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a b s t r a c t

In this paper, we are interested in using large-deviations theory to characterize the asymp-
totic decay-rate of the queue-overflow probability for distributed wireless scheduling algo-
rithms, as the overflow threshold approaches infinity. We consider ad hoc wireless
networks where each link interferes with a given set of other links, and we focus on a dis-
tributed scheduling algorithm called Q-SCHED, which is introduced by Gupta et al. First, we
derive a lower bound on the asymptotic decay rate of the queue-overflow probability for
Q-SCHED. We then present an upper bound on the decay rate for all possible algorithms
operating on the same network. Finally, using these bounds, we are able to conclude
that, subject to a given constraint on the asymptotic decay rate of the queue-overflow
probability, Q-SCHED can support a provable fraction of the offered loads achievable by
any algorithms.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Link scheduling is an important problem for ad hoc
wireless networks. In wireless networks, the transmissions
at neighboring links can interfere with each other. Hence,
in order to maximize the capacity of the system, it is crit-
ical to schedule only a subset of non-interfering links at
each time. There have been many studies on designing
and analyzing scheduling algorithms for wireless network.
A notable result is the well-known maximum-weight
scheduling algorithm, which has been shown to be
throughput-optimal, i.e., it can stabilize the network at
the largest set of offered loads [2]. However, this algorithm
is centralized and with high computational complexity.
Therefore, many researchers have proposed low-complex-
ity and distributed scheduling algorithms (see, e.g., [3–8]).

Often, the goal is to be able to stabilize the network for a
provable fraction of the capacity region. For example, the
low-complexity algorithm in [5] has been shown to sustain
close to 1/2 of the capacity region under the node-exclu-
sive model.

To date most studies of wireless scheduling algorithms
have mainly focused on stability. In other words, they
ensure that the queues do not grow to infinity. Although
stability is an important criterion, for many real-time
applications stability is far from being sufficient. For exam-
ple, when watching streaming video or listening to stream-
ing audio, the user would expect that the delay of every
packet can be upper bounded with high probability. As sta-
bility only ensures that the queue-length of each link re-
mains finite, it cannot guarantee such type of stringent
quality-of-service (QoS) requirements.

In certain cases, the probability of delay-violation can
be mapped to the probability of queue overflow. Unfortu-
nately, both problems have been known to be very diffi-
cult. First, the exact probability distribution is usually
mathematically intractable. Hence, one often has to turn
to asymptotic techniques, such as large-deviations. For
wireline networks, many results have been obtained using
large-deviations techniques [9], based on the assumption
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that the packet arrival process is known and the service
rate of each link is time-invariant. However, in wireless
networks, the service rate process is time-varying. Some
progress has been made for the case when the scheduling
decision is based only on the channel state, which means
that the service rate process has known statistics [10,11].
However, for many wireless scheduling algorithms, even
the statistics of the service rate process are unknown.

Recently, the queue-overflow probability for a number
of queue-length based scheduling algorithms, for which
the statistics of the service rate process are unknown, have
been studied in [12–16] using sample-path large-
deviations. In these works, the algorithms are centralized
and are for a single cell. Further, the algorithms are deter-
ministic in the sense that the scheduling decision is a
deterministic function of the system state.

In this paper, we will develop techniques to estimate
and control the QoS of distributed scheduling algorithms
for ad hoc networks. We will focus on a random access
algorithm for ad hoc wireless networks called Q-SCHED
[5]. Note that due to the distributed and random nature
of Q-SCHED, the techniques in prior works [12–16] do
not apply directly. This is because the sample-path large-
deviations techniques in these prior works require the cost
of each sample-path to be known. Note that for the sched-
uling algorithm in these prior works, since the scheduling
decision is a deterministic function of the system state,
the statistics of the service rate given the system state
are known. Hence, the cost of each sample-path can be
written down explicitly. However, for the Q-SCHED algo-
rithm, due to the randomness and distributive nature of
the algorithm, the statistics of the service rate given the
current system state are not precisely known. (In fact, only
bounds on its statistics are known, as can be seen from
Lemma 1.) Hence, we can not specify the cost of a sam-
ple-path explicitly, and thus, we can not use the methodol-
ogies from [12–16] directly.

