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Abstract—Optimization of information freshness in wireless networks has usually been performed based on queueing analysis that
captures only the temporal traffic dynamics associated with the transmitters and receivers. However, the effect of interference, which is
mainly dominated by the interferers’ geographic locations, is not well understood. In this paper, we leverage a spatiotemporal model,
which allows one to characterize the age of information (Aol) from a joint queueing-geometry perspective, for the design of a
decentralized scheduling policy that exploits local observation to make transmission decisions that minimize the Aol. To quantify the
performance, we also derive accurate and tractable expressions for the peak Aol. Numerical results reveal that: i) the packet arrival
rate directly affects the service process due to queueing interactions, ii) the proposed scheme can adapt to traffic variations and largely
reduce the peak Aol, and iii) the proposed scheme scales well as the network grows in size. This is done by adaptively adjusting the
radio access probability at each transmitter to the change of the ambient environment.

Index Terms—Poisson bipolar network, age of information, scheduling policy, spatiotemporal analysis, stochastic geometry

1 INTRODUCTION

AST-GROWING wireless services like factory automation and
Fvehicular communication, as well as the likes of mobile
applications, have imposed a more stringent requirement for
the timely delivery of information. To give an adequate
response, network operators need not only understand how
the network activities affect the timeliness of information deliv-
ery, but more importantly, they need to assert substantial con-
trol to enhance transmission. Recognizing the limitation in
conventional performance indicators, e.g., delay or throughput,
as not being able to account the “information lag” caused by
queueing aspects, there emerges a new metric, referred to as
the age of information (Aol), which explicitly measures the time
elapsed since the last recorded update was generated. The
notion was originally conceived to maintain timely status
update in a standard first-come-first-served (FCFS) queue [2].
Soon after that, a host of research has been conducted to investi-
gate different schemes aimed at minimizing the Aol, whereas
the results range from controlling the update generating policy
[3], [4], [5], [6], [7], [8], [9], deploying last-come-first-served
(LCFS) queue [10], to proactively discarding stale packets at
the source node [11]. Although these works have extensively
explored the minimization of the information age on a single-
node basis, many fundamental questions, especially those
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pertaining to large scale networks are not understood satisfac-
torily. To that end, it spurred a series of studies seeking differ-
ent approaches, mainly in the form of scheduling protocols, to
optimize information freshness in the context of wireless net-
works [12], [13], [14], [15], [16], [17], [18], [19]. The problem of
finding optimal scheduling protocol, despite being NP hard
[12], is shown to possess a solution in terms of a greedy algo-
rithm, which schedules the link with the highest age to trans-
mit, in a symmetric network [13], and the optimality of such a
maximum age first policy is shown in [14], which provided a
general and insightful sample-path proof. Moreover, depend-
ing on whether the channel state is perfectly available [15] or
not [16], advanced virtual queue and age-based protocols are
proposed. Further, the scheduling decision can even be made
online using the approximation from Markov decision process
[18], which largely boosts the implementational efficiency.
However, these models simplify the packet departure process
by adopting a Poisson process and do not account for the inter-
ference that differs according to the distance between simulta-
neous transmitters as well as channel gains. As a result, the
space-time interactions are yet to be precisely captured.

By nature, the wireless channel is a broadcast medium.
Thus, transmitters sharing a common spectrum in space will
interact with each other through the interference they cause. To
understand the performance of communication links in such
networks, stochastic geometry has been introduced as a tool by
which one can model node locations as spatial point processes
and obtain closed form expressions for various network statis-
tics, e.g., the distribution of interference, the successful trans-
mission probability, and the coverage probability [20]. The
power of stochastic geometry has made it a disruptive tool for
performance evaluation among various wireless applications,
including ad-hoc and cellular networks [21], D2D communica-
tions [22], MIMO [23], and mmWave systems [24]. While such
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model has been conventionally relying on the full buffer
assumption, i.e., every link always has a packet to transmit, a
line of recent works managed to bring in queueing theory and
relax this constraint [25], [26], [27], [28]. The application terri-
tory of stochastic geometry is then stretched, allowing one to
give a complete treatment for the behavior of wireless links in a
network with spatial and temporal dynamics [29]. As a result,
the model is further employed to design scheduling policies
[26], [28], study the scaling property in IoT networks [25], and
analyze the delay performance in cellular networks [27].

In light of its effectiveness, we leverage a spatiotemporal
model as in [30], [31] for the design of a transmission protocol
that optimizes information freshness in wireless networks.
Particularly, our goal is to develop a policy that decides
whether the current transmission attempt from any transmit-
ter shall be approved or not so as to control the cross-network
interference level and hence assure the timely delivery of
information. By noticing that centralized protocols, e.g., the
ones proposed in [15], [16], can incur large communication
overhead and do not scale with the network size, we propose
a distributed scheduling policy that exploits only local infor-
mation to control the medium access probability at each node.
Notably, while a few recent attempts to the design and analy-
sis of a scheduling scheme under similar model have been
made in [26], [30], [31], the current paper differs from and gen-
eralizes these works in two key aspects:

1)  Design: Different from [26], [30], [31], where the
channel access probability is universally designed as
a single parameter, our approach gives a channel
access probability which is a function of local topol-
ogy and varies among different transmitters.

2)  Analysis: While [26], [30], [31] carry out their analysis
based on constant channel access probabilities, our
analysis characterizes the dynamics of a scheduling
policy that changes according to node locations. We
also provide an analysis for the peak Aol with dynamic
channel access probabilities at different transmitters.

