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Abstract—We investigate the stable packet arrival rate region
of a discrete-time slotted random access network, where the
sources are distributed as a Poisson point process. Each of the
sources in the network has a destination at a given distance
and a buffer of infinite capacity. The network is assumed to
be random but static, i.e., the sources and the destinations are
placed randomly and remain static during all the time slots.
We employ tools from queueing theory as well as point process
theory to study the stability of this system using the concept of
dominance. The problem is an instance of the interacting queues
problem, further complicated by the Poisson spatial distribution.
We obtain sufficient conditions and necessary conditions for
stability. Numerical results show that the gap between the
sufficient conditions and the necessary conditions is small when
the access probability, the density of transmitters, or the SINR
threshold is small. The results also reveal that a small change
of the arrival rate may greatly affect the fraction of unstable
queues in the network.

Index Terms—Interacting queues, Poisson bipolar model, ran-
dom access, stability, stochastic geometry.

I. INTRODUCTION
A. Motivation

In large scale wireless networks, concurrent transmissions
lead to interference among terminals. The randomness in the
deployment of the transmitters makes accurate modeling and
analysis of interference complicated. Recently, the introduction
of the point process theory has provided great convenience for
modeling and analyzing the performance of wireless networks
[2]-[4]. However, most of the analytical works assume that
the terminals are backlogged, i.e., that the terminals always
have packets to transmit. In the case that each terminal
provides a buffer for queueing, the problem becomes more
practically relevant and more challenging. For example, a
primary problem is to study the stability of the queues in
the large scale network. It can be observed from the above
description that there are two issues of interest: (a) the random
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arrival of the packets at the terminals; (b) the noise, the
fading, the interference, and the random access protocol that
affect the transmission of these packets. It is complicated
because it involves interacting queues, i.e., the serving rate
of each queue depends on the sizes of all the queues. Most
of the previous works treat these two issues separately. The
approaches based on queueing theory focus on the random
arrival of the packets but ignore the physical layer as well as
the effect of noise and interference [5]-[9]. Other approaches
based on the multi-access information theory focus on the
physical layer and analyze the transmission process but ignore
the random arrival of packets [10]. The approaches based on
queueing theory are often used to analyze the performance of
scheduling algorithms, whereas the approaches based on the
multi-access information theory mostly employ the assumption
that all terminals are backlogged, and thus the results obtained
constitute as upper or lower bounds for the performance of cer-
tain schemes. The analysis of interacting queues requires the
combination of queueing theory and multi-access information
theory and is notoriously difficult to cope with.

The analyses of interacting queues are mostly based on
the slotted ALOHA protocol with the oversimplified physical
layer [11]. In most of the works, a discrete-time slotted
ALOHA system with IV terminals is considered. Each terminal
maintains a buffer of infinite capacity to store the incoming
packets. The time is divided into discrete slots with equal
duration, and in each time slot, each terminal attempts to
transmit its head-of-line packet with a certain probability if its
buffer is not empty. A collision occurs if two or more terminals
transmit simultaneously. When a collision occurs, all terminals
involved in the collision retransmit the packet in the next
time slot with the same access probability. For this simplified
system, the exact stability region was characterized for two
[5], [6] and three [7] terminals. When IV > 3, only sufficient
conditions and necessary conditions for stability were obtained
[12]-[14].

In practical wireless networks, the interference among trans-
missions cannot be accurately modeled as collisions. The
interaction among the queues at the transmitters in practical
wireless networks is thus more intricate than the aforemen-
tioned discrete-time ALOHA system. In this work, we model
a large-scale wireless network using the Poisson point process
(PPP), in which each transmitter is modeled as one point of
the PPP. Combined with the signal-to-interference-and noise-
ratio (SINR) model for successful reception, we explore the
effect of random traffic arrival and queueing on the stability
of large scale wireless networks.



B. Contributions

We combine queueing theory and stochastic geometry to
analyze the stability region of a static Poisson network, in
which the transmitters and the receivers are placed randomly at
the beginning and then remain static during all the time slots.
Compared with high-mobility networks in which the nodes
are regenerated independently in each time slot, the static
Poisson network is more challenging to analyze since inherent
correlations of the interference and signal levels persist among
different time slots, due to the common randomness caused
by the static locations of the nodes. Most of the practical
networks are approximately static because the locations of
the terminals cannot drastically change within a short time
period, and the statistics obtained by spatially averaging over
a large region in static networks are of great significance. From
the ergodicity of the PPP, the ensemble averages obtained by
averaging over the point process equal the spatial averages
obtained by averaging an arbitrary realization of the PPP
over a large region. Intuitively, a direct impact of the static
characteristic is that if a transmission fails at a previous time
slot, there is an increased probability that it will also fail in the
next few time slots [15]. If each transmitter maintains a buffer
of infinite capacity to store the packets generated, the network
becomes even more complicated because of the interacting
queues problem. We introduce the notion of e-stability, which
is a generalization of stability suitable for Poisson networks.
By applying the concept of dominance [5], [16], we derive
sufficient conditions and necessary conditions for e-stability.
The numerical results are shown to illustrate the gap between
sufficient conditions and necessary conditions and to reveal
how these conditions vary with system parameters.

C. Related Work

Existing work about the interacting queueing systems are
mostly based on the discrete-time slotted random access
system in which the transmission is failed when two or more
terminals transmit in the same slot. Previous analyses have
yielded only bounds to the stability regions [5]-[9]. Exact
stability regions have been characterized only for cases when
the number of terminals is two [5], [6] or three [7]. The
stability and delay of multi-access systems with an infinite
number of transmitters and with simplified physical layer
is studied in [17]. The work in [18] studied the geometric
properties of the stability region of slotted random access
system. All these works considered the collision-based model,
and the work in [16] investigated the exact stability region of
SINR-based two-user interference channel.

Applications of point process theory to analyze the perfor-
mance of wireless networks can be found in [2]-[4], [10],
[19], [20]. The method is widely adopted in the literature
because it is analytically tractable and reflects the randomness
in the practical deployment of wireless network [21], [22]. The
works related to static Poisson networks include the analysis
of the interference correlation [23], [24] and the local delay
which is defined as the number of time slots required for
a node to successfully transmit a packet [25]-[28]. In this
line of research, an implicit assumption is that the networks

are backlogged. In practice, the packets arrive at each source
randomly, and each source maintains a buffer to store the
packets. The stability and delay of high-mobility networks
are analyzed in [29] using a combination of queueing theory
and stochastic geometry. In the high-mobility network, the
sizes of queues and the serving rates are decoupled; however,
practical networks are mostly static at the time scale of the
transmissions, and the decoupling exploited in high-mobility
networks does not apply.

