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Lifetime of node-to-node communication in a wireless ad hoc network is defined as the
duration that two nodes can communicate with each other. Failure of the two nodes or fail-
ure of the last available route between them ends their communication. In this paper, we
analyze the maximum lifetime of node-to-node communication in static ad hoc networks
when alternative routes that keep the two nodes connected to each other are node-disjoint.
We target ad hoc networks with random topology modeled as a random geometric graph.
The analysis is provided for (1) networks that support automatic repeat request (ARQ) at
the medium access control level and (2) networks that do not support ARQ. On the basis
of this analysis, we propose numerical algorithms to predict at each moment of network
operation, the maximum duration that two nodes can still communicate with each other.
Then, we derive a closed-form expression for the expected value of maximum node-to-
node communication lifetime in the network. As a byproduct of our analysis, we also derive
upper and lower bounds on the lifetime of node-disjoint routes in static ad hoc networks.
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We verify the accuracy of our analysis using extensive simulation studies.
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1. Introduction

Node redundancy in wireless ad hoc networks provides
a degree of fault-tolerance and increases reliability of data
communication. That is, after the first route between two
nodes fails, there might be alternate routes through other
intermediate nodes to keep the connectivity. A source node
can transfer data to a destination node until they both are
alive and there is at least one route between them (see
Fig. 1). Here, the basic question is how long any two arbi-
trary nodes in a wireless ad hoc network with a random
topology can communicate with each other without inter-
ruption due to lack of routes between them before their
own batteries run out. This we call here as node-to-node
communication lifetime.

* Some preliminary results have been published in [30].
* Corresponding author. Tel.: +31 152786446; fax: +31 152781774.
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Analysis of node-to-node communication lifetime in ad
hoc networks allows us to identify how and to what extent
various factors such as node distribution, transmission
range, network deployment area, packet transmission rate,
and energy consumption characteristics of nodes affect the
lifetime. This can help us to define configurable parameters
such that the communication lifetime of nodes is maxi-
mized. Although many studies have addressed problems
related to this problem in wireless ad hoc networks, a
complete analysis considering all factors such as network
connectivity and energy consumption characteristics of
nodes is missing. The problem of connectivity of ad hoc
networks has been studied extensively in [1,22,23,21,8,12,
17,25,24,9]. This problem deals with estimating the proba-
bility that an ad hoc network is k-connected as well as
finding the minimum node density and the minimum
transmission range required to keep the network k-con-
nected. However, to determine the node-to-node commu-
nication lifetime in ad hoc networks we have to consider
the energy consumption rate of nodes as well. Assuming
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Fig. 1. An illustration of node-to-node communication lifetime in ad hoc networks.

the network is k-connected, the energy consumption rate
of nodes determines when the first route, the second, and
ultimately the kth node-disjoint route between two nodes
fail due to the battery exhaustion of their intermediate
nodes.

Analysis of the network lifetime is another problem re-
lated to the problem of node-to-node communication life-
time in wireless ad hoc networks. This relation depends on
the definition of the network lifetime. Multitude defini-
tions of network lifetime have been studied. Some, for
example, define the network lifetime in terms of time until
the first node fails due to energy drain [15] or time until
the first cluster head is drained of energy [27]. Although
failure of a node in a global scale may contribute to discon-
nection of a pair of nodes from each other, we should no-
tice that due to redundancy in wireless ad hoc networks,
failure of a node or a cluster head may not result in lack
of end-to-end communication between two specific nodes.
Other perspectives found in the literature specify the net-
work lifetime as the time until a fraction of nodes are sur-
vived in the network [6] or the time until an area of
interest is covered by a subset of nodes [5,2,4,32]. Knowing
these values of the network lifetime can provide us in-
sights about the duration of node-to-node connectivity in
the network. However, they do not provide precise infor-
mation, because connectivity of nodes is not considered
explicitly. Studies which are more relevant to our work
in this paper define the network lifetime in terms of the
network connectivity. Examples are the duration that the
network remains k-connected [16,26], or the duration that
the size of the largest connected component of the network
remains above a threshold [3]. Nevertheless, we should
notice that these connectivity-based definitions of the net-
work lifetime have been studied in terms of communica-
tion to a base station in wireless sensor networks, which
is different from the ability of an arbitrary pair of nodes
to communicate in a general purpose ad hoc network. This

requires analyzing the lifetime of alternative routes con-
necting two nodes to each other. A similar problem has
been tackled by Zhang et al. [33] and Tseng et al. [28]. They
proposed algorithms to predict the duration that a route
stays intact when the nodes are mobile. However, we
know that battery drain of nodes may also cause route fail-
ure. Furthermore, communication between two nodes
might be ended not only due to route failure but also due
to depletion of their own batteries. Our analysis of the
node-to-node communication lifetime in this paper covers
all these missing aspects. Furthermore, what we analysis
as node-to-node communication lifetime could be consid-
ered as a variant of the network lifetime. That is, it consid-
ers the lifetime of mutual connectivity of nodes as an
indicator of the network lifetime. Node-to-node communi-
cation lifetime can also reflect the time until the network is
partitioned, because two nodes get disconnected due to
network partitioning.

Node-to-node communication lifetime in ad hoc net-
works also has some relation with the resilience of these
networks. Najjar and Gaudiot [19] defined network resil-
ience as the maximum number of node failures (say for
example, due to battery exhaustion) which can be toler-
ated while the network remains connected with a certain
probability. There are also some other definitions provided
for the network resilience in the literature. Colboum [7]
defined the network resilience as the expected number of
node pairs that can communicate with each other when
some nodes fail in the network. Ganesan et al. [11] defined
it as the likelihood that an alternative route is available be-
tween a source and a destination when the shortest path
between them fails. Finally, Dimitar et al. [10] defined
the network resilience as the maximum number of nodes
that can be removed from the network such that the prob-
ability that a connection is available between a pair of
nodes remains above a threshold. Considering the concept
of resilience in ad hoc networks, we may say that node-to-
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node communication lifetime is the duration that a con-
nection between two nodes remains resilient. To find this,
we need to know when the two nodes disconnect from
each other due to failure of intermediate nodes between
them. Among various studies, only Xing and Wang [31]
analyzed the expected duration that a node is connected
to the rest of the network. Nevertheless, they modeled
node failure as a Markov chain to analyze the connectivity
of a mobile node to its neighboring nodes in a steady state,
without considering the energy consumption characteris-
tics of nodes and failure of routes due to failure of their
intermediate nodes.

Our contribution in this paper is to address the node-to-
node communication lifetime in static ad hoc networks by
modeling and analyzing the maximum duration that two
nodes can stay connected to each other. The analysis is
provided for networks in which the MAC (medium access
control) layer supports automatic repeat request (ARQ) to
recover lost packets, and networks in which ARQ is not
supported. ARQ affects the energy consumption rate of
nodes due to retransmission of lost packets. This, in turn,
affects the node-to-node communication lifetime in the
network. Our main contributions in this paper are as
follows:

e We propose numerical algorithms to calculate the com-
munication lifetime of two specific nodes in networks
with and without ARQ. The presented algorithms can
predict at any moment the maximum duration that
two arbitrary nodes can still communicate with each
other. To this end, we model energy consumption rate
and remaining battery energy of nodes at any instance
of the network operation.

We derive a closed-form expression for the expected
value of maximum node-to-node communication life-
time. The expression that we derive can predict the
expected maximum duration that two arbitrary nodes
in a static ad hoc network with a random topology
can communicate with each other.

We derive upper and lower bounds for the lifetime of
alternate node-disjoint routes between nodes.

Using extensive simulation studies, we show the accu-
racy of our analysis. We show that the numerical algo-
rithms and the closed-form expression can accurately
estimate communication lifetime of nodes. We also ver-
ify the accuracy of upper and lower bounds on the life-
time of node-disjoint routes.

The highlight of this work is that our treatment here is
comprehensive in approach considering all the minute
details.

The rest of the paper is structured as follows: In Sec-
tion 2, we present preliminaries. In Section 3, we provide
a more specific definition for node-to-node communica-
tion lifetime in ad hoc networks. The energy consumption
rate of nodes is analyzed in Section 4 for networks without
ARQ support, and in Section 5 for networks with ARQ sup-
port. The numerical algorithms to calculate the communi-
cation lifetime of nodes are presented in these two sections
as well. We derive upper and lower bounds on the lifetime
of node-disjoint routes in Section 6. In Section 7, we derive

a closed-form expression for the expected communication
lifetime of nodes. Simulation results are presented in Sec-
tion 8. We conclude in Section 9.

2. Preliminaries
2.1. Network model

Consider topology of a wireless ad hoc network repre-
sented by a graph G(V, E), where V and E are the set of ver-
tices (nodes) and edges (links), respectively. We assume
N = |V| nodes are uniformly distributed in the network
area. Thus, the network topology could be random. If the
Euclidean distance between two nodes u and v in the net-
work is less than d,q (the transmission range), we assume
that there is a link between them (i.e., (u, v) € E). Note that
the network topology may not necessarily be a connected
graph. It may consist of a number of disconnected sub-
graphs. Here, we consider a general case without making
any assumption about connectivity of the network topol-
ogy. Connectivity of ad hoc networks depends on density
and transmission range of nodes (this will be discussed
further in Section 7).

We assume nodes are static. There could be several
applications of ad hoc networking in which nodes are sta-
tic. For example, in a home network, appliances could form
an ad hoc network to exchange context [20]. Other exam-
ples of static ad hoc networks are wireless sensor networks
and wireless mesh networks.

We define B(t) = {B.(t)}\_, as the set of battery energy
of nodes at time t, where B,(t) denotes the battery energy
of node u € V at time t in Joule.

Definition 1 (Node failure). If the residual battery energy
of a node falls bellow a threshold By, the node is
considered to be failed. Without loss of generality, we
assume By, = 0.

As we assumed nodes are failed due to battery exhaus-
tion, other types of failure of nodes such as malicious at-
tacks are excluded from our analysis. Communication
failure between nodes is only due to battery exhaustion
of nodes. Furthermore, since we study static ad hoc net-
works, communication failure due to mobility of nodes is
not considered in this work as well.

2.2. Node-disjoint routes

Definition 2 (Node-disjoint routes). Two routes between a
pair of source-destination nodes are node-disjoint, if they
don’t have any intermediate node in common.

We assume multiple routes used to keep nodes con-
nected to each other are node-disjoint [18]. In node-dis-
joint routes, failure of a node results in failure of only
one of the available routes between the source and the des-
tination. This reduces the frequency of route discovery and
saves energy, because such routes could be discovered
once before the communication between two nodes starts.
In non-disjoint routes with common intermediate nodes,
failure of a single node may result in failure of several
routes. Thus, the routing protocol may require to trigger
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Fig. 2. Illustration of the node-disjoint routes between a source node, i, and a destination node, j. In this figure, there are three routes between the source
and the destination, (i.e., Kj; = 3). Depending on the in-use route, different notations are considered for the source and the destination node.

a new route discovery whenever a node in non-disjoint
routes fails.! This, indeed, generates a high overhead and in-
creases energy consumption of nodes for route discovery.
For this reason, many multi-path routing protocols try to
discover node-disjoint routes [11,29,18]. How such routing
protocols discover node-disjoint routes is out of the scope
of this paper. Interested readers are referred to [18] for more
information about multi-path routing in wireless ad hoc net-
works. In this paper, we only analyze the duration that two
nodes can communicate with each other using node-disjoint
routes.

