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Abstract

In many wireless systems, interference is the main performance-limiting factor, and is primarily
dictated by the locations of concurrent transmitters. In many earlier works, the locations of the transmitters
is often modeled as a Poisson point process for analytical tractability. While analytically convenient, the
PPP only accurately models networks whose nodes are placed independently and use ALOHA as the
channel access protocol, which preserves the independence. Correlations between transmitter locations
in non-Poisson networks, which model intelligent access protocols, makes the outage analysis extremely
difficult. In this paper, we take an alternative approach and focus on an asymptotic regime where the
density of interferers 77 goes to 0. We prove for general node distributions and fading statistics that the
success probability Ps ~ 1 — yn" for n — 0, and provide values of  and  for a number of important
special cases. We show that x is lower bounded by 1 and upper bounded by a value that depends on
the path loss exponent and the fading. This new analytical framework is then used to characterize the
transmission capacity of a very general class of networks, defined as the maximum spatial density of

active links given an outage constraint.

I. INTRODUCTION

Network information theory attempts to characterize fundamental limits on networked systems of nodes,
in particular the rate at which information can propagate through the network between an arbitrary set
of nodes. In a wireless network, the first order effect governing the flow of information is the spatial
separation between the nodes, which determines the desired signal and interference power at each receiver.
Since for large networks, most known information-theoretic approaches lead either to loose upper bounds
or are typically lacking in tractability, a considerable number of alternative approaches that lead to

characterizations of basic properties of wireless networks are under active investigation.
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Considerable recent interest has been paid to the impact that the user geometry — i.e., the locations
of the transmitters and receivers — has on fundamental metrics of wireless network performance [1], [2].
Since it is impractical (and in most cases, impossible) to enumerate all such locations, it is typical to
model their coordinates as drawn from a random two-dimensional point process. The most commonly
used spatial random process is the homogeneous Poisson point process (PPP), which is by far the most
tractable and well understood, as it presumes independence between each and every node location, as
well as a homogeneous distribution over space. Even if the node locations are in fact independent and
uniformly scattered in space, most “good” scheduling algorithms induce correlations in the transmitter
locations to avoid collisions. This has led to a sharp tradeoff between tractability — requiring essentially
an interference-agnostic ALOHA multiple access control (MAC) protocol that preserves the indepen-
dence — and optimality/generality, whereby more intelligent MAC protocols can be characterized despite
introducing dependence and therefore requiring a more general point process.

The objective of this paper is to provide a new mathematical framework for analyzing a very general
class of wireless networks. In particular, this paper provides novel tools for modeling interference,
computing outage and transmission capacity for a general spatial distribution of transmitters, and under

a general fading model.

A. Background and Related Work

Among the first papers to use a PPP to model the node locations in a wireless network is [3] where
the outage probability of n users uniformly distributed in a bounded area A C R? was found with no
channel fading, by scaling A and n appropriately. The interference distribution in a Poisson network was
shown [4] to be a stable distribution with parameter 2/, where « is the path loss exponent. Both these
results as well as subsequent analysis of Poisson networks hinge mainly on two mathematical tools: the
probability generating functional (PGFL) and the Palm characterization. Both of these are fairly simple
for a PPP because of the independence between the node locations. The conditional PGFL is known only
for a PPP (and a few variants), and this has made it extremely difficult to extend the rich set of results
on PPPs to other more general spatial node distributions.

In the domain of PPP-modeled networks, significant recent work has developed sophisticated mathemat-
ical models on the interference experienced in such networks [5]-[13]. In such cases it is then possible
to compute the probability that a typical receiver has a signal-to-noise-interference ratio below some
threshold 6, which is termed the outage probability [14], [15]. A final related metric is the transmission
capacity (TC), which is the maximum number of successful transmissions per unit area at a specified
target outage probability [16], [17]. In many of these early works, interference is typically treated as

noise, but this assumption can be relaxed. Transmit/receive approaches that are known to be optimal in



some multiuser settings, such as dirty-paper coding [18] or successive interference cancellation [19]-[21],
can be considered. In this paper, however, interference is treated as noise.

There has been significant interest in moving beyond the Poisson process, but progress has been slow,
and is limited to either a deterministic arrangement of nodes (degenerate point processes) or variants of a
Poisson point process. In [22], the outage and TC are obtained when the nodes are distributed as a Poisson
cluster process, which results from independent clustering applied to a Poisson point process. Carrier
sense multiple access (CSMA) MAC protocol results in networks, where the concurrent transmitters
have a minimum distance, and this precludes PPP as a model for transmitter locations. Lattice networks
are commonly used to model CSMA networks [23], and the outage probability was analyzed in [24]-
[27]. Analyzing CSMA protocol with a random node distribution is extremely difficult and usually the
interfering transmitters are approximated by a Poisson point process. In [2], the outage probability was
obtained by approximating interferer locations in a CSMA protocol, with a non-homogeneous Poisson
point process and in [28]—[30] by excluding interferers in guard zone around the typical transmitter in a

Poisson model.

B. Overview of Contributions and Organization

Since obtaining outage probability (or TC) for a general class of node distributions is extremely
difficult, we concentrate on the low-interference regime, which corresponds to a low-density of concurrent
transmitters. For any spatial distribution of the transmitters, we show how to obtain two constants y and

K, so that we can characterize the success probability as
Ps~1—9n" n—0, (1)

where 1 — P is the outage probability of a typical link with the SIR model and 7 is the density of
concurrent transmitters'. If the two constants v and & can be calculated, then the TC defined in (6) is

asymptotically
€

1/k
TC(e) ~ <’y> (1—¢), €e—0, ()

where € represents the constraint on the outage probability. By the continuity of Pg, the above approxi-
mation will be accurate for n close to zero.

Unlike the exact characterization of the outage probability, obtaining v and « turns out to be possible
for a wide range of MAC protocols and node distributions. In [31]-[33], the outage probability was also
approximated in a similar spirit but only for Rayleigh fading, where it was shown that kK = 1 for any

ALOHA network and k = «/2 for CSMA, where « is the path loss exponent. This paper however proves

'By f(z) ~ g(z), z — 0 we mean that lim,_,o % =1



such a result under a general fading model, and provides much more general tools for future non-Poisson
network analysis. The transmission capacity is also derived, and compared to prior results, which are
nearly exclusively for a PPP. More precisely, this paper makes the following four primary contributions.

1) For any plausible MAC protocol, the interference scaling exponent ~ is shown to be between 1
and av/2, where « is the path loss exponent, and v > 1 depends only on the fading distribution
of a typical link.

2) For any general fading and underlying node distribution with ALOHA, it is shown that x = 1, and
v is shown to depend only on the second-order product density of the spatial distribution of nodes.
The TC is then calculated, and is shown to linearly scale with the outage constraint e.

3) The asymptotic outage and the TC for a CSMA network modeled by a Matern hard-core point
process with a general fading distribution is obtained, in which k = avr/2. From (2), the TC of
the CSMA network is observed to be @(e%) which is a significant improvement compared over
ALOHA networks whose TC is O(e).

4) The asymptotic TC of any spatial distribution of transmitting nodes with Rayleigh fading is obtained
and shown to depend only on the second-order product density of the transmit point process.

Finally, we note that although the focus here is on outage and transmission capacity, the techniques

are general and can be extended to other SINR-related metrics like expected forward progress [14].
The paper is organized as follows. In Section II, we introduce the system model, the assumptions on the
source-destination distribution and the transmitter point process. In Section III, we obtain the bounds on
x. ALOHA networks are analyzed in Section IV where we show that x = 1 and provide the exact value
of v; CSMA networks are studied in Section V. In Section VI, we consider the asymptotic outage results
of ALOHA and CSMA networks with thermal noise. In Section VII, we derive the transmission capacity
for ALOHA, CSMA networks, and a general class of networks with Rayleigh fading. The notation and

symbols used are summarized in Table L.