1.1 Approach and Summary of Results

In this paper, we model the deployment of transmitters and
receivers as independent Poisson point processes (PPPs). The
temporal dynamic of Aol is modeled as a discrete-time queue-
ing system, in which we consider the arrival of packets at each
transmitter to be independent Bernoulli processes. Each trans-
mitter maintains an infinite capacity buffer to store the incom-
ing packets, and initiates a transmission attempt at each time
slot if the buffer is not empty. Transmissions are successful
only if the signal-to-interference-plus-noise ratio (SINR)
exceeds a predefined threshold, upon which the packet can be
removed from the buffer. In order to control the cross-network
interference level and hence assure the timely delivery of
information, a scheduling protocol is employed at each node
to decide whether the current transmission attempt should be
approved or not. Design of the scheduling policy exploits local
observation, which is encapsulated via the concept of stopping
sets [32], to make the transmission decision, aimed at optimiz-
ing the network-wide information freshness. In order to char-
acterize the performance of our proposed scheme, we derive
accurate and tractable expressions for the scheduled channel
access probability, the transmission success probability, and
the peak Aol. The analytical results enable us to explore the
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effect from various network parameters on the Aol and hence
devise useful insights for the protocol design. Our main con-
tributions are summarized below.

e We propose a decentralized scheduling policy to
minimize the information age in a wireless network.
The proposed scheme is efficient in the sense that it
requires only local information and has very low
implementation complexity.

e We develop an analytical framework that captures
the interplay between the geographic locations of
information source nodes and their temporal traffic
dynamics. Using the framework, we derive tractable
expressions for various network statistics by taking
into account all the key features of a wireless net-
work, including packet arrival rate, small scale fad-
ing and large scale path-loss, random network
topology, and spatially queueing interactions.

e  Numerical results show that although the packet arrival
rate directly affects the service process via queueing
interaction, our proposed scheme can adapt to the traf-
fic variations and largely reduce the peak Aol. More-
over, the proposed scheme can also adequately adjust
according to the change of the ambient environment
and thus scales well as the network grows in size.

To the best of our knowledge, this is the first work which
successfully combines queueing theory and stochastic geome-
try for the optimization of Aol in wireless networks. In addi-
tion, several mathematical results are also new: 1) the
characterization of the scheduling policy which exploits spatial
information from any stopping set, ii) closed-form expressions
for the transmission success probabilities, and iii) the analytical
expression for peak Aol in the context of wireless networks.

The remainder of the paper is organized as follows. We
introduce the system model in Section 2. There, we describe
the quasi-static networks of interest, in which transmitters
learn how to incorporate their location information in the
scheduling policy design. In Section 3, we focus on the stop-
ping set based distributed algorithm design, which leads to a
locally adaptive scheduling policy. We show that nodes can
compute the channel access probability as solutions to certain
fixed point equations. Section 4 contains the analytical perfor-
mance results. We show the numerical results in Section 5 to
quantify the benefit of using local information to design a
scheduling policy and minimize the information age. Finally,
we conclude the paper in Section 6.

2 SysTem MODEL

In this section, we provide a general introduction to the net-
work topology, the traffic profile, as well as the concept of
peak Aol and stopping sets. The main notations used
throughout the paper are summarized in Table 1.

2.1 Network Structure

We model the wireless network as a set of transmitters and
their corresponding receivers, all located in the euclidean
plane. The transmitting nodes are scattered according to a
homogeneous Poisson point process (PPP) ® of spatial density
. Each transmitter located at X; € ® has a dedicated receiver,
whose location y; is at distance r in a random orientation.
According to the displacement theorem [33], the location set
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TABLE 1
Notation Summary
Notation Definition
[OFDN PPP modeling the location of transmitters;
B transmitter spatial deployment density
D; A\ PPP modeling the location of receivers;
receiver spatial deployment density
Py o Transmit power; path loss exponent
ET Packet arrival rate; SINR decoding threshold
e, Transmission success probability of node 0 at
’ time slot ¢, conditioned on the point process ®
ajp Queue non-empty probability at transmitter
' node j, conditioned on the point process ®
AP Network peak age of information
S Locally stopping set, contains all the

observable information from any transmitter
Channel access probability of transmitter ¢,
constructed based on the stopping set .S and
the point processes ® and ®

® = {y;}, also forms a homogeneous PPP with spatial den-
sity \. We segment the time into slots with the duration of each
slot equal to the time to transmit a single packet. The packet
arrivals at each transmitter are modeled as independent and
identically distributed (i.i.d.) Bernoulli processes with parame-
ter £&. All incoming packets are stored in a single-server queue
with infinite capacity under the FCFS discipline.' During each
time slot, the queue-nonempty transmitter will initiate a chan-
nel access attempt according to its scheduling protocol, and
send out one packet upon approval. The transmission suc-
ceeds if the signal-to-interference-plus-noise ratio at the corre-
sponding receiver exceeds a predefined threshold. A packet is
removed from the buffer when its reception is acknowledged
by the receiver through an ACK feedback. If the packet is not
correctly decoded, the receiver sends a NACK message and
the packet is retransmitted. We assume the ACK/NACK
transmission is instantaneous and error-free, as commonly
done in the literature [15]. In order to investigate the time-
domain evolution, we limit the mobility of transceivers by con-
sidering a static network, i.e., the locations of transmitters and
receivers remain unchanged in all the time slots.