The remaining part of the paper is organized as follows.
Section II describes the spatial distribution model, the arrival
process, and the access protocol. Section III gives the defini-
tion of stability. Based on the concept of dominance and some
simplifications, Section IV and Section V establish sufficient
conditions and necessary conditions for stability. Section VI
analyzes the asymptotic behaviors and provides the numerical
results. Finally, Section VII concludes the paper.

II. SYSTEM MODEL

In order to analyze the stability of the large scale network,
we adopt a simple yet general model. We consider a discrete-
time slotted random access system with transmitters and
receivers distributed as a Poisson bipolar network [3, Def.
5.8], i.e., we model the locations of the transmitters as a
PPP & = {z;} C R? of intensity A\. Each transmitter is
paired with a receiver at a fixed distance ry and a random
orientation. In the analysis, we will condition on zy € &
at which a typical transmitter under consideration is located,
where ro = |zp| is the distance of this point to the origin at
which the corresponding receiver is located (see Fig. 1). The
time is divided into discrete slots with equal duration, and
each transmission attempt occupies one time slot. We assume
that the network is static, i.e., the locations of the transmitters
and the receivers are generated once at the beginning and then
kept unchanged during all time slots.
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Fig. 1. A snapshot of the Poisson bipolar network with random access.
We use the Rayleigh block fading model in which the
power fading coefficients remain static over each time slot,
and are spatially and temporally independent with exponential
distribution of mean 1. Let o be the path loss exponent and



hi. be the fading coefficient between transmitter x and the
considered receiver located at origin o in time slot k. All
transmitters are assumed to transmit at unit power. The power
of the thermal noise is set as W. We also assume an SINR
threshold model: if the SINR over a link is above a threshold 9,
the link can be successfully used for information transmission
at spectral efficiency log,(1 + ) bits/second/Hz.

Each transmitter has a buffer of infinite capacity to store
the packets generated. Each transmitter generates packets ac-
cording to a Bernoulli process with arrival rate £ (0 < ¢ < 1)
packets per time slot, i.e., £ is the probability of an arrival in
any given time slot. The arrival processes of different trans-
mitters are independent. In each time slot, each transmitter
attempts to send its head-of-line packet with probability p if
its buffer is not empty. We assume that the feedback of the
status of each attempt of transmission, either successful or
failed, is instantaneous so that each transmitter is aware of
the outcome. If the transmission attempt fails, the transmitter
retransmits the packet in the next time slot with probability p;
on the other hand, if the transmission attempt is successful,
the transmitter removes the packet from the buffer.

For any time slot k € N7, let ®; be the set of transmitters
that are transmitting in that time slot. The interference at the
typical receiver located at the origin o in time slot k is

> hwalzl 1 € ).
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When the typical transmitter is active, the SINR of the typical
receiver in time slot k is

hi 2o &
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In the proposed network model, each transmitter maintains a
queue with Bernoulli arrival. However, since the realization of
the PPP is irregular, the distances to the interferers are different
from the perspectives of individual receivers. Therefore, there
always are some transmitters that experience poor performance
(i.e., small success probability) while some others experience
good performance (i.e., high success probability). In view
of this, even with the same arrival rate for all transmitters
in the large scale network, the queues of the transmitters
experiencing poor performance may become unstable because
of the low success probability. Therefore, the characterization
of the stability region of such networks is important and
challenging.

Since we condition on ® having a point at xzq, the rel-
evant probability measure of the point process is the Palm
probability P*°. Correspondingly, the expectation, denoted by
E%0, is taken with respect to the measure P*°. Whether the
transmission of the typical transmitter xq is successful or not
is uncertain, and the randomness comes from four aspects:
the realization of PPP, the random access, the fading and
the random arrival of traffic. Let €% be the event that the
transmission of the typical transmitter xy succeeds in time
slot k conditioned on the PPP ®. C% is the intersection of
two events: that the transmission is scheduled by the random
access and that the scheduled transmission is successful. Let
P*o(Ck) = P(SINR, > 6 | ®,29 € ®) be the success

SINR;, = 2

probability of the transmission of the typical transmitter zg in
time slot k conditioned on the PPP ®. P¥0(C%) varies with the
index k because the empty or non-empty status of the queues
at the interferers change over time, resulting in interference
variation. In the following discussions, we will show how the
stability depends on the statistical properties of P*0(Ck).

III. NOTION OF £-STABILITY

For an isolated transmitter, by the Loynes theorem [30],
if the arrival process and the serving process are stationary,
the sufficient and necessary condition for stability is that the
average service rate is larger than the average arrival rate.
However, strict stability (all queues are stable) for a large scale
network is not achievable (except for the trivial case of £ = 0)
since there always exist some transmitters whose queues are
unstable in the static Poisson network. Thus, we introduce the
notions of e-stability and e-stability region defined as follows.

Definition 1. For any 0 < ¢ < 1, the e-stability region 8. is
defined as

sgé{gewzwo{

Definition 2. The supremum of the e-stability region 8., i.e.,
& £ sup 8., is called the critical arrival rate. The network is
e-stable if and only if € < &..

Remark 1. P70 {limg o & S5 P™(C) < €} is the
probability that the queue at the typical transmitter is unstable.
We declare that the network is c-stable when the probability
that the queue at the typical transmitter is unstable is less than
a certain threshold € (0 < e < 1).
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Deriving the e-stability region 8. is equivalent to obtaining
the critical arrival rate &., which is rather difficult because of
the interacting queueing problem. Therefore, in the following,
we obtain & and &£ with & < & < £, Then, £ < & and
& < & correspond to a sufficient condition and a necessary
condition for e-stability, respectively. The gap between &7 and
&2 is also investigated in the later sections.

For example, consider a very simple system that consists of
only the typical transmission, i.e., the interference from other
transmitters in the system are ignored. The success probability
for that typical transmitter is p exp (—Wr§'). By applying the
Loynes theorem, we get the condition for stability of the queue
at the typical transmitter &, as

E<& 2 pexp (=Worg) . )

In fact, all the sufficient conditions and necessary conditions
in the following sections can be expressed in the form of ¢ <
B&y with 0 < B < 1, where £, captures the effect of noise and
random access while 3 captures the effect of interference.

IV. SUFFICIENT CONDITIONS

In order to derive sufficient conditions for e-stability, we
consider a dominant system [5], [9], [16]. In the dominant
system the typical transmitter behaves exactly the same as
in the original system. However, for other transmitters in the



dominant system, when the queue at a transmitter becomes
empty, it continues to transmit “dummy” packets with the
access probability p, thus continuing to cause interference to
other transmissions with probability p. So in the dominant
system, the queue size at each transmitter is always no smaller
than that in the original system, provided the queues start with
the same initial conditions. In the dominant system, the success
probability given ® is the same for different time slots because
all transmitters always have packets to transmit, and the fading
and the scheduling result of random access are i.i.d. between
different time slots. Denote the success probability conditioned
on the PPP @ as P*°(Cg ), which is a random variable uniquely
determined by the PPP. The e-stability region 8. is simplified
into 8. = {¢€ € RT : P¥ {P?(Cy) < £} < e}. By deriving
the e-stability conditions for the dominant system, we get a
sufficient condition for the original system to be e-stable.