II. SYSTEM MODEL AND METRICS

We model the location of the potential transmitters by a stationary and isotropic [34], [35] point
process ® C R? of unit density on the plane. We assume that the MAC protocol schedules a transmitter
set &, C ® with the following properties:

1) The transmitter set @, is stationary and isotropic.

2) The density of the transmitter set is 7 < 1, and the MAC protocol can reduce the density 7 to zero.

The large scale path loss model is denoted by £(x) : R? — [0, 0o] and is assumed to have the following
properties:

1) ¢(x) is a non-increasing function of ||x||.



Symbol Description

(2] point process representing potential transmitters
o Cd transmitters selected by the MAC protocol

n density of transmitters P,

p(2)(x) second-order product density of ®

pg,k)(xl, ...yZgp—1) | k-th order product density of ®;

P'°(A) reduced Palm measure of an event A

E'° expectation w.r.t. reduced Palm measure

0 SIR threshold

Ps success probability, i.e., P*°(SIR(o, r(0)) > )
£(x) large-scale path loss function

o path loss exponent

R source-destination (link) distance

Wsa (power) fading between source and destination
Fsa(z) CCDF of Wgg, i.e., P(Wea > )

Exponent of = of the first term

v of the Taylor series of 1 — Fsa(2)

h (power) fading between an interferer and the receiver
I interference

[lz]| norm of

Lx(s) Laplace transform of the random variable X

o origin

B(z,y) ball of radius y centered around x

TABLE I

NOTATION AND SYMBOLS USED IN THIS PAPER

2) fB(o,e)“ {(z)dz < oo, for all € > 0,
where B(o, €) denotes the ball of radius e around the origin. In this paper we concentrate on the following
two models, but the analysis can be easily extended to other path loss models:

1) Bounded path loss model: /(z) = (1 + ||z||*)~!, a > 2.

2) Non-bounded path loss model: ¢(x) = |z| =%, a > 2.

For many proofs, the exact form of the path loss model does not matter as long as ¢(z) = O(]|z]~%),

||| — oo.

A. Success Probability

We pick a typical transmitter from ®; and add a new receiver (a test probe to measure interference

and outage) in a random direction at a distance R. Since the process ®; is stationary, we can move the



typical transmitter to the origin, and we denote its receiver by r(0). The success probability of a typical
link is given by
P, = P"°(SIR(0,7(0)) > 6), 3)

where
Wsal(R)

ZZE‘I% hzr(o)z(z - T(O)) ‘
P'° represents the reduced Palm probability [34] of ®;, and is equivalent to conditional probability of

SIR(o,7(0)) =

real-valued random variables. Essentially, P*° is the conditional probability measure of the point process
given that there is a point at the origin, but disregarding that point in all calculations. For the stationary
process ®;, the Palm probability of an event A can be interpreted as

PoA)= ——E Y 1(@+)\ {r} € 4),

- nmR?
z€®,NB(o,R)

where ®; + x denotes the translation of ®; by z. We require the reduced Palm measure since we are
considering the point process distribution from the point of view of the typical point at the origin. The
received power (after appropriate signal processing) normalized by the path loss /(R) is denoted by Wgq,
and h,, ) represents the interference power (normalized by the path loss £(z — r(0))) of a transmitter
z at the receiver 7 (o) after signal processing. We assume that the random variables h,. () are i.i.d., and
independent of Wgq. In this paper, the major emphasis is on SIR rather than SINR, since interference is
a major debilitating factor in wireless networks, while noise can be combated by increasing the transmit
power to the maximum permissible value. As we shall see in Section VI, it turns out that the results for
outage considering noise can easily be obtained using the SIR based outage results.

The success probability can be rewritten as

o 0
P = I <wsd > @ZE@ hzr(o)g(z - T(O))>
o 01
= [E*“Fgq (E(R)) ; “4)
where
I= Z hzr(o)g(z - T(O))a

zed,

denotes the interference and Fgq(x) the CCDF of Wgq. Evaluating E'%F<q (Z?TI%)) is extremely hard and

may not be possible in most cases. For a general Fyq4, evaluating E°F 4 ( 0w

) is not easy even when
®, is a Poisson point process. To gain insight about the system performance for general MAC protocols
and physical layer technologies, we consider the asymptotic regime n — 0. More precisely, we try to

find two constants, the interference scaling exponent r and the spatial contention parameter -y, such that

Ps~1—70" n—0. 5)



If the two constants + and x are determined exactly, then (5) is a good approximation of the success

probability near n = 0. In a wireless network, n — 0 corresponds to a high-SIR regime.

B. Transmission Capacity

The transmission capacity (TC) metric was introduced in [16] to quantify the maximum spatial density

of simultaneous transmissions possible for a given outage constraint, and it is given by
TC(e) = (1 —¢)sup{n : Ps > 1 — €}. (6)

In this paper we analyze the transmission capacity in the high-SIR regime when
1) Fsq(z) = exp(—2x), corresponding to Rayleigh fading, for any MAC protocol or any point process
;.
2) Fsa(x) is not exponential. Here we restrict the MAC protocol to ALOHA and CSMA.

C. Received Power Distribution

The received power Wsq depends on the small-scale fading, the diversity order of the channel, the
transmit power and the signal processing at the receiver. Its complimentary cumulative distribution
function (CCDF) is denoted by Fsq(z). A few illustrative examples of Wgq are:

o If suppose all the nodes transmit at a constant power, then Wsq = h,,.(,) and corresponds to the
small-scale fading. If the fading is Rayleigh, Ws4 is exponentially distributed and when the fading
is Nakagami-m, Wg4 is gamma distributed.

o The nodes in the system may use multiple antennas for communication, in which case the distribution
of Wsq depends on the specific space-time technique used. If suppose the typical receiver (o) has
M, receive antennas and uses receive beamforming, then Wgq is X2 distributed with 2M,. degrees of
freedom and mean M,..

To facilitate the analysis, we assume that the CCDF Fgq4(z) satisfies the following conditions.

A.1 The CCDF is analytic over the entire real line, and has a Taylor series expansion given by
¢
v k 14
Foa(w) =1 —con” + ) 1o, o #0, (7)
k=1

where v € N. The coefficients c; should satisfy

Z |Ck|b_k < o0,

k
for some b > 1.

A.2 The CCDF is Lipschitz, i.e., there exists a C' > 0 such that for x,y > 0

’Fsd(‘r) - Fsd(y)| < C|x - y|



A3  E[Wg] < o, ie., fooo Fea(z)dz < oo.
The above conditions are satisfied by many distributions of interest. For example, if the source-destination

fading is Nakagami-m distributed, then
> (_1)k xm-i—k

_ D(m,mz) 1
Fal®) = “hy LT & R m ik

In this case v = m and ¢, = (—1)¥T1/(m + k), which satisfies Condition A.1, for any b > 1. For

Rayleigh fading, Fsq(z) = exp(—z) and ¢, = (—1)¥!. In all the above examples, the derivative of

Feq(z) is bounded and continuous, i.e., sup dF%(z)

x
constant ||(ﬂ%£m)\|oo.

is bounded and hence Fgq(x) is Lipschitz with a

D. Power Distribution of an Interferer

The power (after normalizing by the path loss) from the interferer z € ®; to the receiver (o) is
denoted by h,,(,). We assume that the random variables h,,., are i.i.d. and independent of Ws4, and we
use h to denote a generic random variable with the distribution of any h, ). We also assume

A4 The moments of h satisfy E[h"] = O(b"n!), n — oo, for some b > 0.

