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Abstract—1In this paper, we propose a simple semi-analytical
approach for the evaluation of the impact of mobility on the
bit error rate (BER) performance of multi-hop ad hoc wireless
networks. Analytical expressions, relating the BER at the end of
a multi-hop route with the mobility characteristics of the nodes
and the routing strategy, are derived. Two node mobility mod-
els are considered: direction-persistent (DP) and direction-non-
persistent (DNP). In particular, two network switching scenarios
are analyzed: (i) opportunistic non-reservation-based switching
(ONRBS), where a message flows from source to destination
by opportunistically choosing the available shortest consecutive
links; and (ii) reservation-based switching (RBS), where, after the
creation of a multi-hop route from source to destination, the
message is “forced” to flow over the reserved links, regardless
of their actual lengths. The network performance is evaluated
in ideal (without inter-node interference, INI) and realistic (with
INI) cases. The improved robustness against mobility offered by
ONRBS, with respect to RBS, is analyzed and quantified.

I. INTRODUCTION

Multi-hop ad hoc wireless networks are attracting the at-
tention of many researchers, for their potential to provide
ubiquitous connectivity. In particular, in future ad hoc wireless
networks, nodes are likely to be mobile (e.g., car-based ad
hoc wireless networks) [1]. Maintaining multi-hop routes is
a challenging task, especially in the case of mobile nodes:
the topology is time-varying and, once a route has been
established, local route maintenance is necessary in order for
a route to continue to function when a link is broken.

Recently, a novel communication-theoretic framework for
ad hoc wireless networks has been proposed [2], [3]. In
particular, the impact of the physical layer characteristics on
the network performance, jointly with the used medium access
control (MAC) protocol and the specific routing strategy, has
been evaluated.

While in [2] a network communication scenario with static
nodes placed at the vertices of a uniform square grid is
considered, in this paper we extend the proposed framework
in order to incorporate the effects of node mobility on the
performance of ad hoc wireless networks. Rather than relying
heavily on computer simulations, we propose a novel semi-
analytical approach, where the impact of mobility is evaluated
from a communication-theoretic perspective. We consider both
an ideal network communication scenario, without inter-node
interference (INI), and a realistic network communication sce-
nario, in which communications are affected by INI. In the lat-
ter case, we make use of a MAC protocol originally proposed
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in [2]. Two possible switching strategies, after initial route dis-
covery, are considered: (i) opportunistic non-reservation-based
switching (ONRBS), where successive hops from source to
destination are dynamically chosen based on their lengths (for
example, nodes could be equipped with some location-tracking
devices able to evaluate the distance between them); and (ii)
reservation-based switching (RBS), where successive hops of
the discovered multi-hop route are activated consecutively
regardless of their actual lengths. In both cases, the impact of
two different mobility models, defined as direction-persistent
(DP) and direction-non-persistent (DNP), is evaluated. We
point out, however, that the proposed framework can be used
for any mobility pattern, provided that a statistical description
is available. Numerical results, in terms of average bit error
rate (BER), are presented to assess the performance of the
considered ad hoc wireless network communication schemes.
As expected, ONRBS mitigates the performance degradation,
caused by node mobility, more efficiently than RBS. Our re-
sults also show that mobility patterns characterized by frequent
changes of direction lead to improved performance, and this
improvement is more pronounced with RBS, rather than with
ONRBS.
II. PRELIMINARIES

The considered ad hoc wireless network communication

scenario can be characterized as follows.

o Peer-to-peer multi-hop communications are considered.

o We assume that the routes have already been reserved
and we focus on the analysis of the transmission phase
following the route creation phase.'

o The traffic generation process at each node is described
by a Poisson distribution with parameter A (dimension:
[msg/s]).

o No intermediate retransmission mechanism is used.

o We assume that there are /N mobile nodes in the network
and that they are confined to a fixed area A (e.g., an ad
hoc wireless network of laptops in a university campus).

o Each node transmits information in terms of messages. In
particular, the messages have fixed length M (dimension:
[b/msg]) and the transmission data-rate at each node,
denoted as R, (dimension: [b/s]), is fixed as well. Ne-
glecting the propagation time, the duration of a message

IThe route creation phase, albeit crucial, is beyond the scope of this paper.
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transmission between two communicating nodes is Dp =
M/Ry,.

