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Average Link Rate Analysis over Finite Time Horizon in a Wireless Network

Sai Nisanth Bodepudi

(ABSTRACT)

Instantaneous and ergodic rates are two of the most commonly used metrics to character-

ize throughput of wireless networks. Roughly speaking, the former characterizes the rate

achievable in a given time slot, whereas the latter is useful in characterizing average rate

achievable over a long time period. Clearly, the reality often lies somewhere in between these

two extremes. Consequently, in this work, we define and characterize a more realistic N-slot

average rate (achievable rate averaged over N time slots). This N -slot average rate metric

refines the popular notion of ergodic rate, which is defined under the assumption that a user

experiences a complete ensemble of channel and interference conditions in the current session

(not always realistic, especially for short-lived sessions).

The proposed metric is used to study the performance of typical nodes in both ad

hoc and downlink cellular networks. The ad hoc network is modeled as a Poisson bipolar

network with a fixed distance between each transmitter and its intended receiver. The cellular

network is also modeled as a homogeneous Poisson point process. For both these setups, we

use tools from stochastic geometry to derive the distribution of N -slot average rate in the

following three cases: (i) rate across N time slots is completely correlated, (ii) rate across

N time slots is independent and identically distributed, and (iii) rate across N time slots is

partially correlated. While the reality is close to third case, the exact characterization of the

first two extreme cases exposes certain important design insights.
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Sai Nisanth Bodepudi

(GENERAL AUDIENCE ABSTRACT)

Choice of an appropriate metric is essential for accurate design and analysis of wireless

networks. The two most popular metrics used to characterize data rate or throughput of

wireless networks are instantaneous and ergodic rates. While instantaneous rate characterizes

the throughput achievable in a given time slot, the ergodic rate characterizes the average

achievable throughput over a long period of time. But often, the real-world scenarios fall in

between these two extremes, where the network performance is to be characterized over a

given finite number of time slots. Hence, we define and characterize a new suitable metric

N-slot average rate, which is the achievable rate averaged over N time slots.

Using this metric, we develop an analytical framework to study the performance of

typical nodes in both ad hoc and downlink cellular networks. We model these networks using

homogeneous Poisson point processes and characterize the N -slot average throughput using

the tools of stochastic geometry. Accounting for the prominent cases of network mobility,

we derive the distribution of N -slot average rate in the following three scenarios: rate is

completely correlated across N time slots, rate is independent and identically distributed

across N time slots, and rate is partially correlated across N time slots. We studied the

impact of various system parameters on our metric and also discussed key insights from our

results.
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Chapter 1

Introduction

Accurate modeling of the spatial topologies of wireless networks is indispensable for their

realistic performance analysis. While the classical approaches to wireless network modeling

usually relied on deterministic models (such as the popular grid-based models for cellular

networks), more recent approaches are based on visualizing wireless network layouts as re-

alizations of random spatial models. More concretely, the locations of wireless networks

are endowed with appropriate distributions, which can often be tuned to match the real

deployments, e.g., see [1–3]. In addition to being more realistic in capturing the increasing

irregularities in the modern deployments, this approach is often more tractable owing to the

additional randomness in the model, which can be exploited by using tools from stochastic

geometry [4–6]. Interested readers are advised to refer to [7–11] for a pedagogical treatment

of the topic and its applications to different types of wireless networks.

Owing to its simplicity and tractability, a homogeneous Poisson point process (PPP)

is by far the most popular choice for modeling the locations of wireless nodes. A homogeneous

PPP is identified with two important characteristics: In a given region A of spatial area `(A),

the number of points Ψ(A) in the region is Poisson distributed with mean λ`(A), where `(.)

is the Lebesgue measure and λ is the intensity of the homogeneous PPP. Furthermore, the

number of points Ψ(A1), ....,Ψ(Am) in m disjoint regions A1, ..., Am are independent. Please

1



Chapter 1. Introduction 2

refer to [4–6] for more details. This model will also form a key element of the analysis

presented in this thesis. Please note that PPP-based models have already been applied to

study almost every type of wireless network, including cellular networks [12], heterogeneous

cellular networks [13], ad hoc networks [14], and cognitive radio networks [9].

After establishing a spatial model for a wireless network, the very next step is to

select an appropriate performance metric. Examples of popularly used metrics include delay,

throughput, and coverage probability. As will be discussed shortly, network throughput

can be defined in several different ways. In this thesis, we are particularly interested in

understanding the statistics of network throughput averaged over finite number of time

slots. The motivation behind choosing this metric and its advantages over more classical

throughput metrics will be discussed shortly.

The rest of this chapter is divided into three sections. The first section discusses

two key metrics, coverage probability and throughput, and expands on the variants of the

throughput or rate metric typically used in network analysis. The second section discusses

the contributions of this thesis, and the third section presents the organization of the re-

maining chapters of this thesis.

1.1 Metrics to Characterize Network Performance

1.1.1 Coverage Probability

Coverage probability (also called success probability) is one of the most widely used metrics

in the wireless communication literature. Roughly speaking, it characterizes the probability

that the received signal at a chosen node is strong enough to enable successful reception.

Concrete definition is provided next.

Definition 1. (Coverage Probability) It is defined as the probability that the received signal

to noise and interference ratio (SINR) or signal to interference ratio (SIR) at a particular
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node exceeds a modulation and coding specific threshold T . In this thesis, it is denoted by pc

and is mathematically defined as

pc = Pr (SIR > T ) . (1.1)

From the above definition, it is clear that coverage probability is nothing but the

complementary cumulative distribution function (CCDF) of SIR. Since SIR distribution is

important for characterizing several other metrics, such as rate or throughput, as discussed

next, coverage probability is an important component of several other metrics as well (in

addition to being a useful stand alone metric). With this note, we now define rate or

throughput next.

1.1.2 Rate or Throughput

Rate or throughput is another metric used to characterize network performance. Our research

will primarily focus on a particular form of this metric, which will be defined shortly. The

rate or throughput of a wireless link is often defined as the number of bits that can be

transmitted from the transmitter to the receiver per second (and is expressed in terms of

bits/sec). The sum of these link rates over all links in a network is sometimes called the

network rate. There are two major notions of this metric, instantaneous rate and ergodic

rate, which are popularly used for network performance analysis. Interested readers are

referred to [14–19] for a representative subset of works focusing on characterizing different

notions of throughput in wireless networks using tools from stochastic geometry.

Instantaneous Rate

Instantaneous rate represents the maximum achievable throughput in a given time slot. It

is also known as mean instantaneous channel capacity in wireless standards [20].

