. mathematics

Article

Modeling DECT-2020 as a Tandem Queueing System and Its
Application to the Peak Age of Information Analysis

Dmitry Nikolaev 12

and Yevgeni Koucheryavy !

W) Check for updates

Academic Editors: Leonid Piterbarg
and Steve Drekic

Received: 2 November 2025
Revised: 2 December 2025
Accepted: 20 December 2025
Published: 4 January 2026

Correction Statement: This article
has been republished with a minor
change. The change does not affect
the scientific content of the article and
further details are available within the
backmatter of the website version of

this article.

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Anna Zhivtsova

12+, Sergey Matyushenko 2(7, Yuliya Gaidamaka >3

Telecommunications R&D Institute, HSE University, Tallinskaya Str. 34, Moscow 123458, Russia;
dinikolaev@hse.ru (D.N.); ykoucheryavy@hse.ru (Y.K.)

Department of Probability Theory and Cybersecurity, Peoples’ Friendship University of Russia

(RUDN University), Miklukho-Maklaya Str. 6, Moscow 117198, Russia; matyushenko-si@rudn.ru (S.M.);
gaydamaka-yuv@rudn.ru (Y.G.)

Federal Research Center “Computer Science and Control” of the Russian Academy of Sciences

(FRC CSC RAS), 44-2 Vavilov Str., Moscow 119333, Russia

*  Correspondence: azhivtsova@hse.ru

Abstract

The Peak Age of Information (PAol) quantifies the freshness of updates used in cyber-
physical systems (CPSs), realized within the Internet of Things (IoT) paradigm, encompass-
ing devices, networks, and control algorithms. Consequently, PAol is a critical metric for
real-time applications enabled by Ultra-Reliable Low Latency Communication (URLLC).
While highly useful for system evaluation, the direct analysis of this metric is complicated
by the correlation between the random variables constituting the PAol. Thus, it is often eval-
uated using only the mean value rather than the full distribution. Furthermore, since CPS
communication technologies like Wi-Fi or DECT-2020 involve multiple processing stages,
modeling them as tandem queueing systems is essential for accurate PAol analysis. In this
paper, we develop an analytical model for a DECT-2020 network segment represented as a
two-phase tandem queueing system, enabling detailed PAol analysis via Laplace—Stieltjes
transforms (LST). We circumvent the dependence between generation and sojourn times
by classifying updates into four mutually exclusive groups. This approach allows us to
derive the LST of the PAol and determine the exact Probability Density Function (PDF)
for M|M|1 — M|M]|1 system. We also calculate the mean and variance of the PAols and
validate our results through numerical experiments. Additionally, we evaluate the impact
of different service time distributions on PAol variability. These findings contribute to
the theoretical understanding of PAol in tandem queueing systems and provide practical
insights for optimizing DECT-2020-based communication systems.

Keywords: peak age of information; PAol; information freshness; cyber—physical system;
DECT-2020; automatic control; Internet of Things; tandem queueing system; queueing
theory; probability distribution; Laplace-Stieltjes transforms

MSC: 60K20; 60K30; 68M20

1. Introduction

The Internet of Things (IoT) is one of the most significant areas of technological devel-
opment, built on three main components: devices, networks, and controls. This complex
system requires not only the development of each component but also the evaluation of
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conditions for their coexistence. A critical aspect of this task is assessing communication
networks regarding the feasibility of control implementation. Since control decisions rely
heavily on device feedback, the relevance and timeliness of this information are paramount.
As information relevance depends on delivery speed and reliability, careful network-level
analysis is required for various systems.

The Age of Information (Aol) has been proposed as a formal metric to evaluate update
freshness [1]. In continuous-time systems, the Aol is defined as the time elapsed since the
generation of the last successfully delivered update. Additionally, the discrete-time process
formed by the local maxima of the Aol is analyzed to evaluate the delivery timeliness. This
metric, known as the Peak Aol (PAol), is defined as the sum of the inter-arrival time and
the sojourn time for each update [1]. By exploring the Aol and PAol], it is possible to assess
the freshness of the information and optimize the network to ensure timely updates.

A leading recent technology enabling URLLC for energy-efficient devices using
machine-type communication (MTC) is Digital Enhanced Cordless Telecommunications
New Radio (DECT-2020 NR), developed by the European Telecommunications Standards
Institute (ETSI) [2]. The DECT-2020 is designed to operate over a mesh topology with
multi-hop transmission. It is applicable in scenarios such as Vehicular Ad Hoc Networks
(VANET) [3,4], Maritime Wireless Networks (MWN) [5], professional audio systems [6],
and so on [7,8].

Specifically, we model the network layer behavior of a DECT-2020 link, abstracting the
underlying TDMA frame structure and HARQ mechanisms into stochastic service times.
A detailed mapping of these system features to the queueing model parameters is provided
in Section 3.

Consequently, a tandem queueing model is an effective representation of such systems,
as updates traverse multiple processing stages before reaching their destination. In this
paper, we focus on analyzing the PAol in a tandem queueing model. Specifically, we
study the M|M|1 — M]|M|1 system, characterized by Poisson arrivals and exponential
service times.

The research problem addressed in this paper is the derivation of the exact distribution
properties (LST and moments) of the Peak Age of Information in a two-phase tandem
network with random service times and the quantification of how service time variance
affects information freshness.

The primary contribution of this work includes the following:

* A detailed theoretical framework for computing PAol using Laplace-Stieltjes trans-
forms (LST), accounting for four mutually exclusive events based on the state of the
system at the arrival of an update.

*  Derivation of analytical expressions for PAol in the exponential case, specifically
moments of PAol.

The remainder of this paper is organized as follows. Section 2 reviews the recent
advances in Aol and PAol analysis for tandem queueing systems. Section 3 formalizes
the mathematical model. Section 4 details the proposed PAol framework and underlying
theorems. This framework is applied in Section 5 to derive the PAol LST for the exponential
two-phase tandem system, followed by the derivation of moments in Section 6. Numer-
ical analysis is presented in Section 7, and the paper concludes with a discussion in the
final section.