For example, in the case of a single-antenna system without power control, h is distributed as the fading
(power) coefficient. In the case of Nakagami-m fading we have E[h"] = m~"I'(n + m), which satisfies

Condition A.4.

E. Point Processes

In this subsection, we briefly introduce the notation and definitions related to point processes that we

will be using throughout the paper. A detailed treatment can be found in [34]—[37].

Definition 1 (Second-order product density). For a stationary and isotropic point process ®; of density

7, the second-order product density p7(72) (x) is defined by the following relation:

E' Z 1(x€ B) = 77_1/Bp7(72)(a:)dx,

x€d,

where B is any Borel subset of R2.

Intuitively the second-order product density p,(72) (z) denotes the probability of finding a pair of points of

®, separated exactly by a distance ||z||. For a homogeneous PPP of density 7, the second order product

density is pg,Q)(az) =12

Definition 2 (Second-order reduced moment measure). For a stationary and isotropic point process P,

of density 1, the second-order reduced moment measure, denoted by K, (B), B C R?, is defined as

Ky(B)=n""E* > 1(x € B).
x€d,



From the definitions of K, (B) and p$72) (x), it follows that

Ky(B) =n"" /B pP) (x)da. ®)

The second-order reduced moment measure is a positive and positive-definite measure [35]. Hence for

any compact set B C R2, there exists a constant Cz such that
K,(B+z) < Cg, VxcR2 )

The Rippley’s K-function [34] is a special case of the second-order reduced moment measure, and is

defined as K, (r) = KC;)(B(o0, R)). We now begin with the analysis of the exponent &.

III. BOUNDS ON THE INTERFERENCE SCALING EXPONENT

At low transmitter density, it is mainly the interference scaling exponent that determines the outage,
and a higher exponent « implies better outage performance. From (4) and (5) it follows that
E"[Fsa(0) — Faa(T)]
n

As n — 0, it is intuitive that the interference I becomes small, and hence we can observe that  is related

dF.q(z)
dx

="ty +o(n" ).

to the derivative of Fgq(z) at zero. Since |z—0 is the value of the PDF of W4 at zero and finite,
it follows that x > 1. We also have an upper bound on &, since Fgq(z) is monotonically decreasing and
its derivatives are bounded by Assumptions A.1 to A.4. It is intuitive that a good MAC protocol should
spread out the transmissions, and not cluster them in order to avoid collisions. If the MAC protocol is
such that the minimum distance between the transmitters does not increase with decreasing density 7,

then the resulting transmitting set will have high interference, and hence poor outage performance. The

first theorem makes the notion of spreading® transmissions as 1 — 0 more precise.

Theorem 1. If the transmitting set ®, of density n is such that

B.1: lim sup K, (51 + ) < oo,
N—0 zcRr2

where Sy = [0,1]2, then k > 1.

Proof: See Appendix A. [ |
Let C) = sup,eg: Kyy(z + S1) where S = [0, 1]%. Then from a similar argument as in the proof, it is

easy to observe that

E[®;(B(0,b))] = Mk, (B(o,b)) < Mp[nb*]C,.

*This is different from the MAC induced clustering in CDMA systems [38], [39], where the MAC protocol is optimized for

a fixed density of transmissions.
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Condition A.1 states that lim, o C;, < oo, which implies

E'[®:(B(0,7™%)] — 0 fora <1/2.

@a< %, goes to zero as

So A.1 implies that the average number of points in a ball of radius b, = 1~
the density tends to zero. This condition is violated when the average nearest-interferer distance remains
constant with decreasing density 7. See Figure 1 and [31] for examples that violate Condition B.1. If

B.1 is violated, Pg is not equal to 1 when n — 0.
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Fig. 1. Illustration of MAC scheme which violates Condition B.1. Left: A network ® modeled by a cluster process with a
unit density parent process and cluster density 15. Right: The MAC protocol selects a cluster (not individual nodes) to transmit
with probability 1/n, i.e., n = 15 resulting in a cluster process ®; of density 1/15. We observe that even for n — oo, the

success probability never approaches one because of intra-cluster interference.

Theorem 2. If the transmit point process ®; is such that there exists a Ry > 0 such that
B2: lim K, (Rin~Y?) > 0, (10)
n—0
then rk < 5.

Proof: See Appendix B. ]
From Definition 2, n K, (Rm_l/ 2) is equal to the average number of points in a ball of radius Ry n~1/?

and hence Condition A.2 requires the number of points inside a ball of radius Ryn~!/2

to be greater
than zero. Except for pathological cases, this condition is generally valid since the nearest-neighbor
distance scales like 77~'/2 when the point process has density 7. Essentially any MAC which schedules

the nearest interferer only at an average distance @(77*1/ 2) satisfies these two Conditions B.1 and B.2,
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as most common MAC schemes do. Henceforth we consider only MAC schemes which satisfy Conditions
B.1 and B.2.

We now investigate the scaling behavior of some common protocols, and the interference exponent x
and ~ values they achieve. The average interference is

E°[1] = E' Z h,, (o) l(z — 7(0)))

zed,
@ Bn),! /R P2 (2)e(z — r(0))da, (1)

where (a) follows from the definition of the second-order product density. The analysis of the scaling
behavior of Pg depends on whether the average interference is finite or not. The success probability is
E'°Foq(1/4(r)), and if I is finite almost surely, then the Taylor series expansion of Fgq(x) can be used
to obtain the asymptotics. On the other hand, when E'°[I] = oo, then the Taylor series expansion cannot
be used. For example consider an ALOHA Poisson network with a path loss model ¢(z) = ||z||~* and

Rayleigh fading. As p7(72) () = n? for a PPP, the average interference from (11) is

E"[1] = vElb] [ o] do = oc.
RZ
Hence, the Taylor series expansion of Fgq(x) cannot be used. But nevertheless, in this case [14]
P, = exp(—nR20%/“C(a)) ~ 1 — nR*0*°*C(a), n — 0,

where C(a) = 7['(1 — 2/a)T'(1 4+ 2/a), which shows that < = 1. In the next two sections, we analyze
the outage probability when the transmitting set ®; is selected from ® using ALOHA and CSMA,
respectively. As we shall see, these two MAC protocols achieve the extremes of the interference scaling

exponent, with ALOHA resulting in x = 1 and CSMA in k = av / 2.

IV. ALOHA NETWORKS

The completely decentralized nature of the ALOHA protocol makes it appealing for a wireless network
and particularly suitable for an ad hoc network. The independent scheduling of the ALOHA process also
makes its analysis much easier than other plausible MAC protocols like CSMA that introduce correlations
between the transmit node locations. ALOHA is a natural model when the underlying node distribution
is a PPP, since independently thinning a PPP results in a PPP of lower density. Not surprisingly, this
combination of PPP with the ALOHA MAC protocol has been extensively analyzed, and closed-form
expressions for outage have been obtained for both SISO and MIMO systems [14], [40].
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A. Asymptotic Success Probability

An ALOHA network consists of a stationary point process ® (need not be a PPP) of unit density,
where each node decides to transmit independently of every other node with probability 7. The resulting
transmitter set ®; is a stationary point process of density 7, and the interference is

I=) he)llx—r(0)l(x € dy),

xed
where 1(x € ®;) = 1 when the node x is selected by the ALOHA MAC protocol to transmit.