Definition 2. (Instantaneous Rate) For a channel with bandwidth B, the maximum achiev-
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able throughput or rate (rate of information transmission without errors) over that channel

in a given time slot is mathematically defined as

R = B (log2(1 + SINR)) . (1.2)

Ergodic Rate

Unlike instantaneous rate discussed above, ergodic rate characterizes the long-term average

rate achievable over a wireless link. Roughly speaking, the average is over all possible

realizations of the channel gain and interference power. It is formally defined next.

Definition 3. (Ergodic Rate) The ergodic throughput or rate over a channel of bandwidth B

is the maximum achievable rate averaged over the complete ensemble and is mathematically

defined as:

R = E [B (log2(1 + SINR))] . (1.3)

where E denotes the mathematical expectation.

As discussed next, both these notions of rate have their limitations. In reality, neither

instantaneous nor ergodic rate dictates the performance of wireless systems. In this thesis,

we come up with a more realistic notion of rate that is briefly discussed next.

1.2 Contributions

Instantaneous rate and ergodic rate are applicable only to network analysis in instantaneous

time and over a long time period, respectively. These metrics are not suitable to analyze

network performance in given, finite time period (unless that finite time is on the order

of the coherence time of the channel or smaller, in which case the instantaneous rate may

be appropriate). Moreover, instantaneous rate does not always correspond to Quality of

Service in wireless networks. For example, in case of Voice over Internet Protocol (VoIP),
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the required average data rate is low, but it must be maintained consistently over the entire

session time. This depends on the link quality over the VoIP session time and occasional

variations in the packet transmission rate (could be due to network congestion) is permissible

as long as the average rate is higher than a particular threshold. We address this challenge

by defining a new metric called N-slot Average Rate which is the time average of rate over

N time slots. Using the tools of stochastic geometry, we develop an analytical framework

for characterizing this new metric in bipolar ad hoc and downlink cellular networks.

For the characterization of this N-slot Average Rate metric, we need to first charac-

terize the random variables involved, which are primarily fading gains and node locations.

These random variables exhibit different properties in different scenarios. For example, in

high mobility environments like highway traffic, users change their positions rapidly. Hence,

the locations and channel fading gains can be considered independent and identically dis-

tributed (i.i.d.) from each user in each time slot. Whereas, in low mobility environments, like

a coffee shop, movie theatre, or football stadium, the users tend to not move around much

and their positions are almost constant for a relatively long time duration. Depending upon

the channel coherence time and time slot duration, the fading in this case can be considered

variable or constant in each time slot. Hence we characterized the network performance in

all three network mobility scenarios - i.i.d. rate, completely correlated rate, and partially

correlated rate. While the reality is often close to the third case, characterization and anal-

ysis of first two cases revealed significant insights which can be extended to the practical

scenarios.

1.3 Organization

The technical contributions of this thesis are covered in Chapters 2 and 3. Chapter 2 develops

an analytical framework for characterizing the average rate metric over finite time slots for a

Poisson bipolar ad hoc network. Approximate analytical expressions for the distribution of
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this metric under three cases discussed above were derived. Chapter 3 develops an analytical

framework to characterize the same metric over finite time slots for a downlink cellular

network with nodes distributed according to a PPP. Approximate analytical expressions are

again derived for the proposed metric under the three cases discussed above. Finally, Chapter

4 summarizes the key contributions of this thesis and discusses some potential extensions of

this research.



Chapter 2

Average Rate over Finite Time Slots

in Ad Hoc Network

Mobile ad hoc networks are an important class of wireless networks that have drawn signif-

icant research attention. An illustration of an ad hoc network is presented in Figure 2.1.

Stochastic geometry is a powerful tool to model these networks and mathematically study

their performance characteristics [4,5]. As discussed in the previous chapter already, the key

idea in stochastic geometry-based network analysis is to model the transmitter and receiver

node locations as point processes with given node densities and study their performance

based on metrics such as coverage probability, delay, and throughput.

As noted already in the previous chapter, the main focus of this thesis is on character-

izing the N -slot average rate, which in turn depends upon the SIR distribution experienced

by the receiver of interest. As will be evident in the sequel, characterizing the exact dis-

tribution of SIR for the cases considered in this thesis is not straightforward. As a result,

we will be deriving approximate expressions under the so called dominant-interferer (DI)

approach [19,21–24]. This approach is based on the fact that the aggregate interference seen

at a receiver is dominated by a few near-by interferers. As demonstrated recently in [21–24],

this approach leads to tractable approximate expressions, which when plotted are almost

7



Chapter 2. Average Rate over Finite Time Slots in Ad Hoc Network 8

Figure 2.1: Figure depicting ad hoc connections between the mobiles in a MANET

indistinguishable from the true results. We will also present such numerical comparisons for

the proposed metric in this thesis.

In this chapter we consider a bipolar mobile ad hoc network, also referred to as

bipolar MANET, where the locations of transmitters are modeled by a homogenous PPP

with a given node density and each associated receiver is at certain fixed distance from its

transmitter [5]. This model is also called the dumbbell model and has been popularly used

to study ad hoc networks with tractable results, see [25–28] for a small subset. We evaluate

the CCDF of N -slot average rate metric, which is the probability that N -slot average rate

of the network is greater than a threshold.

2.1 Spatial Aloha in a Poisson Ad Hoc Network

2.1.1 System Model

As noted above, the locations of the transmitter and receivers are modeled according to a

Poisson bipolar model, in which the transmitter nodes are distributed on a 2-dimensional
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plane according to a homogeneous PPP, and each associated receiver node is located at a fixed

distance r, called the serving distance, from the associated transmitter. We consider Aloha

medium access control with slotted time. The transmitter locations form a homogenous

PPP with density λ in every time slot [5]. We denote the medium access probability of

a typical link by p′. The interfering nodes transmit and mute with probabilities p and

1−p, respectively. The locations of the transmitting nodes in time slot k are denoted by the

homogeneous PPP Φ̃k. Owing to the stationarity of this setup, the analysis will be performed

for a typical link with the receiver located at the origin and its designated transmitter at

distance r from the origin.

We model the path loss for a wireless link between a transmitter located at x and

a receiver located at y on a plane as: l(x, y) = ‖x − y‖−α where α > 2 is the pathloss

exponent, and ‖x − y‖ represents the Euclidean distance between points x and y. In our

subsequent analysis, we denote the pathloss function by l(‖x‖) = ‖x‖−α where α > 2 is

the pathloss exponent, and the argument ‖x‖ represents the Euclidean distance between

points x and the origin. We assume Rayleigh fading channels and that the fading gains are

i.i.d. across all communication links in all time slots. The fading gain for a wireless link

between transmitter node at XjΦ̃k
and receiver node at origin in time slot k is represented by

hj,k ∼ exp(1). Without loss of generality, we assume that transmit powers of all transmitting

nodes are unity in all time slots. We denote the aggregate interference at the origin in time

slot k by IΦ̃k
.

