs in smart grid are reviewed. In Section 3, the related
work on smart grid communications is presented. In Sec-
tions 4 and 5, evaluated WSN routing protocols, perfor-
mance evaluations and an overview of simulation results
are explained, respectively. The paper is concluded in
Section 6.

2. Smart grid characteristics and applications

The transition to smart grid requires re-establishing and
modifying many technologies of the current electric grid.
In this sense, smart grid is expected to meet the following
principal characteristics towards the demands of the 21st
century [17]:

o Self-heals: The modern grid will be fault tolerant by
performing continuous self assessments. To avoid
system failures and recover the system timely, it needs
to rapidly detect, analyze and respond to system
faults. This requires robust and effective communica-
tion protocols especially for WSN-based smart grid
applications.

Includes consumer: In existing power grid, consumers

are not informed and non-participative with the power

grid. To reduce the cost of delivered electricity, consum-
ers will involve into the decision process of electrical
power grid.

Resists to attacks: In order to improve public safety, the

new grid will be able to protect the system from any

cyber and physical attacks.

o Accommodates all generation and storage options:
The modern grid will have very large numbers of
diverse distributed power generation (e.g. wind energy,
renewable energy) and power storage devices deployed
to complement the large generating plants.
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e Has optimization of asset and operation efficiency:
Today’s electrical grid has minimal integration of lim-
ited operational data with asset management processes
and communication technologies. The smart grid will
be able to monitor and optimize the capital assets by
minimizing operation and maintenance expenses.

It is very challenging to meet all aforementioned char-
acteristics. Importantly, the network designers and appli-
cation developers should balance the tradeoffs among the
different application requirements while developing com-
munication protocols and architectures.

Overall, as shown in Fig. 1, there are several potential
WSN-based smart grid applications that can be realized
in different smart grid environments, such as in power sta-
tions, transmission sub-systems, distribution subsystems,
customer premises. These applications vary from the usage
of sensors, integrated smart meters, and appliances within
the customer’s premises; networks of field components be-
tween distribution and control substations to customers’
and market’s premises.

vin the literature, different WSN solutions for the
smart grid have been proposed [6,11-13]. In [11], an on-
line and self-powered WSN-based conductor temperature
monitoring application is introduced. This information is
required by various controlling units, such as local energy
management system and central utility, for monitoring
and controlling purposes in smart grid. WSN-based smart
grid applications, which deal with blackouts, have been
proposed in [11-13]. These studies show that electrical
earth and currency faults, earthling of phase line, and
other environmental problems may cause devastating
problems on smart grid, which may ultimately cause
blackouts.

For the time being, the blackouts and lower power qual-
ity costs billions of funds each year because of the lack of a
robust online monitoring system. For example, still in
many areas of the United States, outage is detected only
if a customer calls to report it by phone. By utilizing WSNs,
reliable online monitoring control systems can be
achieved. Besides these, inspecting and maintaining the
failures of poles and towers in the power grid in a timely
manner is vitally essential to system integrity and reliabil-
ity of the system because blackout repairs cost huge
amounts. Hence, various management systems and mea-
surement techniques for smart grid are proposed in the lit-
erature so far. Another WSN-based smart grid application

Power transformers

is online monitoring of conductor gallop, which is the
high-amplitude, low-frequency oscillation of overhead
power lines due to the wind. While it may cause mechan-
ical failures, which ultimately cause blackouts, it is very
important to detect conductor galloping. In [11], numerical
modeling of the system behavior is presented with the
tests performed on the experimental results. A solution,
which has been focused on avoiding conductor galloping
by using certain anti-vibration or to limit the bundle oscil-
lations within safe values have been presented and
discussed.

WSN-based power distribution fault identification tools
are often essential for effective outage restorations in
smart grid. In the power grid, power distribution faults
can be caused by tree and animal contact to power lines
or towers [11]. In [28], two popular classification methods;
logistic regression (LR) and artificial neural network (ANN)
applied on power distribution fault cause are illustrated to
overcome the problems caused by animals and trees.

Another usage of WSNs in smart grid will be developing
solutions to power fraud issues. With the usage of Wireless
Automatic Meter Reading (WAMR), power fraud can be
tackled or minimized [13]. The lack of online monitoring
also disables the existing power distribution grid to detect
outages. This puts the current system in an unreliable situ-
ation. With the online and bi-directional data flow charac-
teristics of WSNs, reliability can be increased by
implementing outage detection and online monitoring sys-
tems [14].In Table 1, an overview of some of these potential
applications and their corresponding power grid segments
are summarized. In the following section, the related work
on smart grid communications has been presented.

3. Related work on smart grid communications

Recent developments in the power industry point out
that standardization is a key issue in smart grid in order
to enable end-to-end data exchange between various com-
ponents of the smart grid [18,19]. In [9], priority areas for
standardization and a list of standards that need to be re-
fined, developed and implemented have been shown.

Among these standardization efforts, there are various
studies for smart grid communications such as in [20,38],
ZigBee performance is evaluated under different smart grid
environments. It is also shown that ZigBee presents prom-
ising performance results when the WiFi interference is
moderate [10,15]. ZigBee is a promising technology for

Customers 7

Transmission substation ~ 7

Distribution substation

Fig. 1. Deploying WSN-based smart grid applications on power transformers, transmission substations, distribution substations and customer premises.
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Table 1
Examples of WSN applications for smart grid.