Theorem 1. Given a slotted random access system with the
transmitters distributed as a PPP and with Bernoulli packet
arrivals, a sufficient condition for the system to be c-stable is

§<&, (&)

where £ 2 sup 8. is given by

. 1 1 [
§zzsup{§€R+:—/
2 ™ 0

1 &o s —jwCsaFy (1—jw,1—8;2;
—Im z e IwCs2Fi(1—jw1=62p) L gy < ¢ , (6)
w

with § = 2/a, Cs = pArr¢@°T(1 + §I'(1 — 6), and
oF1(a,b; ¢; 2) is the Gaussian hypergeometric function. Thus,
a lower bound on the critical arrival rate £. is £, i.e., £, > E.

Proof: See Appendix A. |

Remark 2. & given by (6) could also be written as

1 1

=g {serriz-o |

llm{ﬁ—jwe—jwc’azﬂ(1—jw71—5;2;p)}dw <e (7
w — )

where £,/€ in (6) is replaced by 1/8, and (3 is the parameter
introduced after (4) that captures the effect of the interference.
When A — 0, we have Cs — 0, and (7) becomes

Ez:&)sup{ﬁgRJr:1_~_1/OOSin(me)dw<s}. (8)
2 7/ w

Since fi)oo de = fooo %dx = %, when In 3 > 0,
the expression § + L [ Lgsin(wlnB)dw evaluates to 1;

otherwise when In 3 < 0 it evaluates to 0. Thus, we have

& = &sup{BeRT:1(InB>0) <e}
= &, 9)

where 1(-) is the indicator function. This is exactly the case
where the interference is ignored and only noise affects the
transmission. When A — 0, the necessary condition (4)
becomes £ < &y. Since £ < £ = & is a sufficient condition,
we get the exact critical arrival rate as . = &.

When 60 — 0, the sufficient condition becomes

1 1 [*si Inp —wl
&=sup {f eRT: = — —/ sin (winp — ng)dw < a}
0 w

2 7

=sup{{ € R" : 1(Inp—In& <0) <¢}
If 8 — 0, the necessary condition (4) becomes & < p. Thus,
the exact critical arrival rate is £, = p. The result coincides
with the intuition that when 0 — 0 a transmission is almost

surely successful if it is scheduled. Thus, the outcome of a
transmission attempt is only affected by the access probability.

The following corollary gives a closed-form sufficient con-
dition that is weaker than the one given by Theorem 1 but
easier to evaluate.

Corollary 1. Given a slotted random access system with the
transmitters distributed as a PPP and with Bernoulli arrivals,
a sufficient condition for the system to be e-stable is

E<E,

where € £ max,cn+ 1(n), and
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Thus, a closed-form lower bound on the critical arrival rate
Ecis & e, £ > &
Proof: For all n € NT, the cdf of P70 (Cg) is

P B(Cs) < £} = P {om MO > e 13)

By applying the Markov inequality, we obtain
E [e_mn(WO(eq,))}

+1-p) _"}
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where C% = n!/(i!(n—i)!) = T(n+1)/(C(i+1)(n—i+1)) is
the binomial coefficient. (a) holds from the binomial expansion
and the exchange of summation and integral. (b) follows
from the relationship between the beta function B(z,y) =
fo t*=1(1 — t)¥~1dt and the gamma function and from the
fact that the term for 7 = 0 equals to zero.

Since the above inequality holds for all n € N*, we have

8. D U {§€R+:(§O)nexp(

neNt

mAnd(1—p)°0°r Z 1-p

IN( —6)F(n—z+6)
T(i+ O(n—i+ 1)) = 5}' (15)

Taking the supremum on both sides results in

3 +. (L)
sup 8. > E%stuP{gER .(50) exp(
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= max n(n), (16)
neNt

where 7(n) is given by (12). Letting E; = maxX,en+ (1), we
get £ < sup 8. = £, indicating that £ < &7 is also a sufficient
condition for e-stability which is “looser” than £ < &. |

V. NECESSARY CONDITIONS

The simple condition given in (4) is weak because it
ignores the interference. In the following analysis, we propose
two approaches to derive two different types of necessary
conditions for e-stability. In the derivation of the fype I
necessary conditions, we consider a simplified system in
which only the effect of the nearest interferer is considered.
Since the interference is reduced in the simplified system, a
necessary condition for the typical transmitter to be stable
in the original system is that it is stable in the simplified
system. In the derivation of the type II necessary conditions,
we consider a modified favorable system that drops the packets
in the interfering transmitters that are not scheduled by the
random access or whose transmission failed. In this way, since
the interference is always smaller than that in the original
system and the packets will not accumulate at the interfering
transmitters, the e-stability region will be a subset for the e-
stability region of the original system.

A. Type I Necessary Conditions

First we derive type I necessary conditions and consider a
simplified version of the original system, in which only two
pairs of transmitters and receivers are considered. One pair is
the typical pair in the original system, whose transmitter is
located at xg = (rp,0) and the corresponding receiver yq is
located at the origin o. The other pair is the pair containing
the nearest interferer. Let 1 = (ry, cos, rysing) be the

location of the nearest transmitter, where r,, is the distance
from the origin and ¢ is the angle. Let y; = (rmcose +
70 COS Y, Ty Sin @ + 1 sin 1)) be the location of the associated
receiver, where v is the angle between z; and y; (see Fig.
2). ¢ and 1 are independent uniformly distributed random
variables in [0, 27]. The pdf of 7y, is

fru(r) = 2mArexp (—mAr?) . (17)

() Receiver

B Transmitter

Fig. 2. The simplified system which consists of two pairs of transceivers,
i.e., the typical transmission and the nearest interfering transmission in the
original system.

A necessary condition for the original system to be e-stable
is that the probability of the transmitter located at xg in the
simplified system being unstable is less than . Notice that
we only need to consider the stability of the queue at the
transmitter xg, i.e., it does not matter whether the interfering
transmitter’s queue is stable or not. Since r,, is a random
variable, it is uncertain whether the queue at the transmitter
T is stable or not. However, if r,, is given, the stability of the
queue at the transmitter x( is determined. Therefore, we first
derive a sufficient and necessary condition for the transmitter
x( to be stable when r, is given.