2. Tandem Queueing System Related Work

The analysis of Aol in tandem with multiple exponential queueing systems with queue
capacities equal to 1 was established by Kam and Molnar [9], who derived expressions for
the average Aol using a stochastic hybrid systems (SHS) model. Their work revealed the
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dependence of Aol metrics on the number of queues and service rates, providing guidelines
for minimizing the Aol in such configurations. SHS was also employed in [4] to assess the
average Aol in an M|M|1|1 — M|M]|1|1 network representing a VANET system.

Later, Kam [10] derived the mean Aol for an exponential tandem system with two
infinite-capacity queues and equal service rates using a graphical approach. The same
system is used in [3] as a VANET model. Here, the authors also utilize a graphical approach
to obtain the average Aol.These results provide deep insights into VANETS, as the model
incorporates wireless signal propagation and device placement parameters. Sinha et al. [11]
expanded on these ideas by introducing a recursive framework to calculate the PAol in
tandem systems with memoryless arrivals, variable service policies, and bufferless servers.
This work highlighted the impact of preemptive and non-preemptive service disciplines
on PAol.

Recent studies have explored more nuanced aspects of tandem queueing systems.
Chiariotti et al. [12] investigated PAol distributions in tandem queues M|M|1 — M|M|1
and M|M|1 — M|D|1, emphasizing the relevance in satellite communication systems
with relay nodes. Their results provided insights into the probabilistic characteristics of
PAol, extending beyond the mean values. Another notable contribution is by Koukout-
sidis [13], who examined the Aol in overtaking-free networks of quasi-reversible tandem
queues, deriving expressions for multiple M|M|1 First-Come-First-Served (FCFS) systems.
Champati et al. [14] considered a tandem of multiple FCFS queues with constant update
generation times and independent random service times. The authors examined the Aol
violation probability and optimized its upper bound. In [15], the unreliable exponential
tandem queueing system and the tandem of unreliable bufferless services with a general
distributed service time were considered. For both models, the authors obtained the LSTs
of the Aol by deriving them from the LSTs of the sojourn times.

Studies [16-18] consider featured tandem systems that capture an edge computing-
enabled network. Specifically, the authors of [16] assume that the first stage of processing
corresponds to computing and is carried out by a power-efficient and, hence, unreliable
server. The second stage relates to transmission. It is executed for updates that do not
exceed the deadline, and the buffer, where such updates are stored, has a unit-capacity.
In this study, the input flow is assumed to be Poisson, the service time for the first stage
is generally distributed, and the service time for the second stage follows an exponential
distribution. The authors derive the average Aol and PAol, and optimize the update
deadline value.

The authors of [17,18], on the other hand, let the first server stage represent the
transmission from the end device to the fog/edge server, and the second stage corresponds
to the computing service. They also assume Poisson arrivals, exponentially distributed
service times, and unlimited FCFS queues. As an additional feature, the authors of [18]
consider a scenario in which the end device does not generate updates if the current one is
not being transmitted. Moreover, they analyze a system with additional input for the second
stage. The authors examine a timeliness of information metric, which is defined similarly
to the Aol. They propose a framework for timeliness of information minimization by
optimizing the task generation, bandwidth allocation, and computation resource allocation.

In [17], a model of partial computation is examined in which packets are processed
partially on end devices and partially on edge servers. The study considers multiple sources,
single transmission unit, and multiple receivers, where the last processing is performed.
The authors derive the mean Aol by combining a graphical approach with a method that
involves dividing packets into mutually exclusive groups; in the present paper, a variation
of this method is used. They then optimize the fraction of processing performed on the end
devices to minimize the mean Aol
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This review highlights the importance of Aol and PAol analysis in exponential tandem
queueing systems, which model a wide range of communication networks. However,
most existing works focus on average characteristics rather than full distributions, such as
Cumulative Distribution Functions (CDFs), which are necessary for flexible optimization
and more nuanced performance insights. Addressing the PAol PDF in an M|M|1 — M|M]|1
queue tandem will expand the range of available tools for system analysis and provide
insights into the performance of state-update systems with two-stage processing.

3. Model Formalization

We consider a system in which every update consecutively passes through two sequen-
tial service phases, denoted as phase 1 and phase 2. In phase j (j = 1,2), an update waits in
an infinite-capacity FCFS queue before being processed for an exponentially distributed
service time Bj, with CDF B;(t) and LST B;(s). We assume that the inter-arrival time of
updates, denoted by G, is exponentially distributed with CDF G(t) and LST «(s). Hence,
we note that each phase is a queueing system M|M|1, and we illustrate the considered
tandem in Figure 1.

B (t) B (t)

= 11O O
—_— —_—

Phase 1 Phase 2

Figure 1. Tandem queueing system M|M|1 — M|M]|1.

For the analysis of the system, we will use the following random variables.

*  W;: the waiting time experienced by an update in phase j, with the CDF W;(t) and
LST wj(s).

e W;: the waiting time in phase j, conditional on the server being busy on arrival of the
update, with CDF W](t) and LST @;(s).

*  Tj: the sojourn time (total time spent) in phase j, defined as T; = W; + B;; its CDF and
LST are denoted as T;(t) and 6;(s), respectively.

. T] the sojourn time in phase j, conditional on the server being busy upon the update’s
arrival, with CDF T;(t) and LST 6;(s).
The purpose of the paper is to examine the PAol Z, defined as the sum of the generation

and sojourn times of an update, i.e.,

The primary challenge in direct PAol analysis is the dependence among its components
G, T1, and T, [1]. To overcome this, we analyze the conditioned PAol for four mutually
exclusive update groups and combine them using the Law of Total Probability.

To justify the applicability of the M|M|1 — M|M|1 model to the DECT-2020 NR
system, we consider the abstraction of the physical and MAC layer processes shown in
Table 1.

While the physical medium is time-slotted, the variations in channel quality, retrans-
missions (up to several frames), and scheduling wait times result in a randomized ser-
vice interval at the application layer, which we approximate as exponential for analyti-
cal tractability.

https://doi.org/10.3390 /math14010186


https://doi.org/10.3390/math14010186

Mathematics 2026, 14, 186

50f22

Table 1. Mapping DECT-2020 features to mathematical model.

DECT-2020 Feature Model Assumption Justification

At the network layer,
the aggregation of
TDMA frame (10 ms) with . . asynchronous packet arrivals
. . Continuous time server
dynamic slot allocation and random resource access
behaves as a continuous
server with variable rate.