We assume that each transmitter uses unit transmission
power Ptx.z The channel is subjected to both Rayleigh fading,
which varies independently across time slots, and path-loss
that follows power law attenuation. Moreover, the receiver is
also subjected to white Gaussian thermal noise with variance
o?. By applying Slivnyak’s theorem [33], it is sufficient to focus
on a typical receiver located at the origin, with its tagged trans-
mitter at X,. Thus, when the tagged transmitter sends out a
packet during slot ¢, the corresponding SINR received at the
typical node can be written as

P Hyr™

STNRy,* — .
M TS 0 PaHyo by o[ X + o

(1)

where o denotes the path loss exponent, Hj;; ~ exp(1) is the
channel fading from transmitter j to receiver i, ¢;, € {0,1}

1. Note that the framework developed in this paper can also be
extended to account for other transmission protocols, e.g., the LCFS
with preemption.

2. We unify the transmit power to keep the analysis tractable, it shall
be noted that the results from this paper can be extended to account for
power control via similar approach as in [25].
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Fig. 1. An example of the time evolution of age at a typical link. The time
instance T(i) denotes the moment when the ith packet is successfully
delivered, and G(Ty(7)) is the generation moment of the packet to be
transmitted in the time slot following Ty(i). The age is set to be
To (i) — G(To(0)) + 1.

is an indicator showing whether the buffer of node j is
empty (;, = 0) or not (§;, = 1), and v;; € {0, 1} represents
the scheduling decision of node j, where it is set to 1 upon
assuming transmission approval and 0 otherwise.

Remark 1. From an engineering point of view, our system
model is motivated by the emerging interest in applications
like Device-to-Device (D2D) networking, mobile crowd
sourcing, and Internet-of-Things (IoT), which do not require
a centralized infrastructure, e.g., bases stations or access
points, to conduct communications. Note that the frame-
work can be extended to consider other channel models
such as the multiple access channels (multiple transmitters
and one receiver) [25] or broadcast channels (one transmit-
ter and multiple receivers) [28], or even scenarios with
multi-hop transmissions [34].

2.2 Age of Information

Without loss of generality, we denote the communication
link between the transmitter-receiver pair located at (X, o)
as typical. Then, as illustrated in Fig. 1, the Aol A((t) over
the typical link grows linearly in the absence of successful
communication, and, when the transmission is successful,
reduces to the time elapsed since the generation of the deliv-
ered packet. To make the statement more precise, we for-
malize the evolution of A((t) via the following expression:

_ [Au(®) +1,
Ao(t+1) = {t(— Go(t) + 1,

where G(t) is the generation time of the packet delivered
over the typical link at time .

In this paper, we use the peak Aol as our metric to evalu-
ate the age performance across a wireless network.? For-
mally, the peak Aol at one generic link j is defined as

Yoo Ai(Ty(n))
N b

if transmission fails,

otherwise ’

(2)

AP = limsup
J
N—oo

where T;(n) is the time slot at which the nth packet from link j
is successfully delivered. We can extend this concept to a
network scale and define the network peak Aol as follows:

3. We focus on the peak Aol because it is often the maximum status
information delay that determines the performance loss in many wire-
less systems [35]. Besides, compared to the average Aol, the peak Aol
often possesses a simpler form and hence facilitates many low-com-
plexity designs. Nevertheless, the theoretical framework developed in
this paper can be extended to analyze the average Aol [11], given rise
to a more involved computation.
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ineiﬂB(O,R) A7

AP = limsup

R—oo

ZX je® X{X;eB(0,R)}

W "1 limsup — ZAU (To(n)) |,

N—oo n 1

where B(0, R) denotes a disk centered at the origin with
radius R, xj is an indicator function which takes value 1 if
event E occurs and 0 otherwise, and (a) follows from
Campbell’s theorem [33]. The notion E’[-] indicates the
expectation is taken with respect to the Palm distribution P
of the stationary point process, where under P’ almost
surely there is a node located at the origin [33].

2.3 Stopping Sets and Scheduling Policy

In a wireless network, as all transmitters are intertwined
through the interference they cause to each other, it is impor-
tant to have an effective protocol that schedules the appropri-
ate channel access state for each node. Inspired by the fact that
knowledge from local activities can be utilized to improve the
overall network performance, we incorporate such local infor-
mation in the design of the scheduling policy.

For a generic transmitter, note that it can only obtain the
information about its geometry vicinity, we thus encapsulate
such local knowledge by the notion of stopping set S = S(P, @)
[32], [33]. More precisely, the stopping set is a random element
taking each realization from the Borel sets in R? such that for
any observation window A, one can determine whether
S = 5(®,®) C A. This concept enables us to model the region
in which the information of nodes, including their locations,
are known to a typical observer. In particular, depending on
the scenarios under consideration, stopping sets can take vari-
ous forms. For instance, if the transmitters have unified sensing
power, the observation region at each node will be a disk with
a constant radius and the stopping set takes a deterministic
form. When the transmitters are empowered with heteroge-
neous sensing capabilities, each node may want to obtain infor-
mation up to the pth nearest neighbor, in which case the
observation region varies across different nodes and the stop-
ping set takes a random shape. Aside from disks, the stopping
set can have more complicated formats, e.g., a hexagon under
clustering regulation or different orders of Voronoi cells in the
context of cellular networks [36], depending on the specific
task under consideration. An illustration of deterministic stop-
ping sets in a Poisson bipolar network is given in Fig. 2. Note
that different transmitters, e.g., the nodes located at X; and
X5, can have various local observations.

