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Abstract—Wireless sensor networks are pivotal in critical
infrastructure monitoring due to their cost-effectiveness and real-
time data processing capabilities. The IEEE 802.15.4 standard,
especially the Low Energy Critical Infrastructure Monitoring
(LECIM) portions, plays a crucial role in enhancing monitoring
efficiency of critical infrastructure. LECIM introduces Priority
Channel Access (PCA) for traffic prioritization, particularly
beneficial for critical information transmission. This paper in-
vestigates the coexistence of CSMA/CA-based nodes transmitting
non-priority data and LECIM ALOHA PCA nodes handling
critical information in unslotted IEEE 802.15.4 networks. We
propose a novel theoretical framework to evaluate the per-
formance of a heterogeneous LECIM network, where some
nodes use the CSMA/CA channel access method while others
use LECIM ALOHA PCA. The performance is measured in
terms of reliability, delay and power consumption. Validation
of the theoretical framework is conducted using a system-level
simulator.

Index Terms—wireless sensor networks, unslotted IEEE
802.15.4, Low Energy Critical Infrastructure Monitoring
(LECIM), carrier sense multiple access with collision avoidance
(CSMA/CA), ALOHA, priority channel access (PCA).

I. INTRODUCTION

IRELESS sensor networks (WSNs) play a vital role

in the field of critical infrastructure monitoring by
offering a cost-effective and flexible solution for real-time
data acquisition and processing [1]. These networks, composed
of spatially distributed autonomous sensors that communicate
wirelessly, collect and process data about physical or envi-
ronmental conditions, such as temperature, sound, vibration,
pressure, or pollutants. The wireless nature of these networks
allows for easy installation, scalability, and access to remote
or hazardous locations. The application of WSNs in critical
infrastructure monitoring, such as power grids, water supply
systems, and transportation networks, has significantly en-
hanced operational efficiency and safety. By providing real-
time, accurate, and comprehensive data, these networks enable
early detection of anomalies, predictive maintenance, and
efficient resource management. In the context of WSNs, the
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IEEE 802.15.4 standard [2], particularly the portions dedicated
to Low Energy Critical Infrastructure Monitoring (LECIM),
has emerged as a key enabler for energy-efficient and reliable
monitoring of critical infrastructure [3]. Proposed use cases
of LECIM networks include oil and gas pipeline monitoring,
water leak detection, soil monitoring, inventory control with
event-driven queries, and building monitoring with both time
and event-driven data queries [4].

The IEEE 802.15.4 standard defines the operation of low-
rate wireless networks in resource-constrained environments.
The standard offers two primary modes of operation: the
beacon-enabled mode and the non-beacon-enabled mode. In
the beacon-enabled mode, a coordinator periodically trans-
mits beacons, enabling devices to synchronize and schedule
their transmissions. This mode is advantageous for applica-
tions requiring low latency and synchronized communication.
Conversely, the non-beacon-enabled mode allows devices to
transmit data without synchronization to a central coordinator,
providing flexibility and reduced energy consumption in sce-
narios where strict timing constraints are not critical. In the
beacon-enabled mode, both contention-based and contention-
free access mechanisms are permitted, whereas in the non-
beacon-enabled mode, only contention-based access methods
are considered. Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA) is the primary contention-based chan-
nel access mechanism in both beacon-enabled (slotted) and
non-beacon-enabled (non-slotted) modes.

In addition, other modes of operation have been added to the
IEEE 802.15.4 standard, such as Time-Slotted Channel Hop-
ping (TSCH), which introduces deterministic scheduling and
channel hopping mechanisms to enhance network reliability
and efficiency, or the Deterministic and Synchronous Multi-
channel Extension (DSME), which supports multi-channel
operation in contention-free periods. Both TSCH and DSME
modes target time-critical applications requiring high reliabil-
ity and deterministic low latency, such as industrial automation
or health care monitoring. They both require sophisticated
slot scheduling mechanisms and are not primarily focused on
energy efficiency [5].

On the other hand, the IEEE 802.15.4 standard defines
specific physical (PHY) and Medium Access Control (MAC)
layer features for LECIM networks, designed to support the
requirements of critical infrastructure monitoring applications.
These functional enhancements provide low-cost, low-data-
rate, energy-efficient wireless access for battery-operated de-
vices. One of these enhancements is the inclusion of Priority
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Channel Access (PCA) mechanisms to allow certain types of
traffic to have priority access to the medium. Thus, LECIM
networks allow the transmission of two types of data: priority
(or critical) data using either CSMA/CA with PCA or LECIM
ALOHA PCA channel access methods; and normal (or non-
priority) data using either CSMA/CA or ALOHA channel
access methods [6]. This diversity of channel access mech-
anisms underscores the importance of studying and analyzing
their coexistence to understand the performance implications
in each scenario. In the context of critical infrastructure
monitoring, a common scenario involves the coexistence of
nodes that prioritize channel access with PCA and nodes that
access without priority.

The motivation for this work lies in analyzing the coex-
istence between both types of nodes. Specifically, we focus
on a LECIM network with a star topology operating in a
non-beacon-enabled mode, as this mode has lower energy
consumption. We assume that nodes monitoring critical in-
formation access the channel using LECIM ALOHA PCA
due to its lower energy consumption and delay, while nodes
monitoring non-priority information access the channel via
CSMA/CA. To the best of our knowledge, our work is the
first to investigate the coexistence and performance of LECIM
ALOHA PCA and CSMA/CA access methods in unslotted
IEEE 802.15.4 networks. The main contributions of this work
can be summarized as follows:

o We evaluate the performance of a heterogeneous LECIM
network where nodes using the CSMA/CA channel ac-
cess method and nodes using the LECIM ALOHA PCA
channel access method coexist.

o We analyze and compare the performance and both types
of channel access methods in terms of reliability, delay
and power consumption.

o We propose a comprehensive theoretical framework to
derive the performance of both types of channel access
methods and validate it against a system-level, discrete-
event simulator.

In summary, this work uniquely addresses the coexistence
of LECIM ALOHA PCA and CSMA/CA access methods
in unslotted IEEE 802.15.4 networks, a topic unexplored in
previous research. Our contribution lies not only in evaluat-
ing the performance of heterogeneous networks under these
conditions, but also in providing a comprehensive theoretical
framework capable of accurately modeling and predicting
their behavior, offering new insights into the operation of
heterogeneous LECIM networks.

The remaining of the paper is organized as follows: Section
II presents the related work. Section III includes the system
model, describing the involved channel access methods and
deriving the analytical model of their behaviour when they
coexist. Section IV presents the obtained results, and finally,
Section V summarizes the main conclusions.

II. RELATED WORK

The IEEE 802.15.4 standard has been the subject of numer-
ous studies due to its wide application in WSNs and Internet
of Things (IoT). A significant portion of this research has

focused on the development of analytical models to evaluate
the performance of its MAC protocol, both in slotted as in
non-slotted CSMA/CA modes.

Regarding slotted CSMA/CA mode, authors in [7] focus
on quantifying the behavior of key networking metrics of
IEEE 802.15.4 beacon-enabled nodes. They correct and extend
previous analyses based on Markovian modeling, such as the
probability that a node senses the channel busy is not constant
for all the stages of the backoff procedure or the probability
of obtaining transmission access to the channel depends on
the number of nodes that is simultaneously sensing it. [§]
presents a generalized analysis of the slotted IEEE 802.15.4
MAC protocol in terms of reliability, delay, and energy
consumption through a Markov chain, taking into account
retry limits, acknowledgements, and unsaturated traffic. In
[9], the superframe structure of IEEE 802.15.4 is analyzed
through a four-dimensional Markov chain. The effects of
the inactive portion of a superframe on average delay, and
average power consumption are evaluated. [10] proposes two
semi-Markov chains and one macro-Markov chain to predict
throughput, packet delay and energy consumption of heteroge-
neous, unsaturated, unacknowledged IEEE 802.15.4 beacon-
enabled networks. In [11], a modified IEEE 802.15.4 MAC
protocol is proposed that dynamically adjusts the Contention
Access Period (CAP) and utilizes the Guaranteed Time Slot
(GTS) as per the application requirement. A five dimensional
Markov chain model is proposed for unsaturated data traffic
conditions with variable CAP and analysis is performed for
both saturation and non-saturation mode.

As for the non-slotted CSMA/CA mode concerns, different
analysis have been also conducted. For instance, a Markov
chain model for unslotted, acknowledged 802.15.4 CSMA/CA
is proposed in [12] for unsaturated nodes considering a de-
terministic idle time after every transmission. [13] analyzes
the performance of a modified MAC mechanism assuming
homogeneous and Poisson traffic. A different approach is
followed in [14], where the modeling of unslotted CSMA/CA
is carried out using Event Chains Computation instead of
Markov chains, showing that this approach better models the
case where nodes start reporting data simultaneously when
an event is detected. In [15], a discrete Markov chain based
model to analyze energy consumption for unsatured traffic
under unslotted CSMA/CA access is proposed. [16] focuses
on modeling heterogeneous traffic for acknowledged unslotted
802.15.4 networks. Based on this work, in [17] a Markovian
model to evaluate the performance of heterogeneous unslotted
802.15.4 networks with classes of nodes with different packet
generation rate is proposed. It captures an accurate calculation
of the channel busy probability during the Clear Channel As-
sessment (CCA) process. In [18], a two-dimensional Markov
chain based model is proposed to analyse the performance of
MAC-layer. Collision probability is derived from the model
and is combined with the PHY layer frame error rate (FER) to
obtain cross-layer FER, which is used to propose a cross-layer
energy model. Authors in [19] introduce a modified analysis
model based on three-dimensional Markov chain for unslotted
CSMA/CA access which focuses on the calculation of delay
and reliability by using retransmissions and PHY layer packet
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loss. A trade-off analysis between average delay and reliablity
using the maximum number of retransmissions is introduced.
[20] presents a analytical Markov model for the IEEE 802.15.4
protocol in non-beacon enabled mode for periodic traffic in
time critical sensor network applications considering reneging
packets which exceed their time to live. The proposed model
is applied to the both acknowledged and non-acknowledged
modes under heterogeneous traffic.