The exponential distribution
provides a maximum-entropy

HARQ retransmissions Exponential service time approximation for service
times with positive support
and known mean.

Data traverses the Fixed
Termination (FT) node before
reaching the sink, creating a
sequential service chain.

Mesh routing (multi-hop) Tandem queue

4. Conditioned PAol Framework

Let the number of updates in the j-th phase be denoted by n;, j = 1,2, and introduce
four outcomes indicating the state of the server (idle or busy):

. (1)

wgy’: The first server is idle, i.e., there are no updates in the first phase (1; = 0).
The probability of this event is P{wg ) } = 71((]1).

. cu;l)g: The first server is busy, meaning that there is at least one update in the first

phase (n; > 1). The probability of this event is IP’{(U;UQ} = 71(211) .

. wg ): The second server is idle, i.e., there are no updates in the second phase (1, = 0).
The probability of this event is ]P’{w(@2 ) } = 71((]2) .

. w;z)@: The second server is busy, meaning that there is at least one update in the second

phase (12 > 1). The probability of this event is P{wgz} = 77(221) .
We categorize the updates into mutually exclusive groups based on the system state

observed upon arrival at the corresponding phases:

1.  Updates observing both servers busy upon arrival to the appropriate phase, i.e., up-

1) (2)

dates observing state (or event) Ay, implying outcomes w_,;, and w_ .

2. Updates observing server 1 busy and server 2 idle, i.e., updates observing state (or
event) Ay, implying outcomes w;ll)z and wg ),

3. Updates observing server 1 idle and server 2 busy, i.e., updates observing state (or
event) Az, implying outcomes w(gl ) and wgi)a.

4.  Updates observing both servers idle, i.e., updates observing state (or event) Ay,
implying outcomes wg ) and wg ),

We denote by Z; the PAol for updates from the i-th group, and we denote its LST by
zi(s). For PAol calculations, the four mutually exclusive events A;,i = 1,...,4, each leading
to corresponding combinations of outcomes wg) and wga, require separate consideration
of the conditional probability distributions for the busy and idle server states. For these
considerations, we will use the previously introduced random variables for the waiting
time Wj and the sojourn time T] of an update in the j-th phase, conditional on the server

being busy.
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The conditions for an update to observe states (events) A1—Aj4, together with the

conditioned PAol formulas, are described in Table 2 and illustrated in Figure 2.

Table 2. PAol for different update groups.

G+Bi>Th+T

Observed PAol for Updates LST of PAol for
Condition That Observed This Updates Observed
States (Event) .
Event This Event
A1 Gngal’ldBlgTz 21=G+T1+T2 Zl(())é:()QZ()
A, G<TiandBy>T» Zy=G+T +B, ((s)g:()m()
G > Ty and o 2 z3(s) =
4 G+Bi<Ti+T,  AZCFTB+R ()6 (5)s0s)
Ay G > T, and Zy =G+ B+ B (‘)3:() 2(s)

a(s)

n—1 tn n
t T1 ___________ >
Tn—l H H
_____________ LY BY : (Al) = P{G" <T" L gr<Tnr 1} | Atrival instant of the
Q 1 N t"| n-th update for the 1st
—> phase
A leid 7'1n71 T1 Bg AArrival instant of the n-
1 Tzn -1 7'2" | th update for the 2nd
Y 2 (—J— >t 1 [phase (end of service at]
Q- TZH_I" g N the 1st phase)
(DU S e
e 2. P .' " e oEomomoEow Departure instant of the
¢l tn " 77| n-th update from the
: 1 2| system (end of service
B n n— 1 Y
Tln—l (AZ) = P{G < T on the 2nd phase)
"""""""""" " B;‘ B" > T" 1} Time between
Q1 f A generation of (n-1)-th
gf_/' 1 n >t and n-th updates
A feld 71 71 e 1 T
n
2 3 2,L 2 T2 B Service time of the n-th|
1 Y > 1 J|update at the j-th phase
QZ BY=T
A I - Ty
n-1 tn J | update at the j-th phase]
G" n el Time axis
(€ e > P(4;) = P{G" > ", 0 corresponding to the j-
71 Bfll = Tln n n n—1 n-1 J|  th phase (and j-th
Ql i A G" + Bl < Tl + T2 } queue)
>t
A T1n71 G" — Tn—l + 3111 Tln B Upon arrival instants t
3 1 N no1 2 n A phases, an update
Y Ty r—J—? ¢ Ihbserves both servers td
QZ : T"71 > be in a busy states
E( __________________ 2 [Upon arrival instants to|
! phases, an update
e n: Pt n A2 observes 1st server to
t G t be in a busy state and
L R E LR EEELLEEREE P(A4) = P{G” > Tlnfl’ 2nd in an idle state
n—1 n __ mn Upon arrival instants to
Q Tﬁ By I Ti G" + Bt > T{kl + T2n71} phases, an update
1 > ¢ A3 observes 1st server to
Tn—l T be in an idle state and
A4 1 T2"71 7—2"’1 1 g = T2" n 2nd in a busy state
v—J—l \ T2 > ¢ Upon arrival instants to|
' n n—1 n g phases, an update
Q2 <-- G ..... Tl R l+ Bl - l A4 observes both servers
! to be in an idle states

Figure 2. Example of a tandem queueing system M|M|1 — M|M]|1 realization for four different

events that form an exhaustive events.

To clarify the classification of updates into these four groups, we present the decision

logic in Figure 3. This tree illustrates how the state of the servers observed by an arriving

update determines the specific PAol components.
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Incoming Update
Generated

Is Server 1
Busy?

Is Server 2
Busy?

Is Server 2
Busy?

Event A; Event A, Event Aj Event A4
(Busy, Busy) (Busy, Idle) (Idle, Busy) (Idle, Idle)

Zi=G+Ti+Th Zo=G+T+ By Zs=G+ By + Ty Z1=G+ By + Bs

Figure 3. Logic tree for classifying updates into four mutually exclusive events A;-Ay.

The probabilities of events A; are derived based on their conditions and the indepen-
dence of the involved random variables. Their detailed derivation is given below.