First, as an example, consider a point process ® = {x1,x2} composed of only two points (which is a
non-stationary network but suitable to illustrate our key idea). Let Yy = hy,.,)¢(x —7(0)), Vx € ®. After
thinning ® with ALOHA, the interference is

I=Y11(x; € @) + Yol(xo € D).

Then, conditioned on Y1 and Y, by averaging Fsq(I) with respect to the ALOHA indicator random

variables,
EFsa(I) =(1 — 1)*Fsa(0) +7(1 = 1) (Fsa(Y1) + Fsa(Y2)) + 7°Fsa(Y1 + Y2).
Since Fgq(0) =1, )
EFsq(I) =1- 772 (1 —Fsa(Yi)) +0(n), n—0.
i=1

Then averaging with respect to Y; (i.e., fading and point process ®), we obtain that x = 1 and v =
Rl Z?Zl(l — Fsa(Y3:)). Theorem 3 formalizes the above idea and shows that the interference scaling

exponent « is always 1 for ALOHA.

Theorem 3. When ALOHA is used as the MAC protocol, and a node from a stationary point process P

is allowed to transmit with probability n, the success probability is

Ps ~1—nvaom, 71 —0,

where

and p? (x) is the second-order product density of the initial point process ®.

Proof: See Appendix C. ]

The above theorem indicates that x = 1 irrespective of the point process ® and Fg4(x). The initial
point process ¢ affects the asymptotic probability only by its second-order product density. It is also
evident that the channel diversity (by using multiple antennas) does not change the exponent x, but only

affects the pre-constant yaroua.
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Intuition: An independently thinned stationary point process converges weakly to a PPP as the density
tends to zero [35]. Hence, as  — 0, ALOHA results in a point process that closely resembles a PPP.

The result follows since k = 1 for a PPP. From Theorem 3,

1—Pg~ n/Rz [1 — EypFsq <h9€($_r(0))>] p? (z)dz

(R
lo 0l(x — 7“(0))>
—E 1 — EyFoy (h . (12)
g{; ((R)
0L(xz—r(0))

Observe that 1 — EyFeq (h ) is the outage caused at the receiver r(o) by a single interferer

((R)
located at x. Hence, in the low-density regime, the overall outage is equal to the sum of the outages
caused by each interferer. To evaluate the transmission capacity, the following lemma, which addresses

the monotonicity of Pg, is required.

Lemma 1. Let Ps(n) denote the success probability when the ALOHA parameter is 1. Then for any

stationary point process P,

m > 1n2 = Ps(m) < Ps(m2).

Proof: The proof follows from a standard uniform coupling argument [41] and is omitted. [ ]

In an ALOHA network, from the definition of ~y0up, We observe that if p§2) (r) < pg) (z), Vz then
~1 is smaller than 5. So starting with a point process with a guaranteed minimum distance (such as the
Matern hard-core process) results in a better outage performance than a Poisson network. For a Poisson

cluster process of unit density p(?(z) > 1, and hence the ~ for a cluster process is higher than for a

PPP, resulting in a worse outage performance.

B. Example: Poisson ALOHA Networks

We now provide a few examples and evaluate vy oga When the initial point process ¢ is a PPP. When
® is a Poisson point process of unit density, the second-order product density is equal to p(?) (x) =1,
and the constant yarons can be evaluated for different Fgq(z) using Theorem 3.

1) Nakagami-m fading: When the fading is Nakagami-m distributed, Fgq(z) is the CCDF of the
gamma distribution with m-degrees of freedom, given by

'(m, mx)

) =)
When £(z) = ||z] -,

0%/ *RT (m — 2/a) T (m + 2/ )
I'(m)?2 ’

Yaroua(m) = m > 1. (13)

This constant has also been calculated in [40]. We observe that v oua(m) decreases to 7 as m — oo,

which shows that the outage performance improves as the amount of fading decreases.
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2) Receiver beamforming: When every transmitter uses a single antenna for transmission, each receiver
is equipped with M, receive antennas, and receive beamforming is used, the resulting W4 is x? distributed

with 2M, degrees of freedom, and
I'M,,z)

Fal) = r0n,)

For {(z) = ||z||~®, and Rayleigh fading

0% *R2T' (M, — 2/a)T(1 + 2/a)
I'(M;) ’

Yaroua (M) = M, > 1. (14)

Since yaom (M,) ~ 7% *R2T'(142/a) M, 2/% the gain of using multiple receive antennas is © (M, 2 “,

resulting in a lower outage probability for large M,.

V. CSMA NETWORKS

We now consider MAC protocols which result in transmitter point processes ®; that have a minimum
distance between the transmitters. In this case E[I] < oo, and we use the Taylor series expansion of
Fsq(x) to obtain the scaling of the success probability. For the sake of illustration, consider only one
interferer at a distance 7! from 7(0) and let Fgq(x) = 1 — 22 + 23 + o(23), 2 — 0. Neglecting the

fading of the interferers, observe that
Fea(I) = 1= 1" +7**% = 1 =1 + o(n"),

which shows that x = «. In this section, we formalize this procedure to obtain the asymptotic behavior.
We use CSMA as a representative MAC protocol and obtain the asymptotic outage probability. For other
MAC protocols that impose a minimum distance between transmitters, this proof technique can be easily

adapted.

A. CSMA Model

Although the spatial distribution of the transmitters that concurrently transmit in a CSMA network is
difficult to determine, the transmitting set can be closely approximated by a Matern hard-core process
[2], [34]. Start with a Poisson point process ¢ of unit density. To each node x € ®, associate a mark
My, a uniform random variable in [0, 1]. The contention neighborhood of a node x is the set of nodes

which result in an interference power of at least P at x, i.e.,

NiE)={yed:ly—x)>P}

Observe that we are not including fading in the selection of the contention neighborhood. An alternative
model has been proposed in [2] which incorporates the fading between the nodes for the selection of the

contention set. A node x € ® belongs to the final CSMA transmitting set if

mx < my, Vy€ N(x).
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Define a = £~1(P). See Fig. 2 for an illustration of Matern hard-core process. The average number of

8 T T T T T ) 8 T T T T T
Y x o x X Unselected transmitters X x o X X  Unselected transmitters
X x ® Selected transmitters (Matern a=2) x x ®  Selected transmitters (Matern a=5)
[ ] | ]
6 X . X x 1 sk x . ¥ x 7
X x Y xx' X X X X X XX, X X
X x x X X x x X x
» X % x L 2% » X % [ 2%
e X X L e X x X
o X x X x X x X
X — X —
4rx P X% ° x 4x ® x X%, Y x
x x x ><.x x N Xx % X X x Xx " X « Xx X
° « x . % x
x x Xx x Xe x x x Xx x % X
2r o X3¢ XX ux 1 27 X x X5x XX yx b
x X
M [ X x X x X X « [} X x x X X X
X x x d X x x
x X X L x X x L]
L X % x x X i L X x x x X i
0 " . X@ X X7y % N X 0 " " Xy x XX x, X
L] X x L] X x
X [ ] X [ )
X o < o XX x X < « XX x
oL x x x x x 1 2 X x X x x x ]
X [ ) x X x [ ] x X
X X X X
x x X « x x XX «
° x x X x X X x >? « x X X x X @x x X
_alL X X @ X x 1 _aL X X X X x i
4 ° XX X ox keX 4 « XXX x xeX
w. xX X x x %o xX X x x
X % ° x % °
X @ x X « x % | XK x X % x % x|
-6 x X x X o X x 4 -6F x X x X x x B
X « X o«
x x xX x x xX
><. o « X . x >><< L] « X . x
X x x x
X « @ x « @
-8 L X L L L L L -8 L X L L L L L
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8

Fig. 2. Left: Matern hard-core process with a = 2. Right: Matern hard-core process with a = 5. Observe that the minimum

distance between nodes increases with a.

nodes in the contention neighborhood of x € ® does not depend on the location x by the stationarity of

® and is equal to [2]
N =E[|N(2)|] = ma’.