2.1.2 Three Setup of Interest

As discussed earlier, based on the network mobility scenarios, we have the following three

cases:
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Completely Correlated Rate

In this case, nodes are immobile across the set of time slots considered, and the values

assumed by each of the fading random variables remain constant across the set of time slots.

Hence, there is complete correlation in interference and thereby in rate across the time slots

in this scenario.

Independent and Identically Distributed (i.i.d.) Rate

In this case, we assume that mobility is high, so that the location of the interfering nodes

(i.e. the PPP Φ̃k) in different time slots is i.i.d. In other words, we assume that the receiver

of interest experiences independent realizations of interferers over all time slots. Also, the

channel fading gain is i.i.d. across the time slots, and thus the interference IΦ̃k
is i.i.d. across

time slots. Hence, the rate in each individual time slot, denoted by Rk is i.i.d. in this

scenario.

Partially Correlated Rate

This case lies in between the two extreme cases discussed above. Here, the nodes are immobile

in the time slots considered, but the fading random variables are i.i.d. across those time slots.

Here, the partial correlation refers to the complete correlation in node locations combined

with the i.i.d. realizations of the fading random variables.

2.2 N-slot Average Rate Distribution

Before deriving the average rate distribution, we first study the coverage probability.
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2.2.1 Coverage Probability

Assuming an interference-limited network, a transmitter node is said to cover its associated

receiver if the SIR is greater than a threshold (T ) at the receiver. For a typical link with its

receiver at origin, the SIR in time slot k is given as:

SIRk :=
h0,kl(‖X0Φ̃k

‖)
IΦ̃k

(2.1)

where the typical receiver is at origin and IΦ̃k
is given by:

IΦ̃k
=

∑
Xj

Φ̃k
∈Φ̃k,j 6=0

hj,kl(‖XjΦ̃k
‖). (2.2)

Lemma 1. Under Rayleigh Fading, the coverage probability of a typical node (pc(r, p, λ, T ))

is

pc(r, p, λ, T ) = exp{−2πλpr2T 2/αK(α)} (2.3)

where K(α) = 1
α

Γ( 2
α

)Γ(1− 2
α

). This is a very well-known result. See for instance [5] for the

proof.

We use this result to derive an expression for the distribution of average rate.

2.2.2 Distribution of Average Rate

In our network model, the rate or throughput of a node in bits/sec/Hz in a given time slot

k is given by:

Rk = p′ log2(1 + SIRk), k ≥ 1 (2.4)

where SIRk is the signal-to-interference ratio of the typical node in a particular time

slot k and is given by (2.1). We now define our metric, the N -slot time average of throughput

as follows:

R̃ =

N∑
k=1

Rk

N
(2.5)
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where N is the number of time slots over which the rate is averaged. Having defined R̃, we

denote the probability that N -slot average rate is larger than some threshold T (bits/sec/Hz)

i.e. Pr(R̃ > T ) by (PR), which is given by

PR = Pr


N∑
k=1

Rk

N
> T

 (2.6)

= Pr


N∑
k=1

p′ log2

1 +
h0,kl(r)∑

Xj
Φ̃k
∈Φ̃k,j 6=0 hj,kl(‖XjΦ̃k

‖)


N

> T

 . (2.7)

For this setup, we derive the distribution of the N -slot average rate in the three

cases.

Completely Correlated Rate

When the rate achievable across different time slots is the same, say Rk = R, ∀k, the CCDF

of N -slot average rate, PR reduces to CCDF of rate in a single time slot which is derived as

follows:

PR : = Pr (R > T ) (2.8)

= Pr (Rk > T ) (2.9)

= Pr (p′ log2(1 + SIR) > T ) (2.10)

= Pr
(

SIR > 2T/p
′ − 1

)
(2.11)

= exp
(
−2πλpr2(2T/p

′ − 1)2/αK(α)
)

(2.12)

the last equation follows from (2.3).
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The i.i.d. Rate

The expression for the i.i.d. rate case is given as follows:

PR = Pr


N∑
k=1

p′ log2

(
1 +

h0,kl(r)

IΦ̃k

)
N

> T

 (2.13)

where IΦ̃k
and h0,k are i.i.d. across time slots k, and hence Rk are i.i.d.

While it is, in principle, possible to derive the exact expression for PR by first cal-

culating the characteristic function of individual rates Rk and then multiplying these to

compute the characteristic function of N -slot average rate R̃, which can eventually be in-

verted to compute the distribution of R̃. This inversion step is usually not very tractable.

Therefore, in order to maintain tractability, we approximate PR by carefully applying Central

Limit Theorem (CLT), as explained next.

In order to apply CLT, we first evaluate the mean and second moment of Rk (denoted

by µRk and MRk , respectively), and thereby variance of R̃ (denoted by σ2
R̃

). These results

follow from the application of standard tools from stochastic geometry [5]. Since Rk are i.i.d.

random variables, the mean of R̃ is: E[R̃] = E[Rk]. Since, rate is a non-negative random

variable, mean of Rk can be written as:

µRk = E[Rk] =

∞∫
0

Pr (p′ log2(1 + SIRk) > x) dx (2.14)

=

∞∫
0

exp
(
−2πλpr2(2x/p

′ − 1)2/αK(α)
)

dx. (2.15)

By using the variable transformation: y = (2x/p
′ − 1), we derive the expression for mean

(µR̃) of R̃:

µR̃ = µRk =
p′

ln 2

∞∫
0

exp(−Cy2/α)

1 + y
dy (2.16)

where C = 2πλpr2K(α) is a constant.
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Similarly, the second moment of each individual Rk is given by:

E[R2
k] =

∞∫
0

Pr
(
(p′ log2(1 + SIRk))

2 > x
)

dx (2.17)

=

∞∫
0

Pr
(
p′ log2(1 + SIRk) >

√
x
)

dx (2.18)

=

∞∫
0

Pr
(

SIRk > 2
√
x/p′ − 1

)
dx (2.19)

=

∞∫
0

exp

(
−2πλpr2

(
2
√
x/p′ − 1

)2/α

K(α)

)
dx (2.20)

the above equation follows from (2.3). By using the variable transformation: y = (2
√
x/p′−1),

we derive the expression for MRk :

MRk =
2p′2

ln 2

∞∫
0

log2(1 + y) exp(−Cy2/α)

1 + y
dy (2.21)

where C = 2πλpr2K(α).

