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Abstract-The design of routing protocols for wireless ad-
hoc networks is guided by the dual requirements of throughput
optimality and minimum delay. Lately, there has been a move-
ment from the traditional routing approach, which identifies a
best path to the destination before transmission and routes all
the packets through it, to opportunistic approaches which make
routing decisions adaptively based on actual transmission out-
comes. We compare the stable rate region of both the approaches
and find, interestingly, that opportunistic routing schemes do
not always support a larger stable-rate region than traditional
routing protocols. Backpressure based schemes are known to
be throughput optimal but compromise on delay performance
instead. We study the behavior of various schemes and propose
a routing policy that considers both the goals of throughput
optimality and minimizing expected delay in its design.

Index Terms-Backpressure routing, stochastic control, dy-
namic programming, opportunistic routing, wireless ad-hoc net-
works

I. INTRODUCTION

In this paper, we look at the problem of designing routing
protocols for multi-hop wireless ad-hoc networks. Consider
the case where there are multiple traffic streams originating
at different sources but are intended for a single destination.
Each node is faced by the resource allocation decision between
sending its own traffic versus forwarding another node's traffic.
Given the link capacity constraints of the network, we want
to route traffic in a way such that the traffic supported by the
network is maximized. In addition, it is desirable to minimize
the end to end routing delay, esp. for applications with strict
Quality of Service (QoS) requirements. This problem is further
made challenging by the artifacts of a wireless scenario like
interference, node mobility and unreliability of the links due
to fading and noise. To optimize the above dual objectives
of throughput and delay performance, routing protocols must
account for the interplay and the tight coupling between
routing and congestion in the network.

Lott and Teneketzis [1] were among the first to introduce
opportunism in the context of wireless multi-hop routing. Inde-
pendently, Larsson proposed an implementation and protocol
suite for Selection Diversity Forwarding (SDF) in [3]. In
both of these papers, the source identifies a set of potential
forwarders and multicasts the message to them. The successful
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recipients respond with ACKs. The source identifies the best
amongst these receivers, according to some predefined criteria,
and sends a forwarding order to it. Hence, the actual routing
decision is made after transmission of data. To obtain analyt-
ical guarantees regarding convergence and optimality, [1] and
[2] suggest a distributed dynamic programming formulation in
case of time-invariant criteria such as hop-count, transmission
rate, and transmission energy for making the final forwarding
decision. On the other hand, [3] suggests various time-varying
criteria, like forward progress, cost progress, queue backlogs
etc, for making the final forwarding decision without providing
analytic results. Extremely Opportunistic Routing (ExOR) [4]
picks the forwarder with the smallest ETX [5], i.e. the expected
number of transmissions on the shortest path to the destination.
The key contribution of [4] is the design of an efficient agree-
ment protocol which can build on 802.11 standard-compliant
hardware and further, demonstration of throughput gains over
traditional routing in hardware tests. Geographic Routing and
Forwarding (GeRaF) [6] is yet another opportunistic scheme in
which the smallest geographical distance from the destination
is used as the forwarder selection criterion.

In all proposed opportunistic protocols, routing decisions
are made adaptively, choosing the best next hop for each
packet based on actual transmission outcomes. As opposed
to wired networks where connectivity is limited by physical
wiring, wireless networks have an inherently broadcast nature.
Earlier, overhearing a message by those other than the intended
recipient was considered as interference and detrimental to
the network performance. Opportunistic routing turns this
belief around and uses this multi-receiver diversity to boost
network throughput. Some of the key arguments in the favor
of opportunistic routing are

. It can account for instantaneous fluctuations in channel,
queue conditions etc to adaptively avoid the bad paths
and choose the best ones.

. Traditional shortest path routing sticks to the best path
in an average sense, but opportunistic routing gains by
exploiting any lucky transmissions that go unusually far.

. As opportunistic routing exploits multicast, the probabil-
ity of at least one node hearing the message is always
higher than the probability of the best node hearing it and
this buys us throughput gain. This can also help distribute
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Fig. 1. Example where ExOR [4] and Stochastic routing policy [2] will have
different node ordering. ExOR gives Node 6 higher priority whereas the latter
gives Node 1 higher priority. The fractions on the links show the success
probability on each link.

traffic and interference over multiple paths available to
the destination.

