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Chapter 6

Resource sharing in wireless ad-hoc networks

6.1 Introduction

In this part of the thesis we focus on wireless ad-hoc networks (cf. Section 1.2.2). We
investigate the impact of the resource-sharing policy on the performance of an ad-
hoc network where multiple ‘source nodes’ transmit their flows via a common relay
node. The principal goal of this chapter is to introduce the fluid-modeling approach
of wireless ad-hoc networks that will be studied extensively in the next chapters.
The present chapter serves as an introduction to this part.

Outline of this chapter. In order to introduce the fluid model and the performance
metrics, we first explain wireless ad-hoc networks in more detail, and, in particu-
lar, the resource sharing among nodes (Section 6.2). Next, we provide an overview
of the literature on the performance modeling of wireless ad-hoc networks (Section
6.3). Subsequently, we describe our fluid model in detail, together with its perfor-
mance metrics (Section 6.4), and we present some preliminary analysis (Section 6.5).
Finally, we introduce validation scenarios that are used in the numerical evaluations
in Chapters 7 and 8 (Section 6.6).

6.2 Wireless ad-hoc networks

Developments in wireless communication technology open up the possibility of op-
erating wireless ad-hoc networks. These networks can be deployed without a fixed
infrastructure or predetermined configuration, and one of the key-features is multi-
hop connectivity. For this reason ad-hoc networks are particularly suitable in sit-
uations where a fixed communication infrastructure, wireline or wireless, does not
exist or malfunctions, e.g., due to a disaster, for instance see [12, 49, 50, 124]. The
communication technology is usually based on shared medium access (for example,
IEEE 802.11 Wireless LAN, see [63]), i.e., neighboring nodes share a common under-
lying radio capacity.

As mentioned above, wireless ad-hoc networks have two important character-
istics: i) multi-hop connectivity, i.e., nodes that cannot directly communicate with
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their destinations use other nodes as relay nodes; ii) nodes contend for access to a
shared wireless medium in a distributed fashion. A consequence of the first charac-
teristic is that certain nodes, in particular nodes that have central locations, are likely
to become relay nodes having considerably higher traffic loads than other nodes. The
second characteristic entails that there is a lack of coordination between the nodes
which may result in non-optimal sharing of the medium capacity. Therefore, a relay
node can easily become a performance bottleneck. For example, when a relay node
obtains the same share of the medium capacity as each of its neighboring nodes, the
input rate of traffic into the relay node exceeds the output rate when more than one
neighboring node sends traffic via the relay node. This results in the accumulation
of traffic at the relay node and consequently in increasing delays.

Currently, IEEE 802.11 Wireless LAN [62, 63, 64, 65] is the most popular wireless
ad-hoc networking technology; our fluid model (cf. Section 6.4) is inspired by this
technology, but the model is also suitable for other technologies with distributed
resource-sharing. The performance of WLAN is largely determined by the maximum
data rate at the physical (PHY) layer and the Medium Access Control (MAC) layer pro-
tocols defined by the IEEE 802.11 standards. WLAN nodes have to contend for access
to the wireless medium according to the Distributed Coordination Function (DCF).
The DCF is a random access scheme based on Carrier Sense Multiple Access with
Collision Avoidance (CSMA/CA), which uses random backoffs in order to manage
packet retransmissions in case of a destructive collision. In literature it is shown that
the DCF tends to share the wireless medium capacity equally among the contending
nodes, cf. [16, 82]. Clearly, DCF is particularly appropriate in the context of ad-hoc
networks as it operates in a fully distributed fashion. The DCF has, however, also
significant drawbacks. Most notably, it only facilitates equally sharing of the capac-
ity among active nodes. It cannot grant different shares of the available capacity to
different nodes, hence, it is not capable to relieve the burden on relay nodes.

In 2005 a QoS-enabled version of the DCF was standardized, viz. the Enhanced
Distributed Channel Access (EDCA), which is part of amendment IEEE 802.11e, see
e.g. [63, 65]. The EDCA provides several parameters enabling QoS differentiation
among the traffic originating from services with different QoS requirements. In prin-
ciple, it can be used to enforce unequal sharing of the capacity among nodes. In
particular, in our study we use this technology to grant a larger share of the capac-
ity to the relay node. We refer to Section 8.2 for more elaborate descriptions of the
DCF and EDCA. For more details on QoS aspects in ad-hoc networks, we refer to the
survey [15].