Application Feature

Usage segment

Automatic Meter Reading
(WAMR) Systems
Blackout detection
etc.
Conductor galloping detection

Tree and animal contact
detection
Power fraud detection

Online pricing, online metering, self power usage control

Avoiding or limiting by using certain anti-vibration techniques

Logistic regression and artificial neural network, applied on power to overcome the
problems caused by animals and trees
With the usage of WAMR systems, power fraud can be tackled or minimized

Consumer

Detecting electrical earth, currency faults, earthling of phase line, environmental problems, Transmission,

distribution
Transmission,
distribution
Transmission,
distribution
Consumer

the smart grid applications . However, the frequency bands
of the WiFi and ZigBee fall in the same spectrum. There-
fore, in [21] a frequency interference avoidance algorithm,
including interference detection and smart channel selec-
tion is proposed. Also in [22], an application of cognitive
radio communications for smart grid WANSs is proposed.
It is stated that, the cognitive radio links based on the IEEE
802.22 standard are desirable in smart grid networks since
they do not require initial capital investment in the li-
censed spectrum.

It is foreseen that WSNs will provide grid-wide moni-
toring of utility assets in terms of enhancing system reli-
ability and asset utilization. To support this idea, an
overview of the highlights and gaps in currently available
sensor technologies, both from a performance and cost
point is stated in [11]. In [23], an application of low cost
IPv6 based WSN in distributed generation is proposed.
The WSN used in the proposed scheme is based on IEEE
802.15.4 link layer technology. It is also shown that with
application of WSN, it is possible to overcome the power
sharing challenges in distributed generations and improve
the system reliability. Also in [24], a linear network model
and its insufficiencies in supporting future smart grid
applications is analyzed. To deal with this issue, they pro-
pose the extension of the wireless communication capabil-
ity of the relay sensors. However, in this study, the
performance evaluations of this proposed network model
against realistic channel parameters is missing.

Although all these studies provide solid and valuable
foundations in smart grid communications, none of them
focuses on employment of multi-hop WSN routing proto-
cols for smart grid applications. Hence, there is a need for
performance evaluations of multi-hop routing protocols
in different smart power grid spectrum environments. In
the following section, we give an overview of routing pro-
tocols used in our performance evaluations.

4. Overview of evaluated routing protocols

Application requirements of the smart grid raise new
challenges at the network layer of the protocol stack with
respect to routing and data forwarding [36]. Hence, there is
a need to analyze the advantages and disadvantages of dif-
ferent types of routing protocols in various smart grid envi-
ronments. In this study we have investigated and
experimented some of the well-known on-demand, table-
driven and QoS-aware routing protocols, in terms of packet

delivery ratio, end-to-end delay, and energy consumption
in line-of-sight (LOS) and non-line-of sight (NLOS) smart
grid propagation environments.

4.1. AODV

The AODV routing protocol was intended to be used in
MANETS. It determines unicast routes to destinations with-
in the ad hoc network and uses destination sequence num-
bers to ensure loop free communication avoiding problems
such as “counting to infinity” associated with classical dis-
tance vector protocols. The AODV routing algorithm is an
on-demand (reactive) algorithm meaning that it builds
routes between nodes only when desired by source nodes.
When a source node wants to send a packet to a destina-
tion, it broadcasts a route request (RREQ) packet across
the network. Other AODV nodes forward this message
and record the node that they heard it from. These for-
warding nodes set up backwards pointers to the source
node in their route tables. A node receiving the RREQ
may send a route reply (RREP) if it is either the destination
or if it has a route to the destination with corresponding
sequence number greater than or equal to that contained
in the RREQ. Otherwise, the neighbor will re-broadcast
the RREQ. If the source receives a RREP containing a greater
sequence number or contains the same sequence number
with a smaller hop count, it may update its routing infor-
mation for that destination and begin using the better
route [1,7].

4.2. DSDV

DSDV is a table-driven routing protocol designed for
MANETs which was based on classical Bellman-Ford rout-
ing algorithm. The main contribution of the DSDV algo-
rithm to the Bellman-Ford routing algorithm was to solve
the Routing Loop problem [2]. In DSDV, every node has a
full topological view of the network by maintaining a list
of all destinations and hop counts to each destination. Each
entry is marked with a sequence number. It uses full dump
or incremental update to reduce network traffic generated
by route updates. The broadcast of route updates is
delayed by settling time. Routing information can always
be readily available, regardless of whether the source node
requires the information or not. DSDV solve the problem of
routing loops and count to infinity by associating each
route entry with a sequence number indicating its



164 S. Temel et al./Computer Networks 60 (2014) 160-170

freshness. In DSDV, a sequence number is linked to a des-
tination node, and usually is originated by that node (the
owner). A non-owner node updates a sequence number
of a route when it detects a link break on that route. A
route with a newer sequence number is preferred and in
the case that two routes have the same sequence number,
the one with a better cost metric is preferred.