We denote Py = (N, Nak,. .., My Nh+1k) as the kth
node-disjoint route between the source and the destina-
tion node, in which ny; is the Ith node in Py and hy is the
number of hops of Py. In each route, n;  is the source node,
N1k is the destination node, and n,y, ..., 0y, are inter-
mediate (relay) nodes which forward packets hop by hop
from the source to the destination. The number of node-
disjoint routes between the source node i and the destina-
tion node j is denoted by K;;. Note that we use different
notations for the same source and destination nodes in
different node-disjoint routes. That is, ni1,n1,..., Nk,
all refer to the source node i. Similarly, ny 11,
My 12, - My, 1K, all refer to the destination node j (see
Fig. 2). We use this notation to ease our presentation in
next sections. Here, we define S;; = k:]Pk as the set of
constituent nodes of all K;; node-disjoint routes between
the source node i and the destination node j.

Without loss of generality, we assume the criteria for
finding routes is minimizing the hop-count. Accordingly,
the kth node-disjoint route between two nodes (i.e., Py) is
the route whose rank is k. Here, we do not consider any
preference in ranking of routes with the same number of
hops. That is, if two routes have the same number of hops,
one of them is ranked after the other one. It is also worth-
while to mention that if the source and destination are
neighbors, then the first ranked route P; will be the direct
link between the two nodes (single-hop route). In such a

1 Here, we basically assumed that a reactive route discovery mechanism
is deployed in the ad hoc network. Reactive protocols are shown to be more
effective in these networks.

case, no alternative route is required for communication,
because the two nodes will communicate through the di-
rect link between them until one of them fails. Failure of
the source or destination will end their communication.
In our analysis in this paper, we distinguish between sin-
gle-hop and multi-hop routes (connections).

2.3. Medium access control mechanism

We consider two types of MAC protocols: protocols
which support ARQ, and protocols which do not support
ARQ. If ARQ is supported, an acknowledgment (ACK) is
transmitted by the receiving node for each data packet that
is received error-free over the physical link (see Fig. 3). The
sending node will retransmit the packet, if no ACK is re-
ceived. This continues until the sender receives an ACK
for the packet, or the maximum number of transmission
tries, M, is reached. Therefore, a data packet or its ACK
might be transmitted m < M times. If, however, ARQ is
not supported, the packet is sent only once and no ACK is
transmitted. MAC protocol in IEEE 802.11b/g/n standards
supports mandatory ARQ, while in IEEE 802.15.4 standard
support for ARQ is optional. In IEEE 802.15.4, MAC header
of each transmitted packet indicates whether the receiver
needs to acknowledge the packet or not. Thus, depending
on the link technology deployed in a wireless ad hoc net-
work, ARQ may or may not be supported. For this reason,
we consider both type of MAC protocols in this work.

The analysis we provide here is independent of the type
of MAC mechanism. Nevertheless, since wireless ad hoc
networks are autonomous systems without a central con-
troller, usually carrier sense multiple access (CSMA) mech-
anisms are deployed. Here, we only make the following
assumptions with regard to the MAC mechanism:

(1) Transmission time of data packets over wireless
links is assumed to be negligible compared to the
inter-arrival time of data packets — belonging to the
same session — from the application layer. Transmis-
sion time includes waiting time at the MAC layer to
access the channel as well as the duration required
to transmit all bits of the packet on the physical link.
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Fig. 3. Transmission of data packets and MAC acknowledgments over a
physical link.

In fact, we assume MAC mechanism is efficient
enough to achieve relatively a small channel access
waiting time. Furthermore, wireless technology sup-
ports relatively a high data rate such that transmis-
sion time becomes negligible compared to inter-
arrival time of packets - belonging to the same session
- from the application layer.

(2) When an intermediate node relays a packet, the time
required to receive and forward the packet is negli-
gible compared to the inter-arrival time of data
packets - belonging to the same session — to that
intermediate node. That is, in addition to having a
negligible transmission time, the processing time
of a packet at an intermediate node is also negligible
compared to the inter-arrival time of packets -
belonging to the same session.

(3) When ARQ is supported, we also assume that the
total time required to deliver a packet over a physi-
cal link to the receiver is negligible compared to the
inter-arrival of packets - belonging to the same ses-
sion — to the MAC layer of the source node (from
application layer) or the MAC layer of relay nodes
(from physical layer).

We emphasize again that the transmission delay and
the processing time of packets have been considered neg-
ligible compared to the inter-arrival time of packets which
belong to the same session between the source and the
destination. In other words, we assume that the underlying
network layer could transmit a packet to the next hop be-
fore the next packet generated by the source node arrives
at an intermediate node. Note that with the increase in
data rates of wireless technologies, efficiency of data com-
pression techniques, and increase in the processing speed
of small processors such assumptions are not very unreal-
istic. We made these assumptions to reduce complexity of
calculating the energy consumption rate of intermediate
nodes when they forward packets of the source node
hop-by-hop to the destination node.

2.4. Packet reception

In accordance with wireless standards such as IEEE
802.11 and IEEE 802.15.4, we assume a packet transmitted

on a physical link consists of three parts: a preamble for
transmitter-receiver synchronization, a header specifying
the payload length, and the payload. The payload includes
higher layer headers (e.g., MAC, IP, TCP/UDP) as well as the
application data. The payload is protected by cyclic redun-
dancy check (CRC). The packet length is referred to as the
length of the entire packet including the header and the
preamble.

There could be four scenarios in which a packet trans-
mitted on a physical link is lost. First, if the received power
of signals carrying information of the preamble is lower
than the threshold required for detection (e.g., due to high
interference power), then the packet will not be received at
all. Second, if the receiver detects the preamble with error,
then it will not continue to receive the header and the pay-
load. Thus, the packet is lost. Third, when the preamble is
detected error-free but the header is erroneous, the recei-
ver stops receiving the payload. Forth, if both preamble
and header are received error-free but the payload fails
to pass the CRC, then the packet will be discarded. In the
first scenario, a lost packet is not received at all. In the sec-
ond and third scenarios, a lost packet is received partially.
Nevertheless, in the fourth scenario, a lost packet is re-
ceived completely. Since the size of the preamble and the
header are usually much smaller than the size of the pay-
load, the probability that a lost packet is received com-
pletely is much higher than the probability that it is
received partially. Therefore, we assume that the receiver
likely consumes the same amount of energy for receiving
lost (corrupted) packets compared to receiving error-free
packets.

Here, we define p(u,v) as the probability of error-free
reception of a data packet of size L bits transmitted by node
u to node v over the physical link (u,2). P = {p(u, v)} is de-
fined as the set of these values for all links in the network.
When ARQ is supported, we also define Q = {q(u, »)}, in
which q(u,v) is probability of error-free reception of an
ACK of size L, bits acknowledging the reception of the data
packet which has been transmitted over (u, v). We empha-
size that p(u, v) is the probability of error-free reception of
data packets considering the effect of transmission error
due to fading and shadowing on wireless channels as well
as the effect of collision due to strong interference. The
same is true for q(u, v).

3. Node-to-node communication lifetime: problem
statement and formulation

We model and analyze node-to-node communication
lifetime as defined in the sequel.

3.1. Problem statement

Assume an arbitrary source node i € V transmits pack-
ets to an arbitrary destination node j € V with the rate 4
packet/s. The packet transmission is started at the network
startup (without loss of generality). At first, Py, the first
node-disjoint route between the source node and the des-
tination node, is used to transfer packets. If P; fails due to
failure of its intermediate nodes, P, is used provided that
the source and the destination both are still alive. This con-
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tinues until either the source or the destination or the last
available route between them, Py, fails.

Our goal in this work is to analyze the maximum dura-
tion that two nodes in a wireless ad hoc network can com-
municate with each other. To this end, nodes belonging to
S;j must only carry and be affected by the generated traffic
by node i destined to node j. To clarify this, assume that
some nodes of S;; carry traffic other than the traffic gener-
ated by i. They may act as intermediate nodes or even
source or destination in other traffics. Even if these nodes
are not directly involved in other traffics, they may over-
hear packets belonging to other traffics. In any case, their
energy consumption will increase compared to the case
that they are not involved with or affected by other traffics
in the network. If energy consumption rate of such nodes
belonging to S;; increases, they live for a shorter time. This,
in turn, may reduce the duration that i can communicate to
jvia nodes in S;;. The duration that i can transfer packets to
Jj, denoted by Tjj, is maximized if nodes in S;; do not carry
other traffics or are not affected by other traffics in the net-
work. T;; as defined here is the maximum duration that i
can transfer packets to j.

3.2. Problem formulation

In general, a wireless ad hoc network might be a discon-
nected network. Thus, there may not be a route between
two nodes which are outside each other’s transmission
range. In such a case their communication lifetime is basi-
cally zero. However, if there is at least one route between
two nodes or the two nodes are neighbors, their communi-
cation lifetime is either the lifetime of the source node, the
destination node, or the last available route between them
Py,

We first assume that nodes are not neighbors. Let T, be
the time (with respect to the network start-up t=0) at
which Py fails, and the use of the next route, Py is started
for packet transfer from node i to node j. Furthermore, let
c(nik) (J/s) be the energy consumption rate of n;; € P, when
Py is in-use for packet transfer. We also denote By, (Ty_1) as
the residual battery energy of n;; € Py at the time of failure
of P,_,. Given these notations, we can determine T; as
follows:

Ty =min(ty 1, t21,. . b1, -5 thy s thy+11),
in which ¢;; is defined as

Bnn (0)
c(ngq)

1= s Vl=1..h1+1.

Here, there could be several possibilities. If Ty = t; 1, failure
of the source node i ends the communication between the
source and the destination node. If T; = t;, 14, failure of
the destination node j ends the communication. If neither
Ty = t1,1 nor Ty = ty,, 111, but there is only one route between
iandj (i.e, Ki;=1), the communication ends due to lack of
alternative routes between i and j. If there is a second route
to continue the communication after failure of the first
route, we can calculate the lifetime of the second route
as follows:

T, =min(ti, tz2,...,ti2, s thy 2, thy41.2),

Failure time Failure time Failure time

of the 2nd of the 1st of the source

relay in the relay in the node in the

1st route 2nd route CId route

t t t
0 T SR X
~7

T T T T time
T T, T, T,

2

Fig. 4. Illustrating of the communication lifetime of two nodes for the
example shown in Fig. 2. Failure of the first route happens at the time that
the second relay fails (i.e., t3 1), and failure of the second route happens at
the time that the first relay fails (i.e., t,). Failure of the third route
happens at the time that the source node fails (i.e., t13).

where t;, is defined as

Bn,, (T1)
tp=T1+ )’
We check again whether the source node i or the destina-
tion node j has failed, or they are still alive, but the second
route has failed. According to our notation, in either case
T;j=T.. If the source and the destination are still alive,
and there is another route to continue the communication,
this procedure is repeated until the communication fails
(see Fig. 4). In general, we have

vi=1.hy + 1.