Recall that our goal is to investigate the impact of the resource-sharing policy on the
performance of wireless nodes in an ad-hoc network. We do so by considering a
fluid model of a single relay node that is fed by multiple source nodes. Source nodes
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become active at random time instances and start transmitting flows to a destination
via the relay node; after a source node has transmitted its flow to the relay node it
becomes inactive.

We consider the general situation in which the relay node may obtain a larger
share of the capacity than each of the source nodes. The ‘resource-sharing ratio’ m

indicates the share of the overall capacity C that the relay node obtains relative to the
share that is allocated to each of the source nodes. More precisely, if n source nodes
are active, then the relay node obtains service rate mC/(m + n) while each source
node receives service rate C/(m + n). If the aggregate rate of traffic flowing into the
relay node exceeds the service rate of the relay node, work is backlogged at the relay
node in a buffer (of infinite size). It is stressed that the relay node can only claim its
full share mC/(m + n) if either the number of active source nodes exceeds m (that
is, n ≥ m), or if the relay node is backlogged. Otherwise the relay node is allocated
a share C/2, while each source node obtains C/(2n) (and hence the buffer remains
empty). An important consequence of these allocation rules is that the system is
work-conserving. We will explain the model in more detail in Section 6.4.

6.3 Literature

This overview of the literature mainly focuses on analytical studies on the perfor-
mance of wireless ad-hoc networks. It is divided into three classes: packet-level
behavior, fluid modeling of flows in single-hop WLAN, and fluid modeling of multi-
hop flows in wireless ad-hoc network. Our interest is on the modeling of multi-hop
flows in wireless ad-hoc networks; as will become clear, this topic was hardly cov-
ered in literature. The packet-level studies are mentioned as their outcomes are used
in our fluid models.

Packet-level behavior of WLAN and wireless ad-hoc networks. The packet-level behav-
ior of IEEE 802.11 WLAN in a single-hop network, i.e., the contention for a transmis-
sion opportunity among active nodes, has been investigated extensively. A detailed
mathematical performance model of the DCF has been developed and analyzed by
Bianchi [16], and slightly improved by Wu et al. [134]. In these papers the authors
assume a constant number of persistently contending stations and rely on a rela-
tively simple Markov chain analysis, neglecting only minor dependencies among
the behavior of different nodes, and is used to obtain the saturated throughput of
the wireless medium. Comparison with simulation shows that the analytical results
are in general remarkably accurate.

The modeling approach introduced by Bianchi [16] is extended in many direc-
tions, e.g. in [82] various modeling enhancements on the PHY and MAC layer are
included in the DCF performance model. This modeling approach is also used to ob-
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tain packet contention delays for saturated sources [25], non-saturated sources [41],
and heterogenous non-saturated sources [84]. In [41] the average contention delay is
obtained by exploiting the state probabilities of Bianchi’s Markov chain.

The Markov chain analysis, presented in [16], is extended to include the QoS-
differentiation capabilities of the EDCA in e.g. [27, 136]. In particular, these models
include the impact of variation of the AIFS parameter (one of the four EDCA param-
eters) on the saturation throughputs. In [113] the IEEE 802.11e QoS-differentiation
parameters (EDCA parameters) CWmin, CWmax, AIFS, and the TXOPlimit are systemat-
ically evaluated by means of simulations.

Analytical models for packet-level performance in multi-hop ad-hoc networks are
presented in, e.g. [26, 60]. These papers consider situations in which the nodes expe-
rience different channel-conditions as the number of neighbors and their distances to
these neighbors vary per node. The performance measures of interest are the overall
aggregate throughput and the throughput per node including the impact of hidden
nodes; the authors do not consider the performance of multi-hop flows.

Fluid modeling of flows in single-hop WLAN. Flow-level behavior in a single-hop net-
work is studied in [45, 82, 133]. These papers consider situations where the number
of active nodes varies dynamically in time according to the initiation and comple-
tion of file transfers at random time instants. They propose and analyze simplified
analytical models yielding approximations for the expected flow (file) transfer time.
In particular, in [82] the analysis is based on the modeling assumption that, from the
flow-level point of view, WLAN can be regarded as a Processor Sharing (PS) type of
queueing system where flows are modeled as if they continuously send traffic instead
of sending individual packets. A closed-form expression for the mean flow-transfer
time is obtained by considering the system as a Processor Sharing queue with state-
dependent service rates. In [27] the model is extended to include EDCA’s service
differentiation; the authors use a queueing system with Discriminatory Processor
Sharing (DPS) service discipline to model flow level behavior; results are validated
by simulations.