Since Rk are i.i.d., variance of R̃ is calculated as follows:

σ2
R̃

=
MRk − µ2

R̃

N
. (2.22)

Using the mean and variance, we derive the desired CCDF of R̃ (PR) as follows:

PR = ϕ

 x− (µR̃)√
MRk − (µR̃)2

N

 = ϕ

x− (µR̃)√
σ2
R̃

 (2.23)

where the function ϕ is the CCDF of a standard Normal random variable. It should be

noted that this expression is an approximation due to the application of CLT.
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Partially Correlated Rate

The expression for N -slot average rate distribution in this case is given by:

PR = Pr


N∑
k=1

p′ log2

(
1 +

h0,kl(r)

IΦ̃,k

)
N

> T

 (2.24)

where the locations of transmitter nodes remains constant (Φ̃) across time slots k, but, the

fading gain of each link is i.i.d. across the N time slots. Since the distribution of node

locations is the same for all time slots, we use IΦ̃,k (instead of IΦ̃k
) to denote the interference

term in partially correlated rate.

To evaluate the mathematical expression for PR, we approximate the aggregate inter-

ference by the interference from the closest interferer, which we term the dominant interferer.

After taking the DI approximation and conditioning on the location of the DI, the approx-

imated individual rates R′k are i.i.d. (because the only sources of randomness now are the

channel gains, which are assumed to be i.i.d. across time slots) and we can hence apply the

central limit theorem to approximate the CCDF, as we did in the prior case.

An expression for the CCDF of rate derived using the DI approximation is as follows:

PR = Pr


N∑
k=1

p′ log2

(
1 +

h0,kl(r)

hkl(D)

)
N

> T

 (2.25)

where l(D) = D−α represents the path loss function for the DI, hk represents the

channel gain for DI link and the random variable D denotes the Euclidean distance of the

DI from origin.

Once we condition on the random variable D, each individual rate R′k becomes identical

and independent and then we used the CLT approximation as done earlier. After deriving
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the conditional CCDF of rate, we decondition it with respect to the DI distribution to get

the desired distribution of N -slot average rate. We evaluate the conditional mean and con-

ditional variance of R̃ as follows:

The expression for DI-approximated rate in the correlated case R′k is given by:

R′k = p′ log2

(
1 +

h0,kr
−α

hkD−α

)
. (2.26)

Now, we derive the conditional CDF of SIR (conditioned on D = d1):

FSIR′ | d1
(x) = Pr

(
h0,kr

−α

hkD−α
≤ x |D = d1

)
(2.27)

= Ehk

[
Pr

(
h0,k ≤

xhkd1
−α

r−α
| d1, hk

)]
(2.28)

= Ehk

[
1− exp

{
−
(
xhkd1

−α

r−α

)}
| d1

]
(2.29)

= 1−
∞∫

0

exp

{
−
(
xhkd1

−α + hkr
−α

r−α

)}
dhk (2.30)

= 1− 1

x

(
d1
−α

r−α

)
+ 1

. (2.31)

Using this result, we now compute the conditional rate in time-slot k as follows:

Pr (R′k ≤ x | d1) = Pr
(

SIR′ ≤ (2x/p
′ − 1) | d1

)
= FSIR′ | d1

(2(x/p′) − 1). (2.32)

Pr (R′k > x | d1) =

(
r

d1

)−α
2(x/p′) +

(
r

d1

)−α
− 1

. (2.33)

As was the case earlier, we use this conditional CCDF to compute the conditional mean and

second moment of N -slot average rate, which will be useful in computing its distribution

using CLT.

µR̃|D=d1
= E

[
R̃ |D = d1

]
(2.34)
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= E [R′k|D = d1] (2.35)

=

∞∫
0

Pr (R′k > x |D = d1) dx (2.36)

=

∞∫
0

(
r

d1

)−α
2(x/p′) +

(
r

d1

)−α
− 1

dx. (2.37)

Using variable transformations:

(
r

d1

)−α
− 1 = M and 2(x/p′) = ey,

µR̃|D=d1
=

p′

ln(2)

(
M + 1

M

) ∞∫
0

(
1− ey

M + ey

)
dy (2.38)

=
α r−α p′

ln(2)

(
ln d1 − ln r

r−α − d−α1

)
. (2.39)

We follow similar procedure as above to derive the expression for second moment of rate,

but, an exact closed-form expression is not possible in this case as it involves the integral of

complex polylogarithmic functions.

MR′k|D=d1
= E

[
R′k

2|D = d1

]
(2.40)

=

∞∫
0

Pr
(
R′k

2
> x |D = d1

)
dx (2.41)

=

∞∫
0

Pr
(
R′k >

√
x |D = d1

)
dx (2.42)

=

∞∫
0

(
r

d1

)−α
2(
√
x/p′) +

(
r

d1

)−α
− 1

dx. (2.43)

We evaluate the conditional variance of R̃ using (2.22) and derive the conditional

CCDF as follows. Knowing the mean and variance of a normal distribution, its CCDF (F̄ )
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is given by (2.23). The pdf of the distance of DI from origin is given as follows [29]:

fD(x) = 2pλπx exp
(
−pλπx2

)
. (2.44)

Here, we use density pλ to account for the thinning of the original PPP of interfering nodes

due to their medium access probability (p).

Now we get the desired CCDF of R̃ by deconditioning it with respect to the DI as

follows:

PR̃ =

∞∫
0

F̄ (R̃|D = d1)fD(d1) dd1. (2.45)

PR̃ =

∞∫
0

ϕ


x−

(
µR̃|D=d1

)
√√√√MR′k|D=d1

−
(
µR̃|D=d1

)2

N

 fD(d1) dd1. (2.46)

This DI approximation doesn’t yield tight results as we ignored the interference from rest of

the interferers (non-dominant interferers) (see Figure 2.6).

A more accurate approach to evaluate the mathematical expression for PR is to

approximate the interference by the sum of interference from DI and mean of the interference

from rest of the interferers (the non-dominant interferers) conditioned on the location of the

DI.

Assumption 1. We assume that conditional on the distance to DI, D = d1, the aggregate

interference from the rest of the network can be accurately approximated by its conditional

mean (conditioned on d1). This assumption will be numerically validated later in this chap-

ter.

This technique gives a simple and accurate approximation in our analysis as shown

later in the numerical results section.