The density of the CSMA Matern process ®; is

. [1_@;5(—/\/)}

Let pgk) (x1,...x_1) denote the k-th order product density of the Matern hard-core point process ®;.
Let Va(21,...,2,) denote the volume of the intersection of discs of radius a centered around z; with
the convention V,(x;) = mwa?. Let xj, denote the origin o, and for any indexing set J = {ay,..., aj J|},
and let V,(J) = Va(2q, - .. Za,,). The following lemma characterizes the product density and its scaling

behavior.

Lemma 2. The k-th order product density satisfies
F)azy, ... azp_1) ~a 5" (21, .. 21), a— oo,

where

ﬁ(k)(x1,...7$k—1):k!/ eXp | — Z (=D i V1 ()
RE JC{1,...k}

c1(0<my <+ <my < oco)dmy ...dmy. (15)
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Sor ||z;|| > 1, 1 <i<k—1, and 0 otherwise.

Proof: See Appendix D [ |

B. Asymptotic Success Probability

We now present the main result that characterizes the outage behavior of a CSMA system at low
densities. Before that, we require the following notation. Let P(n) denote the set of partitions of n, i.e.,
the set of integers (p1,p2...,pk), such that > p; = n and 1 < p; < n. Tuples with different ordering are
not distinguished. For example P(2) = {(2),(1,1)}, and P(4) = {(4), (1,1,1,1),(1,2,1),(3,1),(2,2)}.

Theorem 4. When the set of transmitters forms a Matern CSMA process of density n and the Conditions

A.l, A.2 and A.4 are satisfied, then

9 v
Po~1— — ) g™/%4 1
CoT (f(R)) n I 77—>07 (6)

where Aj is given by

k
> [ @) [l d, a7
) i=1

(p1y-Pr)EP(V

where ﬁ(k+1)(a:1, cooyx), 1 <k <w, is given in Lemma 2.

Proof: The proof is presented in Appendix E. [ ]

From (17), we observe that the outage probability 1 — P at low density can be decomposed into three
parts:

1) ¢, stems from the source-destination distribution CCDF Fgq4(z).

2) The interference-scaling exponent x = av/2 depends on the CCDF Fg4(z).

3) Aj depends on the point process and the fading between the destination 7(0) and the interferers,

specifically on the ¥ moments of fading E[h?], 1 < p <w.

So from a system design perspective, one has to reduce ¢y and A; for a better outage performance. For
a given v, reducing A; would result from reducing ]E[hp], 1 < p < wv. The following Lemma proves the

monotonicity of success probability in a CSMA network with respect to the exclusion radius.

Lemma 3. Let Ps(a) denote the probability of success in a Matern hard-core process when the exclusion
radius is a. For a given initial Poisson point process ®, applying the Matern hard-core process with

radii a; and as, such that a; > ag, implies

Ps(al) > Ps(ag).
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Proof: Fix the marks of ® uniformly distributed in [0, 1]. It is then obvious that the Matern process
generated with a; as the exclusion radius is a subset of the Matern process generated with an exclusion
radius as. [ |

The proof of Theorem 4 can be easily adapted to any MAC protocol that results in a transmitter set

where the product densities satisfy

k

. Lok o
/ p%k“)(a;l, cey TE) I | |z ||~ *Pida; < Cfnzazizlpl (18)
Rk i=1

for some Cy > 0, Vk > 1, and for all integers p; > 1. We require bounds on all the product densities in

(18) because we are considering arbitrary Fgq(x). If the function Fg4(z) has bounds of the type
1 —cox” <Fga(z) <1—coz” + vt

then the asymptotic theorem can be proved by just considering v + 2 product densities. In this case it

suffices to prove that E'[I**1] = o(E'°[1”]) as n — 0. For example, when Fg4(x) = exp(—2) we have
1 -2 <Fe(z)<l—z+2% x>0,

and hence the second and the third order product densities are sufficient to evaluate the asymptotics.

VI. EFFECT OF NOISE

In the previous sections, we have neglected noise in the asymptotic outage analysis. We now discuss

how noise changes the value of v and «. With thermal noise, the success probability is

p, —plo [ M=allf) )
I+%

where o is the noise power, and P is the common transmit power. Using the CCDF of Wg4 we obtain

01
Pe = E"Feq [ —— + N,
(5 +)
')

where N = PUR)" So when the density of transmitters  — 0, we no longer have Py equal to 1, where

Po £ lim Py = Fgq (N).
n—0
Hence for small 7, the success probability can be represented as
Py ~ Py —n", n—0. (19)
Consider the Taylor series expansion of Fgq(z) around N
o ok (N)
Fea(z +N) = 1 — co(W)a” + > ’“k—,x’””, co(N) # 0. (20)
k=1

Since 1 — Fgq(y) is the CDF, the derivative of 1 — Fs4(y) corresponds to the PDF. For any unimodal

distribution, the PDF is non-zero at y # 0, and hence it follows that v = 1 for N # 0. The following
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observations can be made concerning the spatial contention parameter v and the interference scaling

exponent x when noise is present.

1) Since v = 1, the interference scaling exponent 1 < xk < «/2. So unlike the noiseless case, the
upper bound on s depends only on the path loss exponent.

2) With ALOHA, the interference scaling exponent x = 1, while the spatial contention parameter is

v = /]R [Fsd(N) — EnFeq <hw + N)] PP (z)da. (21)

This can be obtained using techniques similar to the proof of Theorem 3.

3) When CSMA is used as the MAC protocol, k = /2, and the spatial contention parameter is

3= P [ B @lel s, @)

where () (z) is given by (15). This result can be obtained from the proof of Theorem 4, by setting
v=1.
Analyzing outage with noise is particularly simple when Fsq(x) = exp(—z), ie., Rayleigh fading. The

success probability is

P = oxp (g7 ) expl(-),

Observe that the success probability factorizes into two terms, one that depends only on interference and

the other only on noise [14]. Using this factorization, and Theorem 3 it follows that

v = exp(—N) /R [1 — ExFea (hWﬂ p?(z)dz,

which agrees with (21). Similarly it can be verified that cy(N) = exp(—N) in (22).

VII. TRANSMISSION CAPACITY

The transmission capacity (TC) metric captures the global effect of interference on the network
throughput. It depends on the spatial distribution of transmitters, includes the MAC protocol, the physical
layer technologies used, the path loss function, and the target SIR and outage probability. In short, the
TC captures many of the most important features of a wireless network. Since for many MAC protocols,
spatial distribution of nodes, and fading distributions, the outage probability itself is not known, finding
the exact TC is not feasible. Therefore, we analyze the TC in the asymptotic regime when € — 0. More

precisely, we try to find an easily computable function TC; () such that
TC(e) = TC1(€) + o(TCy1(€)), € — 0. (23)

In the previous sections, we have obtained an asymptotically tight approximation of the success probability
of the form

Ps=1—~" n—0.
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It is intuitive to expect that the TC can be obtained by inverting the asymptotic of Pg, to solve for the
density 7 corresponding to Py = 1 — e. The following lemma formalizes this asymptotic inversion and

will be used to characterize the TC.

Lemma 4. Let f(x) and f1(x) be continuous, positive, strictly increasing functions with f(0) = f1(0) =

0. Furthermore let f1(x) be locally convex at 0, and

f(@) = fi(z) +o(f1(2)), = —0. (24)

Define f*(€) =sup{z : f(x) < €}, and f{(€) similarly. Then
fr(e) = file) +o(fi(e)), €—0.