Some recent works are specifically focused on the LECIM
mode and the PCA access [21], [22], [6], [23]. The work
in [21] evaluates through simulation a LECIM network that
employs a Slotted Aloha with PCA channel access scheme
in conjunction with non-saturated traffic conditions. In [22],
authors propose a Markov-chain-based analytical model for
analyzing the performance of both unslotted and slotted
CSMA/CA with and without PCA for different traffic classes.
Authors in [6] and [23] extend the model proposed in [22] in
beacon-enabled and non-beacon-enabled modes respectively
under saturated traffic conditions assuming fading channel
environment which causes transmission errors in addition to
the collisions considered in [22]. However, neither of these
studies accounts for retransmissions in the PCA access.

III. SYSTEM MODEL

In this paper, we investigate a LECIM network operating
in non-beacon-enabled mode, where a set of nodes transmits
monitoring data to an IEEE 802.15.4 coordinator via direct
links. These nodes fall into two categories: nodes moni-
toring non-priority information, which utilize the unslotted
CSMA/CA channel access method; and nodes generating
priority data, which employ the unslotted LECIM ALOHA
PCA method.

Specifically, we examine a network comprising N4 nodes
transmitting priority information and using the LECIM
ALOHA PCA channel access method (in the following,
ALOHA nodes) and N¢ nodes transmitting non-priority infor-
mation and using the CSMA/CA channel access method (in the
following, CSMA/CA nodes). Both ALOHA and CSMA/CA
nodes generate packets following a Poisson process of rates
A4 and Ao respectively. The airtime of these packets is
fixed at Tp. This models a critical infrastructure monitoring
scenario, where traffic can be randomly and independently
generated by the nodes depending on events occurring in
the monitored area. The performance metrics that we aim
to obtain with the proposed model are the probability of a
successful transmission, the average delay and the average
power consumption for both ALOHA and CSMA/CA nodes.
Tables I and II summarize the notation used in this section.

Below, we provide a brief overview of both channel access
methods in accordance with the standard 802.15.4 definition.

A. Channel Access Methods for LECIM Networks in Non-
Beacon-Enabled Mode

Firstly, we describe the unslotted CSMA/CA channel access
method, which is illustrated in Figure 1a. When a node intends
to transmit a packet, it initiates a backoff process for a random
number of slots within the range [O, 2BE _ 1] , where BE

represents the backoff exponent initialized to macMinBe. The
slot duration, denoted as aUnitBackoffPeriod, comprises the
time required for a CCA, phyCcaDuration, along with the
transition time from the listening to the transmission mode,
aTurnaroundTime. Subsequently, the node performs a CCA
to ascertain channel availability. If the channel is busy, the
node increments BE by 1 until it reaches macMaxBe, and
retries the backoff procedure with the updated BE value.
This process continues until the number of failed CCAs
exceeds macMaxCsmaBackoffs, at which point the packet is
discarded due to a channel access failure. Conversely, if the
channel is clear, the node transmits the packet and awaits
its acknowledgment (ACK). The transmission is successful
when the node receives the ACK. If the ACK is not received,
indicating a collision or other errors, the MAC layer resets
BE to macMinBe and retries the CSMA/CA mechanism to
retransmit the packet. The parameter macMaxFrameRetries
dictates the maximum number of retransmission attempts, and
if this threshold is surpassed, the packet is discarded due to
reaching the retry limit.

CSMA/CA non PCA

ALOHA PCA
Start measuring
elapsed time

NB=0
BE = macMinBE
R —  —

BE = max(1, macMinBe-1)

Delay for random
TB = random(28E-1)
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Delay for
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BackoffPeriod
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Fig. 1. Flow-charts for (a) unslotted CSMA/CA and (b) ALOHA PCA channel
access methods.

Success
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For the LECIM ALOHA PCA channel access method,
which is illustrated in Figure 1b, the backoff exponent BE
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TABLE I
NOTATION: SYSTEM LEVEL, PHY AND MAC LAYER PARAMETERS AND MODEL EVENTS

’ Parameter | Definition ‘
’ System level, PHY and MAC layer parameters ‘
BE Backoff exponent of the backoff proccess
Diax (macCritMsgDelayTol) Maximum delay for critical packets
Aa Traffic generation rate of the LECIM ALOHA PCA nodes
Ao Traffic generation rate of the CSMA/CA nodes
m (macMaxCsmaBackoffs) Maximum number of failed CCAs
Mmax (macMaxBe) Maximum value of BE
Mmin (macMinBe) Minimum and initial value of BE
n (macMaxFrameRetries) Maximum number of retransmission attempts
Na Number of LECIM ALOHA PCA nodes in the network
N¢ Number of CSMA/CA nodes in the network
Poackoft Power consumption in backoff state
Peca Power consumption in channel sensing state
Piie Power consumption in idle state
Pix Power consumption in receiving state
P Power consumption in transmitting state
Tack ACK airtime
Taifs ACK Inter-Frame Spacing
Teca (phyCcaDuration) Time required to perform a CCA
Tigs Inter-Frame Spacing
Tkt Data packet airtime
T, A (macLecimAlohaUnitBackffPeriod) Slot duration for the LECIM ALOHA PCA channel access method
T.c (aUnitBackoffPeriod) Slot duration for the CSMA/CA channel access method
Tta (aTurnaroundTime) Transition time from the listening to the transmission mode
Model events
At init Collision of an ALOHA transmission at its inception
After init Collision of an ALOHA transmission after its inception
Ba Busy channel due to an ALOHA transmission (packet or ACK)
Be Busy channel due to a CSMA/CA transmission (packet or ACK)
B A pke Busy channel due to an ALOHA packet transmission
B A ack Busy channel due to an ALOHA ACK transmission
Be pke Busy channel due to a CSMA/CA packet transmission
Bcack Busy channel due to a CSMA/CA ACK transmission
Ca Collision between a CSMA/CA transmission (packet or ACK) and an ALOHA transmission (packet or ACK)
Cco Collision between a CSMA/CA transmission (packet or ACK) and another CSMA/CA transmission (packet or ACK)
D; CSMA/CA node detects the channel idle at the (¢ + 1)-th CCA attempt
Fj CSMA/CA packet discarded due to channel access failure after j previous collisions
Ri An ALOHA packet is transmitted ¢ times
S; Successful CSMA/CA transmission after j previous collisions
TA pkt There is an ongoing ALOHA packet transmission on the channel when an ALOHA node starts transmitting a packet
TA ack There is an ongoing ALOHA ACK transmission on the channel when an ALOHA node starts transmitting a packet
T pkt There is an ongoing CSMA/CA packet transmission on the channel when an ALOHA node starts transmitting a packet
T ack There is an ongoing CSMA/CA ACK transmission on the channel when an ALOHA node starts transmitting a packet

is initialized to the maximum of (macMinBe—1) or 1 before
the initial transmission attempt and remains constant for
subsequent retransmissions. Similar to unslotted CSMA/CA,
the node undergoes a backoff process for a random number
of slots within the range [0,25F — 1]. Upon expiration of this
time interval and if the time since the packet generation does
not exceed the parameter macCritMsgDelayTol, the packet is
transmitted directly without conducting any CCA. Another

difference compared to CSMA/CA is the slot duration, which
is macLecimAlohaUnitBackoffPeriod instead of aUnitBack-
offPeriod, where macLecimAlohaUnitBackoffPeriod is set to
accommodate the transmission of a maximum-sized MAC
Protocol Data Unit (MPDU) along with the associated Inter-
Frame Spacing (IFS) and ACK.

For ease of reference throughout this paper, we represent the
IEEE 802.15.4 MAC parameters mentioned in this section us-
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TABLE II
NOTATION: MODEL VARIABLES, PROBABILITIES AND PERFORMANCE METRICS