Interference in the partially correlated rate case is given by:

IΦ̃,k =
∑

Xj∈Φ̃, j 6=0

hj,kl(‖Xj‖). (2.47)
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Representing the interference from DI as IDI and its distance from the origin D = ‖X1‖ and

the interference from the rest as InDI , we approximate the above interference by the sum of

IDI and E [InDI |D = d1] and call the resulting approximation of total interference ÎΦ̃,k:

ÎΦ̃,k = h1,kd1
−α + E

 ∑
Xj∈Φ̃, j 6={0,1}

hj,kl(‖Xj‖) | d1

 . (2.48)

The conditional expectation of InDI is:

E [InDI | d1] =
2pπλ

α− 2
d1

2−α (2.49)

for α > 2; otherwise unbounded [21]. Hence, the total approximated interference is:

ÎΦ̃,k = h1,kd1
−α +

2pπλ

α− 2
d1

2−α. (2.50)

By conditioning on the DI location, after taking the above approximations, the

individual interferences and hence the individual rates Rk become i.i.d. because the only

random variables in the rate expression are those of fading (which are i.i.d.). Hence, now

we can apply the CLT as we did in the previous case. In order to do that, we evaluate the

conditional mean and conditional variance of R̃ as follows:

The expression for individual rate in the partially correlated case is given by:

R̂k = p′ log2

(
1 +

h0,kr
−α

ÎΦ̃,k

)
(2.51)

= p′ log2

(
1 +

h0,kr
−α

h1,kd1
−α + V (d1)

)
(2.52)

where V (d1) =

(
2pπλ

α− 2
d1

2−α
)

.

The conditional CDF of interference term (conditioned on d1) can now be expressed as:

Pr
(
ÎΦ̃,k ≤ x | d1

)
= Pr

(
h1,kd1

−α + V (d1) ≤ x | d1

)
(2.53)
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= Pr

(
h1,k ≤

(
x− V (d1)

d1
−α

)
| d1

)
(2.54)

= 1− exp

{
−
(
x− V (d1)

d1
−α

)}
, x > V (d1); else 0. (2.55)

fÎΦ̃,k
(x | d1) =

d

dx

(
Pr
(
ÎΦ̃,k ≤ x | d1

))
(2.56)

=

(
1

d1
−α

)
exp

{
−
(
x− V (d1)

d1
−α

)}
. (2.57)

The conditional CDF of SIR is derived as follows:

FSIR | d1(x) = Pr

(
h0,kr

−α

ÎΦ̃,k

≤ x | d1

)
(2.58)

= EÎΦ̃,k

[
Pr

(
h0,k ≤

xÎΦ̃,k

r−α
| ÎΦ̃,k, d1

)]
(2.59)

= EÎΦ̃,k

[
1− exp

(
−

(
xÎΦ̃,k

r−α

))
| d1

]
(2.60)

= 1−
∞∫
V

exp

(
−xÎΦ̃,k

r−α
+
V (d1)− ÎΦ̃,k

d1
−α

)
d1
−α dÎΦ̃,k (2.61)

= 1−
exp

{
−
(

2pπλ d1
2−α

(α− 2) r−α

)
x

}
x

(
d1
−α

r−α

)
+ 1

. (2.62)

Now, using this we can compute:

Pr
(
R̂k ≤ x | d1

)
= Pr

(
SIR ≤ (2x/p

′ − 1) | d1

)
(2.63)

= 1−
exp

{
−
(

2pπλ d1
2−α

(α− 2) r−α

)
(2x/p

′ − 1)

}
(2x/p′ − 1)

(
d1
−α

r−α

)
+ 1

. (2.64)

From this the conditional CCDF can be computed as:

Pr
(
R̂k > x | d1

)
=

exp

{
−
(
2x/p

′ − 1
) 2pπλr2

α− 2

(
d1

r

)2−α
}

(2x/p′ − 1)

(
d1

r

)−α
+ 1

. (2.65)
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In order to apply CLT, we need the first and second moment, which are computed next:

µR̂k|D=d1
=

∞∫
0

exp

{
−
(
2x/p

′ − 1
) 2pπλr2

α− 2

(
d1

r

)2−α
}

(2x/p′ − 1)

(
d1

r

)−α
+ 1

dx. (2.66)

MR̂k|D=d1
=

∞∫
0

exp

{(
1− 2

√
x/p′
) 2pπλr2

α− 2

(
d1

r

)2−α
}

(
2
√
x/p′ − 1

) (d1

r

)−α
+ 1

dx. (2.67)

We then evaluate the conditional variance of R̃ using (2.22) and derive the conditional

CCDF of rate F̄ (R̃|D = d1) using (2.23). Now we derive the desired CCDF of average rate

(represented as P̂R) by deconditioning with respect to the DI distance (d1) as follows:

P̂R =

∞∫
0

F̄ (R̃|D = d1)fD(d1) dd1 (2.68)

=

∞∫
0

ϕ


x−

(
µR̃|D=d1

)
√√√√MR̂k|D=d1

−
(
µR̃|D=d1

)2

N

 fD(d1) dd1 (2.69)

where the function ϕ is the CCDF of a standard Normal random variable.

2.3 Results and Discussion

In this section, we present the numerical results and demonstrate the accuracy of the ap-

proximate expressions derived for various cases. As expected, the probability PR increases

with decrease in density of interfering transmitter nodes, increase in the path-loss expo-

nent, decrease in medium access probability of interfering nodes, increase in medium access

probability of typical node, and decrease in the serving distance.
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Figure 2.2: Dependence of rate on transmitter nodes density - Simulation vs Analysis. PR

decreases with increase in λ.

2.3.1 Dependence on Nodal Density λ

When the density of interfering nodes increases, the interference at the receiver of the typical

node increases, while the power received from the associated transmitter remains the same.

Thus, the SIR and PR decrease. This effect can be observed in Figure 2.2.

2.3.2 Dependence on Path-loss Exponent α

When the path-loss exponent increases, the signal power at the typical receiver from its

associated transmitter decreases. However, the signal powers from every interfering node

also decrease. Overall, we observe that the interference decreases more than the signal

power and hence SIR increases. Figure 2.3 shows this effect.
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Figure 2.3: Dependence of rate on path loss exponent - Simulation vs Analysis. PR increases

with increase in α.

2.3.3 Dependence on Serving Distance r

In our model, when the serving distance increases, the signal power received at the typical

receiver decreases, while interference remains the same. Hence the SIR and PR are decreased.

Figure 2.4 shows this effect.