Ty = min(tyx, tag, -5 tiges - -5 Erydes 1) (1)
in which

B, (T_
tie = Tis +M, Vi=1.he+1, k=1...Kj (2)

C(nl.k)

Now, assume that the two nodes i and j are neighbors.
That is, the single-hop route P; = {ny; =1i,ny411 =j} is
used for communication between them. In such a case,
we obviously have

Ti_j =T = min(t1_1, fh1+1,1).

As we see, to calculate the communication lifetime of
two nodes, we need to determine the energy consumption
rate of nodes, c(n;x), and their remaining battery energy
B, (Tk-1). In the next two sections, we model these values
in networks with and without ARQ support. On the basis of
this modeling and the problem formulation presented in
this section, we will present in the next two sections
numerical algorithms to calculate the node-to-node com-
munication lifetime between two specific nodes.

4. Energy consumption and remaining battery energy of
nodes without ARQ

We first present a model for calculating the energy con-
sumed by a transmitting and a receiving node to exchange
a packet over a physical link. On the basis of this model, we
then determine the energy consumption rate of nodes.

4.1. Consumed energy for packet exchange over a physical link

Similar to [13,14], we assume that the consumed en-
ergy for transmission and reception of a packet over a
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physical link increases linearly with the packet size. When
ARQ is not supported, every packet is transmitted once. If
we denote e, and e, as the energy consumed to transmit
and receive a packet of length L bits over a physical link,
we respectively have

{et =€l, Y(u,v) € E,
er=¢€l, Y(u,v) €,

3)

where, €; and €, (J/bit) are the energy consumed to trans-
mit and receive a single bit of the packet, respectively.

In addition to the energy consumed by nodes for trans-
mission and reception of data packets, there are some
other sources of energy consumption for nodes. For in-
stance, in wireless ad hoc networks, nodes consume energy
for transmission and reception of control packets for rout-
ing and neighbor discovery (background traffic) and for
channel sensing. Even when nodes do not send or receive
any control or data packet, they may also consume energy
for non-communication purposes such as application exe-
cution. To take into account these sources of energy con-
sumption in our analysis, we abstract them for each node
u by a parameter f(u) (J/s). Set of these values for all nodes
in the network are denoted by F = {f(u)} ,. We empha-
size that the amount of f{u) is assumed to be different for
different nodes. One reason is, different nodes might have
different number of neighboring nodes broadcasting bea-
cons and other control messages. Furthermore, in a wire-
less ad hoc network, nodes might be heterogeneous and
consume different amount of energy for non-communica-
tion purposes. Defining flu) in this general form makes
our analysis also general and independent of the type of
networking protocols deployed. We refer to f{u) as idle-
mode energy consumption rate of node u. Here, we say a
node is at the idle mode when it does not transmit or re-
ceive any data packet which belongs to the active connection
between a source and a destination node. This should not be
mistaken by energy consumption of transceivers when
they are idle and do not transmit or receive any packet
(data or control).

4.2. Energy consumption rate of nodes

A single hop route is always the last route which is used
for packet transfer, because failure of the source or the des-
tination will end the communication. If the source node
transmits data packets to the destination node with the
rate 1 packets/s, their energy consumption rate in a sin-
gle-hop route is as follows:

{ c(nig) = e+ f(np,),

c(Mps1k) = 28 + f (M 1k),

(4)

where e; and e, are as defined in (3). The following remark
is the result of (4):

Remark 1. Assuming f(n5,) = f(1p,114), the energy con-
sumption rate of the source node in a single-hop route
when ARQ is not supported is greater than the energy
consumption rate of the destination node, if € > €.
Otherwise, the energy consumption rate of the destination
node is higher.

In a multi-hop route, each relay node forwards data
packets that it receives from the previous relay node. There
are two issues which must be considered for computing
the energy consumption rate of nodes. First, the packet for-
warding rate in each hop depends on the reliability of the
previous links along the route. When Py, = (ny,nyy, - .,
My, M 414) 1S used to transfer data packets from the
source node to the destination node, n;, € P, forwards
packets with the rate i(n;), where

=1,

) _ -1
=95 P 1)y VL= 2.,

m=1

and 2 is the packet transmission rate of the source node.

Remark 2. Due to packet loss over physical links, the
packet forwarding rate of each relay node is lower than or
equal to the packet forwarding rate of its upstream nodes.
That is, A(1yk) < A(M_14) < - < ANy )

The second issue that we must consider is that each
node overhears packets transmitted by its downstream
node as shown in Fig. 5. The figure shows that, for example,
the second relay overhears packets transmitted by the
third relay. Nevertheless, the third relay (in general the last
relay), which is next to the destination, does not overhear
any packet. Taking into account these two issues and
assumptions in Section 2.3, the energy consumption rates
of nodes in a multi-hop route are computed as follows:

c(nyg) = Ay g)ec + A(nyg)er +f(ni),
c(mk) = A )er + Ame)e: + A p)er + f (),
Vl=2.h, -1, (5)

(N k) = A(Np—1x)€r + AMn )€ + f My k),

C(NMps1) = AN, k)er + f (M, ).

Remark 2 implies that 4(nyx) > A(ny, «), which means if
f(nix) = f(npe), then c(ngg) > c(np14), because €>0.
Furthermore, A(n;x) > A(Npu1x), V | = 2..hy. According to (5),

if flny) = finak), we have c(ny) > c(iag), Vi=2.h.
Thus, we can have the following two remarks.

Remark 3. Assuming f(i) > f(j), the energy consumption
rate of the source node in a multi-hop route when ARQ is
not supported is always greater than the energy consump-
tion rate of the destination node.

Remark 4. Assuming f(n;x) > finux), V1= 2..h,, when ARQ
is not supported, the energy consumption rate of each
relay node in a multi-hop route is always greater than
the energy consumption rate of its downstream relay node.

4.3. Remaining battery energy of nodes

In this section, we determine the remaining battery en-
ergy of nodes in a multi-hop route P at the time that this
route is used for packet transfer to the destination node.
When previous routes, Pq,P»,...,P,_; have been in use,
the source node has continuously transmitted packets
and the destination node has continuously received pack-
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Source Relay #1

Relay #2

Relay #3 Destination

Data Packet
Data Packet

Overhear

Overhear

Data Packet

Overhear Data Packet

Fig. 5. Each node in a multi-hop connection overhears packets transmitted by its downstream node.

ets. Thus, their remaining battery energy at the time that P,
is used for packet transfer, T,_;, is computed as,

Bnl.k (kal) = B”]_k (O) - ::2:1 C(nl.d)(Td - Td—1)7

k-1

2 Cngra)(Ta = Taa).

(6)
B”hk+1.k(Tk*]) = B”hk—lk(o) -
To determine the remaining battery energy of relay

nodes in a multi-hop route, we notice that the relay nodes

in this route may overhear packets transmitted by nodes in
the previously in-use routes. That is, while Py,P5,...,Pr_1
have been used, relay nodes in P, may overhear packets
transmitted along these routes (see Fig. 6). To consider this
phenomenon in our analysis, we assume y;,(d) is the num-
ber of nodes in Py, Vd = 1.k — 1 - including the source and
the destination nodes — which are neighboring nodes of

n, € Pr. We define ®(d) = {¢,,.., (pm(d)} as the set of

such nodes. With this definition, we have,

B”Ik(kal) = Bn;_k(o) *f(nl.k)kal

k-1
> (Ta—Ta1)iyer,

d=1 ¢;edyy(d)

Vil = 2..hk7 k= ]KU (7)

where, A(¢;) is the rate that ¢; forwards packets, when it
was part of a route. The following theorem specifies the
maximum value of y;,(d).

Transmission
Range .

i Source

— >
A link in a route

Theorem 1. Let {P,}<_, be the ordered set of node-disjoint
routes between two nodes with regard to the hop-count. Each
relay node in P, can have physical link with at most three
nodes in Py, including the source and the destination nodes,
Vvl=2.h, and Vkd < k.

Proof. Let (A,B,C,D) in Fig. 7 be the minimum-hop route
between nodes A and D in the network, and E is an arbi-
trary node (see Fig. 7 as an illustrative example). Node E
could have links with A, B, and C, without violating the
assumption that (A,B,C,D) is the minimum-hop path. Nev-
ertheless, if there is a link between E and D (i.e., E and D are
neighbors), then the minimum-hop route from A to D will
be (A,E,D). This violates the initial assumption. O

Corollary 1. If the discovered routes are minimum-hop
routes, then 0 < y(d) < 3, VI=2.hy and Vk,d < k.

Corollary 2. Since the first relay node is a neighboring node
of the source node and the last relay node is a neighboring
node of the destination node, we have 1 < y;(d)<3, for
le {2, h,} and Vk,d < k.

So far, we calculated the energy consumption rate of
nodes and their remaining battery energy in single-hop
and multi-hop routes when ARQ is not supported. We
can use (4) to calculate the energy consumption rate of
the source and the destination node in a single-hop route,

D Destination

Overhearing

Fig. 6. Relay nodes in other routes may overhear packets transmitted along an in-use route.
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Transmission

Range \

Fig. 7. Illustration of Theorem 1. Note that the circular transmission range in this figure (as well as in Figs. 6 and 3) is only for the sake of illustration. The
analytical model and the analysis in this paper is not based on circular transmission range. Our model only considers a logical neighborhood relation

between nodes.

and (5) to calculate the energy consumption rate of the
source node, the destination node, and relay nodes in a
multi-hop route. On the basis of the formulation we pro-
vided in this section and in the previous section, we can
derive an algorithm to calculate the communication life-
time of two specific nodes i and j in the network. The algo-
rithm has been presented in Algorithm 1 and in its related
procedure presented in Algorithm 2.

To determine the communication lifetime of two nodes
using Algorithm 1, we need to know the network topology,
packet delivery ratio of links, idle-mode energy consump-
tion rate of nodes, and their battery energy at the moment
that we want to determine the communication lifetime be-
tween the two nodes. In practice, we need some efficient
protocols for gathering this information and transferring
them to a monitoring room. Then, at the monitoring room
operators could monitor communication lifetime of the ac-
tive connections in the network. Design of such efficient
protocols needs further investigation in future work.

Algorithm 1. Connection lifetime of two nodes i and j.