’ Parameter | Definition ‘
’ Model variables, probabilities and performance metrics ‘
« Probability that a CSMA/CA node encounters a busy channel during its CCA
B; Time elapsed from the start of the j-th backoff process until the end of the j-th attempt to transmit an ALOHA packet
Dy Cumulative time an ALOHA packet spends in the backoff process and in failed transmissions
E[na] Average number of transmissions for a packet from an ALOHA node
E [nsuc, A] Average number of transmissions of a successfully transmitted ALOHA packet
L Duration measured in slots of a successful CSMA/CA transmission
Lkt Duration measured in slots of a packet
w Probability that there is an ongoing transmission on the channel when an ALOHA node starts transmitting a packet
Py Power consumption of an ALOHA node
Pc Power consumption of a CSMA/CA node
Fe,c Probability of a CSMA/CA packet being discarded due to a channel access failure
Feol,a Collision probability for a transmission from an ALOHA node
Feo,c Collision probability for a transmission from a CSMA/CA node
Peg A Probability of an ALOHA packet being discarded due to exceeding the maximum allowed delay Dax
Py, a Probability of an ALOHA packet being discarded due to reaching the retry limit
Pi,c Probability of a CSMA/CA packet being discarded due to reaching the retry limit
Py, a Probability of a successfully transmitted ALOHA packet
Pae,c Probability of a successfully transmitted CSMA/CA packet
q Packet generation probability in the idle state for CSMA/CA nodes
qcf Probability of having a packet ready to transmit after a channel access failure for CSMA/CA nodes
Qi Probability of having a packet ready to transmit after retry limit for CSMA/CA nodes
Qsuc Probability of having a packet ready to transmit after a successful transmission for CSMA/CA nodes
Ty Time spent in backoff or sensing states during the CSMA/CA procedure, given no channel access failure has occurred
Tb(i) Time spent in backoff or sensing states during the CSMA/CA procedure under event D;
Thackoff, A Time an ALOHA node spends in backoff between two consecutive packets
Tet,c Delay of a CSMA/CA packet discarded due to a channel access failure
Tc(t{ )C Delay experienced by a CSMA/CA packet when event F; occurs
Tinter, A Time between ALOHA packets
T, A Delay of an ALOHA packet discarded due to a retry limit
Tu,c Delay of a CSMA/CA packet discarded due to a retry limit
Tix, A Time an ALOHA node spends receiving between two consecutive packets
Tuc, A Delay of a successfully transmitted ALOHA packet
Tsue,C Delay of a successfully transmitted CSMA/CA packet
Ts(ujg c Delay of a successfully transmitted CSMA/CA packet when event S; occurs
Tix, A Time an ALOHA node spends transmitting between two consecutive packets
T Probability that a CSMA/CA node performs a CCA in a randomly selected time slot
Wi Maximum value of the backoff counter at backoff stage ¢

ing the following notations: My, = macMinBE, mpy,x = mac-
MaxBE, m =macMaxCSMABackoffs, n = macMaxFrameRe-
tries, T.ca = phyCcaDuration, T, = aTurnaroundTime,
T ¢ = aUnitBackoffPeriod, T; 4 = macLecimAlohaUnitBack-
offPeriod and Dy,.x = macCritMsgDelayTol.

B. Outline of the system model

To obtain the probability of a successful transmission, the
average delay and the average power consumption for ALOHA
and CSMA/CA nodes, we first need to solve a system of five
nonlinear equations with five variables that allow us to deter-
mine the operating point of the system. The variables of this
system of equations are as follows: i) the probability 7 that a

CSMA/CA node performs a CCA in a randomly selected time
slot, ii) the probability o that a CSMA/CA node encounters a
busy channel during its CCA, iii) the collision probability for a
transmission from a CSMA/CA node P, ¢, iv) the probability
w that there is an ongoing transmission on the channel when an
ALOHA node starts transmitting a packet, and v) the average
number of transmissions for a packet from an ALOHA node
E [na] (which in turn depends on the collision probability for
a transmission from an ALOHA node). Once these variables
are obtained, the system’s performance metrics are derived
from them. In each of the following subsections, an equation
of the system of equations is derived. To do this, we calculate
the value of each variable in the system based on the others.
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The final subsections correspond to the calculation of the
performance metrics based on the system variables.

In the following, we will use the terms CSMA/CA packet
and ALOHA packet to refer to the transmission of a packet
from a CSMA/CA or ALOHA node to the coordinator, respec-
tively. Similarly, we will use the terms CSMA/CA ACK and
ALOHA ACK to refer to the transmission of an ACK from
the coordinator to a CSMA/CA or ALOHA node, respectively.

C. Markov chain for CSMA/CA nodes and derivation of T

To model the backoff, sensing and transmitting states of
CSMA/CA nodes, we employ the Markov chain illustrated
in Figure 2. This approach, extensively utilized in existing
literature [8], [10], [12], [13], [15]-[17], [19], [22], [24], is
presented here with the minimal set of equations necessary to
depict the inner state behavior of CSMA/CA nodes, without a
complete derivation. Each state in this chain is represented by a
tuple (i, j, k), where ¢ denotes the backoff stage, j the backoff
counter and % the retransmission counter. The values of ¢ and k&
are constrained by parameters m and n, respectively. Similarly,
j ranges from 0 to W; = 2B%i — 1, where BE; corresponds
to the backoff exponent for stage 7. In states where j = 0 the
node conducts a CCA.

States (—1, 7, k) represent a successful transmission, where
0 < j < L, and L denotes the duration measured in slots
of a successful transmission. This value is determined by
L= (Tpkt + Taits + Tack + Tifs)/Ts,C’ where Ty is the ACK
Inter-Frame Spacing (AIFS), T, is the ACK airtime, and Tig
denotes the Inter-Frame Spacing. Likewise, states (—2, 7, k)
correspond to a collided transmission. We assume both events
have equal duration, as typically the ACK timeout is set to
Taies + Tack + Tirs- Notably, the interpretation of counter j
depends on the value of ¢; it serves as either the backoff
counter (for ¢ > 0), or a counter traversing the slots of a
successful/collided transmission (when 7 = —1, —2).

The traffic generation for CSMA/CA nodes is modeled with
a packet generation probability in the idle state, denoted as q.
Additionally, we incorporate probabilities for having a packet
ready to transmit after a successful transmission gy, after a
channel access failure g.s and after a retry limit ¢y. These
probabilities are derived in Subsection III-H.

From this model, we can calculate the probability 7 that a
CSMA/CA node conducts CCA in a randomly selected time
slot. According to [16], this probability is expressed as:

1_am+1 l_yn—i-l
= () (R )

where p(0,0,0) denotes the steady-state probability of state
(0,0,0) and y = Peoic (1 — amﬂ). The expression for
p(0,0,0) is provided in (2), where W, = 2™mn — 1 is the
maximum possible value of the backoff counter at stage 7 = 0.

The probability 7, as defined in the preceding equations, de-
pends on two key probabilities: «, representing the probability
that a CSMA/CA node encounters a busy channel during CCA,
and P, ¢, denoting the collision probability for a transmission
from a CSMA/CA node. We proceed to derive both of these
probabilities.

D

D. Derivation of the probability o that a CSMA/CA node
encounters a busy channel during its CCA

To compute «, we first decompose it as the sum of the
probabilities of the different transmitting events that can cause
the channel to be busy when a CSMA/CA node performs its
CCA, obtaining the following result:

Lemma 1. Let Ba pir, Baacko Bopie and B ac represent the
events of the channel being busy when a CSMA/CA node
performs its CCA due to the transmission of an ALOHA packet,
of an ALOHA ACK, of a CSMA/CA packet and of a CSMA/CA
ACK respectively, then the probability o can be expressed as

a=P (BAJ?kf) +P (Bg,pkz N BA,ack)
+ P (Bg,pkt‘BC,PkT) P (Bepi)
+P (Bg,pkl‘BC,ack) P(BC,ack)

Proof: See Appendix A.

Note that in Lemma 1, P(B4 p) represents the probability
that at least one ALOHA packet is being transmitted when a
CSMA/CA node performs its CCA. This could include other
transmissions besides the ALOHA packet(s), such as ALOHA
ACKs or CSMA/CA packets or ACKs. P(ZS’XPI(t N Baack)
denotes the probability that an ALOHA ACK is being trans-
mitted and that no ALOHA packets are being transmitted
at the moment of the CCA. P(BY ,,|Bcpk) indicates the
probability that no ALOHA packets are being transmitted,
given that a CSMA/CA packet is being transmitted, when the
CCA is performed. P(B¢ i) corresponds to the probability
that the channel is busy due to the transmission of at least one
CSMA/CA packet. P (Bg)pkt|BC7aCk) represents the probability
that no ALOHA packets are being transmitted, given that
a CSMA/CA ACK is being transmitted, when the CCA is
performed. Finally, P(Bc ack) denotes the probability that the
channel is busy due to the transmission of a CSMA/CA ACK.

The next step is to obtain the expression for each of the
probabilities that appear in (3). For the case of P(lS’ngkt N
Baack)s P(Bg’pkt\l’a’c,ph) and P(Bg,pkt\l’j’c,ack) we have the
following Lemmas.

3)

Lemma 2. Let E [n4] be the average number of transmissions
for an ALOHA packet' and w be the probability that there is
an ongoing transmission on the channel when an ALOHA node
starts transmitting a packet, then the probability P(Bg}pk, N
B A,ack) can be expressed as

P(Bg’pk,‘ N BA,ack) = AANAE [nA] (Tack+Taij‘s)

% ef)\A NAEMA](Tuck+Tairs)

X (1 —w)
w e~ M NaA—DERA)N(Thut+Teca)

“4)

Proof: See Appendix B.

Lemma 3. Ler assume that a CSMA/CA node performs
its CCA. The probability that there are no ALOHA packet
transmissions on the channel at that moment, given that a

'This value can exceed 1 due to retransmissions.
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Fig. 2. Markov chain model of CSMA/CA algorithm for transmitting nodes
in unslotted IEEE 802.15.4 MAC.

CSMA/CA packet is being transmitted, P(BS ,,|Bcpii), can
be expressed as

T,
P (BY ,.|B =_ "7
( A,pkt| C;Pkf) Crpkt+T'cca

e—AaNaE[nA]T, —AANAE[nAl(Tpu+Teca)

e~ raNa E[na]l(TecatTpu)
(5
— €

+
ANAE [nA] (rfpkt + cha)

Proof: See Appendix C.

Lemma 4. Let assume that a CSMA/CA node performs
its CCA. The probability that there are no ALOHA packet
transmissions on the channel at that moment, given that a
CSMA/CA ACK is being transmitted, P(BS ,,|Bc ack), can be
expressed as

P (Bg7pkz|BC,ack) =

e~ AANAE[nA]Tups —AANAB[n A (Tack+Teca+Tairs)

(6)

— €
)\NAE [’I’LA] (Tack + cha)

Proof: See Appendix D.
Finally, using the previous lemmas, the following expression
for o can be obtained.