4.3. DYMO

DYMO is a multihop on-demand routing protocol which
is intended for use in ad hoc networks and provides adap-
tation to frequently changing node topologies. Since DYMO
has not yet been implemented commercially, the IETF
standards are still in progress. Using AODV as the basis,
DYMO borrows “Path Accumulation” from Dynamic Source
Routing (DSR) and removes unnecessary Route Reply
(RREP), precursor lists and Hello messages (Route explora-
tion messages), thus simplifying AODV. It retains sequence
numbers, hop count and Route Error (RERR) messages from
AODV [4]. There two basic operations in DYMO which are
“route discovery” and “route management”. In order to
find a route for the target node, in route discovery process,
the source node broadcasts a RREQ message throughout
the network. If the target node successfully gets the RREQ
message, it then responds with a RREP message to the
source node. Each node on the way that receives the RREP
records a route for the target node. When the source node
receives the RREP it means a route is established between
the source and target nodes. When a packet is received for
a route that is no longer available, the source node will be
notified. A RERR is sent to the packet source to indicate the
current route is broken. Once the source receives the RERR,
it re-initiates route discovery if it still has packets to deli-
ver. In this study we have used the DYMO-UM agent which
is developed by Pedro M. Ruiz and Francisco Ros for NS-2
implementations [3].

4.4. TUQR

TUQR is developed by Zagli and Song [27]. In this work,
a new protocol for QoS routing in ad hoc networks is devel-
oped to reduce the effects of distrustful environments by
keeping a number of suitable paths as high as possible
and distributing the decision mechanism among the nodes
on the path. Among others, TUQR is a newer protocol. It
aims to achieve QoS routing in ad hoc networks while
reducing the effects of distrustful environments by keeping
a number of suitable paths as high as possible and distrib-
uting the decision mechanism among the nodes on the
path. In TUQR, each node is assumed to be capable of sup-
plying: (i) The information delay time to neighbors by
checking periodically. (ii) The average time that an individ-
ual packet spends in outgoing packet queue. In this proto-
col, neither of the nodes in the network have information
about the path that will be followed by data packets. In-
stead, starting with the source node, each node just knows
which neighbor(s) is/are declared to be capable of forward-
ing data packets under given delay constraint to the given
destination. A forwarding node picks one of these neigh-
bors according to the current local connection status and

given delay constraint it forwards the data packet to that
neighbor. This process is repeated on each node until the
packet reaches to one of adjacent nodes of destination. This
approach, as a whole, tries to avoid to be affected by wire-
less link status changes, by reacting them in a timely fash-
ion and keeps the packet on its way using all possible
resources of the network.

5. Performance evaluations

We have performed simulations in ns-2 Network Simu-
lator. The ns-2 is a C++ based discrete event simulator
equally good for simulating both the wired and wireless
networks [5]. It is used by many researchers for analyzing
protocols since its accuracy on the produced results be-
tween the real and simulated environments is well appre-
ciated. In addition, we used the log-normal shadowing
model as the channel model. This model uses a normal dis-
tribution with variance o to distribute the received power
in the logarithmic domain [16]. Recent experimental stud-
ies show that this model provides more accurate multi-
path channel models compared to the Rayleigh and Naka-
gami models for wireless environments with obstructions
[6]. In this model, the signal to noise ratio y(d) at a distance
d from the transmitter is given in Eq. (1),

d
P(d)gp = Pe — PL(dy) — 1077l0g;, (d—) X, P, (1)

where Pt is the transmit power in dBm, PL(dO) is the path
loss at a reference distance d0, # is the path-loss exponent,
Xo is a zero mean Gaussian random variable with standard
deviation g, and Pn is the noise power in dBm.

The simulations are conducted in six different scenarios
which correspond to environments of a 500 kV substation
(LOS), a 500 kV substation (NLOS), an underground trans-
former vault (LOS), an underground transformer vault
(NLOS), a main power room (LOS) and a main power room
(NLOS). The log-normal shadowing model parameters are
obtained from our previous work [6], where numerous
field tests on IEEE 802.15.4-compliant wireless sensor
nodes have been conducted in real-world power delivery
and distribution systems at Georgia Power, Atlanta, GA,
USA.

In this study, the comparison of the routing protocols is
achieved by deploying 100 nodes in a 50 m x 50 m grid
field in ns-2 and the simulation time is set to 1000 s. The
number simulation times are 25 for each type of routing
protocol for each type of smart grid environments. Also
at every run, different prime number seed values are set.

The topology of the simulated network is presented in
Fig. 2. As it can be seen from the figure, one node in the
bottom right is selected as the sink and 5 nodes from the
upper left corner are selected to be CBR (Constant Bit Rate)
senders. The CBR packet size is set to 32 bytes due to en-
ergy efficiency issues and the interval is set to 10 pack-
ets/s. To promote randomness, we run the simulations
with different seed values and take the averages of the re-
sults. Nodes are equipped with a single transmitter/recei-
ver with IEEE 802.15.4 CSMA/CA based medium access
control layer. The parameters used in our performance
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Fig. 2. Topology of the network, the nodes 5, 9, 27, 45 and 49 are senders
and the node 90 is the sink node.

Table 2
Simulation parameters.
Number of nodes 100
Number of traffic flows 5
Packet length 32 Bytes
Queue type Drop tail
Frequency band 868 MHz
Radio propagation model Log-normal shadowing
MAC protocol IEEE 802.15.4
Data rate 10 pkts/s
Routing protocols AODV, DSDV, DYMO,
TUQR
Simulation time 1000 s
Number of simulations for each 25
protocol
Table 3

Log-normal shadowing model parameters.