2.3.4 Dependence on Medium Access Probability

When the medium access probability of interfering nodes (p) increases while the medium

access probability of the typical node remains the same, the effective density of active inter-

fering nodes (pλ) increases thus increasing the interference. Hence PR decreases, as shown

in Figure 2.5. Also, when the medium access probability of typical node (p′) increases,

PR increases. This is because the SIR distribution remains the same, whereas the typical

transmitter transmits more often, thus increasing the rate.
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Figure 2.4: Dependence of rate on serving distance - Simulation vs Analysis. PR decreases

with increase in α.
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Figure 2.5: Dependence of rate on medium access probability of interfering nodes - Simulation

vs Analysis. PR increases with increase in p.
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Figure 2.6: Simulation and Analytical results for N -slot average rate distribution in an ad

hoc network - completely correlated rate, i.i.d. rate, and partially correlated rate.

Comparing the three cases in Figure 2.6, we observe that the CCDF of the N -slot

average rate exhibits migh higher variance when the rates across time slots are completely

correlated compared to the i.i.d. case. The partially correlated case lies in between these

two extreme cases. In the plot, we have also included simulation and analytical results

for approximating partially correlated rate using only the DI (Recall that Assumption 1

accounts for the DI and the mean interference caused by all other interferers given the DI

distance). As can be observed, Assumption 1 produces a much more accurate approximation

than considering only the DI. Also, since we used CLT, the approximation is tighter when

we consider more time slots for our average rate metric.
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2.4 Summary

In this chapter we characterized the N -slot average rate achievable by a typical node in an

ad hoc network when the nodes are distributed according to a spatially homogenous PPP

with a fixed serving distance. We derived analytical expressions for the distribution of the

proposed N -slot average rate metric using two methods of approximation and discussed the

relationship between this metric and various parameters associated with our model. We also

covered three key scenarios of network mobility in our analysis. In the next chapter, we will

perform this analysis for the downlink cellular network.



Chapter 3

Average Rate over Finite Time Slots

in Downlink Cellular Network

While cellular networks have been traditionally modeled using deterministic grid models [30],

a more recent way of modeling them is by using random spatial models, most often using

homogeneous PPPs. Even though some early works in this area, e.g., see [31], were done

almost two decades back, this approach gained popularity relatively recently. Interested

readers are advised to refer to [10, 11, 32, 33] for more detailed exposition of the prior art

in this area. Due to the existence of these books, surveys, and tutorials, we will keep this

discussion focused by discussing the most relevant prior art.

On the same lines as the previous chapter, we derive expressions for the proposed N -

slot average rate metric in a downlink cellular network where the locations of base stations

(BS) are spatially distributed according to a homogenous PPP. In our model, a typical

receiver (user) associates with its nearest base station and all other base stations act as

interferers to the user. More details are provided next.

27
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3.1 PPP-based Model for Downlink Cellular Network

As is usually the case in stochastic geometry-based approaches for modeling cellular networks,

we assume that the BS locations are modeled using a homogeneous PPP Φk with density λ.

The user locations are assumed to be independent of the BS locations. The downlink analysis

will be performed for the reference receiver located at the origin. For cell selection, we assume

that this user remains connected to the closest BS across all the time slots considered. Each

interferer is active with a probability p̂, known as the activity factor [34], in each time slot.

As was the case in the previous chapter, we model the path loss for a wireless link

between a BS located at x and the user as: l(‖x‖) = ‖x‖−α where α > 2 is the path loss

exponent, and ‖x‖ represents the Euclidean distance between point x and the origin. We

assume Rayleigh fading channels and that the fading gains are i.i.d. across all communication

links in all time slots. The fading gain between a BS at XjΦ̃k
and the receiver at the origin

in time slot k is represented by hj,k ∼ exp(1). Without loss of generality, we assume that the

transmit power of all the BSs is unity in all time slots. To be consistent with the notation

used in the previous chapter, we denote the locations of active BSs (including the one serving

the typical user at the origin) in time slot k by Φ̃k. The location of the serving BS will be

denoted by X0Φ̃k
.

As discussed in Chapter 2, we again characterize our metric in the following three

cases: completely correlated rate, i.i.d. rate, and partially correlated rate. Please refer to

Chapter 2 for the description of the three cases.

Distance to the Closest BS

The distance from the user to the nearest BS is represented by the random variable Y1, where

Y1 = ‖X0Φ̃k
‖ in our cellular network model. Using the void probability of the homogeneous

PPP, the CCDF of Y1 can be expressed as [5]:

Pr (Y1 > x) = exp
(
−λπx2

)
. (3.1)
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Using the complementary CDF, the pdf function can be found:

fY1 (x) = 2πλx exp
(
−λπx2

)
. (3.2)

3.2 N-slot Average Rate Distribution in Cellular Down-

link

In our network model, the maximum achievable rate of a user per unit bandwidth in

bits/sec/Hz in time slot k is given by:

Rk = log2

1 +
h0,kl(Y1)∑

Xj
Φ̃k
∈Φ̃k,j 6=0 hj,kl(‖XjΦ̃k

‖)

 , k ≥ 1. (3.3)

We denote the probability that N -slot average rate is larger than some threshold T

(bits/sec/Hz) i.e. Pr(R̃ > T ) by PR which is given by

PR = Pr


N∑
k=1

Rk

N
> T

 (3.4)

= Pr


N∑
k=1

log2

1 +
h0,kl(Y1)∑

Xj
Φ̃k
∈Φ̃k,j 6=0 hj,kl(‖XjΦ̃k

‖)


N

> T

 . (3.5)

Before deriving the distribution of N -slot average rate, we state the downlink cover-

age probability for this setup, which was derived in [12] and is a fairly well-known result by

now.

Lemma 2. Under Rayleigh Fading, the coverage probability of a typical BS in an interference-
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limited downlink cellular network is

pc(p̂, λ, T ) =

∞∫
0

exp
(
−πλr2

)
LI (µTrα) 2πλrdr (3.6)

where LI(.) represents the Laplace transform of interference I evaluated at its argument

conditioned on the distance to the serving BS (nearest) from the origin and is given as

follows:

LI (µTrα) = exp
(
−πr2p̂λ ρ(T, α)

)
(3.7)

where ρ(T, α) = T 2/α
∞∫

T−2/α

1

1 + u(α/2)
du. For proof, see [12].

In (3.7), we consider thinning of interference corresponding to the activity factor

p̂. By substituting (3.7) in (3.6), and using variable transformation r2 → v, we get the

simplified expression for coverage probability as follows.

pc(T, α, p̂) =
1

1 + p̂ρ(T, α)
. (3.8)

We use the above result to derive an expression for the distribution of average rate.