To generalize the concept network wide, we further intro-
duce a shifting operation, denoted by 6, and performs on ®
and @, which translates all the network nodes by the vector
—z, ie, 0,{X;} = {X; — x} and similarly for the receivers.
Extending this operator to a Borel A CR? we have
0,(A) = {a — z : a € A}. Using the shifting operator and the
stopping set, we define the set of candidated scheduling poli-
cies to be the ones that take into the local knowledge at every
source node and output a channel access probability for it.
More precisely, given a stopping set S = S(®, @), the schedul-
ing policy at the typical transmitter can be defined as follows:

Ve = ng(®,
n

-

S

)
5@ S)’ 3)
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Fig. 2. lllustration of a Poisson bipolar network with stopping sets being
disks with constant radii, where black squares and dots are the transmitters
and receivers, respectively, and the circles with dashed lines are two
exemplary stopping sets centered at X; and X,.

where 7g(-) is a measurable function whose argument is the
network geometry (&, ®) and has value in [0, 1]. For node i
located at X, its scheduling policy can be obtained by applymg
the shifting operator 6y, to (3), which resulted in y¥ =
ns(Ox P, 0xP). To this end, a feasible scheduling policy is trans-
lation invariant which allows us to devise it by only focusing on
the typical node. Note that to apply such a policy and evaluate
the channel access probability ng(0x®, xP), node i needs to
obtain only local knowledge about the other nodes in the stop-
ping set S; = S(6x®, 6xP), which can be obtained via, e.g., the
methods in [32]. In this regard, the scheme can run without a
central controller and is thus decentralized.

Remark 2. By leveraging the notion of stopping sets, our
framework is able to provide a unified approach to
account for various types of local information.

Remark 3. When each source node in this network is able to
obtain the location information of its nearest neighbors, it
is also possible to devise a distributed power control
mechanism to reduce the Aol in a similar spirit to [37].

3 SCHEDULING PoLicy DESIGN

We now present the main structural result of this paper.
Specifically, by leveraging the spatial information contained
in locally stopping sets, we design a low-complexity sched-
uling policy to reduce the peak Aol of a wireless network.

3.1 Preliminaries

The radio interface between any transmitter-receiver pair ¢
can be modeled as a Geo/G/1 queue where the departure
rate varies according to the link throughput. In the steady
state, the link throughput, or equivalently service rate, is
determined by both the scheduled channel access probabil-
ity, i.e.,, how frequent a transmitter with non-empty buffer
can access the channel, and the transmission success proba-
bility. Particularly, conditioned on the realization of the
point process ® 2 ® U P, the transmission success probabil-
ity, ,ul , is given by [26], [27]

n® = P(SINR; > T|®), @

Authorized licensed use limited to: University of North Carolina at Charlotte. Downloaded on May 30,2021 at 15:26:41 UTC from IEEE Xplore. Restrictions apply.



YANG ET AL.: OPTIMIZING INFORMATION FRESHNESS IN WIRELESS NETWORKS: A STOCHASTIC GEOMETRY APPROACH

where T is the decoding threshold. We first average out the
randomness from channel fading and derive a conditional
form of the transmission success probability:

Lemma 1. Conditioned on the spatial realization ®, the trans-
mission success probability at the typical link during time slot t
is given by

P _n* 1
|1 e [
0,t |:/1?]0 < 1 + é‘lt vj,t/leO > :|

where p = Py /o” and D;; = || X; — y;||“/Tr".

Proof. Conditioned on the spatial realization of all the
transceiver locations, the transmission success probability
can be derived as follows:

P(SINRg; > T'|®)

P Hoor™
=P - > T ‘ P
(Z#O PicHjog ;v | X5 + o )

- P(Hoo > T (Z +1) ‘CD) ©)
70 L
(@) Vit
= exp( T Hyo il i ) D,
1] !

111"
where (a) follows by leveraging the Rayleigh distribution
of the channel gain, i.e., Hyy ~ exp(1), and the result then
follows by noticing that the random variables
{Hj0,j=1,2,...} are ii.d. and exponentially distributed
as Hj(] ~ exp(l) O

Hj();j‘tvj,t
X511

Lemma 1 presents a general result for wireless queueing
networks. Note that because the spectrum is shared
amongst the transmitters, their active states, ¢ju are by
nature correlated, regardless of the transmission decisions,
v;1, are made independently or not, due to the interference
they cause to each other. These phenomena are commonly
known as the spatially interacting queues, and, at the current
stage, there is no comprehensive theory to characterize it
[38]. Therefore, we need to opt for a few approximations in
the sequel to trade for usable results.

Next, by conditioning on the realization of the point pro-
cess @, the communication between a typical transceiver
pair can be regarded as a Geo/Geo/1 queue where the ser-
vice rate is given by ¥ u®,. As such, using tools from queue-
ing theory, we arrive at a conditional form of the peak Aol.

Lemma 2. In the steady state, conditioned on the spatial realiza-
tion @, the peak Aol at a typical link is given as

1 1-¢ . b D
_+ q b 1 > bl

EOAP|d] — {f rou ¢ 'f ot ¢ %
00, if YoMy < 3

where pf = limy .o p)-

Proof. See Appendix H of [16] for a detailed proof, which can
be found on the Computer Society Digital Library at http://
doi.ieeecomputersociety.org/10.1109/TMC.2020.2977010. O

From (7), itis obvious that the principle of optimizing infor-
mation freshness consists in maximizing the link throughput.
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In order to achieve this goal, a policy that schedules the chan-
nel access at each node by jointly balancing the radio resource
utility and mutual interference is essential. In the following,
we formulate a stochastic decision problem to find the sched-
uling policy that accomplishes this task.