INPUT G(V, E), B(0), F, P, €, €, 4, @ (WhenARQ is

supported)
k=1
Ty1<0
loop
Find Py
if P, = () then
return T_4
end if
Calculate c(ng,), VI=1... h+1
b Thq + Bnlck(i,,T_kk;)
Ty« min(ty g, Eoks - - - by ko Err1,k)
if T, = min(t”(, thk+1.k) then
return T

end if
Update B and G
k—k+1

end loop

Algorithm 2. Procedure update B and G when ARQ is
not supported.
Bnm — Bnl,k - C(nl,k)(Tk - Tk—l)
Bnhk+1k — B”hk+1 kT C(nhk+1,k)(Tk - Tk—l)
foru=1toN&u¢P,do
By By *f(u)(Tk — Ti—1)
for [=1 to h, do
if (u,n;x) € E then
Bu — Bu - ;L(nl.lc)erL(Tlc - Tk—l)
end if
end for
if B, <0 then
Remove u from G
end if
end for
Remove Py — {ny i, Ny, 41} from G

5. Energy consumption and remaining battery energy of
nodes with ARQ

In this section, we model the energy consumption rate
and the remaining battery energy of nodes when ARQ is
supported. To this end, we first present a model to deter-
mine the total energy consumed to exchange a packet over
a physical link when ARQ is supported.
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5.1. Consumed energy for packet exchange over a physical link

When ARQ is supported, a data packet and its corre-
sponding ACK may be transmitted several times over a
physical link. In this case, the energy consumed to exchange
a packet over the physical link includes the energy con-
sumed for retransmission of the data packet as well as the
energy consumed for (re)transmission and (re)reception of
ACKs. Thus, the expected energy consumed by u and vwhen
u tries to deliver a data packet of length L bits to vis

{ e:(u, v) = a(u, v)&L + b(u, v)€cLy,
e (u,v) =a(u, v)eL + b(u, v)€l,,

(8)

where a(u, v) is the expected number of transmission tries of
node u to deliver a packet to node ¢, and b(u, ) is the ex-
pected number of ACKs sent by vto u for a data packet. Here,
L, is the length of the ACK packet in bits. Obviously, L > L,
because L includes higher layers header and user data, while
L, only includes MAC and physical layer headers.
Intuitively, we can state that a(u, v) > b(u, v), V(u, v). The
reason is, an ACK is sent when a data packet is received
possibly after several tries. Hence, from (8), we can con-
clude that if € > €, e u,v) > e{u,v). Otherwise, ef(u,-
v) < e/(u,v). Therefore, we can state the following remark:

Remark 5. When ARQ is supported, the consumed energy
by a transmitting node to deliver a packet over a physical
link is greater than the energy consumed by the receiving
node, if € > €. Otherwise, the energy consumed by the
receiving node will be greater.

As a matter of fact, a(u,v) and b(u,v) depend on the
quality of the forward link (u,v) and the reverse (z,u).
The significance of Remark 5 is that the energy consumed
by a transmitting node is always greater than the energy
consumed energy by the receiving node, regardless of the
quality of the link between them.

To calculate a(u,v) and b(u, v), we notice that a packet
will be transmitted x times, if the packet itself or its ACK
is lost in the last x — 1 transmission tries. If random vari-
able X denotes the number of transmission tries to deliver
a data packet over a physical link, we have

(1-pg)*'pg, Vx=1.M -1,

(1 _pq)M7]7 X:M7 (9)

Pr{x =x} = {
where p = p(u, v) is the probability of error-free reception of
a data packet of length L bits transmitted over (u, v), and
q =q(u,v) is the probability of error-free reception of its
ACK of length L,transmitted over (#,u). Furthermore, if the
random variable Y denotes the number of ACKs transmitted
for the data packet, we have proved in Appendix that,

(1-p", x=0;
M-1
( )pxu gt -p

x—1
Pr{y=x}= +(M7
+M§(

m=x

]>p*<1 —q)(1-p)"™

-1
Tﬁl >p*(1fq)x '1-p)™*q, vx=1.M-1;
pM1-g" ! x=M.

(10)

We can compute the exact value of a(u, ») and b(u, v) for
any value of M using the probability density functions of X
and Y given in (9) and (10), respectively. Nevertheless,
when there is no limitation on the number of retransmis-
sions over a physical link (M - oo), a data packet will be
transmitted until the packet itself and its acknowledgment
is received correctly. In such a case, we have a(u,v)=1/
(p(u, v)q(u, v)). Furthermore, since a data packet can be
retransmitted as many times as required to receive it cor-
rectly, b(u,v) will not depend on p(u,v) anymore. Hence,
the expected number of transmission tries to receive an
ACK correctly will be b(u, v) = 1/q(u, v). As a result, the fol-
lowing inequalities will be always true regardless of the
value of M,

a(u, v) < gamas s M >0,
b(u,v) < guz, VM > 0.

It is also worthwhile to mention that if p(u,») — 1, and
q(u,v) - 1, then a(u,v) —» 1, and b(u,v) - 1, VM > 0.

5.2. Energy consumption rate of nodes

Knowing the consumed energy for packet exchange
over a physical link, we can determine the energy con-
sumption rate of nodes in single-hop and multi-top routes.
Considering the assumptions in Section 2.3, the energy
consumption rate of the source and destination node in a
single-hop route is as follows:

{ c(N1x) = 2€c(M1 g, Mo k) +F(Mak),

11
C(Mhs1k) = 28 (Mg, M1 i) + f (Mhs1.4), (an

where e;(1y k, Np+1x) and ey (ny , Ny, .1 k) are as expressed in
(8).

To determine the energy consumption rate of nodes in
multi-hop routes, we first determine the packet forward-
ing rate of nodes when ARQ is supported. When

Py = (Ny g, Mok, ..., Mk, Mn+1k) 1S used to transfer data
packets, n;; will forward packets at a rate

2, 1=1
ﬂ.(n”{) = (12)

-1
4 Hl R(nm‘kv nm+1,k)-, vl = 2..hk.

where R(My,x Nm+1k) 1S reliability of (n,x Nm+1 k) link in Py
defined as

R(nm,ka nm+1,k) =1- [] - p(nm.lm nm+l,k)}M

When ARQ is supported, nodes along a route may over-
hear not only transmitted data packets by their down-
stream nodes, but also transmitted ACKs by their
upstream nodes (see Fig. 8). In the example shown in the
figure, the second relay overhears packets transmitted by
the third relay to the destination node, and ACKs sent by
the first relay to the source node. In general, depending
on the number of relay nodes in a route and their position,
a relay node may overhear nothing or it may overhear
either data packets, ACKs, or both of them. In a route with
only one relay node, the relay overhears nothing. In a route
with two relays, the first relay overhears data packets
transmitted by the second relay to the destination, and

put. Netw. (2012), doi:10.1016/j.comnet.2011.12.014

Please cite this article in press as: ]. Vazifehdan et al., On the lifetime of node-to-node communication in wireless ad hoc networks, Com-



http://dx.doi.org/10.1016/j.comnet.2011.12.014

J. Vazifehdan et al./ Computer Networks xxx (2012) xXx—xXx 11

Client Relay #1 Relay #2 Relay #3 Server
Data Packet

< ACK __Overheard___, |
l«e__Overheard ___ | Data Packet

» ACK __Overheard ___

¢ Qverheard ___ Data Packet

ACK __Overheard
__Overheard __ _ Data Packet
ACK

Fig. 8. When ARQ is supported nodes along a route may overhear transmitted data packets by their downstream nodes and transmitted ACKs by their

upstream nodes.

the second relay overhears ACKs sent by the first relay to
the source node. In a route with more than two relays
the first relay only overhears data packets, the last relay
only overhears ACKs, and other relays overhears both ACKs
and data packets.

Considering the above explanation, we can compute the
energy consumption rate of the source and the destination
nodes in a multi-hop route, when Py is in-use, as follows:

(M) = A k)ee(M g Mo k) + 2(M2) (M2 kM3 ) €L +F (M1 1),
C(Mpr1k) = A(Mp ) €r (Ma i Miyr1.k) + A1) D (M —1.46 My 1) €rLa
+f<nhk+1)~
(13)

Remark 6. Due to the effect of quality of links, the energy
consumption rate of the source node n;; in a multi-hop
route could be smaller than the energy consumption rate
of the destination node ny, 1, even if f(n; k) > f(np, 41).

As mentioned before, the energy consumption rate of a
relay node in a multi-hop route depends on the hop-count
of the route and the position of the relay in the route. In a
route with two hops, Py = (11 ,M2413x), the energy con-
sumption rate of the relay node is

C(n2x) = A(M1g)er(M g, Nag) + AMag)er(Mak, N3 k) + f (o).
(14)
In a route with three hops, Py = (nq 4 N2k N3k Nax), the en-

ergy consumption rate of relay nodes n,; and nsy is as
follows:

C(Nzx) = Al k)er (Mg, Nak) + Ao )er(Nok, N3k)
+ A3 )a(Nz e, Nag) €L + f(na),
c(n3k) = A2 )b (M k, Mo k) €rLa + (N k)er (Mo, N3 k)

+ A(n3 )€ (N3, Nag) + f(N3k).
(15)

In a route with more than three hops, Py = (nyy,...,
Nk, - - ., Np+1k), the energy consumption rate of the first re-
lay, ny «, and the last relay, ny, , is the same as the energy
consumption rate of the first and the second relay node
in a route with three hops, respectively. The energy con-

sumption rate of other relay nodes is as follows:

c(nyg) = Az )bk, M1 k) €rLa + AN ) er (M- k, Mig)
+ (M) e (Mg, Mgt k) + A1) A(Mi ks M2,k ) €L
+f(n17k), Vvl=3.h,—1. (16)

The fact that the energy consumption rate of which node in
a multi-hop route is the largest depends on the quality of
links in that path.

5.3. Remaining battery energy of nodes

In this section, we define the remaining battery energy
of nodes when a route is used for packet transfer (i.e.,
By, (Tk-1)). Similar to the case that ARQ is not supported,
the remaining battery energy of the source and the desti-
nation nodes, when the source node switches from P;_;
to Py, is defined by (6). To determine the residual battery
energy of relay nodes in P, we notice that when ARQ is
supported, in addition to the data packets, nodes in other
remaining routes may overhear ACKs sent by nodes of an
in-use route as well. Nevertheless, a node may overhear
ACKs and data packets from different set of nodes, because
the source node never transmits an ACK and the destina-
tion node never transmits a data packet. To formulate this,
we define @ (d) = {@y, .., 9,4} as the set of nodes in
Py — {nn,+14} (Nhz1q is the destination node), which are
neighboring nodes of n;, € P,, where y;,(d) is the size of
this set. The transmitted data packets by nodes of ®,(k,d)
will be overheard by nje P, We also define
Ajg(d) = {61, .., 6«/,;}{@} as the set of nodes in Py — {n;4}
(n14 is the source node), which are neighboring nodes of
ny € P, where ] (d) is the size of this set. The transmitted
ACKs by these nodes will be overheard by n; € P. Given
these two sets, By, (Tk_1) is obtained as

B”l.k (kal ) = B”:_k (0) 7f(nLk)Tk71

k-1
- Z Z (Ta = Ta1) A(@)a( @i, @y,1) €L
d=1 @;edy(d)
k-1
- > (Ta = Ta_1)A(81)b(6i, 0i1)€rLa,
d=1 6;€A;(d)
Vl=2.h. (17)
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Lemma 1. When discovered routes are minimum-hop routes
and ARQ is supported, 0 < y;(d)<3 and 0<yj,(d) <3
Vi=2.h, and Vk,d < k.

Proof. The proof follows from Theorem 1. O

To summarize, we can use the expressions provided in
this section to determine the energy consumption rate of
nodes and their remaining battery energy, when ARQ is
supported. On the basis of the provided formulation, we
can determine the communication lifetime between two
specific nodes i and j when ARQ is supported by the MAC
layer. To find this, we can use Algorithm 1. Nevertheless,
when ARQ is supported, the related procedure explained
in Algorithm 2 must be replaced by Algorithm 3.

