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 Abstract 

We consider a class of wireless networks with general interference constraints on the set of links that can be served 
simultaneously at any given time. We restrict the traffic to be single-hop, but allow for simultaneous transmissions as long as 
they satisfy the underlying interference constraints. We begin by proving a lower bound on the delay performance of any 
scheduling scheme for this system. Scheduling algorithms for Single-hop and multi-hop wireless networks with high-speed 
switches have been widely studied for the purpose of maximizing the throughput performance of the system. Various studies 
have subsequently focused on the design of simpler scheduling algorithms with provable performance guarantees on the 
throughput. Moreover, the development of analytical techniques to study the delay performance is crucial. In this paper we study 
how the performance of the system can be improved by using various delay efficient control policies(DECP) in wireless 
networks.  
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1. Introduction 

In a wireless system, users compete for accessing a shared transmission medium. Since link transmissions cause 
mutual interference, the medium access layer (MAC) is needed to schedule the links carefully so that packets can be 
transmitted with minimal collisions. Many scheduling policies have been studied at the MAC layer with the 
objective of maximizing throughput. These schemes are often called throughput- optimal scheduling schemes. 
However, the delay analysis of these systems has largely been limited. Our focus in this paper is to analyze the 
expected delay for this system. To that end, we will derive upper and lower bounds on the expected delay, and also 
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provide an accurate estimate of the expected delay for a well-known and extensively-studied throughput optimal 
scheme called the Maximum Weighted Matching (MWM). 

Wireless Mesh Network (WMN) is a promising technology and is expected to be widespread due to its low 
investment feature and the wireless broadband services it supports, attractive to both service providers and users. 
However, security issues inherent in WMNs or any wireless networks need be considered before the deployment and 
proliferation of these networks, since it is unappealing to subscribers to obtain services without security and privacy 
guarantees.  

A large number of studies on multi-hop wireless networks have been devoted to system stability and throughput 
maximization. The delay performance of these systems, however, has largely been an open problem. This problem is 
enormously difficult even in the context of wire line networks, primarily because of complex network interactions 
that complicate the queuing mechanisms. In addition, the problem of mutual interference among the links in wireless 
networks complicates, both, the scheduling mechanisms and their analysis. We present a new, systematic 
methodology to obtain a lower bound on the system-wide average delay of a packet from source to the destination. 
Furthermore, we re-engineer a well-known scheduling policy to achieve good delay performance through the lower 
bound. 

In this paper we study and analyze how a large class of throughput optimal policies and the delay analysis of 
these systems have been limited to asymptotic behavior in the heavy traffic regime and order results. We also 
analyze a multi-hop wireless network with multiple source-destination pairs, given routing and traffic information. 
Each source injects packets in the network, which traverse through the network until they reach the destination. 

 

 

2. Delay Analysis 

The delay performance of wireless networks, however, a problem. This problem is notoriously difficult even in 
the context of wire line networks, primarily because of the complex interactions in the network that make its 
analysis amenable only in very special cases like the product form networks. The problem is further exacerbated by 
the mutual interference inherent in wireless networks which, complicates both the scheduling mechanisms and their 
analysis. The delay performance of any scheduling policy is primarily limited by the interference, which causes 
many bottlenecks to be formed in the network. We demonstrated the use of exclusive sets for the purpose of 
deriving lower bounds on delay for a wireless network Now consider the lower bound analysis as an important first 
step towards a complete delay analysis of wireless systems. For a network with node exclusive interference, our 
lower bound is tight in the sense that it goes to infinity whenever the delay of any throughput optimal policy is 
unbounded. A clique network is a special graph where at most one link can be scheduled at any given time. Using 
existing results on work conserving queues, we design a delay optimal policy for a clique network and compare it to 
the lower bound. 
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Fig 1: Wireless Network Showing Single-hop Traffic 

To simplify the analysis we, in common restrict the traffic model to single-hop traffic. Under the single-hop 
traffic model, all packets transmitted on a link (s,d) are generated by an exogenous arrival process Ad s at the source 
nodes as shown in Figure 1, the exogenous arrivals waiting to be transmitted at each link are queued in their 
respective queues. This approach has also been adopted in the literature while studying the throughput performance 
of scheduling policies for wireless networks. This allows us to study the effect of scheduling policy on the delay of 
the system, independent of routing. We note that this model allows for simultaneous transmissions as long as they 
satisfy the underlying interference constraints. Such systems are more general than the cellular type systems where 
the system is divided into non-interfering cells. The results presented here work for any underlying model for 
interference constraints. 

 

Fig 2: A Typical Multi-Hop Wireless Network with Multiple flows. 