Proof: See Appendix F. [ ]

We will now use this Lemma to obtain the asymptotic TC in ALOHA and CSMA networks.

A. TC of ALOHA Networks

For an ALOHA network x = 1, and hence the approximation 7 is linear. The monotonicity of Pg
for ALOHA follows from Lemma 1. Hence all the necessary conditions of Lemma 4 are satisfied in the
case of ALOHA networks. Defining f(n) = 1 — Pg, and using the asymptotic approximation of Pg, we
can obtain the TC for ALOHA networks from Lemma 4.

Theorem 5. When ALOHA is used as the MAC protocol on a node set distributed as a stationary point
process ® with second-order product density p® (z),
€
TC(e) = + o(e) (25)
Sy |1 = BFaa (225752 ) | o (2)da

Proof: Follows from Lemmas 1 and 4 and Theorem 3. ]
Using Theorem 5, the asymptotic TC of PPP ALOHA networks, when Wsq and h are Nakagami-m

distributed or y? distributed, can be obtained in closed form.

Corollary 3 (Nakagami-m fading). When Wsq and h are Nakagami-m distributed, from Theorem 5 the

transmission capacity is
€
TC(€) = — + o(e),
( ) ’YALUHA(m) ( )

where yyropa(m) is given in (13).
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Corollary 4 (SIMO system with beamforming). When receiver beamforming with M, antennas is used,
the TC is

TC(e) = ——

= —7— +o0l€),
’YALUHA(MT) ( )

where Yaroma(M,) is given in (14).
This asymptotic TC obtained in both these cases can be verified by comparing them with the results

in [40], wherein the TC was obtained using different techniques.

B. TC of CSMA Networks

Similar to ALOHA networks, the following theorem characterizes the asymptotic TC of CSMA

networks.

Theorem 6. When the transmitting set of nodes results from the CSMA MAC protocol described in

Section V, the TC is

TC(e) = ~ + o(ear ), (26)

(reots (i) )™

where Aj is defined in Theorem 4.

Proof: Follows from Lemmas 3, 4, and Theorem 4. [ ]

We note that the TC achieved by the CSMA protocol is ©(ear) compared to O(e) for ALOHA. We
also observe that the TC of CSMA changes by an exponent for MIMO compared to SISO, while such
gain is not registered by ALOHA. We have the following simplification in the case of Rayleigh fading.

Corollary 5. For CSMA with Rayleigh fading, i.e., Fsa(z) = exp(—2x),

o) = (- )Qm + (o),

“YcsMA

where

agre/293—a 2/Vm -«
vog = 02T L g Ro A / A @7)
a—2 17 9(r)

and

g(r) = 2m — 2arccos (é%r> 4+ 27r\/m.

C. TC of General Networks with Rayleigh Fading

In this subsection, we consider a network with a general distribution of nodes, but restrict the CCDF
Fsa(7) to be exponential, and obtain the TC. The distribution of fading between the interferers and the
tagged receiver h can be arbitrary. The results in this subsection are extensions of Theorem 5 and Theorem

6 to general node distributions with exponential distribution for Wgq4.
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Define

e
8
~—

>

211y (Eé)e(x - r(o))) ,

w207 [ AP @A

w20 [ ) A@)AG)edy,
R2xR2
where Ly (x) = E[e*hm] is the Laplace transform of the random variable h. Since Wgq is exponential,

hol(z — r(0))
A(l‘): 1—P<wsd> f(_R)) .

Hence, A(z) can be interpreted as the outage caused by a single interferer located at z. Obviously

0 < A(xz) <1, and when h is gamma distributed with unit mean (Nakagami-m fading),

Alz)=1- <1 + 9@(:16—(230)»—"1.

The expectation of erq)n A(x) is given by (i, and o, denotes the average of ) A(x)A(y).

7y€q)77’x;éy
We now provide bounds on the success probability Py which we later show to be asymptotically tight.

Lemma 5. When Fg4(x) = exp(—x), the probability of success is bounded for all 0 < n < 1,
. o
1= piy < Ps < min{l — gy + =%, Glexp(—A@))]}, (28)
where G is the probability generating functional of ®; with respect to its reduced Palm measure.

Proof: The success probability is

p, = P¥ (wsd > 00R) ™ Dy llx — 7“(0)))

xed,

E° exp(—04(R) ™" ) by lx — 1(0))),

x€P,

—
S

)

where (a) follows since Wgq is an exponential random variable. Taking the expectation with respect to

hy, (o) 1n the interference, we obtain

P, = E°

I —A(x)] .

xed

We can observe that 0 < A(z) < 1, and hence using the inequality
1
1—Zai§H1—ai§ 1—2&2'4-52@2'0,]',
i#]
and the definition of the second- and third-order product densities, we obtain the lower bound 1 — y, and
the upper bound 1 — i + /2. The other upper bound can be obtained using the inequality 1 — A(x) <

exp(—A(x)) and the definition of the probability generating functional. [ |
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Define
TCu(€) £ (1 — €)sup{n : min{1 — u, + 0y/2, Glexp(—A(2))]} > 1 — e},
and
TCi(e) £ (1 —€)sup{n : py < €}

It can be easily verified that

TC1(€) < TC(€) < TCy(e€). (29)

We now present the main theorem of this subsection which characterizes the TC of general networks

when Wsq ~ exp(1).

Theorem 7. If the transmitter set @, satisfies Condition B.1,
Nt fre PV (2) A% (z)dx

On

C.1  lim,

> 9,
C2 oy =o(uy),

as n — 0, the transmission capacity when Fgq(x) = exp(—x) is

TC(e) = TC1(€) 4+ o(TCy1(€)), € — 0.

Proof: See Appendix G. [ |
Remarks:
1) Computing TC; (€) is much simpler than computing the actual TC, since p(®) () is known for many
point processes.
2) In the case of ALOHA networks, ,07(72) (z) = n?p®(z), and hence
B e(l—¢)
Jgz PP (2)A(z)da’

which matches Theorem 5 with Fgq(x) = exp(—z).

TCl(E)

3) Conditions C.1 and C.2 are generally satisfied by most point processes. For example for a PPP of

density n, the second-order product density pgf)(z) =72, and hence

=1 [ Ay,
RZ

Also, p®)(z,y) = n?, and so

oy = 772/ A(x)A(y)dzdy = .
R2 xR?
Therefore it follows that ;) = o(y,;). Also
1 Jge A% (z)dw

-1 (2) A2(2)d
NN Y. Y ST R
n—0 on n—0 (fR2 A(x))

verifying C.2. In fact, constructing reasonable MAC schemes [32] that lead to a transmitter process

®, for which Conditions C.1 and C.2 are violated is difficult—if not impossible.



23

VIII. CONCLUSIONS

A new mathematical framework to analyze outage in networks with complex MAC protocols, general
spatial node distributions, and general fading is introduced. We define two constants, the interference
scaling exponent  and the spatial contention v such that the success probability Ps ~ 1 — yn®, n — 0,
where 7 is the density of transmitters. By the continuity of Pg, this formulation characterizes the outage
probability for small 7. We also use this framework to analyze the transmission capacity. We first show
that the interference scaling exponent satisfies 1 < x < awv/2, where « is the path loss exponent and
v depends on the distribution of the received power. For ALOHA we show that k = 1, irrespective of
the spatial node distribution we start with or the channel diversity. We also provide the constant ~ in
this case. The other extreme of the interference scaling exponent, x = aw/2, is obtained by the CSMA
MAC protocol, for which we also provide the exact value of ~. The constant v depends only on the
product densities of the transmitter point process. Using this framework we also obtain the transmission
capacity of ALOHA and CSMA networks for any channel gain distribution. We show that for a CSMA
network the TC scales like ©(eav), in contrast to an ALOHA network with a TC of ©(¢). When the
channel gains are Rayleigh distributed, we obtain the asymptotic TC for any MAC protocol and spatial
distribution of nodes. The mathematical techniques introduced in this paper can be used to analyze other

relevant metrics for a low density of interferers.