The derivation of these probabilities relies on the fundamental properties of tandem
M|M|1 queues. According to Burke’s Theorem [19], the departure process of the first stable
M|M|1 queue is a Poisson process with rate A. Consequently, the second queue behaves
as an independent M|M|1 system in equilibrium. Furthermore, Reich’s Theorem [20]
establishes that the sojourn times T; and T, of a customer in a tandem of exponential
queues are mutually independent. These properties justify the factorization of probabilities
involving Ty, T, and the service times.

For event A, where an incoming update finds both servers busy ({G < T;}, and
{B] S T2 ‘ G S Tl})i

p1=P{G<Ti} P{B1<T|G<Ti}.
Using the independence of G, Ty, T3, and By, this can be expressed as
p1 =P{G < Ty} -P{B; < Th}.
Then, evaluating P{G < T1 }
P(G<Ti)= [ P(G<T}d(Ti(h) = [ Glt)d(Ta(n))
and P{B; < T}
P(Bi < To} = [ P(Bi < 0} d(Ta(t2) = [ Bult2) d(Ta(t2)),

we obtain

= ctwdmen)- ([ B dn)

Finally, expressing G(t1) and Bi(t;) in terms of the probability density function (PDF),
we get

pL= '/Ow /Otl d(G(y)) d(Ti(t)) - ./O” ‘/O'tz d(By (1)) d(Ta(12)). )
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The remaining values p;,i = 2,...,4, can be obtained by applying the procedure
described above. Then, p; are calculated using the Formulas (3)—(5).

p=plast= [ ["acwyame)- [T [T amwdne), o
ps=Plast= [ [ [TdCu)dm@)dmw)- [T dnw), @

ytu—ty
p=rlag = [ [ [T dcunammnase) [T danw). ©

Now, combining all conditional PAol-obtained Z;, we obtain an LST of PAol Z in the
following theorem.

Theorem 1. The LST of PAol in the M|M|1 — M|M]|1 tandem queueing system is calculated
using the formula

4
z(s) = ) _ pizi(s), (6)
i=1
where z;(s) — LST of PAol for the updates observing event A; upon arrivals to queues, i =1,...,4.

It should be noted that the described framework can be applied in more complicated
networks, such as GI|GI|1 — GI|GI|1.

5. LST of PAol in M|M|1 — M|M]|1
To derive the LST of the PAol, we proceed as follows:

1.  Determine the conditional LSTs of waiting and sojourn times for busy/idle states
(Lemma 1).

2. Calculate the probabilities p; of the four mutually exclusive events A;—A4 (Lemma 2).

3. Combine these components using the law of total probability (Theorem 2) to obtain
the final closed-form expression.

In this section, we apply Theorem 1 to obtain the LST of the PAol in an M|M|1 —
M|M]|1 tandem queue and subsequently derive expressions for the PAol mean and variance.
To this end, we first find 9j, letting the rate of input flow be denoted by A and the service
times rates be denoted by p; and pup, respectively. We assume p; = A/y; < 1 and
p2 = A/u> < 1to ensure the system is ergodic and a stationary distribution exists. Recall
that the LSTs for generation and service times are given by

— 7
[X(S> /\ + S/ ( )
Hj .
i(s) = =1,2.
Bl = o =1 ®
The loads for each server are defined as
A
i = s j = 1/ 2/ (9)
Pj i J
where p; < 1 to ensure the stability of the system.
To determine éj (s), we utilize the following lemma:
Lemma 1. The LST of @;(s) is expressed as
) wj(s) — (1 —pj)
w;i(s) = A (10)

Pj

https://doi.org/10.3390 /math14010186
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Proof. Let the probability that there are k updates in the queue during the j-th phase

be 71,9 ). The previously introduced probability is that the server being busy in phase j

is ng)l = kgl nlgj ) = pj, while the probability that the server being idle is n(()j - 0;-

Consequently, the conditional probability fc,Ej ) that there are exactly k updates in the system
(M|M]|1 for phase j) during phase j, given that the server is busy, is given by

Ply=k ) (11)
1-P{n; =0}  p;

A7) _ — —

f)) =P{nj=k|nj>1} =

Note that fr(()j ) = 0, as it is impossible for the system to be empty under the condition that it
is busy.

The CDF W;(t) of the random variable W;, representing the waiting time in phase

j, can be expressed using the law of total probability and the unconditional probability

distribution nlgj ),k =0,1,...,as

Wi(t) = kz 7B (1), x>0, (12)
=0

where B;(k) (t) denotes the j-fold convolution of the service time distribution at phase j.
Consequently, the LST of W; is

[e9)

wi(s) = Y 7 (B(s))". (13)

k=0

Similarly, the CDF of W]-, representing the waiting time in phase j under the condition
of arrival to a busy system, can be expressed using the conditional probability distribution
A,E]),k =1,2,...,as

W) = k; B (1), x>0, (14)
and its LST is given by
o () (o) k
@;i(s) = Y ) (Bi(s)" = Y = (Bj(s)". (15)
k=1 k=1 P
From this, we derive
1& 1(& :
@j(s) = - o m (Bi(s) = - (2 ) (Bi(s))" - né”) = (16)
Pi k=1 Pi \k=o
1
= f(w](s) -(1- P]))
Pj

O

With the LST of the waiting time under the condition of arrival to a busy system
determined, the LST of the sojourn time under the same condition can be easily derived as

~

0i(s) = @;(s)B;(s)- (17)

As a result, for the exponential tandem queueing system, we obtain

https://doi.org/10.3390 /math14010186
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N KA R e\
w](s) - ,’l/l]—/\"‘s _9](5)/ 9](5) - ]/l]—)\+5 ]’lj'}_sl (18)

For implementing Theorem 1, we specify p;, i =1, ...,4 using the following Lemma.

Lemma 2. For the exponential tandem queueing system M|M|1 — M|M]|1, the probabilities of
events A;, i =1,...,4 defined by (2)—(5) have the form of

A Ap2 — A)

_ , - , 19
T | N Ty (19)
AMps — A — N+ —A) = A (g — A
py = A=) py= 2 =Mt =A) = AnGa =) o)

pa(p +H2 = A)’ pipa(p +p2 — A)
Proof. See Appendix A. [

Finally, we present the following theorem determining the form of the PAoI LST, z(s).