Propagation environment Path loss  Shadowing

(n) deviation (o)

500-kV substation (LOS) 2.42 3.12
500-kV substation (NLOS 3.51 2.95
Underground network transformer  1.45 2.54

vault (LOS)
Underground network transformer  3.15 3.19

vault (NLOS)
Main power room (LOS) 1.64 3.29
Main power room (NLOS) 2.38 2.25
Non-smart grid environment 14 4

evaluations are listed in Table 2 and the log-normal shad-
owing model parameters are listed in Table 3. Also as a
benchmark, we have extended our simulations on a non-
smart grid environment. It can be followed from Table 3
that the path loss exponent and standard deviation param-
eters of a non-smart grid environment is chosen to be 1.4

and 4.0 respectively which reflects an indoor environment
[41].

In the performance evaluations, we investigate the fol-
lowing performance metrics:

o Packet Delivery Ratio is the ratio between the number
of successful packets and the total number of transmit-
ted packets.

o Average Network Delay is the average time to receive
all data on the destination nodes.

e Energy Consumption represents the overall average
percentage of the consumed energy by nodes.

5.1. Packet delivery ratio

Packet Delivery Ratio (PDR) is the ratio between the
number of the successful delivered CBR packets and the
number of the generated CBR packets. As shown in Eq.
(2) this is calculated by dividing the number of packets re-
ceived by the destination (> CBR,) through the number of
packets transmitted by the application layer of the source
(3°CBRy). It is an important metric which indicates the con-
gestion level of the network. PDR measures the protocol
performance from loss ratio experienced at the network
layer that is affected by factors such as packet size, and
network load. The higher the delivery ratio, the more com-
plete and correct is the routing protocol.

XCBR,
2CBR; )

In Fig. 3, the PDR (%) values of the AODV, DSDV, DYMO,
and TUQR routing protocols which correspond to both LOS
and NLOS smart grid environments of an outdoor 500-kV
substation, an indoor main power room and an under-
ground network transformer vault are shown, respectively.
As we can see from Fig. 3 that the TUQR produces the max-
imum and the AODV produces the minimum PDR results in
average. We can also infer from Fig. 3 that the average per-
formance of both routing protocols produce better results
in LOS environments than in NLOS environments. For
example, DSDV produces 51% and 32% PDR results in
500-kV substation (LOS) and 500-kV substation (NLOS)
environments consecutively. AODV produces 50% and
45% PDR results in the main power room of LOS and NLOS
environments. The same evaluations are also valid for the
other protocols. This can be due to the worse conditions
in the NLOS environments that, when the network is dis-
connected, the routing protocols react to errors by trying
to find alternative routes. If the disconnections are fre-
quent, the data is queued at the nodes, waiting to be for-
warded, and starts to get dropped as queues fill up which
ultimately increases latency.

In the harsh conditions of the smart grid environments,
disconnections are so frequent eventually causing the
routing protocols to perform poorly. This situation is more
obvious for the AODV protocol. AODV can be regarded as a
base and benchmark protocol for MANETSs, however it is
proven that AODV has a huge overhead in a static network
traffic due to the fact that high frequency of periodic redis-
covery of neighbors is not necessary [39,40]. As expected,
the DYMO gives better PDR results than the AODV in all

PDR =
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Fig. 3. Packet delivery ratio (PDR) of AODV, DSDV, DYMO and TUQR routing protocols in different smart grid environments.

the environments. This can be because of the fact that,
DYMO removes unnecessary RREQ, precursor lists and Hel-
lo messages, thus simplifying the AODV.

5.2. Average network delay

Average Network Delay (Avgy) is the average time it
takes a data packet to reach the destination divided by
the connection pairs (cp) of the simulation. As shown in
Eq. (3) this metric is calculated by subtracting the time at
which first packet was sent by source (t;) from the time
at which the first data packet arrived to the destination
(tg). This delay includes all possible delays that are caused
by route discovery latency, queuing in the interface queue,
retransmission at the MAC layer and propagation through
the environment.

X(tg —ts)

p

In Fig. 4 the Average Network Delay results which cor-
respond to the AODV, DSDV, DYMO and TUQR routing pro-
tocols in LOS and NLOS smart grid environments are
shown. It can be seen in Fig. 4 that in both six environ-
ments, DYMO and DSDV protocols produce minimum net-
work delay, which put these algorithms to be a good
candidate for smart grid environments when the average
delay metric alone is chosen to be a performance metric.
However, in ad hoc environments both PDR, average net-
work delay and energy consumption values have to be ta-
ken into account in order to choose an appropriate multi-
hop routing protocol. As can be seen from Figs. 4 and 5,
the average delay and energy consumption values of the
DSDV and DYMO protocols are not sufficient to be good
candidates. In addition, the delay results of the TUQR and
AODV protocols are also very high in average. When the
PDR results are high we could expect the delays to be high-
er proportionally but surprisingly, the average delay re-
sults can be considered low.

Avgy = 3)

5.3. Average energy consumption

The average energy consumption of all nodes in the
simulations is calculated by setting the ns-2 energy model
parameters. These parameters, such as transmit power and
received power are set to 35.28 mW and 31.32 mW con-
secutively. At the very beginning of the simulations, the
initial power of each node is set to 100 J. By iteration, the
energy consumption of each node in six different smart
grid environments is calculated by subtracting each node’s
final energy value from the initial energy value. All of the
energy consumption values for each node are aggregated
and averaged. In the simulations, the energy model of the
ns-2 is utilized. The energy model is a node attribute which
represents the level of energy in a wireless node [5]. In the
energy model, an initial energy value is applied to all nodes
at the beginning of the simulation. For calculation ease we
set the initial energies of all nodes to 100 J.