3.2.1 Rate in the Completely Correlated Case

When rate across time slots is completely correlated, say Rk = R, it means that the BS

locations and interference remain the same across N time slots. In this case, the CCDF of

N -slot average rate, PR equals the CCDF of rate in each individual time slot:

PR = Pr (R > T ) (3.9)

= Pr (Rk > T ) (3.10)

= Pr (log2(1 + SIRk) > T ) (3.11)

= Pr
(
SIRk > 2T − 1

)
(3.12)
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= pc(2
T − 1, α, p̂) (3.13)

=
1

1 + p̂ρ(2T − 1, α)
(3.14)

where the last equation follows from (3.8).

3.2.2 Rate in the i.i.d. Case

This is the scenario in which the locations of the BSs and the channel fading in each link

are i.i.d. across time slots (as discussed already, this extreme case corresponds to a high

mobility scenario). We derive a mathematical expression for PR by using a similar approach

(approximation by CLT) as was used in Section 2.2. We evaluate the mean and second

moment of Rk (denoted by µRk and MRk , respectively), and thereby variance of R̃ (denoted

by σ2
R̃

) as follows.

Since Rk are i.i.d. random variables, the mean of R̃ is: E[R̃] = E[Rk]. Since, rate is

a non-negative random variable, mean of Rk can be written as:

E[Rk] =

∞∫
0

Pr (log2(1 + SIRk) > x) dx (3.15)

=

∞∫
0

1

1 + p̂ρ(2x − 1, α)
dx (3.16)

where the last equation follows from (3.14).

Similarly, the second moment of each individual Rk is given by:

E[R2
k] =

∞∫
0

Pr
(
(log2(1 + SIRk))

2 > x
)

dx (3.17)

=

∞∫
0

Pr
(
log2(1 + SIRk) >

√
x
)

dx (3.18)

=

∞∫
0

Pr
(

SIRk > 2
√
x − 1

)
dx (3.19)
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=

∞∫
0

1

1 + p̂ρ
(
2
√
x − 1, α

)dx (3.20)

where the last equation follows from (3.14).

Since Rk are i.i.d., variance of R̃ is calculated as follows:

σ2
R̃

=
MRk − µ2

R̃

N
. (3.21)

Using the mean and variance, we derive the desired CCDF of R̃ as

PR = ϕ

 x− (µR̃)√
MRk − (µR̃)2

N

 (3.22)

where the function ϕ is the CCDF of a standard Normal random variable.

3.2.3 Rate in the Partially Correlated Case

The locations of BSs in this scenario do not change across N time slots, while the channel

fading gains are i.i.d. across links and time slots. In our downlink cellular model, the serving

distance Y1 is a random variable. Φ̃ represents the locations of active BSs and is independent

of time slots in the partially correlated case of rate. Conditioning on Y1 and using Assump-

tion 1, we derive the conditional CCDF for N -slot average rate by using similar approach

(approximation by CLT) as in Section 2.2. Then we decondition with respect to Y1 and the

distance of the DI (D) using their joint density function to derive a mathematical expression

for PR.

Lemma 3. In Φ̃, the joint pdf of distances of the closest and next closest point to the origin,

denoted by Y1 and D respectively, is given as:

fY1,D(y1, d1) = p̂ y1d1(2πλ)2 exp
(
−λπy2

1(1− p̂)
)

exp
(
−p̂λπd2

1

)
(3.23)
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where λ represents the density of the point process and p̂ is the activity factor of the inter-

fering BSs. See [29,35] for a proof of this lemma.

The expression for N -slot average rate distribution for partially correlated rate is

given by:

PR = Pr


N∑
k=1

log2

(
1 +

h0,kl(Y1)

IΦ̃,k

)
N

> T

 (3.24)

where interference term is IΦ̃,k =
∑

Xj∈Φ̃, j 6=0 hj,kl(‖Xj‖). In this partially correlated case of

rate, we denote interference by IΦ̃,k (instead of IΦ̃k
) as the distribution of node locations is

the same across all time slots.

After jointly conditioning on the distances to serving BS and DI, the individual

interferences and hence the individual rates Rk become i.i.d. and thus we can apply the

CLT to conditioned R̃ for large enough N . After conditioning, the interference IΦ̃,k is given

by (2.50).

ÎΦ̃,k = h1,kd1
−α +

2p̂πλ

α− 2
d1

2−α (3.25)

Using similar approach to derive the conditional CCDF of individual rate as in section 2.2

(using Assumption 1), we get the following expression identical to (2.65):

Pr
(
R̂k > x |D = d1, Y1 = y1

)
=

exp

{
−
(
2x/p̂ − 1

) 2p̂πλy2
1

α− 2

(
d1

y1

)2−α
}

(2x/p̂ − 1)

(
d1

y1

)−α
+ 1

(3.26)

After joint conditioning, {Rk} become i.i.d. random variables and the conditional

mean of R̃ is: E[R̃ |D = d1, Y1 = y1] = E[Rk |D = d1, Y1 = y1]

Using (3.26), the conditional first moment (µRk|D=d1,Y1=y1) and conditional second moment

(MRk|D=d1,Y1=y1) of Rk are given as:
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µRk|Y1=y1,D=d1 =

∞∫
0

exp

{
−
(
2x/p̂ − 1

) 2p̂πλy2
1

α− 2

(
d1

y1

)2−α
}

(2x/p̂ − 1)

(
d1

y1

)−α
+ 1

dx (3.27)

MRk|Y1=y1,D=d1 =

∞∫
0

exp

{(
1− 2

√
x/p̂
) 2p̂πλy2

1

α− 2

(
d1

y1

)2−α
}

(
2
√
x/p̂ − 1

) (d1

y1

)−α
+ 1

dx (3.28)

We then evaluate the conditional CCDF of rate F̄ (R̃|y1, d1) using the following expression.