Theorem 2. The LST z(s) is given by

— _ 2
A ) 1231 A U2 A As ) (21)

— . 1
«(s) A+s pr—A+s pp—A+s <+(V1+S)(#2+S)(V1+#2—/\)

Proof. See Appendix B. O

Since the derived LST z(s) in Theorem 2 is a rational function of s, the Probability
Density Function (PDF) f(t) can be obtained exactly via the inverse Laplace transform.
We rewrite z(s) as a ratio of polynomials:

(22)

where the constant (), the numerator polynomial ®(s), and the characteristic polynomial
Y (s) are defined as

A = A) (2 — A)
0= pr+pp—A 23)
®(s) = (p1 +5)(p2 + ) (1 + p2 — A) + As?, (24)
Y(s) = (A4s)(u1—A+s) (2 —A+5s)(p1+5) (42 +5). (25)

The roots of ¥ (s) correspond to five distinct poles of the system:

{p}io = {-A —(u1 —A), — (2 — A), —p1, —pa2}- (26)

Using the Residue Theorem for distinct poles, the PDF is a sum of exponential functions:

5
fz(t) =Y Cee?, t>0. 27)
k=1

The coefficients (residues) Cj are calculated analytically by

. D (¢x)
Co = lim (s — Yoy . 28
k= Jim (s Pi)z(s) T (28)

This formula provides the exact distribution of PAol, enabling the direct calculation of tail
probabilities without numerical inversion.
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6. Moments of PAol

The moments of the PAol can be derived from its Laplace—Stieltjes Transform (LST),
z(s), using the standard moment-generating properties of the LST. The n-th moment is
given by
d’z(s)

E2") = (1" 5|

In particular, for the mean and the second moment, we have the following identities:
EZ] = -Z'(0),  E[z*] =Z"(0).

Using the expressions obtained, we can find the mean value of the PAol

A 1 1 1 1 1
Bz = (——— )+ +——+—+ +— )+ 29
Z] <M1+M2/\><)\ pri—A g g2 —A ﬂz) @)
Alpo — M) )(1 1 1 1)
+——= 2 ) (4 + =4+ =)+
(m(m 2 —=A)J\A =A@
M (11,
po(pr+p2—A)J\A i —A w1 w2
—A A=A “A\/1 1 1
+<#z(m )1+ 2 — A) = A (i )>(++ >_

pipa(p1 +p2 — A) A )
1 1 1

=<+ + :
A ]/11*/\ ]/12*}\

Next, we find the expression of the second moment, for which, we explicitly express
the derivatives of the PAoI LST z(s). The first derivative is expressed as

/ _ A ]/11—)\ ‘uz—)\ 1 1 1 )
26 = At A s\ Aas T ats T oAt
. <1+ As’ > _ A S(2V1V2+S(V1+V2))>
(m+s)(pa+s)(um+m—A)) m+u—A (p1+5)?(p2+s)?

and the second derivative will take the form

A m—A  up—A 1 1 1
Mgy — _ _ .
Z(s) /\+sy1—/\+sy2—/\+s< <A+s+y1—/\+s+y2—/\+s>

<1+ 1,1 )(1+ As? )_
Ats pr—A+s pp—A+s (H1+8)(u2 +8)(p1 +p2 — A)

3 A s(2u1p2 +s(p + p2))
p1tpa—A  (p1+5)2(pa +5)?

1 1
- <<A+s>2 e

) (1 A )+

(Hy — A +5)2 (m1+s)(p2+5)(u1 +p2 = A)

LA ( LS S ) S@2uapa+s(p +p2))
it —A|\A+s T —A+s  m—A+s (11 +5)2(u2 +5)?

(H1+8) (2 + ) (papa +5(p1 + p2)) — s(2papia +s(pa + p2)) (1 + p2 + 25)
(11 +8)*(p2 +5)4

The second moment E[Z?] of the PAol is expressed as

2(p1+5)(p2 +5)
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21 N _ _ l 1 1 1 ! ! -
E[Z°] = 2"(s)|,o = 1( </\+y1/\+y2)\ /\+y1*/\+ﬂ2*}\

1 1 1 A
(HO)O] B (/\2+(M1/\)2+ (ﬂz?\)2>(1+0)+u1+u2—7\'

1 1 1 A 233
-<+ + )~0— : @”42 :
A=A pup—A 1 +pp — A HiKs

Thus, we have the following expressions for the first and second moments of the PAol

in a tandem queueing system

1 1 1
ElZ] =+ + , 30
=3 pi—A  pp—A (30)
1 1 1 \* 1 1 1 21
E[Z?] = ( + + ) + =+ + + , 31
ZI=x pi—A g —=A) A (i =AP (= A2 (2 —A) D
from which, we can express the variance Var[Z] and standard deviation ¢ of PAoL
Var[Z] = E[Z2] — (E[Z])? = & + — ! 2 . 3

+ +
A2 (= A2 (m2— A2 mapa(pr +p2 —A)

‘ i \/AZ (i =A2 " (g2 —=A)P (i + p2 = A) )

As a quick self-check, we can examine the first two Taylor series terms of the LST z(s)
around s = 0. A Taylor expansion yields

2(s) =1~ E[Z]s + ;B2 + O(s%),

where E[Z] and E[Z?] are given by (30) and (31), respectively. Substituting the expressions
for E[Z] and E[Z?] confirms the consistency of our derived LST.

To minimize the average Peak Age of Information, we formulate the optimization
problem with respect to the arrival rate A, subject to the stability condition 0 < A <
min(p1, p2). The objective function is defined by Equation (30):

nkinE[z](A)=)1L+mlA+mlA. (34)
subject to

A>0, (35)

A < min(uy, uz). (36)

To find the critical points, we take the derivative with respect to A and set it to zero:

dE[Z] 1 1 1

— = =0. 37

TR G (- AP 7
Rearranging terms, we isolate the arrival rate component:
1 1 1

= =. (38)

Ga—A2  (m—AF 22
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Multiplying by A%(p; — A)?(u2 — A)? to clear the denominators yields
A2 = AP+ A2 (= A)? = (1 = AP (i = 1) (39)

Let S = pq + po, and P = pjpip. Expanding both sides reveals that the fourth-order terms A*
and the third-order terms —2SA3 on both sides cancel out. The resulting equation simplifies
to a depressed quartic polynomial:

A* —4PA? +2PSA — P2 = 0. (40)

Substituting back P = pjpp and S = py + o, the optimal arrival rate A* is the unique real
root of the following polynomial in the interval (0, min(pu1, y2)):

A — 4y o A? + 2p1 a1 + p2) A — i = 0. (41)

Special case (symmetric system): If the service rates are equal (4 = p2 = ), the condition
simplifies to 2A2 = (u — A)?, yielding the closed-form solution:

* K
AT = ~ 0.414p. 42
1+v2 ' “
This analytical result allows for precise system tuning without an exhaustive numeri-

cal search.