Consider a dominant system of the simplified system, i.e.,
the transmitter xq still transmits “dummy” packets when its
queue is empty, thus it keeps causing interference to the
nearest transmission. Unlike the transmitter xg, the nearest
interfering transmitter x; in the dominant system behaves
the same as in the original simplified system. In fact, a
sufficient and necessary condition for the transmitter xg in
the simplified system to be stable is that it is stable in the
dominant simplified system. The sufficiency claims that if the
queue at xg is stable in the dominant simplified system, then it
will be stable in the original simplified system. This is because
the interference in the dominant simplified system is larger
than that in the original simplified system, resulting in smaller
success probability. The necessity claims that if the queue at
x( is unstable in the dominant simplified system, then it will
be unstable in the original simplified system. Because when
the queue of the transmitter xy in the dominant simplified
system is unstable, the queue size will grow to infinity without
emptying with non-zero probability. Thus, not all sample
paths of the queue size correspond to transient behavior with
infinitely many visits to 0, and the sample paths will grow
to infinite without emptying with positive probability. Notice



that as long as the queue at x( is not empty, the dominant
simplified system and the original simplified system behave
identically if started from the same initial conditions, and
the dominant simplified system is indistinguishable from the
original simplified system under saturation. Thus the infinite
sample path that do not visit 0 in the dominant simplified
system also occur in the original simplified system, and they
constitute a positive proportion of all sample paths. Therefore,
the queue at zy in the original simplified system is also
unstable. Combining the two parts, we finish the proof of the
sufficiency and the necessity. Therefore, we only need to derive
the sufficient and necessary condition for the transmitter xq to
be stable in the dominant simplified system. Based on these
ideas, we get the following lemma.

Lemma 1. For the simplified system with given o, v, Ty,
the sufficient and necessary condition for the queue at the
transmitter xq to be stable is

(A+(1—p)0s)(1+6m)

€0 5o —6) T (116.) (14 fr>rm

§0 o Wi as)
EOW ifrs <rm

where 0s = Or§ry®, 6, = Or§r® and rs =

\/(rm cos @ + 19 cos ) — rg)2 + (7 sin @ + ro sin)2.

Proof: See Appendix B. O
Lemma 1 gives the sufficient and necessary condition for the
queue at the transmitter x( to be stable with given ¢, ¥, ry,.
For the nearest interferer, ¢,1,r, are random variables.
By applying the results in Lemma 1, we get the following
theorem.

Theorem 2. Given a slotted random access system with the
transmitters distributed as a PPP and with Bernoulli packet
arrivals, a type I necessary condition for the system to be
e-stable is

e<gt, (19)

where

&L g, <1 op (20)

0+ (le<s>)a)’

and 7 = % max{rm, s} with Fz(z) being the cdf of Z, and
rs is defined in Lemma 1. Thus, a upper bound on the critical

arrival rate & is €2, ie., £, < €0,

Proof: See Appendix C. |
The necessary condition given by Theorem 2 is not in
closed-form, and thus the necessary condition needs to be
obtained through numerical evaluation. In the following, we
derive a closed-form necessary condition by considering the
further simplified system where ¢ = ¢ = —7 (see Fig. 3).
For a given r,, if the transmitter x( in the simplified system
is unstable for ¢ = ¢ = —m, it will also be unstable for other
o and . This is because when ¢ = i) = —m, the interference
between the two pairs of transceivers is the smallest among
all ¢ and 1. The following lemma gives the sufficient and
necessary condition for the queue at the transmitter x( to be
stable when ¢ = ¢ = —m with given 7,,.
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Fig. 3. The simplified system when ¢ = ¢ = —7 which consists of two

pairs of transceivers.

Lemma 2. For the simplified system when ¢ = ¥ = —m with
given 1, (see Fig. 3), the sufficient and necessary condition
for the queue at the transmitter xq to be stable is

(1+(1=p)bs)(1 +0m)
(0111 - gs) + (1 + 95)(1 + am)7

where 05 = 0rgry® = 01§ (rm + 2r0) ™% and Oy, = Or§r,®.

§<& (21)
p

Proof: This lemma is a special case of Lemma 1 by
setting ¢ = ¢ = —m, i.e., rg =y + 279 > Ty O
In Lemma 2, the case where ¢ = 1 = —m is considered.
For any other ¢ and ¢ with given 7, (21) gives a necessary
condition for the queue at the transmitter zy to be stable in
the simplified system. Since 7, is a random variable and its
probability distribution is given by (17), (21) gives a necessary
condition for the queue at the transmitter x( to be stable in the
simplified system. The simplified system only considers the
interference from the nearest transmitter; thus (21) will also
be a necessary condition for e-stability of the original system.
By modifying the proof of Theorem 2 with ry = 7, + 270,
we obtain the following corollary.

Corollary 2. Given a slotted random access system with
the transmitters distributed as a PPP and with Bernoulli
packet arrivals, a close formed type I necessary condition for
stablility is

<&, (22)

where

Eélléfo<1+<
(

Thus, a closed-form upper bound on the critical arrival rate
Eeis E1, ie, & <N

Proof: See Appendix D. O

p 2\ —1
,’AO(
T
—7A+2r0) +0rg

T

B. Type Il Necessary Conditions

In the following, we derive the type II necessary conditions.
In the derivation, we consider a modified favorable system,
in which the packets in the interfering transmitters that are
not scheduled by random access or whose transmission failed
will be dropped instead of being retransmitted, and thus an



interfering transmitter is active with probability p&, decoupled
from the status of other transmitters.

Theorem 3. Given a slotted random access system with the
transmitters distributed as a PPP and with Bernoulli packet
arrivals, a type II necessary condition for the system to be
e-stable is

£ <&, (24)
where
1 1 [
§§2ésup{§€R+:—/
2 i 0

jw
1Im{ <§0> e—.jw5052F1(1—jw,1—5;2;517)}dw < 5}. (25)
w 13 -

Thus, a upper bound on the critical arrival rate . is £, i.e.,
o <&

Proof: See Appendix E. O

Remark 3. If A — 0 or 8 — 0, the necessary condition in
Theorem 3 coincides with the sufficient condition in Theorem

1, indicating that the two conditions are tight for small \ and
0.

The following corollary gives a simplified type II necessary
condition based on the Markov inequality.

Corollary 3. Given a slotted random access system with the
transmitters distributed as a PPP and with Bernoulli packet
arrivals, a type Il necessary condition for the system to be
e-stable is

§<(l—e) Texp(—ECsFi(1—t,1—68;2¢p)), (26)

for all t > 0. For t = 1, we obtain a closed-form type II
necessary condition as

NnZAi 0560
€_£C _C(SW 1*5 )

where W(z) is the main branch of Lambert W function. Thus,
a closed-form upper bound on the critical arrival rate &. is
m2 < n2

ie, & < &7

c

27)

Proof: See Appendix F. O
When deriving the type I necessary condition, we only
considered the effect of the nearest interferer and ignored
all other interferers, while in the derivation of the type II
necessary condition, we considered all interferers but ignored
the retransmission mechanism of the interferers. Whether the
type 1 or the type II necessary condition should be used
depends on whether the nearest interferer or the retransmis-
sion mechanism of the interferers takes the leading position
in affecting the transmission. For example, when the SINR
threshold # is small and the access probability p is large,
the packets will be highly likely scheduled and transmitted
successfully, and no retransmission happens. Therefore, the
effect of the retransmission mechanism can be neglected,
which makes the type II necessary condition better than the
type I necessary condition.