3.2 Locally Adaptive Scheduling Policy

3.2.1 Design

Let a stopping set S = S(®, ) be given. Using Lemma 2,
the design of scheduling policy can be written as

1-¢ 1
min  EY {4] +3 (®)
ns Plydud ¢l ¢
st 0<yP = ns(eXiéI‘),exicIJ) <1, Vi ©)

€ < Eglnsiy]- (10)
It is worthwhile to point out that the design factor 5g in (8) is
not a single parameter but instead a policy, which takes
input the state information, i.e., the node’s location and
information observed from the corresponding stopping set,
and as an output the channel access probability. As such,
the scheduling policy varies from node to node, which is
stated in constraint (9), because the local knowledge is loca-
tion dependent. Moreover, the queueing stability shall be
guaranteed in the average sense, as shown in (10), according
to Loynes’ theorem [39].

However, according to (5), we find the optimization
problem (8) is hardly solvable because 1 does not even
possess an analytical expression. For that reason, we lever-
age the dominant system [40], in which every transmitter
keeps sending out packets in each time slot (if one transmit-
ter has an empty buffer at any given time slot, it sends out a
dummy packet), for an approximation. Since each node is
backlogged in the dominant system, that allows us to
unpack the interaction amongst queues and derive a closed-
form expression for the conditional transmission success
probability:

Lemma 3. Given stopping set S and conditioned on the spatial
realization @, the transmission success probability at the typi-
cal link under the dominant system is given by

Tre )/q)

s i fi
=¢e / 1——,
Ho H( 1+Djo)

J#0

(11)

where p = P /o?, y? =
yill* /T

Proof. See Appendix A, available in the online supplemen-
tal material. 0

’IS(QXj(i)anj(i))/ and DLJ = ||XL_

Besides, because transmitters under the dominant sytem
are subject to higher interference levels, the policies devised
from a dominant sytem can also help us prepare for the
“worst case” interference condition in the original system
when all the transmitters are active. As such, instead of
directly solving the original problem (8), we minimize the
following alternative:

Authorized licensed use limited to: University of North Carolina at Charlotte. Downloaded on May 30,2021 at 15:26:41 UTC from IEEE Xplore. Restrictions apply.


http://doi.ieeecomputersociety.org/10.1109/TMC.2020.2977010
http://doi.ieeecomputersociety.org/10.1109/TMC.2020.2977010

2274

1-¢ 1
min  EY [7] += (12)

i ClPad-el ¢
st 0<yP = ns(exl&),exié) <1, Vi 13)
¢ < Egnsig, (14)

where 1 is given by (11). The design of the scheduling pol-
icy can now be cast into an optimization problem with
explicit terms. And that brings us to the main structural
result of this paper.

Theorem 1. For all given stopping sets S = S(®, ®), the solu-
tion to the optimization problem in (12) is given by the unique
solution of the following fixed point equation:

L v / Mz,
s bgesitDoj—ns  Jensl+ [/ Tre
(15)
if the following condition holds

Adz

na
—+ —— e > 1. (16)
2D T T

Otherwise, ng = 1.

Proof. See Appendix B, available in the online supplemen-
tal material. 0

The above theorem gives an explicit way to construct the
scheduling policy at the typical node, ie., y® = ng(0x, P,
0x,P). In regard to a generic node i, the corresponding policy
can be attained by shifting the origin of the point process ® to
X; and then apply the same approach as per Theorem 1, which
gives y¥ = ng(0x,P,0x,P). As such, every source node only
need to identify and record the transmitting neighbors located
inside its observation window, i.e., the stopping set .S, and
solve for the channel access probability via a fixed point equa-
tion, which has very low complexity. Essentially, such a
scheduling policy is a spatial version of ALOHA, where the
channel access probability at each transmitter is conceived
based on the local topology information. Different from the
interference graphs [16], which mute simultaneous transmis-
sions from nodes in proximity locations, the proposed
approach allows neighboring transmitters to initiate the radio
channel access attempts at the same time while communally
controlling the mutual interference with a location-dependent
probability and thus achieves better spectrum reuse.

It is also worthwhile to mention that condition (16) implies
the typical transmitter will only opt for an opportunistic chan-
nel access when the following holds:

7,70(
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namely the ratio between the average signal power and inter-
ference generated by the transmitter is smaller than the decod-
ing threshold. In other words, a given source node will reduce
the channel access frequency when its own transmission may
cause potential transmission failure to the neighbors. Such an
observation also coincides with the intuition that transmitters
located close to each other can cause severe mutual interfer-
ence and hence need to be scheduled for more stringent chan-
nel access, while the ones located far away from their
neighbors can access the radio channel more frequently.

3.2.2 Examples

Below, we illustrate the proposed scheme via a few examples
to better understand the results of the theorem. To keep the
results intuitive, we limit the example stopping sets to be
disk-based, but note that the framework is quite versatile and
can accommodate more general situations, e.g., with stopping
sets being the irregular extended cells [36].

a) S =(: When transmitters have no topological infor-
mation about their neighbors, the scheduling policy
shall be assigned as a universal constant. Using
results from Theorem 1, we have ng(X;) =1,Vi € N.
This can also be recognized by the fact that the aver-
age link throughput

¢ 2w Angvdv
0r,, ~ 1 — s
E [yoito] = nsexp (—/0 W),

monotonically increases with respect to ng. Thus, the
best strategy is to set ng = 1 at every transmitter.

b) S = B(0,]||y||): Here, for a generic transmitter j, y.
denotes the nearest receiver that node j generates
interference to. This corresponds to the scenario
where S is a random stopping set. By solving (15),
the scheduling policy takes the following form:

SRR S 7% oy ( CE P G
M({lyell) 2T ATre M(llyel*
where M(||y.||) is given as
< 2m\vdv
Ml = [ 2
(Ilyell) o 14 v T

o S = B(0, R): In this example, each transmitter knows
the location of receivers in a disk of radius R cen-
tered at its location, with R > 0. Note that such stop-
ping set is a deterministic set. The proposed policy
can thus be attained by solving

1 Avdv

DD e S
= e +27T/ o o
s o< ff<nll+1 - ng r LA /Tr

The effectiveness of the proposed protocol will be amply
illustrated by numerical examples in Section 5. Before that,
we would like to present a few quantitative results to assess
the performance of the developed scheme.
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4 PERFORMANCE ANALYSIS

In this section, we derive analytical expressions to charac-
terize the stochastic behavior of several network statistics
when the proposed scheme is employed. Specifically, we
analyze the distribution of channel access probabilities
resulted from our proposed scheduling policy, the condi-
tional transmission success probability, and the mean value
of Peak Aol. For better readability, most proofs and mathe-
matical derivations have been relegated to the Appendix,
available in the online supplemental material.