Theorem 5. Let assume that a CSMA/CA node performs its
CCA. Then, the probability that this CSMA/CA node finds the
channel busy is given by (7).

Proof: See Appendix E.
As can be seen, the probability « is dependent on the
probabilities 7 and w, as well as E [n4].

E. Derivation of the collision probability for a CSMA/CA
transmission Py ¢

To compute the collision probability for a CSMA/CA trans-
mission, we assume that a collision occurs if either the packet
or its corresponding ACK collides, obtaining the following
result:

Theorem 6. The collision probability for a CSMA/CA trans-
mission P, c can be expressed as:

Nec—1 — .
Pcol,Czl _ (1 _ 7.) o1, AANAEN A (Tpiet+Tra+Tack+Tairs) (8)

Proof: See Appendix F.
In this case, the probability P c is dependent on the
probability T, as well as E [n4].

FE. Derivation of the probability that there is an ongoing
transmission on the channel when an ALOHA node starts
transmitting a packet w

The computation of w is similar to the computation of «,
but with some key distinctions. Here, we are concerned with
the probability that there is an ongoing transmission when
an ALOHA node begins transmitting a packet, whereas «
represents the probability that there is an ongoing transmission
when the CSMA/CA node performs its CCA. This leads to two
main differences: Firstly, in w, we calculate the probability
that there is a transmission on the channel at a random time
instant, whereas in «, we compute the probability that there is
a transmission on the channel within a random time interval
of duration T.,. Secondly, in w, the node that accesses the
channel is an ALOHA node instead of a CSMA/CA node, thus
the potential number of transmitting CSMA/CA and ALOHA
nodes also differs. Once these two considerations are taken
into account, the computation of w follows the same approach
as for a, obtaining the following result:

Theorem 7. Let assume that an ALOHA node starts trans-
mitting a packet, then the probability that there is an ongoing
transmission on the channel w is given by (9).
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a=1

+ Le_AANAE[nA](TCCu‘FTpk!) +
Tpkt + Teca

e~ 2ANAE[nA] Tty _ =X aNAE[nAl(Tack+TecatTaits)

>\ANAE [nA] (Tack + cha)

w=1—e

n (TmeuwAl)E[nAJTpkl n

Tpkl )\A (NA - 1) E [nA} Tpkl
e~ AA(NA—DE[na]Tyrs — ¢—Aa(Na—1E[na](Tyek+Thirs)

Aa (Na — 1) E[na] Tak

Proof: See Appendix G.

As can be seen, the probability w is dependent on the
probabilities 7 and w, as well as E [n]. Comparing (7) and
(9), it is worth noting that if Ng > 1, N¢ > 1, and
Teca < Tpkothen o ~ w. Consequently, we do not need to
compute w explicitly in that case.

G. Derivation of the collision probability for an ALOHA
transmission P,y Ao and of the average number of transmis-
sions E [n ] for an ALOHA packet

As in the case of CSMA/CA transmissions, to compute the
collision probability for ALOHA transmissions, we assume
that a collision occurs if either the packet or its corresponding
ACK collides, obtaining the following result:

Theorem 8. The collision probability for an ALOHA trans-
mission is given by:

Poa=1— (1 _ w) e—AA(NA—l)E[ﬂA](T}Ikr-O-Tmﬁv-‘rTark) (10)
and the average number of transmissions for an ALOHA
packet is:

n+1
1- Pcol,A

Blnal=3—5""

(1)
Proof: See Appendix H.

Equations (1), (7), (8), (9) and (11) constitute a system of
coupled nonlinear equations with variables 7, v, w and E [n 4]
which can be numerically solved to determine the network’s
operational point. Subsequently, various performance metrics
can be derived from these equations.

H. Derivation of the performance metrics for CSMA/CA nodes

To begin, we derive the probability of a packet being
discarded for a CSMA/CA node, considering two cases:
discard due to reaching the retry limit () and discard
due to channel access failure (P ). From the Markov chain
illustrated in Figure 2, these probabilities are given by:

amtl (1 — (Pcol,C (1 — am+1))n+1>

1-— Pcol,C (1 — am+1)

P = (12)

8
— e raNaBPAl(ToutTed) 4 (1 — W) AANAE [na] (Taex + Taigs)e~ M NAER Al Taact i) g = Aa (Na =D E[n Al (T + Teca)
e~ AaNAE[nA]Tu _ g=AaNAE[nAN(Tpu+Teca) (1 _a- T)Nc—1> (1—a) Tkt
AANAE [nA} (Tpk[ + cha) TS,C (7
(N =171 —-7)Ne=2(1 - Q)&G—AANAE["A](TW#T”)
Ts,C
—AA(NA—1)E[nA] Tk + (1 —w)Aa (Ng — 1D E[na] (Toa + Taifs)e*XA(NA*1)E[HA](Tuck+Taifs)€*>\A(NA*Q)E[TLA]Tpk[
e~ 2A(NA—DEMA]Ta _ = Aa(Na—1E[nA| Ty (1 a- T)Nc> 1—a) Tkt
Ti,c ©
Ner(1—r)Ne=1t1 - a)&Q*AA(NAfl)E[”A](TpkHrTm)
s,C
and
1 n+1
Pic = (Peorc (1 —a™)) 13)

With these, the probability of a successfully transmitted
CSMA/CA packet is given by Pycc =1 — P c — Pac.

Next, we present expressions for the average delay experi-
enced by a CSMA/CA packet in different scenarios, whether
it is successfully transmitted or discarded due to a channel
access failure or reaching the retry limit’>. We denote Toue,c
as the delay of a successfully transmitted packet, S; as the
event of a successful transmission after j previous collisions,
and TS(UQC as the delay experienced under S;. Following the
approach in [16], we have:

E [TSUC,C] - ZP(SJ')E |:,‘rs(ujc)C:| (14)
7=0
where P(S;) is given by
1—Pao (1—a™)) P (1= amtt)’
g - P () P O—amny!
1 — (Peolc (1 — amtl))
and

B1Wo] =G+ 0 T +BIm)  (6)

where T}, is the time spent in backoff or sensing states during
the CSMA/CA procedure, given no channel access failure has
occurred. The expected value of T} is given by:

E[T] =Y P(D,)E [Tl)(i)} (17)
=0

where P(D;) is the probability of finding the channel idle at
the (i + 1)-th attempt, and Tb(l) is the time spent in backoff or
sensing states under event D;. The probability P(D;) can be

calculated as:

ot - 1—«
P(D;) = =a' 18
(Di) ST ok e (18)

2We consider only the time from the instant the packet enters the backoff
process for the first time until an ACK is received or until it is discarded (i.e.,
we do not include queuing time in this analysis).

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2025.3539786

IEEE INTERNET OF THINGS JOURNAL

and E[Tb(i)] is given by:

Wi —1
2

E [Tb(i)} = (i + )Teea + Z Tic (19)
k=0

To determine the delay experienced by a packet discarded

due to a channel access failure, denoted as T¢t, ¢, we can derive

it using the same approach employed in computing Ty c:

Z P(F;)E |T3L]

Here, F; represents the event of a packet being discarded
due to a channel access failure after j previous collisions, and
Tc(f{ )C denotes the delay experienced by a packet when event
F; occurs. It can be straightforwardly deduced that P(F;) =
P(C;), and

B[1{L] = (L Tye + E[T) + (m+1) T
- Wy —1
+ Z Tc 5
k=0
The delay experienced by a packet discarded due to a retry
limit, denoted as T} ¢, is given by:

ETic]l=(n+1)(L-Tyc +E[T)) (22)

Lastly, the probabilities of having a packet ready for trans-
mission in idle state, after a successful transmission, after a
channel access failure, and after a retry limit are represented by
q= 1—e™ AeTie > Gsuc —)\CE[ suCC] Gef = )\CE[ CfC} and
g1 = A\cE [Tﬂ,c]. A detailed derivation of these probabilities
can be found in [16]. It’s worth noting that when a station is
saturated, gsue = g = qcf = 1, resulting in the removal of the
idle state from the Markov chain depicted in Figure 2.

The power consumption of CSMA/CA nodes can be calcu-
lated from the state probabilities of the Markov chain shown
in Figure 2 as follows:

cf C (20)

21

m W, n
PC :Rdle ’Ldle + Z Z Pbd(,kOff P i Jv k)
=0 j=1 k=0
+) ) Pap (4,0, k)
i=0 k=0
Lu—1 n (23)
+ Z Rx (p(f]-a]vk)+p(727]7k))
7j=0 k=0
L-1 n
.7:ka! k=0

where Pgie, Poackoffs FPecas Pix and P represent the power
consumption in idle, backoff, channel sensing, transmitting
and receiving states, respectively. We assume that the radio
is set to the receiving state during Ty + Tack + Zifs seconds
after a packet transmission, regardless of whether the ACK is
received or not. Ly = Tpig /Ts,c corresponds to the duration
of a packet in time slots. All the probabilities in (23) can be
derived from the transition probabilities of the Markov chain
depicted in Figure 2 and the probability of state (0,0, 0) given
in (2).