7. Case Study

Consider a two-hop wireless network based on DECT-2020, as shown in Figure 4.
We analyze the network performance by focusing on the update process of a Portable
Termination (PT) device. The PT generates updates according to a Poisson process and
packs them into Transport Blocks (ITBs) for transmission to a Fixed Termination (FT),
with the transmission time following an exponential distribution. The FT receives the
TBs and queues them for subsequent transmission to the sink, which also entails an
exponentially distributed amount of time.

Portable Termination (PT)
Sink ) Fixed Termination (FT)

Figure 4. Considered example of DECT-2020 network.

According to the ETSI standard [21], 60 TBs can be transmitted within a frame con-
sisting of 12 time slots. Assuming that there are six homogeneous PTs associated with the
FT, the mean transmission speed is 10 TBs per frame. Assuming the sink has two directly
connected FT devices receiving data from 6 PT devices, the average transmission rate on
the second hop is 5 TBs per frame. Therefore, we model the DECT-2020 network as an
exponential tandem queueing system with yq = 10 and yp = 5.

https:/ /doi.org/10.3390/math14010186
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These rates are derived from the standard’s frame capacity. With a maximum of
60 Transport Blocks (TBs) per frame:

*  Hop 1 (PT to FT): Six PTs share the channel. Assuming fair resource division, the ser-
vice rate is yq ~ 60/6 = 10 updates/frame.

*  Hop 2 (FT to Sink): The sink supports multiple streams. The reduced rate y = 5 up-
dates/frame reflects the effective throughput after accounting for backhaul contention
at the concentration point.

The numerical validation was performed using a custom discrete-event simulation
(DES). For each data point, the system was simulated for a horizon of T = 400,000 frames.
A warm-up period of 1000 frames was discarded to remove transient initial conditions.
The simulation parameters are summarized in Table 3.

Table 3. Simulation parameters.

Parameter Value

10 [upd/frame]

Service rate i (PT to FT)

Service rate py (FT to Sink) 5 [upd/frame]
400,000 [frames]

1000 [frames]

Simulation duration

Warm-up” period

To validate the analytical expressions, we conducted simulations in which the arrival
rate A was systematically varied to examine its influence on the system’s performance.
The first and second moments of PAol obtained from (30) and (31), respectively, are illus-
trated by solid red lines in Figure 5 along with blue circles representing the first and second
moment of PAol obtained from simulations. For each A value used in simulations, we
collect an empirical distribution of the PAol and demonstrate a percentile-based interval for
this distribution using vertical blue lines, so that 95% of the obtained PAol values are within
the bounds of the vertical line. The analytical model accurately captures the behavior of
the system. In particular, the mean PAol is estimated with a mean relative error of less than
1% and a maximum relative error of less than 5%. This agreement validates the theoretical
framework and highlights its robustness in predicting PAol under various load conditions.

Validation of Mean PAol

14 — Analytical Model 140 — Analytical Model
§  Simulation — §  Simulation
12 % 120
] g
E 10 £ 100
S S
N g T 80
[ =
] 5
x 6 £ 60
< =
2y 2 a0
3
(2]
2 20
0 0 1113z Il

0 1 2 3 4 5 0 1 2 3 4 5

Arrival rate A [updates/frame] Arrival rate A [updates/frame]

Figure 5. Validation of analytical models against simulation results: (Left) Mean PAol E[Z]; (Right)

second moment [E[Z?]. Error bars (vertical blue lines) indicate 95% percentile-based intervals, so that
95% of the obtained PAol/squared PAol values are within the bounds of the vertical lines.

As we mentioned earlier, the mean values without information about the deviation
allow for limited analysis. For example, we consider a “three-sigma interval” from E[Z]
to E[Z] + 307 in Figure 6, using (30) and (33). This interval serves as a metric for PAol
variability, covering approximately 99.7% of the probability mass if the distribution were
normal, and provides a heuristic bound for the tail behavior.
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N
o

—— Analytical Mean
Analytical £[Z] £ 307
Sim Empirical Interval

PAol [frames]
- - N N w w
o (9] o (9] o (4]

o

0 1 2 3 4 5
Arrival rate A [updates/frame]
Figure 6. PAol variability interval, defined as the range EZ 4 30z. This interval captures the empirical
spread of the update ages.

To extend our analysis beyond the exponential assumption and formally validate the
impact of service time variability, we conducted a rigorous statistical comparison. We
simulated systems where service times follow Erlang and hyperexponential distributions
alongside the baseline Exponential case, calculating the mean and standard deviation of
the PAol. For each configuration, we collected N = 50 independent batch means, where
each batch consisted of 10,000 updates after a warm-up period of 500 updates.

An Erlang-distributed service time (k = 5) implies that each update in each phase
undergoes five sequential processing stages with exponentially distributed durations.
For the first phase, the individual stage rate is set to 50, and for the second phase, it is
set to 25, preserving the aggregate mean service rates of 1 = 10 and yp = 5. Technically,
the Erlang distribution explicitly models the cumulative delay of multiple processing steps,
such as wireless transmission, acknowledgment, digital-to-analog conversion, header
addition, and data processing.

Conversely, the hyperexponential service time models a system with high variability.
We assume that each update, with probability 0.5, is processed at one of two distinct
rates. In the first phase, these rates are 30 and 6; in the second phase, they are 15 and
6. From a DECT-2020 perspective, this distribution captures the stochastic nature of
updates with different TB lengths or varying numbers of retransmissions required due to
channel conditions.