4.1 Distribution of the Scheduling Policy

Due to randomness in the node locations, information
observed from the stopping sets varies from different trans-
mitters and so does the schedulmg policy. Hence, the chan-
nel access probability, ¥ = ng(0x®@, 0xP), at a generic node
1 is a random variable whose behavior can only be captured
by the distribution. In the following, we derive the analyti-
cal expressions for the distribution of such a quantity.* To
maintain the computational complexity at a reasonable
level, we constrain the stopping sets to take deterministic
forms, though a generalization to random sets is straightfor-
ward (cf. Remark 3).

Theorem 2. Given a deterministic set S and 0 < k < 1, the
complementary cumulative distribution function (CCDF) of
the channel access probabilities resulted from the proposed
scheduling policy has the following expression:

1 +o0 ] eja)(lfl/'(K.S)) -1
Plng > «) = o— / Lyxs) (jo) —————do,

21 ) o Jw
)
and when k = 1, the following holds:
P(ng =1) =P(U(1,5) < 1-V(1,9)), (18)

where j = \/—1, the quantities U(k, S) and V(«, S) are respec-
tively defined as

K X{yiesy

Uk, 8) =) T (19)
yied T;*" +1-
Akdz
V(. S) = / _Awdz 20)
i) = feors TH Tl T

whereas Ly s)(s) is the Laplace transform of U(k, S), given
by

7)\f5 |:17exp( 7“ e K)TTO’):|dZ

;Cu(,(b*) (6) =€

Proof. See Appendix C, available in the online supplemen-
tal material. ]

The accuracy of this theorem will be verified in Fig. 4 in
Section 5. A few important remarks are in order:

4. From now on, we use g to denote both the scheduling policy and
the resultant channel access probability at a generic node when that
does not cause ambiguity.
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Remark 4. Due to condition (16) and the PPP model, the
event ng = 1 takes a non-zero probability. In particular,
we have P(ng = 1) — 1 under the following scenarios:

a) A —0,ie, the network is sparse,

b) |S| — 0, i.e., the observation region is very small,

¢ r—0, ie, the received signal power is very
strong.

Remark 5. While the above result is derived under deter-
ministic stopping sets, it also holds for random stopping
sets by first conditioning on S and then averaging on it.
Furthermore, an approximation also follows by replacing
S by adisk S = B(0, R) where R = \/E[S]/x.

4.2 Transmission Success Probability and Stable
Condition

We next deal with the distribution of the conditional trans-
mission success probability, u®, as defined in (4).° Tt is
worthwhile to mention that although we leverage the domi-
nant system in Section 3 to devise the scheduling policy,
the analysis presented in this section is conducted upon the
original system which does not assume full buffer at the
transmitters.

To begin with, because the scheduling policy is con-
structed via stopping sets, as given by Theorem 1, it is inevi-
tably correlated with the distances to the neighboring
transmitters. The following result captures such behavior.

Lemma 4. Given the distance between the typical receiver and a
generic transmitter j as || X; —yo|| =1, the probability that
transmitter j can be scheduled for channel access is given by the
following

P(v; = 1[¢; = L | X; — woll = 1) = 2(1*/Tr*)
1 o jo(1-V(eS)~—Harra)
= L j dwdk.
/0 J U(k,S) (jo) o WaK

(21)

Proof. See Appendix D, available in the online supplemen-
tal material. 0

The function Z(-) from the above characterizes the rela-
tionship between the channel access probability and the dis-
tance from the typical receiver to a generic interfering
transmitter. As illustrated in Fig. 3, we can see that transmit-
ters located close to the typical receiver will have a rela-
tively small channel access probability in order to reduce
the mutual interference, while such active probability
asymptotically converges to a global constant, i.e., E[ng], as
the distance increases.

Next, we derive the analytical expression for the distri-
bution of the conditional transmission success probability
1y Note that there are still two issues associated with the
analysis: i) due to interference, the active state, iy at
each transmitter j is correlated with each other and varies
over time, and ii) there may exist common transmitters
seen by the same receiver from one time slot to another,
which introduces temporal correlation. The interaction

5. In the following, we will drop the time index ¢ from the subscript
as we are dealing with the situation under steady state.
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Fig. 3. The value of function Z(-) versus the distance to an interferer
located at X;: the system parameters are set as o = 3.8, T =0 dB,
r=25A=10"% and S = B(0, R) where R = 200.

among queues, together with the temporal correlation,
incurs memory to the service process and can highly com-
plicate the analysis. Fortunately, such dependency of
neighborhood queueing status becomes relatively weak at
the macroscopic scale, which motivates the following
assumption [31]:

Assumption 1. The temporal correlation of interference has a
negligible effect on the transmission success probability. We
thus assume the typical receiver sees almost independent inter-
ference at each time slot.