When we look at Fig. 5, we can infer that in NLOS envi-
ronments, the energy consumption is higher than in LOS
environments because of the high number of retransmis-
sions and packet drop ratios of the harsh NLOS environ-
ments. For example the average energy consumption of
the DYMO is 1.4% in 500-kV substation LOS environment
and 1.6% in 500-kV substation NLOS environment. One
interesting result is taken from the TUQR routing protocol
where the energy consumption of this protocol is very high
with respect to other protocols. The reason this protocol
consumes extremely high energy is that; as stated in
[27], TUQR is designed for multi-hop networks where en-
ergy consumption is not a constraint and thus, several
retransmissions occur until the packet is delivered to the
destination.

6. Overview of simulation results

One important feature of the smart grid is the integra-
tion of reliable and secure data communication networks
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Fig. 4. Average network delay of AODV, DSDV, DYMO and TUQR routing protocols in different smart grid environments.

manage the complex power systems effectively [37].

However, there are many physical channel impairments,
such as low link quality, low data rate, high or variable la-
tency [6] in smart grid environments. In our simulation
tests we have observed that these conditions affect overall
wireless multi-hop routing performance in WSN-based
smart grid applications. The results of the performance
evaluations can be summarized as follows:

The energy consumption of the sensor nodes is higher
in NLOS environments because of the high number of
retransmissions and packet drop ratios. In addition,
we have observed that on-demand routing protocols
use energy slightly more efficiently than the table-dri-
ven protocols.

If just PDR is chosen to be the only metric to select the
appropriate routing protocol, TUQR seems to be a good

candidate. However, the average delay and power con-
sumption of this protocol is extremely high.

e The number of deployed nodes in the area affects the

routing performance directly. As shadowing model
states; when deploying nodes so close to each other,
the probability that two nodes cannot communicate
will be high, although it can also happen with a certain
probability that two nodes beyond the deterministic
transmission range (which bases on the transmit
power, transmitter/receiver power threshold values of
the sensors). In our simulation results we observed this
phenomenon, where by deploying 100 nodes, we have
achieved the most effective results.

e The harsh electric-power-system environments, in

terms of the shadowing deviation and path loss exponent
parameters, affect the performance values of routing
algorithms. When we compare the overall performance
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Fig. 5. Average energy consumption of AODV, DSDV, DYMO and TUQR routing protocols different smart grid environments.
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results of LOS and NLOS environments, we have observed
that LOS environments produce better PDR results than
the NLOS environments. The harsh conditions cause
packet delays and packet drops which ultimately affect
the overall performance.

7. Routing design guidelines

Due to the harsh network characteristics of smart grid
environments, such as background noise, high attenuation,
and wireless propagation phenomena, WSNs suffer from
volatile links and intermittent connectivity when deploy-
ing multi-hop networks [6,8,13,14,29,34]. These intermit-
tent links cause an extra challenge for determination of
the most appropriate communication protocols in such
environments. While traditional multi-hop routing proto-
cols cannot deliver adequate performance, novel and par-
ticular routing design solutions for the smart grid has to
be re-visited.

As the design of a novel routing protocol must be based
on the characteristics of its target environment, the deter-
mination of routing metrics to be used has an impact on
the overall routing performance [30]. Hence, based on
the simulation results, we present some design guidelines
on the network layer. Major design guidelines are summa-
rized as follows:

o Path determination scheme: In multi-hop wireless net-
works, a routing protocol finds a route from the source
to a destination according to a routing metric. The
hop-count metric is one of the most widely used
one; however, it cannot reflect the quality of a link.
In smart grid environments, wireless links have vary-
ing characteristics due to obstructions, fading, and
noisy environment. Thus, the wireless link capacity is
limited and varies continuously that traditional
multi-hop routing algorithms perform poorly by utiliz-
ing the hop-count routing metric. This phenomenon is
shown in our simulation results which are illustrated
in Figs. 3-5. Therefore, when designing a reliable rout-
ing protocol, effects of link loss ratios and interference
among links of a path should be taken into account
[31]. It is stated in [29] that the quality of a link
depends highly on the environmental characteristics
and interference. Also, the interference from the neigh-
boring channels has a major influence on the packet
delivery rate. It is also shown in [33] that the link
quality estimation metrics have better performance
than conventional metrics, such as hop-count. Hence,
adding interference-awareness and a link-quality-
aware metric to routing in smart grid environments
can significantly enhance the overall network perfor-
mance by alleviating the resulting interference and
preserving more optimal paths for the subsequent
arriving connections [32]. As an alternative, the infor-
mation regarding the total packet delivery delay time
from source to destination metric can also be used as
proposed in TUQR [27]. With this metric, packets will
be forwarded via the route which has the minimum
communication delay to improve packet delivery
performance.

e Packet forwarding scheme: In multi-hop routing,
intermediate nodes forward packets according to their
route table, which store the next hops for reaching to
the destination. Choosing the appropriate forwarding
scheme for a specific environment is so crucial that
when combining a wrong type of routing metric with
a forwarding scheme may result in non-optimal routes
[30]. For the smart grid environments, where connec-
tivity and mobility are low, but the nodes may not
have enough resources in terms of energy and mem-
ory, we need a more reliable packet forwarding
scheme. Instead of deploying basic “store-and-for-
ward” scheme, a more opportunistic scheme of the
“store-carry-and-forward” can be deployed [30]. In
this type of forwarding scheme, nodes will decide
whether to forward a packet immediately or keep it
for a while in order to be able to eventually deliver
the packets from source to destination.