1. Derivation of the performance metrics for ALOHA nodes

We derive the probability of a packet being discarded for an
ALOHA node, considering two cases: discard due to reaching
the retry limit, P4, and discard due to delay exceeded, Peq 4.
The expression for P 4 is:

Pia=(Peora)"™ (24)

On the other hand, P4 4 represents the probability that the
cumulative time D4 an ALOHA packet spends in the backoff
process and in failed transmissions exceeds Dy,.x. Hence:

Peaa = P(Da > Diax)
n+1
= ZP(DA > Dmax|Ri) P(Rl)

=1

(25)

Here, R; represents the event that the packet has been
transmitted ¢ times, and its probability is computed using (56).
The expression for P(D 4 > Dmax|R;) is as follows:

ZB >Dmax+TsA

Jj=1

P (D4 > Dmax|Ri) (26)

with {B;} representing a set of independent and identically
distributed discrete uniform random variables with support
{Ty 4,2 - Ty a,..2mmn~1 . T, 4}. These variables model the
time elapsed from the start of the j-th backoff process until
the end of the j-th attempt to transmit an ALOHA packet.
It is noteworthy that we add the term 7 4 to Dy, since
the transmission time of the packet (and the reception time
of its corresponding ACK) must not be included for the last
transmission attempt, as the decision on whether the packet
must be discarded for exceeding Dp,.x is made before it is
transmitted.

The computation of this probability becomes straightfor-
ward as the probability mass function (PMF) of the sum of
multiple discrete random variables is the convolution of the
PMF of each individual variable. Furthermore, it is important
to note that Peg 4 = 0 whenever 2™ =1 (n 4+ 1)T 4 — T 4 <
Dinax, since 2’"'"1"_1(11 + 1)T; 4 is the upper time limit for
transmitting an ALOHA packet.

With these, the probability of a successfully transmitted
ALOHA packet is given by Pye a4 =1 — Py 4 — P, a.

Now we calculate the average delay experienced by an
ALOHA packet, whether it is successfully transmitted or
discarded due to reaching the retry limit. Denoting T} 4 as
the delay of an ALOHA packet discarded due to a retry limit,
it can be expressed as:

9Mimin—1 +1

E[Thal=(n+1)Ta 27)

This delay is the maximum allowed number of transmis-
sions, n + 1, multiplied by the mean of the discrete uniform
random variable Bj, which models the delay introduced by one
backoff and one transmission attempt of an ALOHA packet.

On the other hand, the average delay experienced by an
ALOHA packet successfully transmitted is given by:

9Mmin—1 +1

E [Tsuc,A] 9

=E [nsuc,A] TS,A (28)
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Here, E [nsyc, 4] represents the average number of transmis-
sions of a successfully transmitted ALOHA packet. This can
be computed as:

n+1 (1

_ — Peol,a) Pci(ﬂ,}a;
Bl = g ST = Paga) Pig
B &« i (1 — Peol,a) Pcioiil
- i=1 1= PcrélJ,rjl )
1—(n+2)Pufi+ (n+1) PLE
(1= Paa) (1= P33

The power consumption of ALOHA nodes corresponds to
the average of the power levels in the transmission, reception,
backoff and idle states, weighted by the percentage of time
spent in each of these four states:

E [T, Al E [T, 4] E [Thackofr, A]
P :Px - + -Prx - + Pac off T T
A ; E [T{nter,A] E [ﬂnter,A] backolf B [ﬂnter,A]
E [,Timer,A} -E [:r[x,A] —-E [ﬂX,A} -E [Tbackoff,A]
+ Pae
E [Timer,A]

(30)

with E [Tix 4], E [Tix, 4] and E [Thackotr, 4] representing the aver-
age time an ALOHA node spends transmitting, receiving, and
in backoff between two consecutive packets, and E [T,—mer, A
representing the average time between packets. Eq. (30) can
be easily computed by considering that E[Tiyer, 4] = 1/A 4,
E[Tx 4] = E[nal - Ty, E[Tix 4] = E[nal(Tuiss + Tack + Tirs)s
and E[Tbackoff,A] = E[”A} : Ts7A : 2mmin_1/2-

IV. RESULTS AND MODEL VALIDATION

To evaluate the proposed model, we have explored various
network scenarios, altering the configuration by adjusting
the number of nodes engaged in monitoring non-priority
information using the CSMA/CA channel access method,
alongside the number of nodes generating priority data and

TABLE IIT
PHY AND MAC LAYER RELATED PARAMETERS
Parameter Value
Mmin (MacMinBe) 3
Mmax (MmacMaxBe) 5
m (macMaxCsmaBackoffs) 4
n (macMaxFrameRetries) 3
T§,c (aUnitBackoffPeriod) 2 ms
Teca (phyCcaDuration) 1 ms
Tia (aTurnaroundTime) 1 ms
T, o (macLecimAlohaUnitBackffPeriod) 7.12 ms
Dmmax (macCritMsgDelayTol) 15000 ms
Tk (data packet airtime) 4.288 ms
Tack (ACK airtime) 0.832 ms
Tits (Inter-Frame Spacing) 1 ms
Tirs (ACK Inter-Frame Spacing) 1 ms
A4 (ALOHA PCA traffic rate) 0.1 pkts/s
Ac (CSMA/CA traffic rate) 0.1 pkts/s
Pyge (power consumption in idle state) 144 nW
Prackoft (power consumption in backoff state) 712 pW
Peca (power consumption in channel sensing state) 35.28 mW
Pix (power consumption in transmitting state) 31.32 mW
P (power consumption in receiving state) 35.28 mW

utilizing the LECIM ALOHA PCA method. Additionally,
we analyze the impact of retransmissions within LECIM
ALOHA PCA transmissions and the duration of the backoff
procedure. The results derived from the model are cross-
validated against an ad-hoc system-level, C++ discrete-event
simulator emulating the IEEE 802.15.4 PHY/MAC layers.
Specifically, the simulator comprises a set of ALOHA and
CSMA/CA nodes, along with a central coordinator. Each node
generates packets with an exponential interarrival time. Once
a packet is generated, the flowcharts in Figure 1 are executed
to emulate the corresponding MAC layer behavior of the two
access methods. All simulated outcomes represent the averages
obtained from 10° generated packets. Although we used an
exponential interarrival time for the model and the results
presented in this section, we found that the results are very
similar when the packet interarrival time is a constant value.
The PHY and MAC parameters employed in the simulations
are shown in Table III and satisfy the LECIM Direct Sequence
Spread Spectrum (DSSS) PHY layer requirements specified in
the IEEE 802.15.4-2020 standard.

The values for mumin, Mmax, M, N, and Dy, corresponds
to the defaults outlined in the standard. Both 7;, and T
are fixed at 1 ms for the LECIM DSSS PHY layer. We
configure T, to 1 ms to ensure busy channel detection
during the AIFS. Consequently, T ¢ is defined as Ti, + Tic,.
Additionally, T is set to 1 ms, as the standard requires that
Tigs > Tag. The airtimes T and T,y are also compliant
with the LECIM DSSS PHY standard. To derive them, we
consider a data PHY Service Data Unit (PSDU) size of
32 bytes, a 2-byte Preamble, and a 1-byte Start-of-Frame
Delimiter (SFD). This results in a PHY Protocol Data Unit
(PPDU) size of 35 bytes. We set the data rate to 62500 kbps,
corresponding to a Spreading Factor of 16, a modulation rate
of 1000 ksymbols/second, and Offset Quadrature Phase Shift
Keying (O-QPSK) modulation. Similarly, the ACK size is
configured to 8 bytes: 5 bytes for the PSDU, plus the same
Preamble and SFD used for the data frames. Consequently,
T = 4.288 ms and Ty = 0.832 ms. Finally, the standard
stipulates that T 4 should accommodate the transmission of
a maximum-sized MPDU with the associated IFS and ACK,
resulting in Ty 4 = Ty + Taits + Tack + Tirs = 7.12 ms. The
power consumption values Plgie, Poackoffs Fecas Pix and P are
obtained from a commercial radio implementing the 802.15.4
standard, the Chipcon CC2420 [25]. All results are derived
by varying the total number of nodes from 100 to 1000,
employing various combinations of CSMA/CA (N¢) and
ALOHA nodes (N4). Specifically, we analyze the following
configurations: N¢o = 90% and N4 = 10%; No = 50% and
N4 =50%; and No = 10% and N4 = 90%.

First, we follow the results presented in [22], [6], and
[23] and assume that priority packets are not retransmitted
when a collision occurs. Consequently, we assume that non-
priority traffic from CSMA/CA nodes can be retransmitted up
to n times, while priority traffic from ALOHA nodes is not
retransmitted at all (i.e. n = 3 for CSMA/CA nodes and n = 0
for ALOHA nodes).

Figure 3 shows the packet reliability as a function of the
total number of nodes in the network for different combi-
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Fig. 3. Packet reliability for different ratios of N and N 4. Standard backoff
(Mumin = 3, Mmax = 5) and no retransmissions for ALOHA nodes. Solid lines
for simulator and dotted lines for analytical model.
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Fig. 4. Average delay for a successfully transmitted packet for different
ratios of No and N 4. Standard backoff (mpin = 3, mMmax = 5) and no
retransmissions for ALOHA nodes. Solid lines for simulator and dotted lines
for analytical model.

nations of N¢ and N4. In this and the following figures,
we use solid lines to represent the results from the discrete
event simulator and dotted lines for the results from our
analytical model. Blue lines indicate results for CSMA/CA
nodes, while red lines correspond to results for ALOHA
nodes. As expected, the performance of CMSA/CA nodes
is significantly better than that of ALOHA nodes as the
CSMA/CA channel access method prevents collisions when
there is an ongoing transmission on the channel. However,
the graphs display a behavior that is not intuitive at first
glance. When comparing the reliability for a fixed number of
nodes, we observe that increasing the percentage of ALOHA
nodes improves the reliability for CSMA/CA nodes while
remaining practically unchanged for ALOHA nodes. This
behavior is primarily due to the fact that packets generated
by ALOHA nodes are not retransmitted. Consequently, the
negative impact on the collision probability caused by using
the ALOHA PCA method instead of CSMA/CA is mitigated

0121

—— ALOHA, N, 10%, N: 90%

—— CSMA/CA, N,,: 10%, N.: 90%

0.1 [ | —#— ALOHA, N,: 50%, N: 50%
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—— CSMAICA, N, 90%, N.: 10% P

0.08 -

Power Consumption (mW)
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Total number of nodes (NA + NC)

1000

Fig. 5. Power consumption for different ratios of Nc and N,4. Standard
backoff (mmin = 3, mmax = 5) and no retransmissions for ALOHA nodes.
Solid lines for simulator and dotted lines for analytical model.

by the reduction in the overall network traffic due to the
absence of retransmissions.