Assumption 1 is commonly known as the mean field
approximation, which ignores the spatiotemporal correlation
between the buffer states of interfering nodes. And based
on this approximation, it is reasonable to assume that the
service rate at all transmitters follows i.i.d. distribution in
the steady state.

Armed with the above preparation, we are now ready to
present the distribution of conditional transmission success
probability.

Theorem 3. In a wireless network with every transmitter adopt-
ing the scheduling policy as per Theorem 1, the CDF of the con-
ditional transmission success probability at the typical link can
be tightly approximated by equation (22) at the top of this page,
where § = 2/, and Im{-} denotes the imaginary part of a com-
plex variable.

Proof. See Appendix E, available in the online supplemen-
tal material. 0

Notably, the effect of queueing interaction on the SINR is
characterized by the fixed-point functional equation in (22).
Besides, (22) can be solved via an iterative approach, and
low-computational-complexity approximation is available
to boost up the convergence speed [27].

Motivated by the important role it plays in the network
performance assessment, we further provide the first
moment of ug’, i.e., the transmission success probability [21]
as an immediate byproduct of Theorem 3.

Corollary 1. The transmission success probability is given by the
solution of the following fixed-point equation

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 20, NO. 6, JUNE 2021
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P(SINRy > T) = E[ug]
¢

T ‘ OOInin{ S Z(uf)}
=exp i —)\JTTZTB/ Eliy) 3 du
p 0 1+ w2

(23)

)

where Z(-) is given in (21).

Proof. By taking an expectation of (5) with respect to the
random measure ®, we have the transmission success
probability given as

et - 5o

P, D
%Y
o o
L\ e

e N /OOE [a,y,]2xdz
= € —_ — — ATl _—
P P o Ll4ae/Tre )

where E[a,y,] is the active probability of a transmitter
located at z, given by

Elayy,] =Z I—a)min %,1
la.y,] <Tr01 {E[Mgp]z(%) } o5

‘mm{E[iﬁ]’Z(%)}'

The result then follows from substituting (25) into (24)
and manipulating with further algebraic operations. O

(24)

Using the above result, we give a condition for the net-
work to be stable.

Corollary 2. In order to maintain the queueing stability of the
network, packet arrival rate shall satisfy the following

1
£< E[ug’}/ P(ng > k) dk. (26)

0

Proof. By using Loynes’ theorem [39] to the Geo/G/1
queue at the typical link, we have

¢ <Elngug]. (27

Since ng is constructed under the dominant system, it is
thus independent of 1. As such, by individually taking
expectations to the two random variables on the right
hand side of (27), the result follows. m|

4.3 Peak Aol

We finally obtain the expression for the peak Aol, which
characterizes the freshness of information delivery in the
wireless network.
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Theorem 4. If every transmitter makes its transmission decision
according to Theorem 1, the peak Aol achievable at the typical
link can be computed as

Ap:l_|_ /1/1 1-¢ F,(du)F,(dv) (28)
€ ) Joyw—e n
ol 1€ 29)

T & Eng]E[ud] - ¢

where F,(-) and F,(-) = 1 — F,(-) are given by (22) and (17),
respectively.

Proof. With the stable condition being satisfied, taking an
expectation on both sides of (7) yields

D 1 1_€
gl tebtat > ] oo

The expression in (28) then follows from substituting (17)
and (22) in Equation (30). ]

Equation (28) quantifies how all the key features of a wire-
less network, i.e., interference, scheduling policy, and spatially
queueing interaction, affect the Aol. Several numerical results
based on (28) will be shown in Section 5 to give more practical
insights into the optimization of Aol in a wireless network.

5 SIMULATION AND NUMERICAL RESULTS

In this section, we verify the accuracy of our analysis
through simulations and evaluate the effectiveness of the
proposed scheduling policy. Particularly, during each simu-
lation run, we realize the locations of the transmitters and
receivers over a 10 km” area via independent PPPs. The
packets arriving at each node are generated according to
independent Bernoulli processes. We average over 10,000
realizations and collect the statistic from each communica-
tion link to finally calculate the peak Aol. Unless differently
specified, we use the following parameters: o = 3.8, £ = 0.3,
T =0dB, Py = 23.7dBm, 0> = —90 dBm, and A = 10~*m2.
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deterministic stopping set S = B(0, R), with R = 200: the transceiver
distance is r =50, and we vary the packet arrival rate as ¢ = 0.05,
0.1,0.3,0.5.

5.1 Validation of Analysis

Fig. 4 depicts the CDF of the scheduling policy under different
network densities. We first note the close match between the
analysis and simulation results, which validates the analysis
in Theorem 2. We further observe that as the spatial density
increases, the scheduling policy reduces the channel access
probability at different transmitters to keep the mutual inter-
ference at a low level. In this manner, our scheme is able to
adjust the access of the radio channel according to the change
of the spatial topology.

In Fig. 5, we compare the simulated CDF of the conditional
transmission success probability to the analysis developed in
Theorem 3 for various values of the packet arrival rate &. First,
the results show a good match for all values of £, which verify
the mathematical analysis. Next, we can see that an increase
in the packet arrival rate defects the conditional transmission
success probability, or equivalently, service rate, in a non-lin-
ear manner. Specifically, the service rate declines rapidly as
the traffic condition changes from low (£ = 0.05) to medium
(¢ = 0.3) regime, while the trend slows down as the packet
arrival rate further goes up ({£ = 0.5). This mainly amounts to
the composite effect of the temporal variation: in the light traf-
fic condition, when the packet arrival rate goes up, the
accrued packets at each buffer will incur additional transmis-
sion attempts. In consequence, more transmitters are acti-
vated and they together raise the interference level. As a
result, the received SINR at each node decreases and the
active duration of transmitters is then prolonged, which in
turn defects the service rate across the network. In the heavy
traffic regime, however, as the majority of the queues are
already saturated, the additional activated transmitters can-
not largely change the interference, and thus the descent of
conditional transmission success probability is leveled off.

