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Abstract: The IEEE 802.11ah standard, marketed as Wi-Fi Halow, introduces a new channel access
mechanism called the Restricted Access Window (RAW), aiming to provide connectivity for the
Internet of Things (IoT) applications over broad areas. RAW aspires to alleviate the contention by
splitting the channel access into periods and allocating each period to a given group of stations. This
paper develops an analytical framework based on Probability and Renewal theories for modeling
and evaluating an IEEE 802.11ah-based network implementing the RAW mechanism. We consider a
Rayleigh-fading channel with the presence of the capture effect: a realistic scenario for IoT networks
deployed in dense urban environments. Considering a single-hop scenario of stations randomly
distributed around an Access Point (AP) and the power attenuation of transmitted packets, we
model the channel access under capture awareness. As the RAW mechanism presents a time-limited
contention for channel access, we develop a counting process that tracks transmissions up to the
end of the contention time interval. Henceforth, we evaluate the network performance in terms of
throughput. We meticulously validate the derived analytical results through extensive campaigns of
discrete-event simulations. Our study evaluates the impact of different parameters on the overall
performance, including the contention time, the number of stations, the number of groups, and the
capture threshold. We henceforth study the impact of the capture effect on enhancing the network
performance under the grouping feature introduced by the RAW mechanism. This work contributes
to developing an analytical modeling framework to evaluate the performance of time-limited random
access mechanisms accurately and can be an excellent basis for proposing practical scheduling
algorithms to configure the RAW mechanism under non-ideal channel conditions.

Keywords: performance evaluation; renewal theory; stochastic process; IEEE 802.11ah; RAW
mechanism; capture effect; Internet of things

MSC: 60K05; 68M20

1. Introduction

The Internet of Things (IoT) has evolved into an essential paradigm that brings sig-
nificant changes to human life where connectivity is available anywhere, anytime for
anything [1]. As IoT incorporates an increasing number of devices, it is vital to develop
wireless communication technologies that meet the requirements of IoT applications, such
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as large-scale connectivity, low power consumption, and reliable throughput [2]. It is antici-
pated that new wireless technologies will ensure a reliable interconnection of a massive
number of IoT devices, such as sensors, smartphones, and home appliances. Two types
of low-power IoT communication technologies are currently available: Wireless Personal
Area Network (WPAN) and Low-Power Wide Area Network (LPWAN) technologies [3].
WPAN technologies (e.g., Zig-Bee and Bluetooth) provide medium data rates (i.e., up to
a few hundred kilobits per second) at short range (i.e., tens of meters), whereas LPWAN
technologies (e.g., LoRa and SigFox) provide long-range communications (i.e., up to tens of
kilometers) at low data rate (i.e., up to a few kilobits per second). As such, it is still required
to have an IoT communication technology offering higher data rates.

Since its invention, Wi-Fi technology has established a great success becoming one
of the most commonly utilized wireless technologies globally. However, with the emer-
gence of the IoT, the requirements for wireless connectivity have shifted tremendously.
The traditional Wi-Fi technology is not applicable for IoT scenarios, as it is designed only
for small-scale networks with a few dozen stations over a small range of tens of meters.
Therefore, the IEEE Task Group ah (TGah) developed the IEEE 802.11ah standard [4], the
first Wi-Fi solution to address IoT applications and fill the gap between existing low-power
IoT communication technologies. The IEEE 802.11ah Wi-Fi standard was officially released
in 2016, presenting several amendments to the legacy Wi-Fi technology. It operates in unli-
censed sub-1Ghz frequency bands, and it supports the connectivity of up to 8192 stations
with a single Access Point (AP). In addition, it provides data rates ranging from 150 Kbps
to 78 Mbps over a transmission range up to 1 km [3]. IEEE 802.11ah introduces a new
channel access mechanism, called Restricted Access Window (RAW), aiming to provide
efficient connectivity to densely deployed, energy-constrained devices.