Figure 4 illustrates the average delay for a successfully
transmitted packet as a function of the total number of nodes.
As observed, the average delay for ALOHA nodes is lower
than that of CSMA/CA nodes and remains independent of the
number of nodes. This is due to the absence of retransmissions,
resulting in the average delay being comprised solely of one
average backoff time plus one transmission time. In contrast,
for CSMA/CA nodes, the delay increases with the number
of nodes due to more frequent retransmissions (arising from
increased collisions) and more backoffs (as the probability of
sensing the channel busy « during a CCA rises).

Figure 5 shows the average power consumption per node
as a function of the total number of nodes. As can be
seen, ALOHA nodes consume less power than CSMA/CA
nodes, with a strong correlation to the delay results shown in
Figure 4. Similar to the delay, the average power consumption
of ALOHA nodes remains constant and independent of the
number of nodes, as each packet is only transmitted once,
involving a single backoff, a single transmission and a single
reception of the ACK. In contrast, the power consumption for
CSMA/CA nodes increases with the number of nodes due to
more retransmissions and backoffs, which extend the time a
CSMA/CA node spends in more power-demanding states.

Comparing the model and the simulation results in terms
of packet reliability, average delay and power consumption,
we find a close alignment between the model and the simu-
lations for ALOHA nodes, while the model provides a strong
approximation for CSMA/CA nodes. The slight differences
observed in CSMA/CA nodes can be attributed to the as-
sumption made in the Markov chain model of the CSMA/CA
nodes that a—the probability of a CSMA/CA node detecting
a busy channel during CCA—is independent of the node’s
backoff stage (i.e., of the number of previous CCAs that have
found the channel busy for transmitting a given packet) or
the retransmission counter. This assumption may impact the
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model’s accuracy as discussed in [17] 3,

Next, in Figures 6, 7 and 8, we analyze the impact of
retransmissions on the ALOHA PCA method (up to 3 retrans-
missions, similar to CSMA/CA nodes), focusing on packet
reliability, average packet delay and power consumption. The
inclusion of retransmissions significantly increases the reli-
ability of ALOHA nodes, narrowing the reliability gap with
CSMA/CA nodes. In fact, in certain cases, such as high traffic
rates where N, is 10% and N¢ is 90%, the performance of
ALOHA nodes can even surpass that of CSMA/CA nodes.
This is because the channel becomes so congested that channel
access failures for CSMA/CA nodes skyrocket. As expected,
increasing the percentage of ALOHA nodes leads to a degrada-
tion in reliability for both CSMA/CA and ALOHA nodes due
to the increased number of collisions. Finally, when comparing
the packet reliability with and without retransmissions for the
ALOHA PCA method (Figures 3 and 6), we observe that
the reliability of ALOHA nodes improve, as there are more
attempts to transmit a packet when it collides. In contrast,
the reliability of CSMA/CA nodes decreases due to a higher
incidence of collisions and channel access failures.

0.8

I
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Reliability

o
~

—s— ALOHA, N,: 10%, N.: 90%
[|—&— CSMAICA, N, 10%, N..: 90%
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O 2 L A Cc

< | |=—©— CSMA/CA, N,: 50%, N: 50%
|| —+— ALOHA, N,,: 90%, N: 10%
—&— CSMA/CA, N,,: 90%, N1 10%
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Total number of nodes (N, + N.)

Fig. 6. Packet reliability for different ratios of N and N 4. Standard backoff
(Mmin = 3, Mmax = 5) and up to n = 3 retransmissions for ALOHA nodes.
Solid lines for simulator and dotted lines for analytical model.

On the other hand, as expected, the possibility of retrans-
mitting ALOHA packets increases the average delay for a suc-
cessfully transmitted packet for both ALOHA and CSMA/CA
nodes compared to the scenario where there are no retransmis-
sions for ALOHA nodes. In this case, the delay increases as the
total number of nodes grows, since the probability of collision,
and therefore packet retransmission, increases with the number
of nodes. However, if we compare the delay experienced
by ALOHA packets with that of CSMA/CA packets, it is
significantly lower across all combinations of N and N 4.
A similar effect is observed in the power consumption: as

3For example, consider a network with very low traffic and a CSMA/CA
node performing a CCA for the first time. In this scenario, the probability of
detecting a busy channel is very low and is the probability that another node
has initiated a transmission within the previous Ty seconds. If the channel is
busy, then the probability of finding it busy again during the second CCA will
also depend on whether the transmission that occupied the channel during the
first CCA has concluded by the time of the second CCA.

110
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Fig. 7. Average delay for a successfully transmitted packet for different ratios
of N¢ and N 4. Standard backoff (mmpin = 3, Mmax = 5) and up to n = 3
retransmissions for ALOHA nodes. Solid lines for simulator and dotted lines
for analytical model.
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Fig. 8. Power consumption for different ratios of No and N 4. Standard
backoff (mmin = 3, Mmax = 5) and up to n = 3 retransmissions for ALOHA
nodes. Solid lines for simulator and dotted lines for analytical model.

the number of retransmissions increases, the average power
consumption for both CSMA/CA and ALOHA nodes also
rises. This is due to the increased percentage of time the nodes
spend in transmitting and receiving states, which are the most
power-consuming states.

Regarding the model’s accuracy, it can be observed that it
still provides a good approximation, although the discrepancy
between simulation and model is more pronounced than in the
scenario without retransmissions for ALOHA nodes. Similarly
to the previous scenario, this discrepancy mainly arises from
the inaccurate assumption that o« —the probability that a
CSMA/CA node encounters a busy channel when performing
the CCA— and w —the probability that there is an ongoing
transmission when an ALOHA node starts transmitting a
packet— remain constant and do not depend on whether the
packet is being retransmitted or the backoff stage, especially
when the backoff parameters mm;, and My are low.

To validate this reasoning and decorrelate consecutive CCAs
or retransmission attempts over time, we conducted a simi-
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Fig. 9. Packet reliability for different ratios of No and N 4. Long backoff
(Mmin = Mmax = 8) and up to n = 3 retransmissions for ALOHA nodes.
Solid lines for simulator and dotted lines for analytical model.
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Fig. 10. Average delay for a successfully transmitted packet for different
ratios of N¢o and N 4. Long backoff (mpin = mmax = 8) andupton =3
retransmissions for ALOHA nodes. Solid lines for simulator and dotted lines
for analytical model.

lar evaluation with increased backoff times. Specifically, in
Figures 9, 10 and 11, we present the same results as in
Figures 6, 7 and 8, but with the parameters controlling the
backoff times set to the maximum values allowed by the
standard (Mmpin = Mmax = 8). As depicted, in this scenario,
the model’s accuracy improves significantly for both ALOHA
and CSMA/CA nodes, resulting in outcomes very closely
aligned with the simulations. Comparing these results with
the previous scenario, we observe a notable increase in the
average delay for both ALOHA and CSMA/CA nodes, which
is expected given the higher values of the backoff parameters
now. The same effect is observed in power consumption,
as the power associated with the backoff states increases
significantly. Similar to the delay, when the number of nodes
is low, the power consumed by ALOHA nodes can be even
higher than that consumed by CSMA/CA nodes. This is
because the duration of a backoff slot for an ALOHA node
is much longer than that of a CSMA/CA node, resulting in

0.25;
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Fig. 11. Power consumption for different ratios of N and N 4. Long backoff
(Mmin = Mmax = 8) and up to n = 3 retransmissions for ALOHA nodes.
Solid lines for simulator and dotted lines for analytical model.

more time spent in backoff for ALOHA nodes. In terms of
reliability, CSMA/CA nodes maintain a similar performance,
whereas ALOHA nodes show a significant improvement in
reliability under low network loads. This improvement stems
from the fact that with lower backoff exponents, the probability
of a collision between retransmitting ALOHA nodes after
an initial collision is higher, leading to decreased reliability.
Conversely, higher backoff exponents reduce the probability
of simultaneous retransmissions, lowering collision rates and
consequently enhancing reliability.

In summary, the results presented in this chapter show that
the performance of the proposed model closely aligns with
the outcomes from the discrete-event simulator, with a few
discrepancies attributed to the assumptions made regarding
the CSMA/CA backoff process. The improved accuracy of the
model when backoff times are increased—helping to decorre-
late consecutive CCAs and retransmission attempts—confirms
that these discrepancies are due to those assumptions.

When no retransmissions are allowed, it is worth mentioning
the improvement in reliability for CSMA/CA nodes as the
percentage of ALOHA nodes increases, primarily due to the
reduction in overall network traffic and the significantly lower
average delay and power consumption for ALOHA nodes.