In order to derive an analytical model which captures the
impact of node mobility from a communication-theoretic per-
spective, we first recall some basic results from the framework
proposed in [2], [3]. It is assumed that N nodes are uniformly
placed at the vertices of a square grid in a circular area A: each
node has therefore four nearest neighbors. Any multi-hop route
in the network is given by a sequence of links between nearest
neighbors. In [2], it is shown that the distance between two
neighboring nodes is 1/,/ps, where pg £ N/A is the node
spatial density. In this case, the average BER at the end of a
multi-hop route can be written as

BER ~ 1 — (1 — BER,)VY/™ 1)

where BER is the link BER. In particular, the link BER
depends, among other parameters, on the signal-to-noise ratio
(SNR) at the ending node of the link, denoted as SNRpy.
Expression (1), suitably modified to take into account the
effects of mobility, will constitute the starting point of the
analysis presented in this paper.

We assume that the transmitted signal is simply affected
by free-space loss. Hence, according to Friis free space for-
mula [4], the received signal power at distance d from the
transmitter, indicated by Pr(d), can be expressed as follows:
. GtGTCQPt )
 (4m)2ff2d? @
where: P, is the transmitted power from each node; G; and G,
are the transmitter and receiver antenna gains; f. is the carrier
frequency; c is the speed of light; and f; > 1 is a loss factor.
In the following, we consider G; = G, = 1 (omnidirectional
antennas) and f; = 1 (no system losses). In the remainder of
this paper, we will limit ourselves to schemes with uncoded
binary phase shift keying (BPSK), but the proposed approach
can be straightforwardly extended to any modulation format.

A general expression for the link SNR is

diOlPt
P =

pim) . aP/r}
Pihermal + Pint FEToRy + Pint

where: Pyt is the INI power and depends on the MAC
protocol and the spatial distribution of the nodes; F' is the noise
figure [4], k = 1.38 x 10723 J/K is the Boltzmann’s constant
and Ty is the room temperature (7 ~ 300 K)—in the case of
uncoded BPSK the 3-dB bandwidth is approximately equal to
the data-rate R,. The performance in the ideal (no INI) case is
obtained by setting PinT = 0. Explicit expressions for PNt
depend on the MAC protocol [2], and preliminary results with
ONRBS can be found in [5].

In [2], a MAC protocol based on route reservation and
without collision-based retransmission over intermediate links,
is proposed for reservation-based switched multi-hop ad hoc
wireless networks. The principle of operation of this MAC
protocol can be described as follows. A node, after reserving
a multi-hop communication route to its destination, activates

SNR, = 3)
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the route, i.e., starts transmitting, regardless of the activity of
the other nodes (not belonging to the reserved route). For this
reason, we will refer? to this MAC protocol as reserve-and-go
(RESGO).

In Section V, the impact of the INI when RESGO MAC
protocol is used will be evaluated simply by substituting into
the link SNR expression (3) the interference noise power
expression found in [2]. This is obviously not rigorous, since,
because of mobility, the node topology is likely to be far from
uniform, so that the considered expression for the average
interference power is not extremely accurate. However, due to
the assumption that the nodes can not exit the area A and due
to the focus of this paper on the analysis of the impact of node
mobility (rather than exact characterization of the INI), we
will use the simple closed-form expression of the interference
noise power, given in [2], to take into account the INI. A more
rigorous analysis, that takes explicitly into account various
network topologies is currently under investigation.

III. SWITCHING MODELS

A. Opportunistic Non-Reservation-Based Switching

A source node, in need of communicating with a destination
node, does not reserve in a static way intermediate relay
nodes. Instead, consecutive links, from source to destination,
are chosen opportunistically, based on their lengths. In other
words, at the moment of route creation a “tentative” multi-
hop route (or, possibly, more than a single multi-hop route)
from source to destination is created. Afterwards, we assume
that there is adaptive maintenance of the route links. More
precisely, if two consecutive nodes (constituting a link) of
the originally created route move too far from each other, the
starting node of this link will choose another node at average
distance 1/,/ps. For the sake of simplicity, we assume that
a node at distance 1/,/ps can always be found. Note that it
might happen that a neighboring node at distance 1/,/ps is
not immediately present: in this sense, the overall transmission
from source to destination might suffer an additional delay.
Moreover, opportunistic link creation/activation from source
to destination might require a significant exchange of control
messages among the intermediate nodes in the multi-hop
routes, reducing the overall transfer of “useful” information—
this is the price to pay for increased robustness against
mobility, as will be shown in Section V. Further research is
needed to address these important aspects of ONRBS-based
ad hoc wireless networks.