The RAW mechanism is based on periodic channel reservation, where only a set of
stations can access the channel simultaneously. Such a feature makes the IEEE 802.11ah
standard an excellent solution for long-range IoT use cases, such as smart sensors and
meters, backhaul aggregation, and extended range hotspot and cellular offloading [5].
Hereafter, an IEEE 802.11ah based network can be implemented to cover thousands of
widely distributed sensors and meters. It can also carry out the backhaul connection
between IEEE 802.15.4g devices and their remote servers. Additionally, IEEE 802.11ah can
be deployed to enlarge the hotspot range and traffic offloading in mobile networks.

The time-limited contention within short periods of RAW slots presents a new chal-
lenge to derive accurate evaluation for the overall performance of a single RAW slot or
a RAW consisting of several RAW slots. The legacy analytical models based on steady-
state results as Bianchi’s [6] are not applicable in this case. The channel access contention
within a RAW slot is terminated at the end of its period, which prevents the system from
reaching the stationary state [7]. Henceforth, the RAW mechanism is critically affected
by the time constraint presented by the RAW slots periods. Since the standard did not
mention how to configure RAWs within beacon intervals and RAW slots within RAW, an
accurate evaluation of the performance of a given configuration is necessary in order to
derive efficient scheduling and configuration algorithms. However, we do not focus on
RAW configuration strategies in this work. Instead, we shall develop an accurate analytical
framework to evaluate the contention within a RAW slot period and a RAW consisting of
several RAW slots. We assume that the RAW periods within beacon intervals are allocated
in a way that eliminates the hidden nodes problem so that all stations assigned to a given
RAW can listen to each other.

In addition, the role of the RAW mechanism in decreasing collisions, the Capture Effect
(CE) feature imports significant enhancements to the network performance by enhancing
channel usage during RAW periods. That is, when a collision occurs, the receiver can still
capture the data frame from one station when its received signal exceeds that of other
interfering signals by a certain threshold. Furthermore, the received signal depends on
the channel model, which characterizes the wireless medium and depends on several
parameters, such as the distance between the transmitter and receiver, the line of sight,
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and the environment (obstacles and surroundings) [8]. We consider in this work an IEEE
802.11ah based network operating under a Rayleigh fading channel model with capture.
This channel model represents a heavily built-up urban environment and a non-line-of-sight
(NLOS) propagation in the wireless channel [9].

The contributions of this work are summarized as follows:

• We model the channel access within a RAW slot under a Rayleigh fading channel with
capture, considering the geometric distribution of stations around the AP.

• We develop a renewal theory based framework to model the contention within the
RAW slot by deploying a counting process to track transmissions within the RAW slot
period. We then evaluate the RAW slot throughput representing the channel usage
ratio in delivering data frames during the RAW slot period.

• We derive the throughput of a RAW consisting of several RAW slots, which represents
the channel usage ratio to deliver data frames during the overall RAW duration. We
also evaluate the RAW performance in a no-capture channel scenario and derive the
capture ratio in a given RAW configuration.

• We present a meticulous validation of the analytical findings through extensive simu-
lations obtained via a discrete-event simulator developed with the MATLAB software.
We henceforth carry out a discussion and analysis of several parameters affecting the
performance of a RAW slot and a RAW consisting of several RAW slots.

The remainder of the paper is organized as follows: Section 2 describes the RAW
mechanism and reviews previous works modeling and evaluating the RAW mechanism
and the capture effect. Then, in Section 3, we describe the considered scenario and the
channel model. We also carry out the modeling of the channel access mechanism in the
presence of capture effect and power attenuation under a Rayleigh fading channel. Section
4 presents a renewal theory based model to evaluate the RAW slot throughput, representing
the channel usage ratio to deliver data frames during the RAW slot period. We henceforth
derive the throughput of a RAW comprising several RAW slots and highlight the capture
ratio in the RAW period. In Section 5, we validate our analytical findings via simulations
and examine the impact of several parameters on the performance of a RAW slot and a
RAW consisting of several RAW slots. Finally, we conclude our work in Section 6.