Additionally, the analysis of retransmissions within the
ALOHA PCA method reveals that including retransmissions
significantly enhances packet reliability. In some cases, this
leads to ALOHA nodes outperforming CSMA/CA nodes,
particularly in high-traffic scenarios, where channel access
failures for CSMA/CA nodes increase substantially. However,
this improvement in reliability for ALOHA nodes comes at
the cost of increased average delay and power consumption,
although these values remain lower than those for CSMA/CA
nodes. It is also worth noting that in this case increasing
the percentage of ALOHA nodes leads to a degradation in
reliability for both CSMA/CA and ALOHA nodes due to the
increased number of collisions.
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V. CONCLUSIONS

This study investigates the coexistence of nodes using
the CSMA/CA channel access method and nodes using the
LECIM ALOHA PCA method within unslotted IEEE 802.15.4
networks, with a specific focus on the impact on the network
reliability, delay and power consumption in critical infrastruc-
ture monitoring scenarios.

The results indicate that nodes using the LECIM ALOHA
PCA method, operating without retransmissions, exhibit lower
average delays and power consumption compared to nodes
using the CSMA/CA channel access method. This makes them
particularly appealing for applications prioritizing low-latency
data transmission. Additionally, introducing retransmissions
for nodes using the LECIM ALOHA PCA method signifi-
cantly enhances their reliability, bringing their performance
closer to that of nodes using CSMA/CA, particularly in high
network congestion scenarios. Although this improvement
leads to an increase in average delay and power consump-
tion, it remains lower than that observed for nodes using
CSMA/CA.

The theoretical framework developed and validated in this
study provices a robust approximation of network performance
in terms of reliability, delay and power consumption. Despite
minor discrepancies, the model offers valuable insights into
the performance differences between these channel access
methods. Overall, these findings contribute to a deeper under-
standing of the coexistence of the LECIM ALOHA PCA and
the CSMA/CA channel access methods, and can inform the
design and implementation of WSNs in critical infrastructure
monitoring applications.

APPENDIX A
PROOF OF LEMMA 1

The probability o can be expressed as:

a=P(BaUBc) =P (Ba)+ P (BSNBe) (31)

Here, B4 represents the event of the channel being busy
due to an ALOHA transmission (either a packet or an ACK),
while B¢ represents the event of the channel being busy due
to a CSMA/CA transmission (either a packet or an ACK).

The term P (B4) can be further decomposed as:

P (BA) =P (BA,pkt U BA,ack)
=P (BA,pkt) + P (Bi,pkt N BA,ack)
On the other hand, the joint probability P(BS N Bc) can
be expressed as:
P (B N Be) = P (BS N (Bepk UBeack))
= P (BS|Bopkt) P (Bepe)
+P (B§|BC,ack) P(BC,ack)

The transition from the first equality to the second can be
made since the events B¢ p and Be sk are mutually exclusive
(i.e., it is impossible that the transmission of a CSMA/CA
packet and of a CSMA/CA ACK happen simultaneously, as the

(32)

(33)

CSMA/CA node transmitting the packet would have found the
channel busy, refraining its transmission). Now we proceed to
derive P(BS|Bc pit)» P(Bepki)» P(BS|Bcack) and P(Bc ack)-

Regarding P(BY|Bc pk) we can further operate as follows:

P (B§|BC,pkt) =P ((BA,pkt U BA,ack)C |BC,pkt)
=P (Bg,pkt N Bg,ack‘BCPkt)
=P (Bg,ackugcd)kl; Bg,pkt) P (Bi,pkt|chpkt)
= P(Bg,pkt|BC7Pkt)

For the last step, we have considered that the transmission
of an ALOHA ACK cannot occur if a CSMA/CA packet
is being transmitted at that moment. If a CSMA/CA packet
is being transmitted: i) there cannot be a previous ALOHA
transmission (neither packet nor ACK) since the CSMA/CA
node would have detected the channel busy, refraining from
transmitting, and ii) any ALOHA packet transmitted after the
beginning of the transmission of the CSMA/CA packet would
result in a collision, thus preventing the generation of the

ALOHA ACK. Therefore, P(BS .. |Bc pki, BS pi) = 1. The
same reasoning applies to demonstrate that:

(34)

P (BG|Bc,ack) = P (BS pial B ack) (35)
Thus, by substituting (34) and (35) into (33), we obtain:
P(BSNBc) =P (Bg,pkt‘BCﬂpkt) P (Be pk)

+ P (BY palBeack) P (Beact)

Finally, substituting (32) and (36) into (31) we obtain (3)
and the lemma is demonstrated. O]

(36)

APPENDIX B
PROOF OF LEMMA 2

Assuming that the CCA starts at time instant 0, the occur-
rence of the event Bg_’pktﬂB A,ack hinges upon three conditions:
e Only one ALOHA node starts a packet transmis-
sion within the time span (—Tpk — Tack — Taits, —Tpkt)-
This transmission is the one whose ACK will render
the channel busy during the time span (0, 7¢c,). The
probability of this to happen is AgNAE [na] (Toek +
Taifs)ef)\ANAE[nA](TackJrTAir,).

o There are no other transmissions on the channel when
the transmission of the ALOHA packet mentioned in the
previous paragraph begins. Otherwise, it would collide
and no ACK would be generated. The probability of this
is 1 —w.

e« No other ALOHA node starts a packet transmission
within the time span (—Tpk, Teca), given that just one
ALOHA node has started a packet transmission within
(—=Toxe — Tack — Taits, —Tpke). This condition ensures both
the event Bg’pkt and that the ALOHA packet caus-
ing the ACK does not collide after the beginning
of its transmission (as a collision would prevent the
generation of the ACK). The probability of this is
e~ AaNa—DERal(Twt+Tw)  Note that once the ALOHA
transmission has started, the CSMA/CA mechanism pre-
vents the CSMA/CA nodes to transmit and therefore they
do not appear in this probability.
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If we multiply the probabilities of these three conditions,
we obtain (4) and the lemma is demonstrated. O

APPENDIX C
PROOF OF LEMMA 3

Let assume that time instant 0 corresponds to the beginning
of the CCA that senses the channel as busy. Then, the start of
the CSMA/CA packet transmission generating the event Be pi
must fall within the time interval (—Tpk, Tcca). Additionally,
the beginning of that packet transmission is uniformly dis-
tributed in (—Tjke, Teca), as all the transmitting states in the
Markov chain of Figure 2 have the same probability for a
given value of k.

Let assume that the CSMA/CA packet transmission gener-
ating the event Bc pi begins at time instant ¢ € (—Tpk, Teca)-
Then, we know for sure that there are no other transmissions
before time instant ¢ — Ti,. Otherwise, the channel would
have been detected as busy, and the CSMA/CA packet trans-
mission causing the event B p would not have occurred.
Therefore, the probability that there are no ALOHA packet
transmissions at the moment of the CCA, given that there
is a CSMA/CA packet transmission started at time instant %,
P(ngktwc,pkt started at ), 1S the probability that no ALOHA
node has started transmitting a packet from time instant t — T,
to time instant 7;,, with the exception described in the next
paragraph. This probability is:

—AaNAE[nA](Teca—(t—Th))

(Bg,pm'BC,pkl started at t) =e€ (37)

Figure 12 shows graphically this reasoning. When ¢ €
(—=Tok, =Tk + Tia), we must only ensure that no ALOHA
node starts a packet transmission in the interval (—Tpk, Tcca),
since the condition in the previous paragraph would also
include packet transmissions that are not related to the event
Bipkt. For instance, it ¢ = —Tp, the ALOHA packet
transmissions started in (—Tpx — Tia, —Tpke) finish before time
instant O (i.e. the beginning of the CCA). Then,

—AaNAEMA)(Tecat+Tpki)

P (Bg,pkt|BC,pkt started at t) =€ (38)

Therefore, to compute P(BS j|Bcpia), we need to divide
the time interval (—Tp, Teca) into two parts and integrate the
probabilities given above in each of them. In the first part,
when t € (—Tp + Tha, Teca), We use the probability that no
ALOHA node starts a packet transmission from time instant
t—Tia t0 Teeq. In the second part, when t € (=T, —Tpki+7T1a),
we use the probability that no ALOHA node starts a packet
transmission from time instant —Tp to Tee, (as in this case,
any ALOHA packet transmission started before time instant
—Th,k would not occupy the channel at time instant 0). With
this, we have:

P (BC ‘B ) /Tw" P (Bg,pkt|BC,pkt started at t) p
C,pkt) = t
A pki|Bepke s Tt T

/—TpkH‘Tm e—AA NAE[nA](TecatTiki) p
t
T Tpkt + cha

— 4 pkt
Tgc.x e_)\ANAE["LA](cha_t"FT‘lu)
+f it
Tyt T Tpke + Teca

(39)

|
I
Tk t=Twa t 0 Teca

Timespan where the beginning of the CSMA/CA packet

X . )
transmission causing the event B ;. happens

In this timespan we know for sure
there are no other transmissions

In this timespan, we need to compute the probability

1
1
1
1
1 that no ALOHA node starts transmitting a packet
|

L

Beginning of the CSMA/CA packet

Beginning of the CCA
transmission causing the event Be

Fig. 12. Graphical description of the computation of P (Bg pk[‘BCaPkl)'

If we perform these integrals, we obtain the expression in (5)
and the lemma is proven.
O

APPENDIX D
PROOF OF LEMMA 4

Let assume that time instant 0 corresponds to the beginning
of the CCA that senses the channel as busy. Then, the start
of the CSMA/CA ACK transmission generating the event
Bc ack must fall within the time interval (—Tjck, Teca) and it
is uniformly distributed within this interval.