A large number of studies on multi-hop wireless networks have been devoted to system stability while 
maximizing metrics like throughput or utility. These metrics measure the performance of a system over a long time-
scale. For a large class of applications such as video or voice over IP, embedded network control and for system 
design; metrics like delay are of prime importance. The delay performance of wireless networks, however, has 
largely been an open problem. This problem is notoriously difficult even in the context of wire line networks, 
primarily because of the complex interactions in the network (e.g., superposition, routing, departure, etc.) that make 
its analysis amenable only in very special cases like the product form networks. The problem is further exacerbated 
by the mutual interference inherent in wireless networks which, complicates both the scheduling mechanisms and 
their analysis. Some novel analytical techniques to compute useful lower bound and delay estimates for wireless 
networks with single hop traffic were developed in. However, the analysis is not directly applicable to multi-hop 
wireless network with multi hop flows, due to the difficulty in characterizing the departure process at intermediate 
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links. The metric of interest in this paper is the system-wide average delay of a packet from the source to its 
corresponding destination.  

 

3. Scheduling Policies  

In this section we study how scheduling policies focus on different hop wireless networks to obtain optimality 
and delay analysis and study a systematic methodology to derive a fundamental lower bound on the system-wide 
expected delay under any scheduling policy.  

3.1 Single-hop  

The design of scheduling policies which stabilize the system even under single-hop traffic is a challenging task. 
Intuitively, the scheduler must schedule as many links as possible in every time slot. Such schedulers are called 
maximal schedulers (as opposed to maximum weighted schedulers that also take the queue length into account). 
However, even with maximal scheduling, some of the queue lengths may become unbounded. The reason is that if 
the scheduler does not use the queue length information, some of the queues may grow large, while others remain 
very small or become empty. This, in turn, does not allow the scheduler to schedule a large number of queues and 
leads to instability. Thus a throughput optimal policy like MWM, carefully uses the information of the queue lengths 
while scheduling the links. 

The above behavior caused by throughput-efficient scheduler’s significantly complicates the delay analysis of 
these systems, because the service process of each link is governed not only by the interference constraints, but also 
by its queue length. 

For example, in a wireless network operating under a throughput optimal policy, such as the MWM policy, the 
expected delay at a link may be large even if the arrival rate is small. This is because these policies try to schedule 
the longer queues in the system or in other words, they prevent the queues from becoming very large. This can be 
thought of as a mechanism to balance the queue lengths in the system. It is not clear how this effects the system-
wide expected delay, especially under light or medium traffic loads.  

3.2 Multi-hop 

Scheduling algorithms for multi-hop wireless networks and high-speed switches have been widely studied for 
the purpose of maximizing the throughput performance of the system, beginning with the seminal work of various 
studies have subsequently focused on the design of simpler scheduling algorithms with provable performance 
guarantees on the throughput. Our studies as well as recent results in the community, point to deficiencies when 
focusing the design of these scheduling systems primarily based on throughput. Moreover, the development of 
analytical techniques to study the delay performance is crucial to provide guarantees on the quality of service, 
network design (choice of buffer sizes, capacity of links) etc. Analyzing the delay performance of throughput 
optimal (queue-length based) scheduling policies in such systems is extremely difficult due to complex correlations 
that arise between the arrival, service, and the queue length processes. In this thesis, we develop novel techniques 
for performance analysis of wireless networks and also design novel scheduling policies that are delay-efficient. 

The delay performance of any scheduling policy is primarily limited by the interference, which causes many 
bottlenecks to be formed in the network. We demonstrated the use of exclusive sets for the purpose of deriving 
lower bounds on delay for a wireless network with single hop traffic. In this paper, we further generalize the typical 
notion of a bottleneck. In our terminology, we define a (K, X)-bottleneck to be a set of links X such that no more 
than K of them can simultaneously transmit. Figure 2 shows (1, X) bottlenecks for a network under the 1-hop 
interference model. In this paper, we develop new analytical techniques that focus on the queuing due to the (K, X)-
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bottlenecks. One of the techniques, which we call the “reduction technique”, simplifies the analysis of the queuing 
upstream of a (K, X)-bottleneck to the study of a single queue system with K servers as indicated in the figure. 
Furthermore, our analysis needs only the exogenous inputs to the system and thereby avoids the need to characterize 
departure processes on intermediate links in the network. For a large class of input traffic, the lower bound on the 
expected delay can be computed using only the statistics of the exogenous arrival processes and not their sample 
paths. To obtain a lower bound on the system wide average queuing delay, we analyze queuing in multiple 
bottlenecks by relaxing the interference constraints in the system. Our relaxation approach is novel and leads to 
nontrivial lower bounds. It is also possible to derive stochastic upper bounds on the average delay of the network 
using the techniques of Lyapunov drifts. We were able to obtain sharper upper bounds by using a different 
Lyapunov function, but we do not pursue them here because they focus on a specific scheduling scheme. 