Algorithm 3. Procedure Update B and G when ARQ is
supported.
an - Bn]_k - C(nl,k)(Tk - Tk*l)
- C(nhk+l,k)(Tk - Tk—l)
foru=1toN&ué¢P,do
By — By — flu)(Tie — Ti—1)
for [=1 to hy do
if (u,n;) € E then
B, — B, — ;L(nl,k)a(uvnl,lc) 6rL(Tk - Tk—1)
end if
end for
for [=2to hy+1 do
if (u,n;y) € E then
By — By — A(ny)b (u,np)€lo(Tie — Tr—1)
end if
end for
if B, <0 then
Remove u from G
end if
end for
Remove Py — {ny x, Ny, 414} from G

Bnhkﬂ,k - B"hkﬂ.k

6. Bounds on the lifetime of node-disjoint routes

To derive upper and lower bounds on the lifetime of
node-disjoint routes, we notice that lifetime of a route is
defined as the time at which one of its relay nodes (not
the source or the destination) fails. Therefore, to determine
the route lifetime, we represent the expression given for Ty
in (1) as follows:

Ty =Ty +Dy, Vk=1,2,... (18)
. . o Bny o (Tk-1) Bn/,k MUSIANN .
in which D, = min < ) e is the duration

that the kth route could be used for packet transfer from
the source to the destination assuming the source and
the destination do not fail. D (and hence T;) may take dif-
ferent values for different pairs of source-destination
nodes in the network, because the remaining battery en-
ergy and the energy consumption rate of relay nodes in
the kth route between different pairs of source-destination
nodes might be different. Here, we determine lower and

upper bounds of T, for any pair of source-destination
nodes in the network. The following inequalities follow
from the definition of Dy:

Blow(Tk—l) < Dk < Bup(Tk—l)
Cup = = Clow '

Vk=1,2,... (19)

in which, Bjow(Tk-1) and Byp(Ty_1) are the lower and upper
bounds for the remaining battery energy of a node in the
k™ node-disjoint route between a pair of source-destina-
tion nodes at time Tj_q, respectively. Furthermore, cyy
and c,p are the lower and upper bounds for the energy con-
sumption rate of a relay node in a multi-hop route, respec-
tively. If we replace (19) in (18), we have

n Blow(Tk—l ) Bup(Tk—l)

ST < T +——=, VI(ILZ./...

Ty
Cup low

(20)

6.1. Networks without ARQ support

When ARQ is not supported, the energy consumption
rate of relay nodes, c(n;), was specified in (5). An upper
bound for c(n;x) is achieved when a relay node receives
and transmits packets with the highest rate, and overhears
packets transmitted by its downstream relay node with the
highest rate. The highest packet forwarding rate for a relay
node is the rate at which the source transmits packets (i.e.,
A). Thus, using (5), we can show that

ALQ2€r + €) + fmax, VI=2.h—1,
C(nl.k)<{ ( 0+h :

21
;LL(er + €t) +fmax«, l = hk7 ( )

in which, frne = max{f(u)}"_, is the largest idle-mode en-
ergy consumption among nodes of the network. From
(21), we can conclude that the upper bound of c(n;;) is

Cup = /1L(2€r + et) +fmax-

In theory, a lower bound for c(n;) is achieved when a relay
node receives packets with the lowest possible rate. Accord-
ing to Remark 2, the lowest rate that a relay node in a multi-
hop route can receive packets belongs to the last relay in the
route. However, in practice, the route lifetime will be dom-
inated by the lifetime of a node which has the highest energy
consumption rate in the route. According to (5), the lowest
energy consumption rate for a relay node that its death
can cause route failure belongs to the relay in a route with
two hops. Therefore, a lower bound for c(n;) is

Clow = j-L(er + pmin€t) +fmin7

in  which p.;, = min(p(u, v)), Y(u,v) €E, and fpin =
min{f(u)}g:1 is the lowest idle-mode energy consumption
among nodes of the network.

To determine lower and upper bounds of the remaining
battery energy of a relay node in a route, By, (T,_1) and
B.y(Tk—1), we use Corollary 1, which indicates a relay node
can at most overhear three nodes from other routes. Hence,
Biow(Tk_1)is achieved for y;(d)=3,vd = 1.. .k — 1in (7). Fur-
thermore, all three overheard nodes in each route must
transmit with the highest packet forwarding rate for a node
in a multi-hop route- (i.e., 1). If so, Bjou(Ti_1) is obtained as

BlDW(Tk—l) =B- (fmax + 3/"L€rL)Tk71 .
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The upper bound, B,,(Tk_1), is achieved if no node from the
other routes are overheard. In other words, we must con-
sider y,,(d)=0,vd=1 ...k — 1, in (7). Hence, we will have,

Bup(Tk—l) =B _fminTk—l .

By replacing the expressions found  for
Biow(Tk—1), Bup(Tk-1), Ciow» and cyp, in (20), we arrive at the
following expression:

A+ (1 —-A)Ti 1 < T <Az + (1 — AT, (22)
where
A] _ B Az _ fmux + 3/1L6r

M‘(Zer + 6t) +fmax ' ;LL(ZGT + 6[) Jrfmﬂ?‘ 7
B A, = fmin
AL(€r + Pmin€t) + finin’ AL(€r + Pmin€t) 4 finin

As =

If we look at the definition of A4, we realize that 0 <A< 1,
which means 0 <1 — A4 < 1. We can also show that if €; > €,,
A><1 (hence,0<1-Ay<1).

The inequalities in (22) are recursive. To resolve the
recursive dependency in (22), we replace Tj_; in the left
hand side of (22) by the lower bound of T;_; and T,_; in
the right hand side of (22) by the upper bound of T_;. As
a result, the recursive inequalities in (22) could be repre-
sented as follows:

A1+ -A)+ -+ (1=A) 1) <T,
+(1-AY*Y). (23)

We can simplify the geometric series in (23) to arrive at the
upper bound and lower bound of T as follows:

Ty, = A1’ “‘z), vk=1,2,...,
Ty, = As UM k=12,

<A3(l+(l—A4)+

The following theorem summarizes this section:
Theorem 2. Let f,,;, =min{f(u)}"_, andfmux:max{f(u)}ﬁ’zl.
If ARQ is not supported at the MAC layer, then Ty, < Ti <

Ty, in which Ty, = Ay # and Ty, = As A and A;
to A4 are defined as

A = B _ fmax + 3/L€,
VTOL26 ) + fua 0 AL(26 T €0) + foax|
A3 — B A4 _ fmin

AL(ET +pmin€t) +fmin ' j'L(el’ +pmin6t) +fmin .

6.2. Networks with ARQ support

When ARQ is supported, the energy consumption rate
of relay nodes, c(n;), was specified in (14) for routes with
two hops, in (15) for routes with three hops, and in (16) for
routes with more than three hops. An upper bound for
c(nyk) is achieved when a relay node receives and transmits
packets with the highest rate, and overhears both data
packets and ACKs transmitted by its downstream and up-
stream relay nodes. This situation happens in a route with
more than three hops. Thus, from (16), we have

Cup = ;L(amaxL + bmaxLa)(et + 2€r) Jrfmaxa

in which ape = max(a(u, v)), V(u,v) € E, and bpe =
max(b(u, v)), V(u,v) € E

A lower bound for c¢(n;x) is achieved when a relay node
receives packets with the lowest possible rate. According
to Remark 2, the lowest rate that a relay node in a multi-
hop route can receive packets belongs to the last relay in
the route.2 However, in practice, the route lifetime will be
dominated by the lifetime of a node which has the highest
energy consumption rate in the route. When ARQ is sup-
ported, the lowest energy consumption rate for a relay node
that its death can cause route failure happens in a route with
two hops, when each data packet and its ACK are transmit-
ted only once. Thus, using (14), we have

Clow = AL + L) (€r + €) + frnin-

To determine the lower bound of the remaining battery
energy of a relay node in a route when ARQ is supported,
Biow(Tk_1), we use Lemma 1, which indicates that a relay
node can overhear data packets and ACKs at most from
three nodes in the other routes. By replacing vy, (d)=3

and y;,(d)=3Vd=1...k—1in(17), Biow(Tk-1) is achieved
as follows:
BIOW(Tk—]) =B- (fmax + 3/1(aznuxL + bmaxLu)er)Tk—l-

The upper bound, B,,(T_1) is achieved when no node from
the other routes are overheard. By replacing y;.(d) = 0 and
Yi(d) =0Vd=1...k—11in (17), Byy(Ti_1) is as follows:

Bup(Tk—1) =B _fminTk—l

By replacing the  expressions found for
Biow(Tk_1), Bup(Tk_1), Clow» and cyp, in (20), we arrive at the
following inequalities:

Hi+ (1 =H2)Ty 1 <Te <Hsz + (1 = Ha)Ty 4, (24)
where
H, = B

j'(amaxL + bmaxLa)(Et + Zer) +fmax '
fmax + 3/1(amaxL + bmaxLa)er

H = k]
2 M AmaxL + bénaxLa)(et + 2€:) + finax

Hs; =

;L(L + La)(er + 6{) +fmin ’

H4 — fmin
j~(L + La)(er + Et) +fmin '

If we look at the definition of Hy, we realize that 0 < Hy < 1,
which means 0<1 — Hy < 1. Assuming €; > €, we can also
show that H;<1 (0<1 - H,<1). Since both 1 - H, and
1 — Hy4 are positive values, we can replace T,_; in the left
hand side of (24) by the lower bound of T,_; and T,_; in
the right hand side of (22) by the upper bound of T;_; to
widen the bounds. If so, we arrive at the following
expression:

H, (1 S (1—Hy) (1 Hz)’”) < Ty

<Hs (14 (1= Ha)+ -+ (1 - Hy* ). (25)

2 This remark was mentioned for the case in which ARQ is not supported.
However, it is true, even if ARQ is supported.
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We can simplify the geometric series in (25) to arrive at the
upper and lower bound of T, when ARQ is supported, as

follows:
Ty, = Hi 200 wvk=1.2,...,

Ty, = Hs "0 vk=1.2,...

The following theorem summarizes this section:

Theorem 3. Let f;, =min{f (u)}N_, and fina :max{f(u)}y:].
IfARQ is supported by the MAC layer, then Ty, < Ty < Ty, in

which Ty, = H; M and Ty, = H3 ﬂ and H; to Hy
are defined as

H, = B
;L(amaxL + bmaxLa)(ﬁt + 2€r) JFfmax ’
H, = fmax + 3;~(amaxL + bmaxLa)er
;L(amaxL + bmaxLa)(Gt + 2€r) JFfmax ’
Hs; = B ,
/t(L + La)(ﬁr + 6[) +fmin /
H4 — fmin )
/t(L + La)(er + 6[) +fmin

7. Expected node-to-node communication lifetime

In Sections 4 and 5, we determined maximum communi-
cation lifetime between two specific nodes in the network.
In this section, we determine the expected value of this life-
time in ad hoc networks with a random topology.- To this
aim, we obviously need to know the probability distribution
function (PDF) of the node-to-node communication lifetime
in the network. As we saw in Sections 4 and 5, node-to-node
communication lifetime depends on the reliability of links.
Therefore, its PDF is also dependent on the PDF of the reli-
ability of links in the network. Reliability of links, in turn, de-
pends on modulation and channel coding schemes deployed
at the physical layer as well as the channel fading model
(e.g., Rayleigh or Rician models). These dependencies make
calculating of the expected node-to-node communication
lifetime in ad hoc networks with random topology very
complicated. Furthermore, any provided analysis will be
dependent on the assumed modulation and channel coding
schemes. Considering the effect of overhearing and assum-
ing different initial battery energy and idle-mode energy
consumption rate for different nodes add to the complexity
of the problem.