We denote the mean PAol for the systems with Erlang, hyperexponential, and expo-
nential service times by E[Zg,], E[ZpExp), and E[Zg,,), respectively. Similarly, 0g,;, 0HExp,
and 0g,, denote their standard deviations. While all three distributions share the same
mean service time, they possess distinct coefficients of variation (C, < 1 for Erlang, C, =1
for Exponential, and C, > 1 for Hyperexponential).

First, we assessed the normality of the sample means using Q-Q plots. Figure 7
presents the Quantile-Quantile (Q-Q) plots for the sample means under low (A = 0.1),
medium (A = 2.5), and high (A = 4.9) load conditions. While the distribution of means
approximates normality in most regimes, deviations were observed at high loads due to the
heavy-tailed nature of queueing delays near saturation. To ensure robustness, we employed
two distinct statistical tests:

1.  Welch’s t-test: a parametric test robust to heteroscedasticity (unequal variances).
2. Mann-Whitney U test: a non-parametric alternative that does not assume normality.
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Exponential Erlang (k=5) HExp (SCV=4)
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Figure 7. Q-Q plots of mean PAol samples for Exponential, Erlang, and Hyperexponential distribu-
tions at various arrival rates (A). The axes represent standard deviations (¢) from the mean.

The results are summarized in Table 4. At low loads (A = 0.1), the p-values are high
(>0.05), indicating no significant difference. This is physically expected, as queueing is
negligible in this regime, and the PAol is dominated by the mean service time, which
is identical across all distributions. However, as the load increases (A > 0.4), both tests
consistently yield p-values well below the & = 0.05 threshold (with only exception of
the Erlang distribution for A = 0.4, where the difference is also statictically insignificant),
often reaching values as low as 1072Y. This confirms that the service time variance has
a statistically significant impact on information freshness whenever queueing dynamics
are present.

To optimize the information freshness, we formulate the minimization problem for
the mean PAol with respect to the arrival rate A:

A" = argmin [E[Z](A), (43)
0<A<min(puq,pz)

where E[Z](A) is given by Equation (30). Figure 8 illustrates the optimal arrival rate A*
obtained by solving the polynomial Equation (40) for varying bottleneck capacities . As pre-
dicted by the analytical derivation, A* increases non-linearly with 5, allowing the system to
support higher update frequencies and lower PAol as the service capacity improves.
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Table 4. Mean PAol comparison with statistical significance tests (N = 50 independent runs). py

denotes the p-value from Welch’s t-test and py; from the Mann—-Whitney U test.

N Exp (Base) Erlang (k = 5) HExp (SCV = 4)
Mean Std Mean Std Pw ru Mean Std Pw pu
0.1 10.41 0.30 10.32 0.32 0.20 0.13 10.31 0.31 0.12 0.04
0.4 2.82 0.04 2.82 0.04 0.99 0.97 2.84 0.04 25%x107%  27x1073
0.8 1.60 0.01 1.57 0.01 11x10711 32x10°10 1.67 0.02 29%x107% 71x10718
1.1 1.28 0.01 1.25 0.01 1.6x1073 90x10°18 1.39 0.02 11x107% 71x10718
14 1.11 0.01 1.07 0.01 20x107% 71x10718 1.26 0.02 15%x107% 71x107°18
1.7 1.01 0.01 0.95 0.00 23x10770 7.1x10718 1.21 0.02 29x107%2 71x10718
2.0 0.96 0.01 0.88 0.00 85x1071 7.1x10718 1.21 0.02 85x107%7 7.1x10718
2.3 0.94 0.01 0.84 0.00 34x10776 7.1x10718 1.25 0.03 64x107% 71x10718
2.7 0.94 0.01 0.82 0.00 31x1077° 71x10°18 1.39 0.05 95x%x107%2 71x10°18
3.0 0.98 0.01 0.82 0.01 83x10770 7.1x10718 1.54 0.06 26x1078  7.1x10718
3.3 1.04 0.01 0.85 0.01 53x10777 7.1x10718 1.75 0.08 23%x107%1  71x10718
3.6 1.15 0.02 0.90 0.01 9.0x107% 71x10°18 2.08 0.09 11x107% 71x10718
3.9 1.33 0.03 0.99 0.02 15%x107% 71x107°18 2.57 0.19 72x107% 71x10718
42 1.65 0.06 1.18 0.03 62x107%% 71x10718 3.50 0.29 60x107% 71x10718
45 243 0.18 1.59 0.09 20x107%2 71x10718 5.36 0.78 60x10732 71x10°18
47 3.74 0.51 240 0.20 11x107% 75x10°18 8.85 1.98 35x107% 75x%x10718
‘ /
4.5 \‘ 20
“ /
4.0 \ 1.8 ,g,
\\ E
2 35 16 &
£ \ M
£ \ yd g
230 \ / 4
- \ g
= \ 12 §
25 \ [
E s
2.0 / S o 1o E
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‘\\ 08 =
15 / Seo
= 0.6

1.0

10

Service Rate u; [upd/frame]

Figure 8. Optimal arrival rate A* (left axis) and corresponding minimum mean PAol (right axis) as a
function of the service rate y;, derived from the roots of the characteristic quartic polynomial.

8. Discussion

This study provides a framework for the analysis of PAol in a two-phase exponential
queueing system that represents the DECT-2020 network segment. The key idea for the
analysis is to divide updates into four mutually exclusive groups based on the system states

they observe upon arrival to the corresponding queue: (1) both servers are busy, (2) the

first server is busy, and the second is idle, (3) the first server is idle, and the second is busy,
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and (4) both servers are idle. Once the updates have been divided, and the probability of
belonging to each group has been identified, the LST of the PAol is calculated for each group
of packets. Then, by grouping the PAol of different updates according to the law of total
probability, an LST for the complete PAol is obtained. This result allows us to estimate not
only the mean values but also the variance and full distribution of the metric. The closed-
form expressions accurately describe the system behavior under various configurations,
and the analytical results demonstrate close alignment with simulations, showing a relative
error of less than 1%. Furthermore, the analysis highlights the impact of the service time
coefficient of variation. The hyperexponential distribution, having a higher coefficient
of variation than the exponential distribution, leads to a higher mean PAol. Conversely,
the Erlang distribution results in a lower mean PAol due to its lower coefficient of variation.