The analyses in [45, 82, 133] ignore the effects of higher-layer protocols, in partic-
ular TCP, on the traffic behavior. In the papers [98, 112, 118] the transfer times of TCP

flows over WLAN are investigated using an analytical packet/flow-level approach
analogously to the one in [82]. They first determine the aggregate system through-
put for a fixed number of persistent TCP flows, which is obtained using essentially
an analysis similar to the one of [16]. The resulting throughputs, which are obtained
for each number of persistent flows, are used as the service capacities in a Processor
Sharing queue with state-dependent service rates modeling the situation with a time-
varying number of non-persistent TCP flows; the main result is an expression for the
mean TCP flow transfer time. In addition, [112] also analyzes the second moment of
the transfer time of a TCP flow.
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Fluid modeling of multi-hop flows in wireless ad-hoc networks. As mentioned at the be-
ginning of this section, to the best of our knowledge there were no flow-level models
for multi-hop flows in ad-hoc networks that yield analytical results, before we pre-
sented our fluid model (cf. Section 6.4, which appeared as [14]). We first list our own
contributions on the fluid modeling of multi-hop flows, and next we discuss related
literature on this topic.

In [14] we introduced the ‘standard’ fluid model that plays a central role in this part
of the thesis, which corresponds to the special case of resource-sharing ratio m =
1 (relating to the IEEE 802.11 DCF), cf. Sections 6.1 and 6.4. For this fluid model
(described in more detail in Section 6.4.3) analytical expressions are presented for a
number of performance metrics (see also Section 8.3.2), in particular, we analyze the
time required to entirely transmit a flow from a source node to its destination.

In [90], Chapter 9 of this thesis, we derive the Laplace transforms and we char-
acterize the tail probabilities of the performance metrics of interest, still for the case
the resource-sharing ratio m = 1. We focus on the case of exponentially distributed
flow-sizes.

The fluid model of [14, 90] is extended to a general resource-sharing policy m ∈
[0,∞) in [115], Chapter 7 of this thesis. This extension entails that a larger share of the
medium capacity can be granted to the relay node than to each of the neighboring
nodes, in order to improve the overall flow transfer time. We present analytical
expressions for the performance metrics of this fluid model. It is stressed that this
general case is significantly more difficult than the ‘standard’ fluid model with m = 1
as in [14, 90] due to the fact that the resource sharing between the source nodes and
the relay node is influenced by the workload at the relay node, and it is not solely
determined by the number of active source nodes as is the case for m = 1.

The focus of [114], Chapter 8 of this thesis, is on the validation of the fluid model.
By system simulations incorporating all details of the IEEE 802.11b and IEEE 802.11e
Wireless LAN technology it was demonstrated that the fluid model accurately de-
scribes the resource sharing among the source nodes and their common relay node.

Our fluid-modeling approach has been adopted in several other studies. In [9] the
‘standard’ fluid model, i.e., with equal sharing of the capacity m = 1 as was in-
troduced in [14], is considered for the case of regularly-varying flow sizes (that is,
heavy-tailed flows). In particular, the tail asymptotics of the overall flow transfer time
are derived by sample-path arguments; it is proven that the tail behaves roughly
as the residual flow size. In [107] a versatile infinite-state Markov reward model is
proposed to investigate the impact of various resource-sharing strategies for expo-
nentially distributed flow-sizes, and in [108] the authors specialize their framework
towards the IEEE 802.11e model; in both papers the authors numerically compute
their performance metrics, such as the distribution of the number of active source
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nodes and the workload at the relay node; they do not study flow-level performance
metrics, e.g., flow-transfer times.

The model of [115] with general resource-sharing ratio m ∈ [0,∞) is also the
subject of study in [93]. The authors derive the transforms for the performance met-
rics (analogously to [90]). In [28] an ad-hoc network with one- and two-hop flows
sharing the same radio capacity is considered; in cohort to our model, the flows are
relayed via different network nodes. The authors show that this situation can be
modeled and analyzed by a Discriminatory Processor Sharing (DPS) model provid-
ing (for exponentially distributed flow-sizes) closed-form expressions for the mean
transfer time of one- and two-hop flows.

Finally, we stress that the vast majority of ad-hoc network performance studies
available in the literature are based on simulation, see e.g. [47, 59]. These papers
usually capture great detail of the ad-hoc network protocols, but have the intrinsic
drawback that they do not provide any deeper understanding of the impact of the
parameters on the realized performance. Moreover, simulation runtime may become
prohibitively large, hampering, e.g., sensitivity analysis or parameter optimization.
Analytical performance models usually capture less detail in order to retain tractabil-
ity, but do provide insight into the behavior of the system in a more explicit fashion.