8. Conclusion

In this paper, the performance of four different multi-
hop routing protocols is investigated for different smart
power grid environments, e.g., 500 kV outdoor substation,
main power control room and underground network trans-
former vaults. Specifically, different types of multi-hop
routing protocols, such as on-demand (AODV and DYMO),
table-driven (DSDV) and QoS-aware (TUQR) routing proto-
cols, have been compared in terms of packet delivery ratio,
end-to-end delay, and energy consumption to show the
advantages and disadvantages of each routing protocol in
various environments. Furthermore, we introduce poten-
tial applications of WSNs along with the related technical
challenges. Our goal here is to describe advantages and
applications of WSNs for smart grid and motivate the re-
search community to further investigate this promising re-
search area. The simulation results show that none of the
routing protocols give satisfactory performance results in
terms of packet delivery ratio, end-to-end delay, and en-
ergy consumption. Hence, novel QoS-based routing algo-
rithms have to be developed for the WSN-based smart
grid applications.

Acknowledgements

This work was supported by Abddullah Gul University
Foundation and the European Union FP7 Marie Curie Inter-
national Reintegration Grant (IRG) under Grant PIRGO5-
GA-2009-249206. We also would like to thank Ibrahim ZA-
GLI for his precious help to implement TUQR protocol in
ns-2.

References

[1] LD. Chakeres, E.M. Belding-Royer, AODV routing protocol
implementation design, in: Proc. 24th International Conference on
Distributed Computing Systems Workshops, 2004, pp. 698-703.

[2] CE. Perkins, E.M. Royer, S.R. Das, M.K. Marina, Performance
comparison of two on-demand routing protocols for ad hoc
networks, IEEE Pers. Commun. 8 (1) (2001) 16-28.

[3] FJ. Ros, Implementing a new MANET Unicast Routing Protocol in
NS2, 2012. <http://masimum.dif.um.es/nsrt-howto/html/nsrt-
howto.html> (accessed 01.09.12).


http://refhub.elsevier.com/S1389-1286(13)00392-7/h0010
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0010
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0010
http://masimum.dif.um.es/nsrt-howto/html/nsrt-howto.html
http://masimum.dif.um.es/nsrt-howto/html/nsrt-howto.html

S. Temel et al. / Computer Networks 60 (2014) 160-170 169

[4] M. Quan-xing, X. Lei, DYMO routing protocol research and
simulation based on NS2, Int. Conf. Comput. Appl. Syst. Model.
(ICCASM) 14 (1) (2010) 14-44.

[5] Network Simulator 2, 2012. <http://www.isi.edu/nsnam> (accessed
01.06.12).

[6] V.C. Gungor, Lu. Bin, G.P. Hancke, Opportunities and challenges of
wireless sensor networks in smart grid, IEEE Trans. Ind. Electron. 57
(10) (2010) 3557-3564.

[7] SR.A. Aziz, N.A. Endut, S. Abdullah, M.N.M. Doud, Performance
evaluation of AODV, DSR and DYMO routing protocol in MANET, in:
Conference on Scientific and Social Research (CSSR’09), 2009.

[8] European Commission Research, “European Smart Grids Technology
Platform Vision and Strategy for Europe’s Electricity Networks of the
Future”. <http://ec.europa.eu/research/energy/pdf/smartgrids.pdf>
(accessed 15.09.12).

[9] NIST Framework and Roadmap for Smart Grid Interoperability
Special  Publication 1108. <http://www.nist.gov> (accessed
15.09.12).

[10] Wireless Medium Access Control (MAC) and Physical Layer (PHY)
Specifications for Low-Rate Wireless Personal Area Networks (LR-
WPANS), IEEE 802.15.4-2006 Standard, 2006.

[11] Y. Yang, F. Lambert, D. Divan, A survey on technologies for
implementing sensor networks for power delivery systems, in:
Power Engineering Society General Meeting, 2007.

[12] Y. Wang, L. Weimin, T. Zhang, Study on security of wireless sensor
networks in smart grid, in: International Conference on Power
System Technology (POWERCON), 2010, pp. 1-7.

[13] AR. Devidas, M.V. Ramesh, Wireless smart grid design for
monitoring and optimizing electric transmission in India, in:
Fourth International Conference on Sensor Technologies and
Applications (SENSORCOMM), 2010, pp. 637-640.

[14] P.P. Parikh, M.G. Kanabar, T.S. Sidhu, Opportunities and challenges of
wireless communication technologies for smart grid applications, in:
IEEE Power and Energy Society General Meeting, 2010, pp. 1-7.

[15] G. Lu, B. Krishnamachari, C.S. Raghavendra, Performance evaluation
of the IEEE 802.15.4 MAC for low-rate low-power wireless networks,
in: IEEE International Conference on Performance, Computing, and
Communications, 2004, pp. 701-706.