B. Reservation-Based Switching

In this case, during the route discovery process, intermediate
relay nodes are reserved in a static way. In other words, once
a route is created, the order of the intermediate relay nodes
does not change for the entire duration of the transmission,

2This MAC protocol was referred to in [2] as Aloha MAC protocol, for its
resemblance, in terms of route activation being independent from the activity
of other nodes in the network, to the classic Aloha MAC protocol. However,
there are significant differences which make RESGO MAC protocol different
from the classic Aloha MAC protocol: (i) multi-hop route reservation and (ii)
no use of retransmission techniques.

0-7803-8794-5/04/$20.00 © 2004 IEEE



t=t,=t,+Dp

Fig. 1. Link evolution during a message transmission in the case of direction-
persistent (DP) mobility model.

regardless of the actual lengths of the links. Obviously, for
a sufficiently high node mobility level, even assuming that
the initial set-up of a multi-hop route is characterized by a
sequence of hops with average length 1/,/pg, the lengths of
the final links of the route could significantly change, at the
moment of their activation, with respect to their initial lengths.
Hence, we expect that the robustness of RBS to node mobility
is significantly reduced with respect to that of ONRBS. This
degradation is limited if the mobility pattern is characterized
by frequent changes of direction.

IV. MOBILITY MODELS
The mobility status of a node can be described in terms
of two random processes: speed v and direction angle 6 (with
respect to a horizontal axis). Two possible mobility models are
considered in the following, but we underline that the proposed
approach is applicable in other cases, provided that a statistical
description of nodes’ mobility is available.

A. Direction-Persistent Mobility Model

In this case, during a message transmission on a single link,
the direction and speed of the two nodes at the ends the link are
constant. Based on this assumption, we now investigate how
this mobility model can be combined with the two considered
routing strategies.

1) Opportunistic Non-Reservation-Based Switching: Con-
secutive links are assumed to be “independent” from each
other. More precisely, the mobility status of a node during
a message transmission on a link (where such a node is the
final node) will be independent from its mobility status during
the message transmission on the consecutive link (where such
a node is the starting node).

Under the assumption of a DP mobility model, we now ana-
lyze the evolution of a link (corresponding to any intermediate
link of a multi-hop route) during a message transmission. We
denote the two nodes of the link as n4 and ng. We assume
that these nodes have constant speeds and direction angles,
indicated as (v4,04) and (vp,0p), during the transmission
of a message. The link status at the activation (¢5) and at the
end (t. = ts + Dp) of a message transmission are shown in
Fig. 1. Simple geometric considerations allow one to express
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the final link length r¢ as

r¢ = {ri + Dp(v% 4+ vy) — 204vp D% cos(64 — Op)
+2r,Dp(vacosfys —vp cos 03)}0'5 . )

In order to make a simple performance analysis, we consider
the arithmetic mean between r; = rr, and ¢ as a meaningful
average link length, i.e.,
S €
o2 LTI )
2

At this point, we assume that the average link SNR during the
transmission of a message can be obtained from (3), provided
that 7, is replaced by 7.

In general, a Monte Carlo simulation-based approach for the
evaluation of the BER at the end of an average communication
route can be considered. For the sake of simplicity, the mobil-
ity patterns of different nodes are assumed to be independent.
We define as ¢; = (v;,0;,viq1,0;+1) the ensemble of speed
and direction angle realizations of the two nodes constituting
the é-th link, ¢ € {1,...,my}, during transmission of the
message across the i-th link.?> Clearly, 7, = 7((;). We
denote the i-th link BER, corresponding to the realization (;,
as BER,((;). Hence, the final BER at the end of an average
communication route corresponding to an overall realization
ensemble,* denoted as (onrps = ((1,- - -, Gay, )» can be written
as

Nh

BER(Conrps) ~ 1 — [ ] [1 = BERL(G:)] . (6)

i=1
Considering a sufficiently large number n of realization ensem-

bles, i.c., (Pnps = (qf“,.._, %’f) cje{l,...n},

an estimate of the average BER can be written as

77 .
S " BER((Snps)

Jj=1

BER = @)

Ui

2) Reservation-Based Switching: Once a multi-hop route
has been created, a message flows through the originally
reserved links of the route, regardless of their evolution (due to
possible nodes’ movement). This is based on the assumption
that the mobility status of each node remains constant for the
entire message transmission along the activated route.