VI. DISCUSSION OF RESULTS
A. Asymptotic Behaviors

1) p approaching 0: From Corollary 1, as p — 0, the
optimal n to maximize 7(n) iS Nmax = 0o. Thus, we have

En~é, poO. (28)
From Corollary 2, we get
&~ gy, p— 0. (29)

From Corollary 3 and by noticing that W(z) ~ z as z — 0,
we get

m2 o
c ™ y
1—¢

p— 0. (30)
2) € approaching 0: Corollary 1 shows that gg approaches

zero exponentially with attenuation factor —— as ¢ — 0.

From Corollary 2, we get the asymptotic result for Egl as
€ —0as

o 2\ —1
e ol ()
( —% + 27'()) +0rg
(2> 4 0)?
QRN TR
a2%p20?(2% + 0)
(22 4 0)% + p262)2rg
(2% +6)?
RN T
a29p?0%(2% + 0)
(2 + 0)2 + p202)2roV/TA

In(1 —¢)
A

o/ —

£oe?. 31)

2%46)2 . .
Wfo with residual

(31) shows that Egl approaches
O(e2).

From Corollary 3, letting zg = £{yCs, we get the asymptotic
results for €22 as € — 0 as

e (@) Wi(2) W (20) 20
SR o Cszo(1+W (20)) (1 —e zo)
~ W) Wio) | (32)

Cs 05(1+W(20)) ’

where (a) follows from the Taylor expansion approximation

of W(2) at z, i.e. W(z) ~ W(z0) + oy (2 — 20) as
2 — 29. (32) shows that £*? approaches %ZO) with residual

O(e).

3) X approaching 0: From Corollary 1, as A — 0, the
optimal n_to maximize 7(n) is Pmax = 0. The asymptotic
result for £ as A — 0 is

5?; ~ &o (1 —7mAI(1 — p)‘sﬁ‘srg

Jm S0 DR Ry ) 6

i=1

which reveals that £ approaches &, with a factor of 1 —O(\).



From Corollary 2, we get the asymptotic result for Egl as
A—0as

2
enl per((}
~ ]_ —
gc 50 < _ln(lfe) N o )a ore
V A 0 + L)
202,20, _«
p 0 o™ a
~ 1- L2208 ) 34

indicating that £2! approaches &y with a factor of 1 — O(A®).
From Corollary 3 and by noticing that W(z) ~ z — 22 as

z — 0, we get the asymptotic results for 22 as A — 0 as

~ 1
n2
c 1 _EfO

B ﬁpm?e‘sm +OL(1=0)(&)*, (39

which reveals that £22 approaches ——&o with residual O()).

4) 0 approaching 0: When fixing the duration of each time
slot and varying 6, we multiply &5 with the factor log, (1 + 6)
since the size of each packet is changed. The factor log,(1+6)
guarantees that when varying 6, arrival rates with different
packet sizes are compared fairly. From Corollary 1, as § — 0,
the optimal n to maximize 7(n) is Nmax = 00. We get the

asymptotic results for £ log,(1 4 0) as 6 — 0 as

e p
o1 1 ~ —0.
& loga(1+0) ~ 150 (36)

_ From Corollary 2, we get the asymptotic results for
€2l log, (14 60) as  — 0 as

€M logy (14 0) ~ 50, (37

From Corollary 3 and by noticing that W(z) ~ z as z — 0,

we get the asymptotic results for €22 log,(1+ ) as 6 — 0 as

log, (1 +0)
1—
pb

~ (1—¢)ln2’ (38)

Egz log, (1 + 0) pexp(—0rg W)

Therefore, £ 1og,(1 4 6) and £°!log,(1 + 0) _approach 0
linearly with the same slope coefficient 5, while €92 log, (1+
6) approaches 0 linearly with the slope coefficient ﬁ.

B. Comparison of Sufficient and Necessary Conditions

In this subsection, we numerically compare the sufficient
conditions and the necessary conditions derived in the previous
sections.

Fig. 4 shows the maximal arrival rates in sufficient condi-
tions and necessary conditions as functions of p. If p — 0,
all curves converge to 0, which is explained in subsubsection
VI-Al. As p increases, the curves for the non-closed form
sufficient condition (solid line with circle marks) and for the
type I non-closed form necessary condition (solid line with
square marks) first increase then decrease, because the success
probability is limited by the small access probability for small
p and by the large interference for large p.
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Fig. 4. Comparison of sufficient conditions and necessary conditions as

functions of p. The parameters are set as ¢ = 0.1, § = 15dB, 79 = 1,
W =0, =4 and A\ = 0.05.
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Fig. 5. Comparison of sufficient conditions and necessary conditions as
functions of . The parameters are set as p = 0.5, § = 15dB, 79 = 1,
W =0, =4 and XA = 0.05.

Fig. 5 plots the maximal arrival rates in sufficient conditions
and necessary conditions as functions of €. If ¢ — 0, the curves
for the sufficient conditions and the non-closed form type II
necessary condition approach 0, and other curves approach
different constant values. Fig. 5 reveals that the curves do not
depend strongly on e. Since the gap between the curves for
the sufficient conditions and that for the necessary conditions
is not large, it can be inferred that the critical arrival rate for
actual e-stability region does not change much either when
increasing €. This observation indicates that a small change
in the arrival rate £ will greatly affect the fraction of unstable
queues in the network.

Fig. 6 plots the maximal arrival rates in sufficient conditions
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functions of A. The parameters are set as p = 0.5, ¢ = 0.1, § = 15dB,
ro=1, W =0and a = 4.

and necessary conditions as functions of A\. We observe that
all curves except the one for the closed-form type II necessary
condition converge to the same value, since as A — 0, the
interference is negligible, and only the noise affects the trans-
mission for the dominant system and the simplified system.
The curve for the closed-form type II necessary condition
becomes loose as A — 0 because of the inequalities.
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Fig. 7. Comparison of sufficient condition and necessary condition as a
function of 0. The parameters are set as p = 0.5, e = 0.1, 7o =1, W =0,
a=4and XA = 0.05.