[16] D. Tse, P. Viswanath, Fundamentals of Wireless Communication,
Cambridge University Press, 2005.

[17] S.E. Collier, Ten steps to a smarter grid, in: IEEE Rural Electric Power
Conference (REPC ‘09), 2009, pp. B2-B2-7.

[18] H. Farhangi, The path of the smart grid, IEEE Power Energy Mag. 8 (1)
(2010) 18-28.

[19] S. Rohjans, M. Uslar, R. Bleiker, J. Gonzalez, M. Specht, T. Suding, T.
Weidelt, Survey of smart grid standardization studies and
recommendations, in: First IEEE International Conference on Smart
Grid Communications (SmartGridComm), 2010, pp. 583-588.

[20] P.Yi, A. Iwayemi, C. Zhou, Developing ZigBee deployment guideline
under WiFi interference for smart grid applications, IEEE Trans.
Smart Grid 2 (1) (2011) 110-120.

[21] Y. Peizhong, A. Iwayemi, Z. Chi, Frequency agility in a ZigBee
network for smart grid application, in: Innovative Smart Grid
Technologies (ISGT), 2010, pp. 1-6.

[22] A. Ghassemi, S. Bavarian, L. Lampe, Cognitive radio for smart grid
communications, in: First IEEE International Conference on Smart
Grid Communications (SmartGridComm), 2010, pp. 297-302.

[23] G. Bag, R. Majumder, K. Ki-Hyung, Low cost wireless sensor network
in distributed generation, in: First IEEE International Conference on
Smart Grid Communications (SmartGridComm), 2010, pp. 279-284.

[24] K.S. Hung, WK. Lee, V.O.K. Li, K.S. Lui, P.W.T. Pong, KK.Y. Wong, G.H.
Yang, J. Zhong, On wireless sensors communication for overhead
transmission line monitoring in power delivery systems, in: First
IEEE International Conference on Smart Grid Communications
(SmartGridComm), 2010, pp. 309-314.

[25] M. Erol-Kantarci, H.T. Mouftah, Wireless multimedia sensor and
actor networks for the next-generation power grid, Ad Hoc Netw. 9
(4) (2011) 542-551.

[26] R.A. Leon, V. Vittal, G. Manimaran, Application of sensor network for
secure electric energy infrastructure, IEEE Trans. Power Del. 22 (2)
(2007) 1021-1028.

[27] 1. Zagli, M. Song, Topology unaware QOS routing protocol, in: 5th
WSEAS International Conference on Telecommunications and
Informatics, 2006, pp. 207-212.

[28] L. Xu, C. Mo-Yuen, A classification approach for power distribution
systems fault cause identification, IEEE Trans. Power Syst. 21 (1)
(2006) 53-60.

[29] N. Baccour, A. Koubaa, L. Mottola, M. Zuniga, H. Youssef, C. Boano, M.
Alves, Radio link quality estimation in wireless sensor networks: a
survey, ACM Trans. Sens. Netw. (TOSN) 8 (4) (2012).

[30] Y. Yang, J. Wang, Design guidelines for routing metrics in multihop
wireless networks, in: IEEE 27th Conference on Computer
Communications, 2008, pp. 1615-1623.

[31] G. Parissidis, M. Karaliopoulos, T. Spyropoulos, B. Plattner,
Interference-aware routing in wireless multihop networks, IEEE
Trans. Mobile Comput. 10 (5) (2011) 716-733.

[32] R. Langar, N. Bouabdallah, R. Boutaba, G. Pujolle, Interferer
link-aware routing in wireless mesh networks, in: 2010
IEEE International Conference on Communications (ICC), 2010,
pp. 1-6.

[33] L. Tao, A. Kamthe, J. Lun, A. Cerpa, Performance evaluation of link
quality estimation metrics for static multihop wireless sensor
networks, in: 6th Annual [EEE Communications Society Conference
on Sensor, Mesh and Ad Hoc Communications and Network, 2009,
pp. 1-9.

[34] L. Stojmenovic, A. Nayak, J. Kuruvila, Design guidelines for routing
protocols in ad hoc and sensor networks with a realistic physical
layer, IEEE Commun. Mag. 43 (3) (2005) 101-106.

[35] M. Erol-Kantarci, H.T. Mouftah, Wireless sensor networks for cost-
efficient residential energy management in the smart grid, IEEE
Trans. Smart Grid 2 (2) (2011) 314-325.

[36] Nico Saputro, Kemal Akkaya, Suleyman Uludag, A survey of routing
protocols for smart grid communications, Comput. Netw. 56 (11)
(2012) 2742-2771.

[37] Wenye Wang, Yi Xu, Mohit Khanna, A survey on the communication
architectures in smart grid, Comput. Netw. 55 (15) (2011) 3604-
3629.

[38] B.E. Bilgin, V.C. Gungor, Performance evaluations of ZigBee in
different smart grid environments, Comput. Netw. 56 (8) (2012)
2196-2205.

[39] H. Farooq, Low Tang Jung, Health, link quality and reputation
aware routing protocol (HLR-AODV) for wireless sensor network
in smart power grid, in: 2012 International Conference on
Computer & Information Science (ICCIS), vol. 2, 12-14 June
2012, pp. 664-669.