6.4 Fluid model

This section presents the fluid model and the performance metrics that are analyzed
in this part of the thesis. In Section 6.4.1 we describe the considered ad-hoc network
scenario, and Section 6.4.2 describes the resource sharing among the network nodes.
Finally, the performance metrics are defined in Section 6.4.3.

6.4.1 Ad-hoc network scenario

We consider a network with a large number of source nodes which may become
active and start transmitting flows of data (files) to destinations via a common relay
node, see Figure 6.1. Flow transfers are initiated according to a Poisson process
with rate λ (‘flow arrival rate’). Flow sizes (in terms of fluid or bits) are generally
distributed with distribution F with mean f , second moment f2 (assumed to be
finite), and Coefficient of Variation (CoV) CF , i.e., C2

F := Var(F ) /(EF )2 = f2/f2 − 1.
The number of active source nodes at time t is denoted by Nt.

6.4.2 Resource sharing among network nodes

The total transmission capacity of the system is denoted by C and it is shared among
the active source nodes and the relay node. If the aggregate rate of traffic flowing
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Source nodes Relay node Destinations

WtNt

1

Figure 6.1: Network model.

from the source nodes to the relay node exceeds the rate out of the relay node, traffic
is stored in a buffer of infinite size which is served by the relay node in a FCFS-
fashion. By Wt we denote the workload at the relay node at time t.

The resource-sharing ratio between the relay node and the source nodes is de-
noted by m, i.e., the relay node obtains capacity mC/(Nt + m) if Nt ≥ m sources
are present or if the buffer of the relay node is backlogged, i.e., Wt > 0. Otherwise,
the relay node and the set of active source nodes each obtain half the capacity (C/2),
i.e., the aggregate input rate at the relay node is equal to the output rate. The source
nodes always equally share the capacity not used by the relay node. Observe that the
entire capacity C is always used if there is work in the system, so that the system is
work-conserving. The resource sharing between the source nodes and the relay node
is summarized in Table 6.1. The column ‘drift’ indicates the sign of the net input rate
into the buffer at the relay node, i.e., it indicates whether the buffer content increases
(+), decreases (−) or remains constant (0). Notice from Table 6.1 that the resource
sharing at epoch t depends on both Nt and Wt. Figure 6.2 presents a sample-path
example of the resource sharing in case m = 2, including the performance metrics of
Section 6.4.3.

Table 6.1: Resource sharing between source nodes and relay node.
Number of Wt = 0 Wt > 0

active sources source relay drift source relay drift
Nt < m C/2Nt C/2 0 C/(m + Nt) mC/(m + Nt) –
Nt = m C/2Nt C/2 0 C/(m + Nt) mC/(m + Nt) 0
Nt > m NA NA NA C/(m + Nt) mC/(m + Nt) +

Observe that in our model a flow may be present (and receive service) at both
the source node and the relay node: at flow initiation the source node immediately
starts transmitting fluid to the relay node and parts of the flow may be present at
both source and relay node. At some point in time the source node transmits the last
(infinitesimally small) ‘particle’ of the flow to the relay node, and then the source
node becomes inactive; this epoch is referred to as the ‘arrival of the last particle
at the relay node’-epoch, or alternatively as the ‘source-departure’-epoch. In case
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Figure 6.2: Sample-path example of the resource sharing between source and relay nodes and
the resulting performance metrics for resource-sharing ratio m = 2.
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the relay node is not backlogged, this last particle will be served instantly and the
flow transfer is completed. If the relay node is backlogged, the last particle suffers
an additional delay before the flow transfer time from source node to destination is
completed.

In the sequel, we often refer to the special case of the resource-sharing ratio m = 1
as the ‘standard’ fluid model; this model captures the resource sharing of the IEEE

802.11 DCF, and was first introduced in [14].

REMARK 6.4.1 ( SPECIAL CASE OF THE RESOURCE-SHARING RATIO: m ∈ [0, 1]). Ob-
serve that for m ∈ [0, 1] the relay node always obtains the full share m of the capacity C when
Nt ≥ 1, i.e., the resource sharing is independent of the workload Wt at the relay node. Conse-
quently, the rates that are granted to the source nodes and the relay node are fully determined
by Nt.

6.4.3 Performance metrics

The main performance metric of interest is the overall flow transfer time Doverall, i.e.,
the time required to completely transfer a flow from source node to destination. The
overall flow transfer time is the sum of two other performance metrics: i) the time
(Dsource) a source requires to completely transfer a flow to the relay node, and ii)
the delay at the relay node (D∗

buffer) experienced by the last particle of the flow (the
asterisk indicates that the performance measure relates to the last particle of a flow),
i.e.,

Doverall = Dsource + D∗
buffer.