Fig. 7 plots the maximal arrival rates times log,(1 + 6)
in sufficient conditions and necessary conditions as functions
of 6. The reason to multiply log,(1 + 6) is the same as
that described in subsubsection VI-A4. If § — 0, all curves
converge to 0 with the same speed, which is explained in
subsubsection VI-A4; meanwhile if 6 gets large, the curves
for the type II necessary conditions and for sufficient condition

TABLE 1
SOME SITUATIONS TO USE TYPE I OR TYPE II NECESSARY CONDITION

Case Type Case Type
e—0 Type I p—0 Type 1
A—0 Type 1 0 —0and p — 1 | Type II

A>1/(4r2) | Type Il

first increase then decrease, because the serving rate is limited
by small rate for small §, and by small success probability for
large 6. If 0 is small, the type II necessary condition is better
than the type I necessary condition because the probability of
dropping a packet is small, thus the modified favorable system
is close to the original system. When 6 starts to grow, the type
I necessary condition becomes better since the probability of
dropping a packet increases. However, when 6 continues to
grow, the type II necessary condition becomes better again,
because extraordinarily large # makes a transmission almost
impossible to success in the presence of interference. Since
the derivation of the type I necessary condition only considers
the nearest interferer, the accuracy is worse than the type II
necessary condition.
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Fig. 8.  Comparison of sufficient condition and necessary condition as a
function of A with optimal pair of (p, #). The parameters are set as € = 0.1,
ro=1, W =0and a = 4.

For the case where p and 6 can be optimized, i.e., the
transmit probability p and the SINR threshold 6 are designable
parameters that can be chosen to maximize the maximal arrival
rate in sufficient conditions and necessary conditions. To
obtain realistic values, we choose 6 from [—20, 30] dB. Then,
Fig. 8 plots the maximal arrival rates in terms of sufficient
conditions and necessary conditions as functions of A when
optimal p and 6 are chosen.

If ¢ — 0, the type II necessary condition is better than
the type I necessary condition since the arrival rate can be
positive to make the network strictly stable (¢ = 0) when only
the nearest interferer is considered, which is not consistent
with the original system. If p — 0, a packet is dropped with
high probability, and if A — 0, the interference caused by



the interferers except the nearest one can almost be ignored;
thus, in these cases, the type I necessary condition is better.
If & — 0 and p — 1, the dropping of packets may not
happen, and if r is larger than the mean distance to the nearest
interferer 1/(2v/)), other interferers cannot be ignored; thus in
these cases, the type II necessary condition will be better. We
summarize the results in Table I, which lists some situations
where it is preferable to use one of the two types of necessary
conditions.

VII. CONCLUSIONS

In this paper, we investigated the stable packet arrival rate
region of the discrete-time slotted random access network with
the transmitters and receivers distributed as a static Poisson
bipolar process. Each transmitter in the network maintains
a buffer of infinite capacity to store the incoming packets.
We employed tools from queueing theory as well as point
process theory and studied the stability of this system using the
concept of dominance. We introduced the notion of e-stability,
and obtained sufficient conditions and two types of necessary
conditions for e-stability. Numerical results show that the gap
between the sufficient conditions and the necessary conditions
is small when the access probability, the density of transmitters
or the SINR threshold is small. The results also reveal that a
small change in the arrival rate will greatly affect the fraction
of unstable queues in the network.

APPENDIX A
PROOF OF THEOREM 1

The success probability for the typical transmission condi-
tioned on ® in the dominant system is denoted as P70 (Cg) =
pP*°(SINR > 6 | @), which is evaluated as

P%(Cp) = pP™ (hiaorg © > 0 (W + I) | ®)
(a) T a
= PE* [exp (=0rg (W + 1)) | @]
= pE™ [exp ( —Ory

_ Z Org hi|z| " “1(x € (I)k)) | (I)}

z€®\{zo}

= & H (pETo {exp ( — Grghk,ﬂxra) | fIJ} 1 —p)
z€P\{z0}

@ &o H (10%4—1—19)_ (39)
z€®\{zo} + To |I|

where (a) and (b) follow because the fading coefficients
{hk} are iid. exponential distributed random variables

with unit mean. The moment generating function of Y £
In (P*0(Cy)) is

My(s) =E [es ln(PIU(@q>)):|

-] I (g

ze€P\{zo}

= (&0)" exp ( - 27r)\/0 (1 - (%
= (§0)" exp ( —sCs52F1(1 — 5,1 —6; 2;p)>.

+1 —p)é}
+1-p) )rdr)

The cdf of Y, denoted by Fy (y) =P (Y < y), follows from
the Gil-Pelaecz Theorem [31] as

DL e
0

2 7 w

Fy(y) =

(41)

The probability that the transmitter xy in the dominant
system is unstable is given by the cdf of P*°(Cg ), which is

B {P*(Cy) < £} = P {Y < In¢}
11 /°° In{e MMy (juw)}
_ 0 .

(42)

2 7 w

The condition for the queue at the typical transmitter in the
dominant system to be stable is P70 {P*0(Cg) < ¢} < . By
combining (40) and (42), we obtain

1 l/0 %Im{(fo)j“’ exp ( —jwlné

2 0w
— jwCsoFy (1 — jw, 1 —§; 2;p))}dw <e. (43)

Therefore, we get the results in the theorem.

APPENDIX B
PROOF OF LEMMA 1

In the dominant simplified system, the transmitter x( is
active with probability p. The probability that the nearest
interfering transmitter z; is scheduled and also successful is

hiry @ hyry @
- 21@{10 >9}+ 1-— P{lo >9}
PP e v w P =PIP T
(@ p
L Y i1y, 44
EO(l—l—@rg‘r;"‘ p) “4)

where h; is the fading coefficient between the transmitter and
the receiver of the nearest pair of transceiver, and ho is the
fading coefficient between the transmitter o and the receiver
y1. (a) follows because h; and ho are both exponentially
distributed. In the following, we divide the proof into two
cases, i.e., £ > p; and £ < p;.

1) The case where & > pi;: When £ > pp, the queue
at the nearest interfering transmitter x; is unstable and will
never be empty, thus x; will cause interference to the typical
transmission with probability p. Therefore, when & > p; the
probability that the transmitter x is scheduled and successful
is

hary @ hary @
— 2P{30>9}+ 1- P{“>9}
e p(1—p) W

p
= & <1 + Or§rn® 1 p) '
where hg is the fading coefficient between the transmitter x
and the receiver yg, and hy is the fading coefficient between
the nearest interfering transmitter x; and the receiver .

If r > ry, by comparing (44) with (45), we have £ >
p1 > po, which implies that the queue at the transmitter
x( is unstable for the case & > p;. This can be explained
intuitively by the concept of “stability rank” [9], which states
that if a queue is unstable, the queues with higher rank than

(45)

(40) the said queue are unstable as well. The interference from



the transmitter xy to the receiver y; is less than that from
the nearest interfering transmitter x; to the receiver yo when
Ts > Tm, which means that the queue at x( has higher rank
than the queue at x;; Thus, when the queue at the nearest
interferer x; is unstable, the queue at the transmitter x( is
also unstable.