APPENDIX A

PROOF OF THEOREM 1

It suffices to prove that 1 — Pg = o(n'~¢) for any € > 0. For notational convenience, without loss of
generality we assume 6/¢(R) = 1. The probability of success is equal to E'°Fg4(I) and hence
1-P;  E"[1—Fuu(1)]

Ui n

Since Fgq(z) is a Lipschitz function and also a CCDF, we have
Feq(2) — Fsa(x + y) <min{l,Cy}, y>0.

Hence we obtain

E*°[1 — Feq(T)] < E*°[min{1,CT}] < max{l,C}E!o[min{l,IH.

< < (30)
U U n
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Define b = £~1(1). Define &2 = {x € &; : £(x — 7(0)) > 1}, and & = {x € &, : {(x — 7(0)) < 1}.

Then it follows that

min{l,I} <min< 1, Z hyr (o) (x —7( th(o (x—1r(0)) ¢,

redpenr xEDLar
< Z mln{lhxro)ﬂx—r }—I—thro)fx—r( ),
redperr xE DL
< q)t Z hxr(o )) :
1 xedlar
I,

(D

To obtain (a), we have used the fact that min{l,z + y} < min{l,z} + min{l,y}. Also recall that
®,(B(r(0),b)) denotes the number of of ®; in the set B(r(o0),b). Using the definition of the second-

order product density, we obtain

71E'0 71E'0 Z hxr(o ))
xedlar
= n_lE E'° Z Ox—r(
Xe(bhr

@ ey [ o (@)l — r(o))d,
U(z—r(0))<1

where (a) follows from the definition of p7(72) (z). Define £(z) = (), when £(z—7(0)) < 1 and {(z) =

otherwise. We then have

where Sy; = [k, k 4+ 1] x [, j + 1]. Letting s3,; = sup{{(2 — 7(0)), z € S}, we obtain

2 / p (@)l — r(0))dx
L(xz—r(0))<1
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—a/2

where (a) follows from Assumption B.1 and (b) follows since sj; decays like (k? + j2) . Now

considering the other term in (31),
0 EC[L] = 0 EC®(B(r(0), b))

@ K, (B(r(0), b))

(b)
< CB(r(o)p) < 00,

where (a) follows from Definition 2, and (b) follows from (9) and Assumption B.1. Hence it follows

from (31) that

i L= Ps _ E*°[min{1,CT}] .
n—0 n n ’

proving the theorem.

APPENDIX B

PROOF OF THEOREM 2

It suffices to prove that 1 — Pg = Q(n v/ 2). The success probability is

P *]P)'O wsd> thro Z_T )))
z€<1>t

(@)
gP-O(wsd>£gz) Y Bz ()

z€®,NB(o,Rin~1/2)

b)
< P(Wgq > (2R~ V) X),

0
((R)
where X' = 3" co,nB(0,Rn-1/2) Bzr(0)- (a) follows since we have truncated the interference, and (b)
follows from the fact that B(r (o), Rin~'/%) C B(o0,2R1n~'/?) for small 1. Since h,,(,) are independent
random variables, X can be alternatively written as X = Z?:l h;, where h; are i.i.d and distributed as

h., (o), Where n is the number of points of ®; in the ball B(o, Rin~Y/?). Hence
0
Py < E'Fgq | —L(2R1n /)X ).
s > sd <€(R) ( 17 )
Since Fgq(x) < 1, by the dominated convergence theorem [42] and the expansion of Fgq(x) for small z,

i 72 o (12 1))

Using the fact that y”,y > 0 is a convex function for v > 1, we have

i 72 e (1))

In the limit £(2R1n~/2)"1~>®/2 tends to a positive constant and hence it suffices to prove that E'°[X]" >

0. From the definition of X we have E'°[X] = E'°[n]E[h], and hence from Assumption B.2, we obtain

lim E*°[n] = lim nK (Rin~Y/?) > 0,
n—0 n—0

hence verifying our claim.
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APPENDIX C

PROOF OF THEOREM 3
Proof: Let I = > xcdnB(o,R) Mxr(0){(x — 1(0))1(x € ®;). By the continuity of Fsq(z) and the

dominated convergence theorem, we have

E°[Fsq(I)] = lim E“[Feq(Ir)].

R—o0
Hence we have
1—P 1 — E'9Fq4(I
= lim lim —Sd( R).
n—0 n n—0 R—oo n

We now show that the limits in the above equation can be exchanged, i.e.,

lim lim M — lim lim M‘

n—0 R—00 n R—00n—0 1
For the limits to be exchanged, we require 1 — E'°Fg4(Ig) should be uniformly convergent as R — oo.
Define Iy by the relation I = I + Ig. By the Lipschitz property of Fgq(z) we obtain

g [Fsd(IR)n— Fsd(I)} ' - CE!O?EI_R}_

By the definition of the second order product density, we have

E'[Ig] = 77/( . p P (2)(x — r(0))dz,

and hence

‘E!o [Fsd(IR)n_ Fsd(I):| ‘ < C/B(O . 2@ (2)0(z — r(0))de,

and we observe that the RHS tends to zero at a rate that does not depend on 7. Hence (1 —E'"F¢4(Ir))/n
tends uniformly to (1 —E'°Fz4(I))/n, and the limits can be interchanged. Since we are considering only
simple point processes the cardinality |® N B(o, R)| < oo almost surely. Define M := |® N B(o, R)|.

Hence for a finite R,

' M "7 Mfk
E'Feq(IR) EOZ
0

k=
£
> Faa(Vit-+ i),

1<ty <M

and thus o
1 — E'°Fgq(IR) |
lim —M—2 =F*° 1 —Fa(Y3)).
lim ; ZZI( a(Y?)

So by the interchangeability of limits,

. 1—Pg
lim
n—0 n

= E!O Z[]. - Fsd(hg(x - T(O))]a

xed
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which by the definition of the second-order product density is

1-P
lim s = / [1 — EFsq(hl(x — r(0)))] p? (x)dz.
n—0 n R2
|
APPENDIX D
PROOF OF LEMMA 2
Proof: Let V,(z1, ..., x,) denote the volume of the intersection of discs of radius a centered around
x; with the convention V,(z;) = wa®. Let x;, denote the origin o. Let
flmy,...,my) =exp | — Z (=) s Va() |
Jc{1,...,k}
where Vu(J) = Va(zg, ... %a,), J = {a1,...,ap7}. The k-th order product density is [2], [34]
PN (@1, . ) = k!/f(ml, con,mp)1(0 <my <o <my < 1)dmy.dmg.
We also have
Va(axla 7axm) =a V1($1, 7xm)a
and hence
pg )(a:rl, ,alp_ 1) = k'/exp —a’? Z ( 1)‘J‘+1mm1nJV1('])
‘]C{l’ ’k}
1(0<my < <my < 1)dmgy...dmy
Using the substitution a®m; — m; we obtain
pgk)(axl, ce,aTp_1) = a2kk!/exp — (—1)|J|+1mminJV1(<])
JcA{1,....k}
1(0<m; < <my < az)dml dmy,
Using the dominated convergence theorem, the lemma is proved with
ﬁ(k) (1'1, sy xk—l) = k! / eXp | — Z (_1)|J|+1mminJV1(J)
JcA{1,....k}
10 <my < <my < oo)dmy ... dmy. (32)
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APPENDIX E

PROOF OF THEOREM 4

Proof: From (7), we observe that

0
P = E“Feq( -1
d(f(R) )

0\, o
= 1—cE”(%1I) +E”
o (1)

gfj <££2)I)k+1,
E'° [g o (Eé)x)ml = o (E*(1)")

as 7 — 0. Without loss of generality and for notational convenience we assume 6/¢(R) = 1. We have

P, — (1~ E"[1"]) =, ¢ EP[14+]

So it suffices to prove that

lim = lim
a—00 aav a—00 k! aav
E!U [Ik+u]

We now prove that there exists some Dy, such that =7~ < Dy, where Dy does not depend on a and

Z |Dycr|/k! < oc.