In addition we are interested in the steady-state buffer workload Wbuffer at an arbi-
trary moment (which is equal to the steady-state workload at a flow-arrival epoch
due to the model assumption of Poisson arrivals), and the buffer workload W ∗

buffer
present at the arrival of a last particle of a flow at the relay node; observe that W ∗

buffer
contributes to the delay D∗

buffer.

The notation introduced above is used in Chapters 7 and 8, but in Chapter 9 we use
a different, shorter notation. For reasons of conciseness in Chapter 9 we use F , D,
and S for respectively Dsource, D∗

buffer, and Doverall.

6.5 Characterization of the total workload in a wireless

ad-hoc network

This section presents some preliminary analysis, in particular, we relate the total
workload Wtotal in our model of the ad-hoc network scenario, described above with
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flow-initiation rate λ and flow-size distribution F , to the workload in an M/G/1-
queue. Therefore we use the key observations:

1. Each flow is served essentially twice; once by the source node to transmit the
flow to the relay node, and once by the relay node to forward the flow to the
destination node.

2. The overall system is work-conserving, i.e., the total service rate of the system is
always C if there is work in the system.

We remark that these observations immediately lead to the stability criterion 2ρ < 1,
with ρ := λf/C.

Now it easily seen that the following lemma holds.

LEMMA 6.5.1. EWtotal corresponds to the virtual waiting-time in an M/G/1-queue with
arrival rate λ and service-requirement distribution F with first moment 2f/C and second
moment 4f2/C2. Then,

EWtotal =
(

2ρ

1 − 2ρ

)
· 1
2
(C2

F + 1)
2f

C
=

(
2ρ

1 − 2ρ

)
· (C2

F + 1)
f

C
. (6.1)

Proof The expression for EWtotal follows directly from the Pollaczek-Khintchine
mean-value formula. �

Observe that Expression (6.1) is independent of m; this is a direct result of the fact
that the total networks is work-conserving, i.e., ‘work’ always leaves the total system
at rate C.

6.6 Validation scenarios

In this section we introduce the validation scenarios and their parameter settings,
and we explain the details of the simulation environments used in the numerical
studies of Chapters 7 and 8.

6.6.1 Validation scenarios

In the validation experiments in Chapters 7 and 8, we examine the transfer of flows
(files) with an average flow size f of 0.12 Mbits, which corresponds to flows of 10
packets of each 1500 Bytes in an actual communication system (cf. [14, 114]). The
following flow-size distributions are considered: Deterministic, Erlang-4, Exponen-
tial, and Hyper-Exponential (with balanced means, e.g., see p. 359 of [128]) with a
Coefficient of Variation (CoV) CF of 2, 4 and 16.
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The flow-initiation rate is varied such that the load ρ varies from very low loads
(0.024) to an almost saturated system (0.48). Recall that, for stability, ρ < 1

2 is re-
quired.

We assume a common radio-link with capacity C = 5 Mbit/s, cf. the motivation in
Section 8.3.1. The resource-sharing ratio m is varied over the values {0, 1, 2, 3, 5, 10}.

6.6.2 Simulation environments

For the numerical evaluations in the following chapters we rely on two simulation
tools: a fluid-model simulator and a wireless ad-hoc network simulator. Both simu-
lators are own-built simulation tools in the general-purpose programming language
Delphi.

The fluid-model simulator exactly captures the behavior of the fluid model that was
introduced in Section 6.4; the simulator is used in Chapter 7 to validate the analysis.

The ad-hoc network simulator is used in Chapter 8 as a validation of the fluid
model. All the details of CSMA/CA contention of the EDCA are included in the sim-
ulator, e.g., the back-off mechanism, physical and virtual carrier sensing, and colli-
sion handling. The PHY-layer includes propagation- and fading-models and a clear
channel assessment (CCA) procedure that results in limited ranges for successfully
transmitting and receiving packets and sensing transmissions of other nodes. The
PHY-parameters are set according to the IEEE 802.11b standard: RTS-, CTS- and ACK-
frames are transmitted at 2 Mbit/s and the data-frames are transmitted at 11 Mbit/s.

The simulation environments are used for the numerical studies in Chapters 7 and
8. In the numerical experiments sufficiently many replications have been simulated
in order to obtain small confidence intervals. In all experiments the confidence in-
terval’s half-width divided by the estimate is below 5%. We remark that this ratio is
only close to 5% for high loads and high CoV (i.e., CF = 16), in the other cases the
ratio is usually well below 1%.