If ry < rn, the queue at z1 has higher rank than the queue
at xg. By comparing (44) with (45), we have py > p;1, which
implies that the queue at the transmitter x is stable for py >
¢ > p1 and unstable for £ > pg.

2) The case where & < p1: When & < py, the queue of the
nearest interfering transmitter x; is empty with probability 1—
&/p1 and is nonempty with probability & /p;. Therefore, when
& < p; the probability that the transmitter zq is scheduled by
random access and successful is

/ 2 f h37"0 ° }
= 2P —L >0
pO D 1 {h47“_a W

& & hsro
+<p(1 p)p1+p<1 Pl))P{ w
- o (M)

D1

p1 L+ Orfrm®
To make the queue at the transmitter x stable, the arrival rate
should satisfy & < py, i.e.,

e

(46)

¢ < pp1
prexp (Worg) +p* — p*—

1

=Y
7o "m

-1
p p
- +1
h1 (1 +O0rgrs® 14 60r§rn® )
b
—_—+1-
o (1 + Or§rs @ p)

P P
1+60r§rs®  1460rSrm

-1
a+1> . @)

If rs > 7, it can be verified that the right side of the above
inequality is less than p;. Therefore, for the case ¢ < p, the
queue at the transmitter ( in the dominant simplified system
will be stable only when the inequality (47) is satisfied.

If s < 7y, the right side of the above inequality is larger
than p;. Therefore, for the case ¢ < pi, the queue at the
transmitter x( in the dominant simplified system will be stable.

Combining the cases ¢ > p; and £ < p;, the queue at the
transmitter xp in the dominant simplified system is stable if
and only if

__p _
50 (1+9'r8‘r§a +1 p)

. P _ P
1+0rgrs ™ 146rgrn®
+1-— p)

—1
€< +1) if 7y > rm

v .
§O T40rgrm® if Ts <Tm
Thus, (48) also gives the sufficient and necessary condition

for the queue at the transmitter z( to be stable in the original
simplified system.

APPENDIX C
PROOF OF THEOREM 2

According to Lemma 1, if r4 > ry,, from (48) we have

§ < §o< P 1—17)
—1
+1)

N _|_
1+ 6r§rs®
p _ p
1+60r§rs ™ 14 60r§rn®
p

< —_— 41— .

S (1—&-91”5“73“ p)
Since Lemma 1 gives a sufficient and necessary condition
for the transmitter xy to be stable in the simplified system
when @, ¥, r,, are given, comparing (48) and (48), we obtain
a necessary condition as

p J—
£=% <1 + Org (max{rm,rs}) "~ ! p> .

According to (3) and Lemma 1, when ¢, ¢, r,,, are random
variables, a necessary condition for the simplified system to
be stable is

p
P{g -6 (1 Forg (max(rmo i) " _p>}

1/«
]P’{Tlomax{rm,rs} < (9“575%5&)) } (50)

Let Z = ;- max{ry, 7}, and denote the cdf of Z as Fz(2),
whose closed-form expression is hard to derive. (50) can be
written as

. 1/
e>Fy <1"1 max{ry,, s} < (95+p€0§0> ) , (8D
0

(48)

(49)

™
Vv

& —¢&

which is equivalent to

Op
1-— P ).
5§&< 9+a§%a)>

Therefore, we obtain the necessary condition in Theorem 2.

(52)

APPENDIX D
PROOF OF COROLLARY 2

According to (3) and Lemma 2, r,, is a random variable
in the original system. Thus, a necessary condition for the
original system to be e-stable is

€>]P’{£>

(rit +076) ((rm + 2r0)” +
(res + (L+p)0r§) ((rm +2r0)" + (1 — p)Org) + p?0°rg*
Since f(z) = H% is an increasing function, we obtain a
necessary condition for the original system to be e-stable as

((rm +279)* + 97’8‘)2 £o
((rm + 270)™ + 97“8‘)2 + p202r3>
= P{(€ — &) ((r +2r0)" + 0r5)” < &5%0%r3°} . (53)
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Since the inequality £y — € > 0 is satisfied from (4), we have

20220 1/
e > P{rm < < Mmg) 27‘0}. (54)

§o—¢
When A < 0, the probability at the right side of the inequality
is zero; thus the above inequality (54) always holds. When
A > 0, using the probability distribution of 7, given by (17),
we have

A

e>1—exp (—7‘()\142) , (55)
and thus
In(1 —
DA<,/ 22 (56)
A
Combining the cases of A <0 and A > 0, we have
i W RPN B ) (57)
€0— & 0 ! T

Solving the above inequality, we get the result in the corollary.

APPENDIX E
PROOF OF THEOREM 3

By introducing the modified system, an interfering trans-
mitter is active with probability £p. Similar to the derivations
of (39), we get

P (Cq)
= &o H (ﬁpEIO {exp (= 0r§hielz] ™) | q)} +1-— gp)
2€@\{zo}
=% I (Hef%—kl—fp). (58)
wed\{zo} 0

Letting Y 21n (P*°(Cg)), the moment generating function
of Y is
My (s) = (€0)" exp (= €sCs2Fi(1— 5,1 = 8:2;:€p)). (59)

The cdf of Y can be derived as follows by applying the
Gil-Pelaez Theorem given by (41).

1 1 /°° Im{e’jwyMy(jw)}dw‘
0

Fy(y) = (60)

2_; w

The probability that the queue at the typical transmitter in
the modified system is unstable is

Pre {P*(Cq) < &}
= P™ {In(P™(Cy)) <In&}
1 l/ooIm{ej“1n5My(jw)}
0

w

5 dw. (61)

The condition for the queue at the typical transmitter in the
modified system to be stable is P*0 {P?(Cg) < ¢} < €. By
combining (59) and (61), we get the condition for the queue

at the typical transmitter in the modified system to be stable
as

1 1 [*1 :
3~ ;/0 ;Im{(fo)w exp ( — jwlné
— jw€Cs2F1 (1 — jw, 1 — d; 2;§p))}dw <e. (62)

Therefore, we get the necessary condition for the original
system to be e-stable.

APPENDIX F
PROOF OF COROLLARY 3

For all ¢ > 0, by applying Markov inequality, we obtain
P {P*(Cq) < &}
= P% {(]P’C”O(Gq)))t < ft}
> 1€ [(P(Co))]
£p t
S 4 1=
H (1+97“8‘\x|*a + Ep)

se®\{zo}
= 1—(&)"¢ Texp (—&tCsoF1 (1 —t,1—6;2;€p)). (63)

Solving the following inequality, we get a type II necessary
condition given by (26).