The approach considered in Subsection IV-A.1 for the
evaluation of the BER in a network communication scenario
with ONRBS, can be extended to the case with RBS. The only
difference consists of the fact that speed and direction angle

3Note that (v?, 61(;)) and (v[&”l), 9X+1>) are the two consecutive
mobility status of the same node. In the case of ONRBS, we assume that
they are independent. This implies that the same node is associated with
two different mobility status on a link where it is the final node and in the
following link where it is the starting node.

“Note that, due to ONRBS, it might happen that the number of hops
between a source and destination pair is actually larger than 7. However,
in order to make a simple and meaningful comparison with the case of RBS,
we assume that the total number of hops from source to destination is still,
on average, myp,.
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Fig. 2. Link evolution under the assumption of DNP mobility model, with
3> = 3 different movement directions within the duration of a message
transmission.

of a node do not change for the entire duration of the message
transmission from source to destination (details not reported
here for lack of space [3]).

B. Direction-Non-Persistent Mobility Model

Unlike in a network communication scenario characterized
by a DP mobility model, in a scenario characterized by a DNP
mobility model a node can change the direction of movement
during the transmission of a message. In particular, we “break”
the message duration into a finite number X of subintervals
(or slots) of equal duration. The distance covered by a node in
a slot is equal to Dpwv/%. While the speed of a node remains
constant for the entire message duration, the direction angle
can change from slot to slot. In particular, the angular change
A6 at the end of a slot can be considered as a function of
the speed: intuitively, the faster a node is moving, the smaller
the change of direction can be—a more specific model will be
introduced in Section V. In Fig. 2, a pictorial example of the
evolution of the link between two neighboring nodes (in the
case with ¥ = 3 slots per message duration) is shown. The
derivation in Subsection IV-A can be extended to this case, by
suitably computing the average link lengths slot by slot.

V. NUMERICAL RESULTS
In the following, the results are separated according to the

considered mobility model, either DP or DNP. In both cases,
in order to use the proposed semi-analytical Monte Carlo tech-
nique, a sufficiently large number 7 of independent realizations
is considered. The major network parameters are indicated
in the figures. In particular, the very low transmitted power
(P, = 0.23 uW) can be considered as typical of a wireless
micro-sensor network—the corresponding receiver sensitivity
is around —93 dBm (the distance between neighboring nodes
is approximately 7 m and there is only free space propagation
loss).

A. Direction-Persistent Mobility Model

We assume that for each node the speed v is uniformly
distributed in [0, vax) and the angular direction 6 is uniformly
distributed in [0, 27). In this case, the DP mobility model thus
corresponds to the random waypoint mobility model [6].

In order to understand the impact of the speed on the BER
performance, in Fig. 3 the BER is evaluated as a function of
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Fig. 3. BER versus maximum node speed, in the case of DP mobility model.
Ideal (no INI) and realistic (presence of INI with RESGO MAC protocol and
various traffic loads) cases are considered.

the maximum speed vi,ax, in an ideal case and in a realistic
case with RESGO MAC protocol. Two possible values of the
traffic load (A = 0.1 msg/s and A = 1 msg/s) are considered in
the latter case. The node spatial density is fixed to pg = 0.02
m~2 and the considered number of nodes is N = 10%. As
one can see, the impact of the routing strategy is significant,
especially in the ideal case. For increasing values of the
maximum speed Vi ax, While the BER in the ONRBS case does
not change (the maximum speed should be increased much
more to notice a performance degradation), the BER in the
RBS case rapidly degrades, increasing almost proportionally
t0 Umax. In fact, an RBS scheme is characterized by the
fact that nodes do not change direction of movement during
the entire duration of the message transmission, which is
equal (neglecting the propagation time) to Dp X ny, where
np V/N is the number of hops in a route. Therefore, if
the maximum speed is large, it follows that the nodes of
the last links of a route can move very far from each other,
with respect to their original positions, so that the BER at the
end of a route significantly degrades. On the other hand, in
the case of ONRBS, each link is opportunistically activated
and the corresponding nodes do not move significantly, for
all considered values of the maximum speed, during the
duration of message transmission Dp. In a realistic network
communication scenario, the higher the traffic load, the lower
the impact of mobility. In other words, higher the INI, lower
is the impact of the routing strategy on the performance. In
particular, the results in Fig. 3 have practical implications:
given a maximum acceptable BER at the end of an average
multi-hop route, and given the routing strategy and the traffic
load, it is possible to determine the maximum speed which
can be supported by the ad hoc wireless network.