If the CSMA/CA ACK transmission begins at time instant
t € (—Tack, Teea), We can be certain that there are no other
transmissions before time instant ¢ — 1. Otherwise, the
CSMA/CA packet generating the ACK would have collided
and the ACK transmission that causes the event B¢ cx would
not have occurred.

Hence, to compute P(Bg,kaBC,ack)s we have to deter-
mine the probability that no ALOHA node starts a packet
transmission from time instant ¢ — Tyg to Tica, Which is
e~ MNaEMAl(Tea—(t=Tur))  and integrate it over the time in-
terval (—T ek, Teca):

P(Bg}pkt‘BC,ack) :/

—Tack

Tea o =AaNAERA](Teca—t+Tiss)

Tack + cha

dt (40)

If we perform this integral, we obtain the expression in (6)
and the lemma is proven. O

APPENDIX E
PROOF OF THEOREM 5

To prove the theorem, we need to calculate all the
probabilities that appear in Lemma 1 and substitute them
into it. The terms P(BY i N Baack), P(BY yulBe pi), and
P(Bgypkt\Bc,ack) have been determined in Lemmas 2, 3, and
4; the expressions for P(B4 pk), P(Bc pk) and P(Bc ack) still
need to be obtained. Regarding P (B4 pi), it can be computed
as follows:

P (BA pkt) -1 e—AANAE[nA](Tpkl+Tm) 41)

In essence, P (Bapk) quantifies the probability that any
ALOHA node starts a packet transmission within Tpy + Teca
seconds before the end of the CCA. We have multiplied the
traffic generation rate of each ALOHA node A4 by E[n4] to
account for the fact that each generated packet is transmitted
on average E [n 4] times. We also assume that during the CCA
period, there cannot be any ongoing transmission in order to
detect the channel idle.
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The term P(Bc k) corresponds to the probability that at
least one CSMA/CA node has sensed the channel as idle in any
of the previous Tpy /T ¢ slots that lasts a packet transmission.
Therefore,

Tpkl

P (Bepkt) = (1 -(1- Too

T)chl) (1-a)

(42)

Finally, P (B¢ ack) represents the scenario where exactly
one out of the remaining No —1 CSMA/CA nodes has sensed
the channel during any of the previous Ty /75 ¢ slots, found
it idle, and no ALOHA node has collided with the CSMA/CA
packet generating the ACK:

Tack
Ts7 C

P(Beaw) =(Ne —1)7(1—=7)""2(1-a)

% e—/\NAE[nA](TpkH-Tm)

(43)

By substituting (4), (5), (6), (41), (42) and (43) into (3), we
derive the expression in (7) for computing o.
O

APPENDIX F
PROOF OF THEOREM 6

The collision probability for a CSMA/CA transmission is
given by:

PcoLC = P(CC UCA) =1-P (Cg) P (Cg) (44)

Here, Cc and C4 represent the event that the CSMA/CA
transmission (packet or ACK) collides with another
CSMA/CA or ALOHA transmission, respectively. Hence,
P(CE) and P(CY) correspond to the probability that the
CSMA/CA transmission does not collide with another
CSMA/CA or ALOHA transmission, respectively. These
probabilities are independent, as ALOHA packet transmissions
commence irrespective of other ongoing transmissions.

The term P(CY) represents the probability that no ALOHA
node starts a packet transmission after the end of the CCA
and until the end of the ACK:

j2) (Cg) = e~ AaNaBER Al (Tt Tt Taits +Taek) (45)

It is important to note that a collision between a CSMA/CA
transmission (packet or ACK) and an ALOHA ACK is not
feasible. This can be attributed to two reasons: first, let us
assume that during the CCA, there is an ongoing ALOHA
transmission. In such a scenario, the channel would be detected
as busy, thus hindering the CSMA/CA nodes from transmit-
ting. Second, if the CSMA/CA transmission has commenced,
any subsequently transmitted ALOHA packet would inevitably
result in a collision, thus preventing the generation of the
ALOHA ACK.

Similarly, we have the following expression for P(CS ):

P(cg) =1

—r)Net (46)

This expression represents the probability that no other
CSMA/CA node performs the CCA at the same time slot
as the CSMA/CA node initiating its transmission. Due to the

CSMA/CA mechanism, collisions between CSMA/CA trans-
missions occur only when both commence simultaneously. To
avoid collisions with ACKs, it is assumed that the duration of
the CCA is longer than the AIFS.
By substituting (45) and (46) into (44), we obtain (8) and
the theorem is proven.
O

APPENDIX G
PROOF OF THEOREM 7

Proceeding as in (31), (32) and (36), we can express w as:

w = P (7-,47131@) -+ P (ﬁpkt N TA,ack)
+P (ncjpktn-C,pkl) P(TC,pkt)
+ P (n?pkt|TC,ack) P(TC,ack)

with T4 pie and Ta ack representing the events that there is
another ongoing ALOHA packet or ACK transmission on the
channel when the ALOHA node starts transmitting a packet;
and Topke and Toac the events that there is an ongoing
CSMA/CA packet or ACK on the channel when the ALOHA
node starts transmitting a packet.

The term P (74 pk) represents the probability that another
ALOHA node initiates a packet transmission within Ty
seconds before the beginning of the packet transmission from
the ALOHA node:

(47)

P (Tap) = 1 — e AaWNa=DBRa T 48)
The expression for P(TAC:])kt N T k) is given by:
F (TAC’pkt N Taack) = Aa (Na—1) E [na] (Tack + Tiits)
X 6_)\A(NA_l)E[nA](Tack+Taifs)
(49)
X (1 —w)
« e~ MAEMAl(Na—2)Th

This equation mirrors conditions akin to those of P(l’)’f:;,pkt N
B 4.k albeit with two differences: Firstly, N4 is replaced by
N4 —1. This adjustment is necessary because, in this case, the
ALOHA node for which we are computing P(ﬂczpk[ NTA ack)
must not be considered in order to compute the probability of
occupying the channel with an ACK. Secondly, we do not have
the term 7., as in this case we are assessing the probability
at a specific time instant rather than over a time interval of
duration T¢.,.

The term P(7¢ p) corresponds to the probability that at
least one CSMA/CA node has sensed the channel as idle in
any of the previous (Tp + Tia)/Ts,c slots that lasts a packet
transmission. Therefore,

P(Top) = (1= (1-1)%) (1) (B2 60
s,C

This equation resembles P (B¢ pi), albeit with the substitu-

tion of No — 1 by N¢, as the number of CSMA/CA nodes to

consider is one more than in that case. Additionally, we have

incorporated the term 7Ti, into this probability to account for

the event that the ALOHA node begins the packet transmission
during the turnaround time of a CSMA/CA node.
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The rationale for computing P(T£ | 7o pit) is analogous to
computing P(BS ,|Bc pit), with the exception of substituting
N4 by Ny — 1 and setting Ti, = O:

Ti - - n
P (TAC:pkt”—C,pkt) = Tie Aa(Na—1)E[na] T

pkt

e~ Aa(Na—1)E (51)

[nalTu _ p—=Aa(Na—1)E[na]Tm

)\(NA — 1)E [TLA] Tpkt

The probability that there is an ongoing CSMA/CA ACK
transmission when an ALOHA begins transmitting a packet
corresponds to the probability that exactly one out of the N¢
CSMA/CA nodes has sensed the channel during any of the
previous Tyok /Ty ¢ slots, found it idle, and no other ALOHA
node has collided with the CSMA/CA packet that generates
the ACK:

_|_

Tack
Tic
X e —Aa(Na—1)E[na]( pk["!‘Ttd)

P (Teae) = Net (1 =7)Ve7 (1 = a)

(52)

Once more, to compute P(7f T ack), we utilize the
same expression as for P(B§7pkt|Bc7ack), with the modification
of substituting N4 by N4 — 1 and setting T, = 0:

P (Tl Toack) =

e~ MEMA](NA—D)Tits _ o=AaE[na]l(Na—1)(Lack+Thirs)

)\AE [nA] (NA - 1) Lack

(53)

By substituting (50), (51), (52), (53), (49) and (48) into
(47), we derive the expression in (9) for computing w and the
theorem is proven.

O

APPENDIX H
PROOF OF THEOREM 8

The collision probability for an ALOHA transmission is
given by:

Pcol,A =P (Aat init U Aafter init)

=1- ('Aal mn) ( after mlt‘Aal mn)

Here, P(Ay init) denotes the collision probability for an
ALOHA transmission at its inception, i.e. the probability
that there is another transmission on the channel when the
ALOHA node starts transmitting, which corresponds to w.

P(AG e inie AS i) Tepresents the probability that the ALOHA
transmission, spanning the packet and the ACK, does not
collide given that it has not collided at its inception. Due to
the CSMA/CA method, which avoids any transmission from
CSMA/CA nodes on the channel if it is busy, this probability
corresponds to the probability that no other ALOHA node
initiates a packet transmission during the duration of the packet
and the ACK, i.e.,

( after 1ml|Aat mlt) =e€

(54)

—AA(Na—1)E[na](Tpk+Taits+Tack) (55)

Considering that P(AS ;) = 1 — w and susbtituting (55)
into (54), we obtain (10).

Utilizing the expression for P,y 4, we can calculate the
probability that the packet is transmitted 7 times, denoted as

P (R;), as follows:

(1 - Pcol,A) (;12077:1[4

il ifi=n+1

ifi<n+1

P(R;) = (56)

With this, the average number of transmissions of an
ALOHA packet is given by:

n+1 1— Pn+1
A
X)P = o4 (57)
1- Pcol,A
L]
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