We, however, provide an analysis to approximate the
expected value of the maximum lifetime between any
two nodes in the network under some assumptions. The
importance of this approximation is that it gives a
closed-form expression for the maximum duration that
two nodes can communicate with each other in an ad
hoc network with a random topology. In the next section,
we will use simulation results to show that this approxi-
mate expression is of a good accuracy even if we relax
some of the assumptions.

These are our assumptions:

(1) All nodes have the same idle-mode energy con-
sumption rate, i.e., f(u) =f, Yu € V.

(2) The packet delivery ratio of various links is 1 (perfect
link), i.e., p(u,v)=1 and q(u,v) =1, V(u,v) € E.

(3) All nodes have the maximum battery energy at the
network start up, i.e., B,(0) =B, Yu € V.

With these assumptions, we present the analysis for
networks with ARQ support. The same analysis is valid
for networks without ARQ only if we set L, = 0 in the equa-
tions presented in this section.

To calculate the expected communication lifetime in
the network, we again choose two nodes randomly. They
could be either neighbor or several hops away from each
other. Let T be the expected value of the communication
lifetime of two nodes in the network. Furthermore, let T,
be the expected communication lifetime if the two ran-
domly chosen nodes are neighbor, and T,,, be the expected
communication lifetime if they are not neighbor. The prob-
ability that the two nodes are neighbors is the probability
that the destination node (which is chosen randomly) is
within the transmission range of the source node. Since
nodes are assumed to be uniformly distributed in the net-
work, we have Pr{connection is single hop} = nd’_ /A,
where d,;qx is the transmission range and A is the network
area. Therefore, we have

2
d'W> To. (26)

2
T= %sh""(l

7.1. Expected communication lifetime of neighboring nodes

Since p(u,v)=1 and q(u,v)=1, we have a(u,v)=1 and
b(u,v) =1, VY(u,v) € E. Considering (11) and (8), the en-
ergy consumption rate of the source node and the destina-
tion node, when they are neighbors, are respectively as
follows:

{ Css = )v(LEt + Laer) +f~,
Ca, = AMLer + Lo€) +f.

Thus, the lifetime of the source and the destination node
when they are neighbors are respectively as follows:

T. =B _—__ B
{ Ss Css J(Lec+La€r)+f °

B ___ B
& = g — ALertla€o)tS *

Assuming €, > €, and L > L,, the communication lifetime of
two neighboring nodes is-

B
A(Le + Lo€r) +f°

Since there is no random variable accessioned with Ty, we
have

Tsh = l'l'lil'l(TSS7 Tds) = (27)

B
S — 2
h = (Le + La€r) +f (28)

~|

7.2. Expected communication lifetime of non-neighboring
nodes

To find the expected lifetime of communication be-
tween non-neighboring nodes, we first assume that the
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number of available node-disjoint routes between the
source and the destination is known. Then, we take into ac-
count the effect of randomness of the number of available
routes between two arbitrary nodes in the network.

Assuming p(u,v)=1 and q(u,v)=1, Y(u,v) € E and
considering (13), we can express the energy consumption
rate of the source node and the destination node as-

{ Cs,, = A(L€ + Lo€;) + A€ L+ f, (29)

Cap = MLE + La€t) + A€ Lg + f.

The first term in the expression given for c, in (29) is the
energy consumed by the source node to transmit A packets
per second, and the second term is the energy consumed
during overhearing of the packets forwarded by the first
relay node. Similarly, the first term in ¢4, is the energy con-
sumed by the destination to receive a packet, and the sec-
ond term is the energy consumed to overhear ACKs sent by
the last relay. Therefore, when the source and the destina-
tion are not neighbors, their lifetimes will be respectively
as follows:

T. ——__ B
{ Sm = J(LectLatD)er)+f (30)

T _ B
dm = ([+La)er+La€)+f °

We recall that the energy consumption rate of relay
nodes depends on the hop-count of the route that they
are part of. Nevertheless, if we assume the probability that
two arbitrary nodes in the network are more than three
hops away from each other (more than two hops, in case
of no ARQ) is much higher than the probability that they
are less than three hops away from each other, using (16)
we can calculate the energy consumption rate of a relay
node as follows:

Cr:A((L+La)(2€r+€t)) +f (31)
Now, we can compute the lifetime of the first route as

= B

Ti=g. (32)

To compute the lifetime of other node-disjoint routes, we
need to determine the amount of energy remaining for a
relay node in these routes at the time that the previously
in-use route fails. For this, we define y, as the expected
number of nodes in P, which have physical links with a
node from the previous routes Py, Vd=1.k — 1. In the
worst case, a relay node whose death causes route failure,
overhears both ACKs and data packets transmitted by a
node in the in-use route. Therefore, using (17), we can cal-
culate the amount of battery energy remaining for such a
relay node in Py as

Bk =B- T/(*‘l [?/(;LGV(L + Lﬂ) +f}~ Vk = ]727 I<,

where K is the number of node-disjoint routes between the
source and the destination node. The expected lifetime of
the kth route between a source and a destination node in
the network will be as follows:

Te = T +%7 Vk=1,2,.K, (33)
r

in which Ty =0. The recursive equation in (33) could be
simplified to

k-1
Tk:CBZpi, Vk=1,2,.K. (34)
T i=0
where

_ Vii€r(L+ Lg) +f

c (35)

p=1
From Theorem 1, we have max() = 3. Considering this
fact, we can show that if €, > €, then p < 1. Therefore, the
geometric series in (34) could be further simplified. We
can arrive at the following closed-form expression for the
expected lifetime of the kth node-disjoint route between
a source and a destination node:

(B [1-pF _
@) woer

Knowing Ty, Ts,, and T,4,, we can calculate the communi-

cation lifetime of non-neighboring nodes as follows:
Tmn = min(Ts,, Tk, T4, ), (37)

in which T is the lifetime of the last available route be-
tween a source and a destination node, which is obtained
using (36) for k=K.
Assuming €, > €,, we can show that
B
Mlec+ Lo+ L&) +f

Hence, from (37) we conclude that

min(Ts,,, Tg,) = Ts, =

. K

Tk, if ]]fjp <cf_r7

Ton = e 1ok o (38)
T if I’f;) >

Csm

Sm>

The fact that whether 11—1’%{ < f— or ‘I—:%K > f— depends on
the value of K; the number of node-disjoint routes between
the source and the destination nodes. For an arbitrary pair
of source-destination nodes K could be a random variable,
because nodes are distributed uniformly. Therefore,
depending on the value of K, T,,, may take a value from
the set {0, T, ,T1,T2,T3,T4,...}. To determine the probabil-
ity that T, takes one of these values, we first need to
determine the minimum value of K which meets the

K
117—‘;)

noted by K*. Since % is the summation of a geometric ser-

inequality of

> é—f Let this minimum value of K be de-

. . .. . _pK .
ies with K — 1 positive elements, if % > ;= is true for
Sm

K = K*, it will be true for K > K* as well. Hence, we can say
that

_ {T with Pr{K > K},
™~ Ty, with Pr{K =k}, Vk=0...K" —1.

In (39), Pr{K > K*} is the probability that there are at least
K* node-disjoint routes between the source and the desti-
nation node, while Pr{K =k} is the probability that there
are exactly k node-disjoint routes between them. If we
define

(39)

o(k) =Pr{K > k}, (40)
then Pr{K = k} is computed as,
Pr{K =k} =0a(k)—a(k+1). (41)
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Therefore, the expected value of T, is obtained as follows:

K-1
Ton = To, 0(K*) + > Te[o(k) — a(k +1)]. (42)
k=0

To find an expression for o(k), we define 0(k) as the
probability that there are at least k node-disjoint routes be-
tween every two nodes in the network. Note that (k) is the
probability that there are at least k node-disjoint routes be-
tween two arbitrary nodes. The former event is stricter
than the latter event. Thus,

o(k) = 0(k). (43)

Considering (42) and the inequality in (43), we have shown
in Appendix that

K -1
T > T, 0K') + S Tl6(k) — 0(k + 1)), (44)
k=0
Since €, > €, if we replace T,,; from (44) and Ty, from
(28) in (26), we arrive at the following expression for the
expected communication lifetime of two nodes in the
network:

T 7-CdfrlClX
I
TCd2 K*-1
+ <1 _T> [nmo(K )+ k§:1 Ti[0(k) — 0(k +1)]|.

(45)

Eq. (45) is our closed-form expression for the expected
node-to-node communication lifetime in wireless ad hoc
networks with random topology. Although, (45) gives a
lower bound, we show in the next section using simulation
results that it is a very tight bound and could be considered
as an approximate expression for the expected communi-
cation lifetime of two nodes.

Note that in (45), we can approximate 0(k) using the
theory of connectivity of wireless ad hoc networks. An ad
hoc network is called k-connected (k-vertex-connected),
if there are at least k node-disjoint routes between every
two nodes in that network. If nodes in an ad hoc network
are uniformly distributed in an square area, 0(k) is approx-
imated as follows [1]:

where 7 = Nndﬁmx/A. Here, N is the number of nodes, d;nax
is the transmission range, and A is the area of the square
field. The above approximation is subject to nd,zm/A <1
(i.e., the transmission area of a node must be much smaller
than the network area).

8. Simulation results

In this section, we present simulation results to verify
our analysis. To this aim, we first derive the energy con-
sumption parameters, €; and €,, of some commercial wire-
less products to have an idea about typical values of these
two parameters.

8.1. Energy consumption characteristics of the wireless
interface

We recall that ¢, and ¢, are the amount of energy con-
sumed by a transmitting and a receiving node to send
and receive a single bit of a packet, respectively. Suppose
that the current consumption of the interface during signal
transmission and reception is Z; (A) and Z, (A), respec-
tively. If the data rate of the interface is r bit/s, then we
can calculate ¢, and ¢, as follows:

& = (1/biv)
€ = % (J/blt)7

in which vV (V) is the supply voltage of the interface. Table 1
shows the nominal values of V, Z;, Z,, and the resulting
values of ¢€; and €, for two IEEE 802.11b products and one
IEEE 802.15.4 product. As we see, €, is greater than ¢, for
the 802.11b products. For the 802.15.4 product, €, is
slightly smaller than ¢,. Since the energy consumed for
packet transmission and reception depends on the packet
length, we have also shown the size of data packets and
ACKs in Table 2 for 802.11b and 802.15.4 standards. The ta-
ble shows that the size of data packets is at least two times
greater than the size of ACKs in 802.11b standard, and six
times greater in 802.15.4 standard.