Note that the dynamic programming approach proposed in
[1] and [2] chooses the forwarding node with the maximum
expected reward (or minimum expected cost). The improve-
ment over ExOR [4] and SDF [3] is that instead of considering
only the one best path, [1] efficiently uses the diversity of
paths when available. The node ordering for this policy and
EXOR will be different when there is a potential trade-off
between average number of forwarding hops and diversity
in forwarding paths. An example network demonstrating this
scenario is shown in Figure 1.
As carefully noted in [7], all above routing schemes can

potentially cause infinite delays as they fail to stabilize other-
wise stabilizable traffic. In particular, DIVBAR [7] generalizes
the seminal work by Tassiulas and Ephremides [14] on back-
pressure routing to include the local transmission diversity
introduced by opportunistic routing protocols'. DIVBAR does
something very different from [1] and [4] - rather than any
metric of closeness (or cost) to the destination, it chooses the
receiver with the largest positive differential queue backlog.
That is, the receiver with the smallest queue is chosen if it
is less than the source queue, otherwise the source retains the
packet and retransmits. This very property of ignoring the cost
to the destination becomes the bane of this approach, leading
to poor delay performance, as we will see in section III-B.

This indicates that a good protocol must account for con-
gestion as well as cost to the destination in its design. Most
existing opportunistic protocols account for only one of these.
Least Resistance Routing [9] suggested using a weighted com-
bination of channel quality and queue backlogs as a routing
metric, though in a traditional routing scheme. Later, this work

'To give proper historical credit, one can interpret the result discussed
in [7] as the manifestation -in a wireless context- of the old and known
tension between the "shortest path routing" paradigm of datagram networks
and "delay optimal routing" paradigm in subnet and traffic engineering in
as addressed by Gaffni, Gallager and Bertsekas in late seventies and early
eighties ( [11], [12]) and further developed by Gupta and Kumar [13]. Note
that in this context, back-pressure routing provides a stochastic and packet
level realization of steepest descent protocol discussed in Chapter 5.5 of [12]

was extended in [10] to choose the weights according to the
service requirements of different data types (an information
that might not be known at all nodes). In a follow-up work
to DIVBAR, [8] proposes a heuristic enhancement, known as
E-DIVBAR, which uses a sum of the queues and ETX in
the new differential backlog metric. Even though E-DIVBAR
retains DIVBAR's throughput optimality, delay improvements
are not guaranteed.

This paper attempts to identify and address the root causes
of the poor delay performance of DIVBAR and E-DIVBAR
beyond the above heuristic solutions. In particular, via a
carefully constructed example in Section III-B, we show that
in addition to DIVBAR's known shortcomings:

1) Random routing decisions due to insufficient queue
backlogs in a lightly loaded network, and

2) Lack of any metric of closeness to the destination,
another cause of poor delay is

3) Under-utilization of the path diversity available beyond
a given node's next hop.

While E-DIVBAR and Least Resistance Routing attempt to
address first two shortcomings, they do not address the last
problem. Missing opportunity to avoid congestion significantly
limits the delay performance of these schemes in medium
traffic conditions, uneven traffic load distribution and/or bursty
traffic conditions. In Section IV , we propose a routing scheme
which addresses these and provides significant improvements
in the delay performance.

II. SYSTEM MODEL
Consider a network of N nodes with multiple sources

but one common destination for all packets. Lets label the
destination node 1. A time slotted system is assumed. Every
slot, each node broadcasts one message from those waiting
in its queue according to a FIFO discipline. Packets arrive to
nodes according to iid (over time) stochastic processes: the
iid exogenous arrivals at node k at time t is denoted by Ak (t)
with mean Rk. The destination does not get any exogenous
arrivals, (i.e. Al(t) = 0).

In this model, we do not consider the issue of scheduling
and interference management, a problem whose distributed so-
lution is known to be difficult (see [15] for details). To capture
the artifacts of a wireless channel like fading, interference and
noise, the set of nodes that hear node n's transmission at time
slot t, denoted as St, are modeled as random events with a
known probability distribution P {St n}. St belongs to the
collection

S = {S: S C Q} = 2.,
where Q = {1, 2,. N} is the set of all nodes2. We assume
that these outcomes are independent over time for each node
and transmission across a set of nodes is independent, i.e.

k
P{ (Stn1 **, St 7k) n1 ** k} |PSp i|n,

2To be more precise, St is a subset of neighbors of node n, i.e. Sn C
Af(n), where A(n) = {k: k C S, P(Sln) > O}
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