F̄ (R̃|y1, d1) = ϕ

 x−
(
µRk|y1,d1

)√
MRk|y1,d1 −

(
µRk|y1,d1

)2

N

 (3.29)

where the function ϕ is the CCDF of a standard Normal random variable. Now we derive

the desired CCDF of N -slot average rate (represented as PR) by deconditioning using the

joint pdf (Lemma 3) of serving distance (Y1) and the DI distance (D) as follows:

PR =

∞∫
0

∞∫
y1

F̄ (R̃|y1, d1)fY1,D(y1, d1) dy1 dd1 (3.30)

=

∞∫
0

∞∫
y1

ϕ

 x−
(
µRk|y1,d1

)√
MRk|y1,d1 −

(
µRk|y1,d1

)2

N

 fY1,D(y1, d1) dy1 dd1 (3.31)

=

∞∫
0

∞∫
y1

ϕ

 x−
(
µRk|y1,d1

)√
MRk|y1,d1 −

(
µRk|y1,d1

)2

N

 p̂y1d1(2πλ)2e(−λπy
2
1(1−p̂)−p̂λπd2

1)dy1dd1(3.32)
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Figure 3.1: Dependence of rate on path-loss exponent - Simulation vs Analysis. PR increases

with increase in α

3.3 Results and Discussion

In this section we present numerical results and validate various approximations made in the

analysis. Our results demonstrate that probability PR increases with increase in the path-loss

exponent, decreases with increase in the activity factor, and remains the same with change

in the density of BSs.

3.3.1 Dependence on Path-loss Exponent α

When the path-loss exponent increases, the signal power at the typical receiver from its

associated BS decreases. However, the signal powers from every interfering BS are also de-

creased. Overall, interference decreases more than the signal power and hence SIR increases,

thus leading to higher PR. Figure 3.1 shows this effect.
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Figure 3.2: Dependence of rate on activity factor of BSs - Simulation vs Analysis. PR

decreases with increase in p̂

3.3.2 Dependence on Activity Factor p̂

In our cellular network model, the user always remains connected to its closest BS across

the time slots, while the interfering BSs transmit and mute with probability p̂ and 1 − p̂

respectively. Hence, when the activity factor (p̂) increases, the effective density of active

interfering BSs (p̂λ) increases thus increasing the interference. Hence PR decreases, as shown

in Figure 3.2.

3.3.3 Dependence on Density of Base Stations λ

When the density of BSs increases, the nearest BS to the typical user will be closer than

before and thus the desired signal power increases. However, increased density of interfering

BSs will cause higher interference. Overall, these effects counteract each other leading to

same SIR and thus same PR. Figure 3.3 shows this effect.
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Figure 3.3: Dependence of rate on density of BSs - Simulation vs Analysis. PR remains the

same with change in λ
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Figure 3.4: Simulation and Analytical results for N -slot average rate distribution in cellular

downlink - completely correlated rate, i.i.d. rate, and partially correlated rate
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Comparing the three cases in Figure 3.4, we can observe a similar result as in ad

hoc network: When rate across time slots is highly correlated, the CCDF of N -slot average

rate exhibits much higher variance. As can be observed, Assumption 1 produces an accurate

approximation in our cellular downlink model. Also, since we used CLT, the approximation

is tighter when we consider more time slots for our average rate metric.

3.4 Summary

In this chapter we characterized the N -slot average rate achievable by a typical user in

the downlink of a cellular network when the BSs are distributed in 2-dimensional space

according to a spatially homogenous PPP. Under nearest BS connectivity model, we derived

analytical expressions for the distribution of N -slot average rate using DI assumption and

CLT approximation which yielded accurate results and discussed the relationship between

this metric and various parameters associated with our model. We also covered three key

scenarios of network mobility in our analysis.



Chapter 4

Conclusion

4.1 Summary

In this thesis, we proposed and analyzed a new rate metric, termed the N -slot average rate,

for both ad hoc and cellular networks. The proposed metric generalizes the notion of instan-

taneous and ergodic rates by allowing the computation of average rate over a given number,

say N , of time slots. While the mathematical form of the proposed metric makes it difficult

to derive its exact distribution, we employ suitable approximations to derive tractable ex-

pressions, which are numerically shown to be remarkably close to the true distribution. We

performed our analysis for three different mobility scenarios, which result in vastly different

assumptions on various random variables involved in the analysis. The key contributions of

this thesis are summarized next.

In Chapter 2, we characterized N -slot average rate achievable by a typical node in ad

hoc network. We considered Poisson bipolar MANET with a fixed serving distance between

a transmitter and its paired receiver. Having propounded the intractability of the method

involving Fourier inversion of product of characteristic functions of rates in each time slot, we

take an alternate approach employing simple yet meaningful approximations (DI and CLT)

39
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which yielded accurate results. We discussed the impact of various system parameters on

the distribution of our metric which is crucial to understand the network performance. Our

analysis showed that when the rate across time slots is highly correlated, the distribution

of N -slot average rate exhibits higher variance in bipolar MANETs. The significance of

this observation is relatable to the practical case of understanding the Quality-of-Experience

(QoE) for user-centric services provided in such networks.

In Chapter 3, we characterized our metric N -slot average rate in the cellular down-

link. We considered a homogeneous PPP model for the BS locations with a given activity

factor and nearest BS association policy. As in Chapter 2, we use appropriate approxima-

tions to derive the distribution of the proposed metric in this case under three different

mobility scenarios of interest. The accuracy and simplicity of our approximate expressions

make them of practical interest to the cellular network designers. We also discussed the

relationship between our metric and system parameters, and again, our analysis showed that

the variance of the distribution of our metric is more when the rate across time slots is highly

correlated. This key insight helps us in understanding the user’s QoE for cellular services,

for example, Voice over LTE (VoLTE).

4.2 Future Directions

In this section, we discuss two possible directions for future research.

4.2.1 Characterization of the Average Rate Achievable in Hetero-

geneous Cellular Networks over Finite Time Slots

The analysis presented in Chapter 3 can be extended to characterize N -slot average rate

in heterogeneous cellular networks consisting of K overlaid tiers of BSs (modeling different

types of BSs, such as macro, pico, micro, and femtocells). As discussed in [13], we can
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assume K different types of BSs, each modeled by an independent PPP. Then the downlink

analysis can be performed on the same lines as in Chapter 3. More sophisticated models

based on Poisson cluster processes, such as in [36–39] can also be used. This will significantly

enhance the state-of-the-art in heterogeneous cellular networks, where the analysis is usually

focused on spatially averaged throughput without accounting for the temporal aspect, which

is captured very well by the proposed metric.

4.2.2 Buffer Dynamcs in an Ad Hoc Network

Another worthwhile extension is to incorporate temporal dynamics explicitly in the models.

For instance, in video streaming and other such applications, we are particularly interested

in the temporal evolution of the number of bits in the buffer. The buffer can be thought to

fill at the rate proportional to the transmission rate and empty at a constant utilization rate

(function of the application). The evolution of the number of bits in the buffer can therefore

be modeled as a continuous time Markov chain (more specifically, birth-death process). For

this Markov chain, mean hitting time [40] to state 0 will give the mean time until the first

disruption in the video stream. Such estimates are very useful for system designers.
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