8.2. Simulation set-up

Nodes are distributed uniformly in a square area of size
8dmax X 8dmax, Where dq is the transmission range of
nodes. Different nodes are able to send and transmit data
in parallel. The wireless link between them is modeled as a
2 Mbps link, and the medium access mechanism is CSMA/
CA (inaccordance to IEEE 802.11b).In our simulation model,
quality of different links could be different from each other.
To this aim, the probability of error-free reception of data
packets over a wireless link is chosen randomly from the
interval [p, ,1]. When ARQ is supported, the probability
of error-free reception of an ACK is computed accordingly
considering the ratio between the length of ACKs and data
packets. We also assume that idle-mode energy consump-
tion rate of different nodes could be different from each
other. To this end, idle-mode energy consumption rate of
each node, f{u), is chosen randomly from the interval [fyin.f-
max] (J/s). Note that in practice packet delivery ratio of links
and idle-mode energy consumption rate of nodes may not
have uniform distribution. Here, we chose them randomly
from a given interval only to ensure that different links have
different qualities and different nodes have different idle-
mode energy consumption rates.

Upon transmission (reception) of a packet of length L
bits by a node, €L (€.L)] is deducted from its remaining
battery energy. When the remaining battery energy of a
node falls bellow a threshold By, the node is considered
to be dead. When a node fails, we remove the failed links
and update the network topology. To measure the commu-
nication lifetime of two specific nodes, we transmit packets
from the source node to the destination node until the
source or the destination node fails, or the last available
route between them fails. Nevertheless, instead of measuring
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Table 1
Energy consumption parameters of three wireless products.
Standard Product V(V) Z: (mA) Z, (mA) Data rate Tx. range (m) € (n]/bit) €, (nJ/bit)
802.11b Linksys WPC11 3.3 430 140 11 Mb/s 150 129 42
802.11b Cisco CardBus 3.3 530 282 11 Mb/s 50 159 85
802.15.4 Sentilla tmote sky 3.3 19.5 21.8 250 Kb/s 125 257 287
Table 2
Size of data packets and MAC ACKs in 802.11b and 802.15.4 standards. All Values are per bit. Here, [ is the size of the message received from the application
layer.
Standard Packet type PHY + MAC header IPv4 + UDP header Total packet size
802.11b Data 128 +224 160 + 64 L=576+1
802.11b MAC ACK 128 +112 No upper layer header L, =240
802.15.4 Data 24+168 160 + 64 L=416+1
802.15.4 MAC ACK 24 +40 No upper layer header L,=64
Table 3 nodes as source and destination. The communication life-
Default values of simulation parameters, time of these two nodeg is determi‘ned‘ usiqg s.imulatipn.
We also determine their communication lifetime using
orithm 1 and its related procedures for networks wi
Parameter Value Algorithm 1 and its related dures for networks with
Initial battery energy of each node (B) 10] and without ARQ support (i.e., Algorithms 2 and 3, respec-
Source packet transmission rate (1) 1 packet/s tively). This procedure is repeated 1000 times to compute
Energy consumed for transmission of a single 159 n] (Cisco N e .
bit (€,) Interface) the average communication lifetime between two nodes in
Energy consumed for reception of a single bit 85 nJ (Cisco the network with the confidence level 98%. The experiment
(€1 Interface) is conducted separately for networks with and without
Data packet size (L) 1088 bits ARQ support.
ACK packet size (L,) 240 bits .
) o Effect of the number of nodes: Fig. 9 shows the aver-
Transmission range (dax) 70 m . . ceee .
Battery death threshold (By,) 0 age node-to-node communication lifetime in terms of the
Maximum transmission tries of ARQ 7 total number of nodes in the network. The figure shows
_mechanism (M) N that the there is a good match between the simulation re-
Mmgg‘sgsd(dwe;y probability of data 06 sults and the results predicted by Algorithm 1 in both types
P Pl . of networks. We also observe that communication lifetime
Minimum energy consumption rate fi,i, 0.1¢lL A N
Maximum energy consumption rate fyqy 2¢el of nodes increases as the number of nodes in the network

the time duration, we measure the communication lifetime in
terms of the total number of packets transmitted by the source
node before the communication between the source and the
destination fails.

Table 3 shows the default value of various parameters
that we use in our simulations. Considering €, = 160 nJ/bit
and €, =80 nJ/bit in the table means that 0.174 m] is con-
sumed for transmission of a packet of size L = 1088 bits
and 0.087 m] is consumed for reception of the packet. Since
we assumed B = 10, each node has enough energy to trans-
mit 57471 packets or receive 114942 packets of length
1088 bits. Values of f,i, and fiqx in the table are chosen in
such a way that the idle-mode energy consumption rate of
each node is in the same order of the consumed energy for
transmission of a data packet (i.e., €,.L). With proliferation
of energy-efficient networking protocols and low power de-
vices (e.g., in wireless sensor networks), idle-mode energy
consumption of nodes could be a small value in practice.

8.3. Estimating node-to-node communication lifetime using
numerical algorithms

In this experiment, we generate a network randomly in
each simulation run. Then, we choose randomly a pair of

increases. The reason lies in the fact that when the number
of nodes in the network increases, probability of communi-
cation failure between two nodes due to lack of routes de-
creases. In such a case, the communication lifetime of two
nodes can reach its maximum value, which is the time that
one of the two nodes fails. Comparison of Fig. 9(a) with
Fig. 9(b) reveals that the average node-to-node communi-
cation lifetime in networks with ARQ support is smaller
than that of networks without ARQ support. This is due
to the fact that when ARQ is supported energy consump-
tion rate of nodes increases due to retransmissions of data
and ACK packets.

Here, we should emphasize that the good match be-
tween the average nod-to-node communication lifetime
in simulations and theoretical results is not because the
simulation model is simply based on the theoretical model.
Attention should be paid to the relatively large confidence
intervals in Fig. 9. This suggests that there are quite big
deviations from the theoretical values in some simulation
runs. The main reason behind these deviations is the ran-
domness in network topology, pair of source-destination
nodes, quality of links, and idle-mode energy consumption
of nodes.

Effect of idle-mode energy consumption rate of
nodes: In this experiment, we set f,;, to 0.1¢,L and we in-
crease the value of f,.x. By increasing f.x the idle-mode
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Fig. 9. Average node-to-node communication lifetime as predicted by Algorithm 1 and simulations for different number of nodes in the network.
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Fig. 10. Average node-to-node communication lifetime as predicted by Algorithm 1 and the simulation model for different value of fiax.

energy consumption rate of nodes increases on an average.
We change fiqx from 0.1€.L to 10€.L. fi,qx = 0.1€.L represents
a situation in which the idle-mode energy consumption
rate of nodes is much smaller than the energy consumed
for transmission of a data packet. On the other hand,
fmax = 10€.L represents a situation in which the idle-mode
energy consumption rate of a node could be several times
greater than the energy consumed for transmission of a
data packet. This may happen, for instance, when many

control packets are overheard by nodes or their energy is
highly consumed for non-communication purposes (e.g.,
in a laptop).

Fig. 10 shows the average node-to-node communica-
tion lifetime for networks with and without ARQ support
as a function of fET As we expect, when femT increases, the
average node-to-node communication lifetime decreases,
because the energy consumption rate of nodes increases
on average. When there are 300 nodes in the network
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and ARQ is not supported, the average node-to-node com-
munication lifetime drops from 21701 to 4178, if fiax
changes from 0.1¢.L to 10¢.L (i.e., 80% decrease). In the net-
work with ARQ, it drops by around 70%. When there are
100 (50) nodes, it drops 81% (85%) in networks without
ARQ and 68% (67%) in networks with ARQ. This highlights
the importance of minimizing the idle-mode energy con-
sumption rate of nodes compared to the energy that they
consume for data communication in order to maximize
the node-to-node communication lifetime.

8.4. Closed-form expression of expected node-to-node
communication lifetime

In this section, we present results verifying the accuracy
of the closed-form expression derived for expected com-
munication lifetime of nodes in Section 7. In each simula-
tion run, we generate a network randomly, and choose
two nodes randomly. Then we measure their communica-
tion lifetime using the simulation model. The expected va-
lue of communication lifetime of nodes is computed by
averaging over 1000 simulation runs. We also calculate
the expected communication lifetime of nodes using the
expression given in (45).

Accuracy of analytical results in the ideal case: We re-
call that the closed form expression in (45) derived under
the assumption that f(u) = f, Vu € V, and packet delivery
ratio (PDR) of each link is 1 (i.e., p(u,v) =1 V(u, v) € E).
Here, we present results for this ideal case. Then, we study
the accuracy of the derived expression when we deviate
from this ideal case. That is, when f{u) is not the same for
all nodes and PDRs of various links are different.

Fig. 11 shows the simulation and analytical results in
terms of the number of nodes. Here, we assumed that
flu) = €Ly Results have been shown for networks with
and without ARQ separately. We observe a good match be-

]
25*10 :

- Analysis
—%— Simulation

Expected Node-to-Node Comm. Lifetime

150 200 250
Number of Nodes
(a)WithoutARQ

300

Expected Node-to-Node Comm. Lifetime

tween simulation and analytical results in both types of
networks. Analytical and simulation results follow the
same trend when the number of nodes increases in the
network. Remember that the expression given in (45) is
in fact a lower bound for expected value of maximum
node-to-node communication lifetime in the network.
Nevertheless, since the lower bound is relatively tight as
shown in Fig. 11, it could even be considered as an approx-
imation for the expected value of maximum node-to-node
communication lifetime in the network. That is,

T T[dfﬂﬂx
T ~ TTSS
TCd2 K*-1
+ (1 - AW) {Tsme(l(*) + > Tilo(k) — ok + 1)] .
k=1

(46)

To study the accuracy of the expression given in (46)
when we deviate from the ideal case, we first assume flu)
for all nodes is the same, but p(u,v) can take different val-
ues for different links. Then, we assume p(u,v) is the same
for all links, but f{u) can take different values for different
nodes. Finally, we assume both f{u) and p(u,v) can take dif-
ferent values for different nodes and links independent
from each other.

Effect of PDR of links: Here, we set f{u) = L¢;, and we
choose the value of p(u,v) for each link from the interval
[p4,, . 1]. By decreasing the value of p,; , PDRs of links de-
crease on the average. Furthermore, PDRs vary more from
one link to another link. That is, when p,  decreases, we
deviate more from the ideal case of having the perfect
quality for all links.

When p, — decreases, we observe different trends for
node-to-node communication lifetime in networks with
and without ARQ. Fig. 12(a) shows that in networks with-
out ARQ support, the analytical results become less
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Fig. 11. Analytical and simulation results for the expected node-to-node communication lifetime in terms of the total number of nodes in the network. Idle-
mode energy consumption rate is the same for different nodes and packet delivery ratio is one for all links.
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Fig. 12. The impact of quality of links on the analytical and simulation values of expected node-to-node communication lifetime in the network.

accurate as p, ~ decreases. This is true regardless of the
number of nodes in the network.

From plots of Fig. 12(a), we can also conclude that when
ARQ is not supported, the node-to-node communication
lifetime increases as quality of links decreases. The reason
lies in the fact that nodes consume less amount of energy
for packet forwarding, because they receive less number
of packets which they have to forward. Of course, this in-
creased lifetime is with the cost of having less number of
packets delivered to their destinations.

On the other hand, Fig. 12(b) shows that in network with
ARQ support, the node-to-node communication lifetime de-
creases as quality of links decreases. When ARQ is sup-
ported, nodes have to consume more amount of energy to
forward packets on low quality links, because they have to
retransmit the same packet more times. When ARQ is sup-
ported, accuracy of the analytical results might even be-
come better if p; —decreases. Nevertheless, this depends
on the number of nodes in the network. The most accurate
results belong to the case of p; = 0.6 for N =100 nodes,
Pa,, = 0.7for N=150nodes,andp, = 1for N=200nodes.