As in [12–16] the questions that we are interested in are:
(a) how to estimate the decay rate of the queue-overflow
probability of this algorithm, and (b) given an overflow con-
straint, how to calculate the set of offered-load vectors that
this algorithm can support. To answer these questions, we
will first obtain a lower bound on the decay rate of the over-
flow probability for Q-SCHED. Then, based on this bound,
we provide a lower bound on the set of offered-load vectors
that this algorithm could support at a given queue-overflow
constraint. To the best of our knowledge, this is the first
work that characterizes the queue-overflow probability of
distributed scheduling algorithms for ad hoc networks in
a large-deviations setting. Finally, we show that subject to
a given queue-overflow constraint, the offered-load sup-
ported by Q-SCHED is at least a provable fraction of the
offered-load supported by any other algorithms.

2. System model

We use the model from [5]. We consider a wireless net-
work of N nodes. Let V be the set of nodes, E be the set of
directed links between nodes, and G(V,E) be the directed
connectivity graph of the network. Each link l 2 E interferes

with a set of other links in E, which we denote as E l. We as-
sume that if k 2 El then l 2 Ek, i.e., the interference relation-
ship is symmetric. We also let l 2 E l, i.e., E l ¼ flg[
fl0 2 E : l0 interferes with lg. This interference set varies
when different communication techniques are used. For
example, for Bluetooth, we use the node-exclusive inter-
ference model, also known as the primary interference
model or the one-hop interference model, where E l is the
set of all links that are connected to either end-point of l.
In IEEE 802.11 WLAN, the interference set E l will be the
two-hop neighbors of l, including l.

We assume a slotted system. Let al(n) denotes the num-
ber of packets that arrive at link l in time-slot n. We as-
sume that for each l, al(1), al(2), . . . are i.i.d. and kl = E
[al(1)]. Moreover, we assume that al(n) is upper bounded
by AM for all n > 0 and all l 2 E, i.e., 0 6 al(n) < AM, which
means that the number of arrival packets is finite in each
time-slot.

Let dl(n) denote the number of packets that can be
served by link l in time-slot n. Assume that the capacity
of each link is a fixed number cl. Let sl(n) = 1 indicates that
link l is scheduled in time-slot n, sl(n) = 0 otherwise.
Clearly, dl(n) = clsl(n). We assume a single-hop system,
i.e., packets served at link l immediately leave the system.
Let ql(n) denote the backlog of link l in slot n, and
~qðnÞ ¼ ðq1ðnÞ; q2ðnÞ; . . . ; qjEjðnÞÞ. Then the evolution of each
ql(n) is given by ql(n + 1) = [ql(n) + al(n) � dl(n)]+, where
[�]+ denote the projection to [0,1). We also define:

AiðnÞ ,
X
l2Ei

alðnÞ
cl

; DiðnÞ ,
X
l2Ei

dlðnÞ
cl

: ð1Þ

These two variables are the total normalized arrivals and
service, respectively, in each interference set at time slot
n, and they will be used frequently in Section 3.

We consider the algorithm Q-SCHED that was intro-
duced in [5]. In this algorithm, it is assumed that at the
beginning of each time-slot every link l knows the
queue-lengths of all links in its interference set El and also
the queue-lengths of all links in the interference set Ek for
every k 2 El. Each time slot is divided into two parts: a
scheduling slot and a data transmission slot. Links that
are chosen in the scheduling slot will transmit their pack-
ets in the data transmission slot. The scheduling slot is fur-
ther divided into M minislots. At the beginning of each
time-slot n, each link l first computes:

PlðnÞ ¼ a
qlðnÞ

cl

maxi2El

P
k2Ei

qkðnÞ
ck

;

where a = log (M). Then, each link l picks a backoff time
Yl(n) from {1, 2, . . .,M + 1} according to the following
probabilities:

P YlðnÞ ¼ M þ 1ð Þ ¼ e�PlðnÞ;

P YlðnÞ ¼ mð Þ ¼ e�PlðnÞm�1
M � e�PlðnÞmM; m ¼ 1;2; . . . ;M:

A link that chooses backoff time Yl(n) = k 6M will start
transmission at the kth mini-slot unless it has already
heard a transmission from one of its interfering links. If a
link chooses a backoff time equal to M + 1, it will not
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