5.2 Performance Evaluation

We now compare the proposed scheduling scheme with local
observation from a deterministic stopping set to that with no
available local information, i.e., S = ¢ (in which case, ng = 1,
Vj € N) in Fig. 6. From this figure, we immediately note an
optimal packet arrival rate exists for both cases due to a trade-
off between update frequency and the incurred delay. More-
over, the figure also shows that once armed with sufficient
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Fig. 6. Peak Aol versus packet arrival rate: r = 25, with deterministic
stopping set S = B(0, R), where R = 100.

local information, the proposed scheduling method is able to
maintain the Aol at a low level for a wide range of packet
arrival rates, demonstrating its effectiveness in optimizing the
information freshness in wireless networks.

Fig. 7 further shows the peak Aol per packet arrival rate
under scenarios with no available local information, i.e.,
S = ¢, and that with different forms of stopping sets. In par-
ticular, we consider the stopping set taking both determin-
istic form, i.e., S = B(0, R) with R being a constant, and
random form, i.e., S = B(0, R,), where R, denotes the dis-
tance to the pth closest receiver from a typical transmitter.
The figure carries multiple consequential messages:

e In spite of suffering an SINR degradation, the pro-
posed scheduling policy greatly improves the peak
Aol compared to that without local information. The
gain is especially remarkable in the regime with low
to moderate packet arrival rates, in which the pro-
posed scheme reduces more than half of the peak
Aol This is mainly because this is the regime where
the SINR rapidly degrades while only a few packets
are accumulated in the buffer, and hence if transmit-
ters can tolerate certain increments in the queueing
delay and control their channel access frequency, the
SINR can be greatly boosted up at each node which
leads to a much shorter transmission delay.

e Aslong as the similar amount of local information can
be extracted to make the transmission decision, there
is little difference in the performance gain attained
from using deterministic or random stopping sets.
This observation implies that it is the amount of infor-
mation that matters to the design of a scheduling pol-
icy rather than the specific shape of the observation
window, which is in line with Remark 3.

e In both instances, the performance of the proposed
scheme is shown to be enhanced through expanding
the observation region, i.e., by increasing the radius of
the deterministic disk (Fig. 7a in this case) or directly
counting in more geographical neighbors (Fig. 7b in
this case). Theoretically, such expansion can keep
increasing indefinitely to make the performance of our
local scheduling policy ultimately reach that of a central
controller, while practically, the gain from extending
the observation window is marginal compared to the
additional complexity and is thus not desirable.
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Fig. 7. Peak Aol versus packet arrival rate: » = 100, (a) peak Aol as a
function of &, for deterministic stopping set S = B(0, R), (b) peak Aol as
a function of ¢, for random stopping set S = B(0, R,).

e Nevertheless, note that even availing the transmitters
with information from one or two neighbors, it is able
to tremendously reduce the peak Aol by using our
proposed scheduling scheme. This observation dem-
onstrates the practical effectiveness of our approach.

Fig. 8 depicts the peak Aol as a function of the spatial density

for scenarios with and without local observation in the schedul-
ing policy design. This figure not only illustrates how network
densification affects the information freshness, but also high-
lights the critical role played by the scheduling policy. We
hence conclude the observation into the following takeaways:

e The peak Aol always increases with respect to the
spatial density, since densifying the network inevita-
bly entails additional interference, thus the SINR is
defected and it further hurts the transmission quality
across network.

e By employing the locally adaptive scheduling policy
at each transmitter, the peak Aol undergoes a sub-
stantial discount and the gain is more pronounced in
the dense network scenario. This is because the inter-
ference between neighbors becomes more severe
when their mutual distance is reduced, and hence
adequately scheduling the channel access patterns of
transmitters can prevent interference from rising too
quickly and maintain the peak Aol at a low level.

e  When adopting a deterministic stopping set, the pro-
posed scheduling policy benefits more from network
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densification. The reason comes from the fact that by
fixing the size of the observation window, informa-
tion from more neighbors can be taken into account
when the spatial density increases, thus allowing a
transmitter to assert better response. Such observa-
tion is also inline with the above discussion.

6 CONCLUSION

In this paper, we conducted an analytical study on the design
of a scheduling policy that optimizes information freshness in
wireless networks. We proposed a decentralized protocol that
allows every transmitter to make transmission decisions based
on the observed local information. Using the concept of stop-
ping sets, we encapsulated the local knowledge from individ-
ual nodes in the analytical framework, and derived tractable
expressions to characterize the stochastic behavior of our pro-
posed scheme, as well as quantified its effectiveness in terms
of peak Aol. Numerical results showed that while the link
throughput is generally affected by the packet arrival rate, our
proposed scheme managed to adapt the transmission to the
traffic variation and hence largely reduced the peak Aol. More-
over, the scheme has also been shown to adaptively adjust
according to the geographical change of the ambient environ-
ment and thus scales well as the network grows in size.

By combining queueing theory with stochastic geometry,
the developed framework bridges the gap between the
abstract service model-which is widely used in the existing
Aol literature—and the physical transmission environment.
It thus enables one to devise fundamental insights on the
impact from both spatial and temporal aspects of a network
on the information freshness. The model can be further
applied in the design of scheduling schemes in wireless sys-
tems under different queueing disciplines, or with multiple
sources as well as multi-hop routings. Investigating up to
what extent a non-binary power control can improve Aol is
also regarded as a concrete direction for future work.
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