Effect of idle-mode energy consumption rate of
nodes: Here, we set p(u,v) =1 for all links and we choose
flu) for each node randomly from the interval [fpinSmax]-
We fiX fpin to €Ly and change fi,q from €L, to 19¢L4. We
recall that (46) was derived assuming f(u) is the same for
all nodes. However, in this experiment f{u) is different for
different nodes. Here, the question is, if we want to use
(46) when f(u) is not same for all the nodes, what should
be the value of f in the expressions given for
Cs;, Cd,» Csns Ca,» and ¢, in Section 77.

As we mentioned before, we choose f{u) for each node
randomly between f,;; and f,qx for the sake of simulation.
In practice, f{u) may not have uniform distribution in the
network. Although we might be able to derive another

expression for expected node-to-node communication life-
time in the network assuming uniform distribution for f{u),
it may not be useful in practice. On the other hand, any
analysis will be dependent on the distribution of f{u) in
the network, which itself depends on many factors such
as wireless technology used, node density, and transmis-
sion range.

However, here we conjecture that if we replace f with
the average idle-mode energy consumption rate of all
nodes in the network, we still might be able to use (46)
as an approximation for expected node-to-node communi-
cation lifetime in the network. That is, we assume
f=2%>wuef(u). With this assumption, we have plotted
simulation and analytical values of expected node-to-node
communication lifetime in Fig. 13 in terms of fyax.
Fig. 13(a) and (b) show that even if the value of f{u) varies
from one node to another node, (46) is still accurate en-
ough. The accuracy of the analytical results increase as
the number of nodes increases in the network.

Joint effect of PDR of links and idle-mode energy
consumption rate of nodes: Here, we choose p(u,v) for
each link randomly from the interval [0.6,1], and flu) for
each node randomly from the interval [0.1€.Lg42€Lqg].
Fig. 14(a) and (b) show the simulation and analytical re-
sults in terms of the number of nodes in the network.
The figures show that even if we deviate from the ideal
case that (46) was derived for it, this expression is able
to follow the increasing trend of expected node-to-node
communication lifetime as the number of nodes increase.
More specifically, when ARQ is not supported, analytical
results are of high accuracy at higher number of nodes
and acceptable accuracy at lower number of nodes. When
ARQ is supported, analytical results are of high accuracy at
lower number of nodes and acceptable accuracy at higher
number of nodes.
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Fig. 13. The impact of background traffic on analytical and simulation values of expected node-to-node communication lifetime in the network.
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Fig. 14. Analytical and simulations results for the expected node-to-node communication lifetime in the network. Idle-mode energy consumption rate is
different for different nodes and packet delivery ratio is different for different links.

8.5. Lifetime of node-to-node communication for concurrent
connections

So far, we studied node-to-node communication life-
time when there is only one active connection in the net-
work. Nevertheless, in practice there might be concurrent
communication in the network. In this section, we study
node-to-node communication lifetime when there are
more than one active connection in the network.

To this aim, at the network start up, we establish sev-
eral connections between different pairs of source-desti-
nation nodes. The source-destination pairs are chosen

randomly. Packets are transmitted between each pair of
source—destination nodes until their connection fails due
to battery exhaustion of the source or the destination node
or due to lack of alternative routes. We repeated this
experiment for n € {1,2,3,4,8,12,20,40,80} concurrent con-
nections and for N € {50,100,150,200,250} nodes in the
network. For each pair of values (n,N), the average value
of the lifetime of all the established connections during
700 simulation runs is recorded as the average node-to-
node communication lifetime.

Results in Fig. 15 show that when the number of con-
nections increases, the average node-to-node communica-
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Fig. 15. Average node-to-node communication lifetime in networks with and without ARQ support when there are concurrent connections in the network.
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tion lifetime converges to a constant value for each given
number of nodes in the network. These constant values
for different values of N seem to be close to each other.
The rationale behind the convergence to a fixed value is
that there always might be a possibility of a source and a
destination node exchanging a small number of packets,
especially when they are neighbors.® Only if the network
is heavily dense and there are many concurrent communica-
tions, even two neighbors may not be able to exchange a
packet due to very high probability of collision. This will
cause nodes to die without successful packet exchange. In
such cases, we may expect that the node-to-node communi-
cation lifetime to go to zero asymptotically.

Fig. 15 also shows that at higher number of nodes node-
to-node communication lifetime decreases fast. Here, we
explain the reason behind this behavior. Since the network
area is fixed in this experiment, average node degree in-
creases if the number of nodes increases. This, in turn, im-
proves network connectivity [1]. If the number of
connections increases in a network with higher degree of
connectivity, energy consumption rate of nodes increases
more. The reason lies in the fact that intermediate nodes
in node-disjoint routes between a pair of source-destina-
tion node probably overhear more packets belonging to
different connections. On the other hand, at lower densi-
ties, the probability that a node overhears packets belong-
ing to different connections decreases. This also explains
why the slope of the average communication lifetime is
lower at lower densities.

8.6. Bounds on the lifetime of node-disjoint routes

In this section, we verify the accuracy of the upper and
lower bounds of the lifetime of node-disjoint routes. We
set the number of nodes in the network to 500 at which
we observed that the network is likely to be 3-connected.
We choose two nodes randomly in a randomly generated
network. The time at which the first route between the se-
lected nodes fails is recorded as the lifetime of the first
route. After failure of the first route, the second route is
used which is disjoint from the first route. Similarly, the
time at which the second route fails is recorded as its life-
time and so on for the third route. To guarantee that the
source and the destination nodes do not fail before routes,
we set their initial battery energy to infinity. This proce-
dure is repeated for 1000 source-destination pairs of nodes
to measure the lifetime of the first, the second, and the
third node-disjoint route between them.

We also computed the lower and the upper bounds
using the expressions derived for them in Section 6. Results
are shown in Fig. 16. The obtained value for each pair of
nodes is shown by a dot in each figure (1000 dots for each
point of the horizontal axis). We have plotted the results in
terms of the ratio between the energy consumed by the
wireless interface to transmit a single bit to the energy
consumed to receive a single bit (& ).

Plots in Fig. 16 show that the derived bounds can accu-
rately bind various values obtained for the lifetime of the

3 Note that the simulation results show the average number of packets
exchanged between a source and a destination.

first node-disjoint route between different pairs of
source-destination nodes in both types of network (with
and without ARQ support). For the second and third routes,
the lower bound is still accurate in both types of networks.
The upper bound, however, is not very accurate when ¢ is
low. Nevertheless, as & increases, the upper bounds be-
come accurate as well.

9. Conclusion

It is important to find the duration for which two nodes
in ad hoc networks can communicate with each other (re-
ferred to as node-to-node communication lifetime). In this
paper, we analyzed the maximum lifetime of node-to-node
communication in a static ad hoc network assuming alter-
native routes which keep the two nodes connected are
node-disjoint. We provided a model for energy consump-
tion of nodes during end-to-end packet transfer in two
types of ad hoc networks: networks which support auto-
matic repeat request (ARQ) to recover lost packets, and
networks which do not support ARQ. On the basis of the
energy consumption model, we analyzed the maximum
duration that two nodes can keep communicating with
each other in a static ad hoc network. We presented
numerical algorithms which can predict at any moment
the maximum duration that two nodes can still communi-
cate with each other. Then, we derived a closed-form
expression for the expected value of maximum node-to-
node communication lifetime in static networks. We also
derived upper and lower bounds on the lifetime of node-
disjoint routes between two arbitrary nodes. Using exten-
sive simulation studies, we verified the accuracy of our
analysis. We also investigated node-to-node communica-
tion lifetime when there are concurrent communications
between different pairs of source-destination nodes. We
interestingly observed that if there are a few concurrent
communications in the network, the maximum lifetime
of node-to-node communication decreases linearly with
the number of concurrent communications. Next, we plan
to study node-to-node communication lifetime in mobile
ad hoc networks.
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Appendix A
A.1. Proof of (10)

If a data packet is lost after M tries, no ACK will be trans-
mitted for it. Hence, Pr{) = 0} = (1 — p). On the other
hand, an ACK will be transmitted M times for a data packet,
if the data packet is received correctly in each transmission
try, but the transmitted ACK is lost in all M — 1 previous
tries. Hence, Pr{) = M} = pM(1 — q)" ..
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There could be two cases resulting in transmission of
1<x<M-1 ACKs for a single data packet. In the first
case, the Mth transmission try of the data packet never
happens, because the transmitter receives an ACK before
reaching its maximum transmission tries. If this case,
x—1 out of the first m—1,x—1<m< M- 1 transmis-
sion tries of a data packet could be successful, but all
x — 1 generated ACKs for them are failed. The mth trans-
mission try of the data packet is successful, and the gener-
ated ACK for it (i.e., the xth transmitted ACK) is received
successfully. The probability of this event is

“ m-—1 X— m—1—(x—
B=> (0 e A e

ES
L4

() pa-arta-pre

m=x

In the second case, the Mth transmission try of the data
packet happens, because no ACK has been received during
the last M — 1 tries. Here, there are two subcases. In the
first subcase, only x — 1 out of M — 1 transmission tries of
the data packet are successful, but all x — 1 transmitted
ACKs are lost. The Mth transmission try of the data packet
is also successful, which triggers transmission of the xth
ACK. The probability of this event is

M-1 1 (x_ _
Ey — ( >p“(1 CpM N g

Ty e
~(h ) Jra-pa-art

In the second subcase, only x out of M — 1 transmission
tries of the data packet are successful, but all x generated
ACKs for them are failed. However, the Mth transmission
try fails, which prevents transmission of another ACK.
The probability of this event is

B- (M, pa-pa-ara-p)
-(M Hpa-pra-ar

The probability of transmission 1 <x <M — 1 ACKs for a
data packet is then E; + E; + Es.

A.2. Proof of (44)

To prove (44), we need to show that

mpmﬂ+gfnw®—am+n
par
>ummﬂ+§fumm79m+uy (47)
VVecanshnMHyij7)as
Ts, [0(K") — 6(K")] + ’jzol T[o (k) — 0(k)]
—§:Tk ok +1) =0k +1)] = Tg-_1[0(K*) — O(K")],

which can also be expressed as

a(k) ok+1)-0(k+1)
E:nam‘ E:n a(K) = 0(K")
= TK**1 - TSm' (48)

We replace k by k + 1 in the second summation of (48), and
merge the resulting summation with the first summation.
Since Ty = 0, (48) can equivalently be expressed as

K1
Z(Tk _ T,H)M >

~ N = TK*—‘I - Tm' (49)
- oK) = 0(K") s

Therefore, if we show that (49) is true, recursively we can
show that (47) is true as well. We notice that Ty is always
greater than T,_,. We also know that (k) > 0(k). There-
fore, the right side of (49) is a positive value. Notice that
K* is the minimum number of routes required to prevent
communication failure due to lack of routes. Hence, the
source node dies after the nodes in the K*th route. As a re-
sult, Ty- 1 < Ts,. This means Ty ; — Ts,, < 0, which implies
that (49) is true.
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