Then using the dominated convergence theorem, we can exchange the limit operation and the summation.
Let P(n) denote the set of partitions of n, i.e., the set of integer sets (p1,p2 ..., pk), such that Y p; =n

and 1 < p; < n. Tuples with just different ordering are not distinguished.Then it can be shown that

nE°[1"] = Z / kD (1, )

(P1,--»PK)EP(n
Hﬁ E[hP ]dx;. (33)
Since p(k+l)($1a ooy x) < J11(]|z;|| > a) we obtain,
E =2 / H€ PRl > 2)des
(pl 7777 pk 67)
which equals
k
ortn _ a—p,zoz+2
nE°[1"] = Z (2m)k HE[hpl]p'a —
(p1;---pk)EP(n) i=1 @

_ kg —na-+2k E[h?]
S

{pl,‘..,pk}ep(n)

k
2m —no+2kpn |
< E <a—2) a b"nl,

(p1,--px)EP(n)

—
S
N
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where (a) follows from the inequality p;a—2 > p;(a—2), p; > 1, Assumption A.5 and the inequality (n+
m)! > n!m!. It is a known result that the cardinality of the partitions |P(n)| ~ exp(m/2n/3)/(4n/3) =

gn, for large n [43]. Hence it follows that

2 n
nE!O[I”] = O(gn max { (a j2> , 1} a_”o‘+2”b”n!),

as n — oo. Let 1/e € (0, — 2) and for notational convenience we assume the worst case, % > 1.

Choose a = ¢ (MY' Then

a—2

—n(e(a—2)-1)
nEC[1"] = O ( eV /3 mnat <2”b ) n! ) :

a—2
Dn
as n — oo. Hence from Assumption A.1 it follows that
Z | Dpcy|/n! < oo.
Hence using dominated convergence theorem,
o0 ! k+v 0 loftk+v
. CkEO[I ] _ Ck .. E [I }
A2 H T e 2 G
k=1 k=1
From Lemma 2, it can be observed that
P (az, .. azg) ~ a XD (g ).
Using the substitution z; — ax; in (33), we obtain
UE!O[In] ~ Z a—2(k+1) /ﬁ(k—H) (-Tla o xk)
(plv"'vpk)ep(n)
k
a2 llasll~*P B[P ]dz;. (35)

i=1

Hence we obtain,
E!O[In]
li ~ i a(n—v)
agr(l) awv al—r>r(l) ra Z

(p1-.pk)EP(n)

k
/ﬁ(k+1)(:r1, o) [T i~ B das,

i=1
which is equal to zero for n > v. Hence

lortk+v
im o g,

a—00 aav

Using (34) the theorem is proved.
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APPENDIX F

PROOF OF LEMMA 4

Proof: We first observe that as e — 0, f*(¢) — 0. We begin by proving the case when f(x) > fi(x)

in the neighborhood of zero. See Figure 3 for the rest of the proof. The case when fi(x) > f(x) around

Yo

7/
7
7/
4
7’
7/
7’
4 Y1
4
7/
7’
4
7’
4
, -
, f(x)
4
E
€ }
A F
‘1
/’ !
7 1
’ 1
7/
, 1
7 1
. | fl(x) Y2
4
, 1
7’ 1
7
/I !
7 1
T
A B_ . C
x3
x| T

Fig. 3. By the local convexity of the function fi(z), it follows that fi(x) lies below the line AD. For small x, y2 = fi(x)
and y1 = o(f1(z)), i.e, y1/y2 — 0. We require to prove that (z2 — z3)/(z1 + x3) — 0, which is true if z2/x1 — 0. But
by the congruency of triangles ABE and ACD and the congruency of the triangles DEF and DAC! it is easy to show that

y2/y1 = 1/x2, hence proving the claim.

z = 0 can be dealt with in a similar way. [ ]

APPENDIX G

PROOF OF THEOREM 7

In this section we begin with a few lemmas which are required to prove Theorem 7.

Lemma 6. For any stationary process P, if

7! fao p$) (1) A2(z)dae

On

> 2,

then
Glexp(=A(z))]

> 1.
1 — py+0y/2
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Proof: We have

Glexp(~A(2))] =E° | [] 1 (1 - exp(~A(2)))

x€P,

(;) 1—-E®° Z 1 —exp(—A(x))
x€d,

=1t [ @)1 = exp(-Ala)de,

where (a) follows from [[1—a; > 1—)_ a;. Using the expansion of exp(—zx), we have Glexp(—A(z))]

is greater than
1— o+ § (=)™t @) (2)A™(z)dz
un ——2 m! R2 pn '

So it is sufficient to prove that the summation is greater than x. By the inequality

ZL‘Q

(-1 +ep(-2)> T, we1],

it is sufficient to show

(4n)~* /R 2 PP (2)A%(2)dz > 0y /2.

which follows from the assumption. |
We now show that for any positive density of transmitters 1 > 0, the success probability is strictly

less than one.

Lemma 7.

7= sup {n > 0: 1 - Glexp(~A(x))] < c}

tends to zero as € — 0.

Proof: From the definition of the reduced probability generating functional,

Glexp(~A(x))] = E®exp(~ ) A(z))

xed,

(a)
> exp(— i)

where (a) follows from Jensen’s inequality. So it is sufficient to prove that supn with the constraint
exp(—fty) > 1 — € tends to zero as € — 0. But since ) is the average of ) 4 A(x) with respect to
the Palm distribution and since A(x) > 0, a necessary condition for 4, — 0 is for the density 7 to tend
to zero. [ |

We now return to the proof of Theorem 7. From (29), it suffices to prove TCy(€) = TCy(€) 4 o(TCy(€)).

The upper bound TCy(€) is equal to the supremum value of 7 so that

min{l — p, + 0,,/2,G(exp(—A(x)))} > 1 —e.



Fig. 4. Proof for Theorem 7. Observe that the triangle ABFE is congruent to the triangle AC'D.

This condition implies  — 0 as ¢ — 0 by Lemma 7. Since n should be small, it follows from Lemma

4 /I’T]

| Hny — On

Cy

Cy

A1

6 that

So the upper bound translates to finding the maximum 7 such that u, —

min{l — yiy + 0y/2,G(exp(=A(2)))} =1 — py + 0y/2.

A2

32

oy/2 < e. Also by our

Assumption A.2, pu, is locally convex in the neighborhood of 7 = 0. See Figure 4 where the upper and

lower bounds are illustrated. It suffices to prove lim, (A2 — ©)/(A1 + ©) = 0. Also Assumption A.3,

implies lim, o C1/(C1+ C2) = 0. Hence by the congruency of the triangles ABE and AC'D, it follows

that \o/A; tends to zero, which proves the theorem.
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