1—(&)'¢ exp ( —&tCsaF (1 —t,1 — §52; fp)) <e.
When ¢t = 1, we obtain
P? {P%0(Cg) < £} > 1 — £o€ ™ exp(—£Cs).

Let W(z) be the main branch of Lambert W function,
defined by z = W(z)e™W(®) for any complex number z.
Solving the inequality

1— & Pexp(—£Cs) < e,

we get a closed-form type II necessary condition in the
corollary.

~ 1- @R

(64)

(65)

REFERENCES

[11 Y. Zhong, W. Zhang, and M. Haenggi, “Stability Analysis of Static
Poisson Networks,” in 2015 IEEE International Symposium on In-
formation Theory (ISIT’15), Hong Kong, Jun. 2015, available at
http://www.nd.edu/~mhaenggi/pubs/isit15c.pdf.

[2] M. Haenggi, J. Andrews, F. Baccelli, O. Dousse, and M. Franceschetti,
“Stochastic geometry and random graphs for the analysis and design
of wireless networks,” IEEE J. on Selected Areas in Commun., vol. 27,
no. 7, pp. 1029-1046, Sep. 2009.

[3] M. Haenggi, Stochastic Geometry for Wireless Networks.
University Press, 2012.

[4] F. Baccelli and B. Blaszczyszyn, Stochastic Geometry and Wireless
Networks. Now Publishers Inc, 2009, vol. 1.

[5] R. R. Rao and A. Ephremides, “On the stability of interacting queues
in a multiple-access system,” IEEE Trans. on Inform. Theory, vol. 34,
no. 5, pp. 918-930, Sep. 1988.

[6] B. S. Tsybakov and V. A. Mikhailov, “Ergodicity of a slotted ALOHA
system,” Problemy Peredachi Informatsii, vol. 15, no. 4, pp. 73-87,
1979.

[71 W. Szpankowski, “Stability conditions for some distributed systems:
Buffered random access systems,” Advances in Applied Probability, pp.
498-515, Jun. 1994.

[8] V. Anantharam, “The stability region of the finite-user slotted ALOHA
protocol,” IEEE Trans. on Inform. Theory, vol. 37, no. 3, pp. 535-540,
May 1991.

Cambridge



[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

[28]

[29]

[30]

[31]

W. Luo and A. Ephremides, “Stability of N interacting queues in
random-access systems,” IEEE Trans. on Inform. Theory, vol. 45, no. 5,
pp. 1579-1587, Jul. 1999.

F. Baccelli, P. Miihlethaler, and B. Blaszczyszyn, “Stochastic analysis
of spatial and opportunistic ALOHA,” IEEE J. on Selected Areas in
Commun., vol. 27, no. 7, pp. 1105-1119, Sep. 2009.

D. P. Bertsekas, R. G. Gallager, and P. Humblet, Data networks.
Prentice-Hall International New Jersey, 1992, vol. 2.

W. Szpankowski, “Stability conditions for multidimensional queueing
systems with computer applications,” Operations Research, vol. 36,
no. 6, pp. 944-957, 1988.

——, “Bounds for queue lengths in a contention packet broadcast
system,” I[EEE Trans. on Commun., vol. 34, no. 11, pp. 1132-1140,
1986.

——, “Stability conditions for some distributed systems: Buffered
random access systems,” Buffered Random Access Systems, Adv. Appl.
Probab, vol. 26, pp. 498-515, 1993.

M. Haenggi and R. Smarandache, “Diversity Polynomials for the Anal-
ysis of Temporal Correlations in Wireless Networks,” IEEE Trans. on
Wireless Commun., vol. 12, no. 11, pp. 5940-5951, Nov. 2013.

N. Pappas, M. Kountouris, and A. Ephremides, “The stability region
of the two-user interference channel,” in [EEE Information Theory
Workshop (ITW), Sep. 2013, pp. 1-5.

I. E. Telatar and R. G. Gallager, “Combining queueing theory with
information theory for multiaccess,” IEEE J. on Selected Areas in
Commun., vol. 13, no. 6, pp. 963-969, Aug. 1995.

N. Xie, J. M. Walsh, and S. Weber, “Properties of an ALOHA-like
stability region,” arXiv preprint arXiv:1408.3469, 2014.

S. Lowen and M. Teich, “Power-law shot noise,” IEEE Trans. on Inform.
Theory, vol. 36, no. 6, pp. 1302-1318, Nov. 1990.

M. Haenggi, “The Meta Distribution of the SIR in Poisson Bipolar and
Cellular Networks,” arXiv preprint arXiv:1506.01644, 2015.

S. P. Weber, X. Yang, J. G. Andrews, and G. De Veciana, “Transmission
capacity of wireless ad hoc networks with outage constraints,” IEEE
Trans. on Inform. Theory, vol. 51, no. 12, pp. 4091-4102, 2005.

M. Haenggi and R. Ganti, Interference in large wireless networks. Now
Publishers Inc, 2009, vol. 3, no. 2.

R. Ganti and M. Haenggi, “Spatial and temporal correlation of the
interference in ALOHA ad hoc networks,” IEEE Commun. Letters,
vol. 13, no. 9, pp. 631-633, 2009.

M. Haenggi, “Diversity Loss due to Interference Correlation,” IEEE
Commun. Letters, vol. 16, no. 10, pp. 1600-1603, Oct. 2012.

F. Baccelli and B. Blaszczyszyn, “A new phase transitions for local
delays in MANETS,” in Proc. IEEE INFOCOM, 2010, pp. 1-9.

M. Haenggi, “The Local Delay in Poisson Networks,” IEEE Trans. on
Inform. Theory, vol. 59, no. 3, pp. 1788-1802, Mar. 2013.

Y. Zhong, W. Zhang, and M. Haenggi, “Managing Interference Cor-
relation Through Random Medium Access,” IEEE Trans. on Wireless
Commun., vol. 13, no. 2, pp. 928-941, Feb. 2014.

Z. Gong and M. Haenggi, “The Local Delay in Mobile Poisson Net-
works,” IEEE Trans. on Wireless Commun., vol. 12, no. 9, pp. 4766—
47717, Sep. 2013.

K. Stamatiou and M. Haenggi, ‘“Random-access Poisson networks:
stability and delay,” IEEE Commun. Letters, vol. 14, no. 11, pp. 1035—
1037, Nov. 2010.

R. Loynes, “The stability of a queue with non-independent inter-arrival
and service times,” in Proc. Cambridge Philos. Soc, vol. 58, no. 3.
Cambridge Univ Press, 1962, pp. 497-520.

J. Wendel et al., “The non-absolute convergence of Gil-Pelaez’ inversion
integral,” The Annals of Mathematical Statistics, vol. 32, no. 1, pp. 338—
339, Apr. 1961.