Our focus on the other hand, is to derive a fundamental bound on the performance of any policy. Moreover, our 
lower bound techniques captures the effect of statistical multiplexing of packets due to several flows passing 
through a common (K, X)-bottleneck, which cannot be analyzed using the method of Lyapunov drifts. As a result, 
the upper bounds computed using these techniques tend to be quite loose in most practical scenarios. 

We consider the lower bound analysis as an important first step towards a complete delay analysis of multi-hop 
wireless systems. For a network with node exclusive interference, our lower bound is tight in the sense that it goes to 
infinity whenever the delay of any throughput optimal policy is unbounded. For a tandem queuing network, the 
average delay of a delay optimal policy proposed by numerically coincides with the lower bound provided in this 
paper. A clique network is a special graph where at most one link can be scheduled at any given time. Using existing 
results on work conserving queues, we design a delay optimal policy for a clique network and compare it to the 
lower bound. We will see that although delay optimal policies can be derived for some simple networks like the 
clique and the tandem, deriving such policies in general, is extremely complex. Instead, we re-engineer a well-
known throughput optimal scheduling policy known as the back-pressure policy and demonstrate that for certain 
representative topologies, its delay performance is close to the fundamental lower bound. Finally, we also present a 
case where neither back-pressure policy nor the shadow queue approach is close to the lower bound. For this case, 
we design a new handcrafted policy whose delay performance is actually close to the lower bound, thus 
demonstrating that the lower bound analysis provides useful insights into the design and analysis of optimal or 
nearly optimal scheduling policies.  

 

4. Designing Issues and Findings 

We now address the important question of designing a delay-efficient scheduler for general multi-hop wireless 
networks. We will see that although delay optimal policies can be derived for some simple networks like the clique 
and the tandem, deriving such policies in general is extremely complex. Intuitively, such a scheduler must satisfy the 
properties like ensuring high throughput and allocate resources equitably. This is important because if the 
scheduling policy does not guarantee high throughput then the delay may become infinite under heavy loading. The 
network resources must be shared among the flows so as not to starve some of the flows. Also, non-interfering links 
in the network have to be scheduled such that certain links are not starved for service. Starvation leads to an increase 
in the average delay in the system. 

The above properties are difficult to achieve; given the dynamics of the network and the lack of priory 
information of the packet arrival process. In the light of the previous work we choose to investigate the back-
pressure policy with fixed routing. The back-pressure policy has been widely used to develop solutions for a variety 
of problems in the context of wireless networks; and the importance of studying the trade-offs in stability, delay, and 
complexity of these solutions is now being realized by the research community. This policy tries to maintain the 
queues corresponding to each flow in decreasing order of size from the source to the destination. This is achieved by 
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using the value of differential backlog (difference of backlogs at the two ends of a link) as the weight for the link 
and scheduling the matching with the highest weight. As a result, the policy is throughput optimal. Henceforth, we 
shall refer to this policy as only the back-pressure policy. 

We first study the delay optimal policy for a clique network. We then modify the back-pressure policy using the 
intuition gained from the nature of the delay optimal scheduling for the clique and tandem networks. We now 
summarize our main findings in this paper: 

• Development of a new queue grouping technique to handle the complex correlations of the service process 
resulting from the multi-hop nature of the flows. We also introduce a novel concept of (K, X)-bottlenecks in the 
network. 

• Development of a new technique to reduce the analysis of queuing upstream of a bottleneck to studying simple 
single queue systems. We derive sample path bounds on a group of queues upstream of a bottleneck. 

• Derivation of a fundamental lower bound on the system wide average queuing delay of a packet in multi-hop 
wireless network, regardless of the scheduling policy used, by analyzing the single queue systems obtained 
above. 

• Extensive numerical studies and discussion on useful insights into the design of optimal or nearly optimal 
scheduling policies gained by the lower bound analysis. 
 
 

5. Conclusion 

We have established a fundamental lower bound on the performance of a wireless system with single-hop traffic 
and general interference constraints. This result can be used to study the relative performance of any scheduling 
policy. We observed through simulations that the performance of the throughput optimal policies such as the MWM 
policy is very close to the lower bound. It is interesting to note that the MWM type of policies, which were designed 
primarily for achieving maximum throughput, indeed also have good delay performance. 

In this paper, we have described a simple approach to reduce the bottlenecks in single-hop and multi-hop 
wireless systems. The analysis is very general and admits a large class of arrival processes. Also, the analysis can be 
readily extended to handle channel variations. It is interesting to note that the back-pressure type of policies, which 
were designed primarily for achieving maximum throughput, can also be engineered to achieve good delay 
performance. 
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