[40] A.E. Baba, S.A. Ruppert, N. Jaber, K.E. Tepe, AODV adaptation for
semi-static smart grid monitoring systems, in: 2012 IEEE
International Conference on Smart Grid Engineering (SGE), 27-29
August 2012, pp. 1-5. doi: 10.1109/SGE.2012.6463962.

[41] R. Akl, D. Tummala, X. Li, Indoor propagation modeling at 2.4 GHz for
IEEE 802.11 networks, in: Proc. Wireless and Optical,
Communications, 2006.

Samil Temel is a Ph.D. researcher/student in
computer engineering at Turkish Air Force
Aeronautics and Space Technologies Institute
(ASTIN). He received his M.S. degree at TUAFA
in 2008 and he holds a B.S. degree in Com-
puter Engineering from Yildiz Technical Uni-
versity, Istanbul, Turkey. His research
interests include directional MAC protocols,
FANETs and wireless sensor networks.


http://refhub.elsevier.com/S1389-1286(13)00392-7/h0020
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0020
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0020
http://www.isi.edu/nsnam
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0030
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0030
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0030
http://ec.europa.eu/research/energy/pdf/smartgrids.pdf
http://www.nist.gov
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0080
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0080
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0080
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0090
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0090
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0210
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0210
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0210
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0125
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0125
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0125
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0130
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0130
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0130
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0140
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0140
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0140
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0145
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0145
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0145
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0155
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0155
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0155
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0170
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0170
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0170
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0175
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0175
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0175
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0180
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0180
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0180
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0185
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0185
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0185
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0190
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0190
http://refhub.elsevier.com/S1389-1286(13)00392-7/h0190

170 S. Temel et al./Computer Networks 60 (2014) 160-170

Dr. Vehbi Cagri Gungor received his B.S. and
M.S. degrees in Electrical and Electronics
Engineering from Middle East Technical Uni-
versity, Ankara, Turkey, in 2001 and 2003,
respectively. He received his Ph.D. degree in
electrical and computer engineering from the
Broadband and Wireless Networking Labora-
tory, Georgia Institute of Technology, Atlanta,
GA, USA, in 2007 under the supervision of
Prof. lan F. Akyildiz. Currently, he is an Asso-
ciate Professor and Chair of Computer Engi-
neering Department, Abdullah Gul University
(AGU), Kayseri, Turkey. His current research interests are in smart grid
communications, machine-to-machine communications, next-generation
wireless networks, wireless ad hoc and sensor networks, cognitive radio
networks, and IP networks. Dr. Gungor has authored several papers in
refereed journals and international conference proceedings, and has been
serving as an editor, reviewer and program committee member to
numerous journals and conferences in these areas. He is also the recipient
of the IEEE Trans. on Industrial Informatics Best Paper Award in 2012,
IEEE ISCN Best Paper Award in 2006, the European Union FP7 Marie Curie
IRG Award in 2009, Turk Telekom Research Grant Awards in 2010 and
2012, and the San-Tez Project Awards supported by Alcatel-Lucent, and
the Turkish Ministry of Science, Industry and Technology in 2010.

Taskin Kocak received B.S. degrees in Elec-
trical and Electronic Engineering, and in
Physics (as a double major) from Bogazici
University, Istanbul, Turkey in 1996 as well as
M.S. and Ph.D. degrees in Electrical and
Computer Engineering from Duke University,
Durham, NC, USA in 1998 and 2001, respec-
tively. He is currently a full-professor and
chairman of the Computer Engineering
Department at Bahcesehir University, Istan-
bul, Turkey. Previously, he was a senior lec-
turer (associate professor) in the Electrical
and Electronic Engineering Department at the University of Bristol, Eng-
land, UK (2007-2009) and, he was an assistant professor of Computer

Engineering at the University of Central Florida, Orlando, FL, USA (2001-
2007). Before joining the academia, he worked as a design engineer at
Mitsubishi Electronic America’s Semiconductor Division in Raleigh-Dur-
ham, NC, USA (1998-2000). His research interests are in computer net-
works and communications, and hardware design (computer architecture
and VLSI). His research activities have produced over 100 peer-reviewed
publications, including 36 journal papers, and have been supported by
American, British, Japanese and Turkish funding agencies and companies,
including Northrop Grumman, Toshiba Research Europe, Great Western
Research, ClearSpeed Technology, KDDI, Turk Telecom and Alcatel-Lucent.
He founded and organized the Advanced Networking and Communica-
tions Hardware Workshop series (2004-2006) which were supported by
both IEEE and ACM. He is the founding editor-in-chief of the ICST
Transactions on Network Computing. He also served as an associate
editor for the Computer Journal (2007-2009) and as a guest editor for a
special issue of the ACM Journal on Emerging Technologies in Computing
Systems.



	Routing protocol design guidelines for smart grid environments
	1 Introduction
	2 Smart grid characteristics and applications
	3 Related work on smart grid communications
	4 Overview of evaluated routing protocols
	4.1 AODV
	4.2 DSDV
	4.3 DYMO
	4.4 TUQR

	5 Performance evaluations
	5.1 Packet delivery ratio
	5.2 Average network delay
	5.3 Average energy consumption

	6 Overview of simulation results
	7 Routing design guidelines
	8 Conclusion
	Acknowledgements
	References