This study has limitations. First, the assumption of infinite queue capacity ignores
packet drops, which are critical in high-load scenarios. Second, while the exponential ap-
proximation allows for analytical tractability, it may overestimate the tail latency compared
to the deterministic components of TDMA slots.

Future work will focus on the following: (1) extending the analytical framework to
general G|G|1 tandem networks to model deterministic service times more accurately;
(2) analyzing the impact of finite buffer sizes on PAol.
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Appendix A. Proof for Lemma 2

Proof. We begin with the general expressions for the probabilities p1, p2, p3, and ps, given
in Equations (2)—(5), and specialize them for the case where

¢  The arrival process is Poisson with rate A.

¢ Service times at Phase 1 and Phase 2 are exponentially distributed with rates y; and
Ua, respectively.

*  Sojourn times T and T, are exponentially distributed with parameters y; — A and
U2 — A, respectively.

Let us start by simplifying p;.
The general form of p; is

p=| [ owanon] < | [" s ane)|.
For exponential distributions,

G(t) =1—eM, By(t)) =1—e M,
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The first integral becomes

E[G(T)] =1-Ele ] =1-H_"2__ 2
O] =1 BT =1 A A

The second integral becomes
]E[Bl(TZ)] =1 ]E[ef}lsz] —1_ Uz — A 11

Ho— At gt — A

Thus,

A M1 A
pr=1|-—-)X = .
I} p1+p2—A P+ pa—A

Then, we simplify p,. The general form of p, is

pa = [ /0°°G<t1>dn<t1>} < [ [T 0 i) dne)].

The first term remains the same

The second term becomes

#1 o — A
E[1—-B{(Th)|=1-— = .
[ 1(T2)] R YT — |

(1) () -
1 p1+p2 —A p1(pa +p2 — A)

Next, we proceed with p4. The event A4 occurs when

e The first server is idle ({G > Ty }).
e Thesecondserverisidle {G+By >T1+Tr | G > T1}).

Thus,

Let us define X = G — Tj. Since G > Tj in the event Ay, it follows that X > 0. The condition

for the event A4 can then be expressed as

pa=P{X>0} - P{X+B; >T, | X >0} =
_P{X+31>Tzﬂx>0}
B P{X >0}

P{X >0} =P{X+B; >T,NnX>0}.

(A1)

(A2)

Here, X = G — T, where G ~ Exp(A), and T; ~ Exp(y1 — A). To compute the probability,
we first derive the distribution of X, which is the difference of two independent exponential

random variables. For X > 0, the PDF of X is

f(x) = [ G+ 0Ti(1) dn,

where G'(t) = Ae ™M, and T.(t) = (u1 — A)e~ (M=), Substituting these expressions,

Felx) = [ AN (g 2)e= Vi iy,

We simplify

Fx(x) = Apg — A)e™™ /Ooo e MM gy = Ay — A)e M /OOO e Ml dy,

The integral is evaluated as
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*© 1
/ Eimt] dl’l = —.
0 H1

fx(x) = /\(]4;— /\)e*/\x, x > 0.
1

Then, the probability P{X > 0} can be obtained as

Thus,

* A —A) p—A
P{X >0 :/ W)de= TN g gy T4
(x>0 = [" e Lo-n =t
Next, we calculate P{X + B; > T, N X > 0}, where By ~ Exp(y1), T» ~ Exp(p2 — A),
and X, By, and T, are independent. Since T, is exponential,

P{Ty < X+BiNX >0} — /: /:IP{TZ < x4ulfx(x) dxdBi(u) =  (A3)
= /0 fx(x) dx — /0 e~ = Nx £ (x) dx - /0 e~ (2= MuB! (1) du. (A4)
Thus,
A

P{X+B; >T,NX>0}=H"2_

Ele~(F2=MX] . E[e~ (= A)B1),
H1

where independence allows factorization. Using the PDF of X
]E[ef(}lZ*/\)X] = /oo 67(1’127/\)35 . 7)\(#1 — A) ef)\x dX.
0 H1
We combine exponents
E[e—(yz—/\)X] — /\(Vl — /\) /.oo e—(yz—)x—l—/\)x dx = )‘(Vl — /\) /oo e H2X dx.
K1 0 1 0

Thus,
E[e—(yz—)\)X} _ A(Vl — )‘) )
H1p2
Since By ~ Exp(p1), the Laplace transform of By ins = pp — A is

Ee—(yz—/\)Bl — I’ll — ]/ll .
| ] pr+ (2 —A)  prt+pp—A

Substitute the expectations into P{X + B; > T, N X > 0}

1—A A —A) 2

P{X+B;>ToNX>0 :j . .
{ 1 2 } 1 111 t 1 A

Simplifying, we obtain the probability p,4

pi—A <V2(V1+V2—/\)—Ml1)
—P{X+B>TNX>0} = : .
ps=H o ) M1 po(p1 +pa — A)

Finally, by analogy with the event Ay, the probability of event A3 is defined as
pgzp{X+B1 < T20X>0}.

Since the only difference in the expression of the joint probability is in the first event
{X + By < T}, which is additional to {X + B; > T»}, the probabilities p3 and ps will sum
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up to give the probability of the event P{X > 0}. Thus, substituting the previously derived
result for p4, we obtain

:m—?\_m:ﬂl—A_ul—A+A(u1—A)_ #
H 3} 3} papa  prtp— A
which results in the following expression

p3

M —A)

Pl + i —A)

O

Appendix B. Proof for Theorem 2

Proof. Starting from Theorem 1, we substitute the expressions for p; (Lemma 2) and the

conditional LSTs z;(s). Factoring out the common terms %JFS J a Hr =5 and the normalization
constant C = m, the LST z(s) can be grouped as
_ AW Al = A) (2 — A)
z(s) =C- .
Adsui+spup+s | (g1 —A+s)(pa—A+s)
A2 = A) AMpr=A) | pa-iap
. (A5)
pr(p = A+s) - pa(pa = A +s) C

Through algebraic simplification and combining fractions over the common denominator
(41 — A +5) (2 — A +s), the terms in the brackets reduce to

B B p—A pa—A As?
] = Gtz A)(m—wrs uz—A+s>(l+(u1+5)(uz+5)(u1+ﬂz—?\)>' (A0

Substituting this back yields the final expression in Theorem 2. [
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