In Fig. 4, the dependence of the BER on the message
length is shown in the case of very low node mobility level
(Vmax = 2 m/s). As one can observe, for increasing message
length (i.e., transmission duration), the BER reaches 1, i.e.,
the performance becomes unacceptable. While in the ideal
case there is a significant difference between the performance
with ONRBS and RBS (e.g., at a tolerable BER™2x=1(3,
the maximum message length supported with ONRBS is
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Fig. 4. BER performance versus message length M, in the case of DP
mobility model. The maximum speed is Ymax = 2 m/s. Ideal (no INI) and
realistic (with INI, RESGO MAC protocol and various traffic loads) cases are
considered.

M = 7 x 107 b/msg, whereas that supported with RBS is
M =~ 3x10° b/msg), in a realistic case, the difference between
ONRBS and RBS is negligible—this is also predicted by the
results, for low values of vy,ax, shown in Fig. 3. It is possible
to show that an increase of the maximum speed has a dual
effect: (i) for a given maximum acceptable BER, the maximum
acceptable message length becomes significantly lower; and
(ii) the performance difference between the two considered
switching techniques is still substantial in a realistic network
communication scenario with moderate traffic load.

B. Direction-Non-Persistent Mobility Model

As mentioned in Subsection IV-B, intuitively it is obvious
that the faster a node is moving, the less pronounced the
direction changes during a single message transmission can
be. In order to formalize this intuition, we assume that the
direction change A6 between two consecutive slots can be
written as follows:

A = + A0, (1 - e*%) )

where: v is the speed of the node (constant for the entire
message transmission); A, corresponds to the maximum
considered change of angular direction of movement; and the
sign in front of the angular deviation (+ or -) is chosen
randomly and independently in consecutive slots. In order
to evaluate the impact of the proposed DNP mobility model
with respect to that of the DP mobility model, the following
analysis is limited to an ideal (no INI) case. The extension to
a realistic (INI) case is straightforward (omitted here due to
lack of space).

In Fig. 5, the BER performance with RBS is shown as a
function of the node spatial density. The maximum speed is
set to Umax = 2 m/s. Three possible values for the parameter >
(1, 2, and 5) and two possible values for the maximum angular
deviation Aby,.x (/4 and 7) are considered. Observe that an
increase of ¥ and/or A6, has a beneficial effect on the BER
performance. In fact, in the RBS case, the final nodes of the
route (i.e., those close to the destination), rather than moving
far apart, are more likely forced to move around their original
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Fig. 5. BER performance, in an ideal case, as a function of node spatial
density pg, in the case of DNP mobility model with RBS. Various values of
the parameter 3 and the maximum angle deviation Afmax are considered.

positions because of the frequent changes of direction. The
improvement caused by frequent changes of direction is less
pronounced if ONRBS is used.

VI. CONCLUSIONS
Many factors affect the performance of ad hoc wireless

networks, among which node mobility plays a significant
role. While routing is usually studied by assuming perfect
connectivity, in this paper we have proposed a simple semi-
analytical approach, based on communication-theoretical prin-
ciples, to investigate the relation between node mobility, rout-
ing strategy, and physical layer characteristics. The proposed
framework can be used together with any mobility model,
provided that a suitable statistical description is available. Our
results show that the use of ONRBS allows to support, at the
cost of heavier control traffic, a higher mobility level than
the use of RBS. We also showed that the larger the traffic
load (and, consequently, the INI), the lower is the impact of
the routing strategy (i.e., RBS versus ONRBS) on the network
performance. Two mobility models, namely DP and DNP, have
been considered. Our results show that, in RBS-based ad hoc
wireless networks, a DNP mobility model leads to a better
performance, since frequent changes of directions average out,
forcing the nodes to move around their original positions in a
route, rather than moving far away and, therefore, disrupting
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