2. Background
2.1. The IEEE 802.11ah RAW Mechanism

Although IEEE 802.11ah inherits most of the legacy IEEE 802.11 features, several
amendments have been proposed in this new standard to support the general requirements
of long-distance dense IoT networks. The novel hierarchical Association Identification (AID)
structure allows a single IEEE 802.11ah AP to associate up to 8191 stations. Furthermore, the
IEEE 802.11ah standard operates in the unlicensed sub-1GHz frequency band and provides
connectivity over a range of up to 1 km. Since connecting thousands of stations using basic
IEEE 802.11 MAC mechanisms is impossible, the IEEE 802.11ah standard introduces a new
MAC mechanism named Restricted Access Window (RAW).

The RAW mechanism aims to alleviate collisions and improve the performance of
dense IoT networks where a significant number of devices are contending for channel
access simultaneously. It can be viewed as a combination of deterministic and stochastic
media access strategies. Figure 1 depicts a schematic representation of the RAW mechanism
functionality. Within each beacon interval, the AP allocates one or more RAWs, where each
RAW is allocated to a group of stations. During a RAW period, only its designated stations
are allowed to contend for channel access. In contrast, all stations can access the channel
in the shared channel time. The AP is responsible for allocating RAW periods within
the beacon interval and assigning a group of stations to each RAW. Thus, it broadcasts
this information through the preceding beacon frame using the RAW Parameter Set (RPS)
element. The RPS element indicates the stations assigned to RAWs, the configuration of
RAWs, and the starting time of each RAW.
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Figure 1. Schematic representation of the RAW mechanism.

To reduce the contention even more, each RAW can be divided into one or more short
periods referred to as RAW slots, and the stations assigned to a RAW are also split across
the RAW slots using a round-robin assignment policy. Each station is allowed to contend
for channel access only during its designated RAW slot and prohibited from contending for
medium access during the other RAW slots of the RAW. The number of RAW slots within
each RAW and their duration are also included in the RPS element. A station determines
the index of the RAW slot islot in which it is allowed to begin competing for medium access
based on the following mapping function [4]:

islot = (x + Noffset) mod K , (1)

where x is the position index of the station among others in the RAW, Noffset represents the
offset value in the mapping function, and K is the number of RAW slots in the RAW.

During each RAW slot, assigned stations use DCF or EDCA mechanism to access the
channel. To make that compatible with the RAW mechanism, each station maintains two
backoff function states to manage medium access inside and outside its assigned RAW
slot [4]. The first backoff function is used outside RAW slots during the shared channel
time, where all stations contend for channel access, while the second is used inside. At the
start of each RAW period, every station stores and suspends the state of its first backoff
function, then later it restores and resumes the backoff timer at the end of the RAW period.
The second backoff function is used inside RAW periods, where each station initiates the
backoff timer at the beginning of its designated RAW slot, then terminates and discards
the backoff timer state at the end of the RAW slot. This paper focuses on evaluating the
performance inside the RAW, where the assigned stations are using only the second backoff
function procedure. Hence, we do not consider the correlation of the two backoff function
states.

2.2. Related Work

The IEEE 802.11ah standard comes with significant improvements over the legacy
Wi-Fi technology, making it an excellent Wi-Fi solution for IoT applications. It is shown
that the IEEE 802.11ah standard provides better performance than the other alternatives in
terms of data rate, coverage range, association time, and delay [10]. The amendments in the
IEEE 802.11ah standard make this new technology prominent in developing reliable IoT
network infrastructures. Numerous studies have previously been conducted on the stan-
dard’s key features to show the potentials and challenges in designing the new proposed
mechanisms [5]. Domazetović et al. [11] evaluated the achievable range of IEEE 802.11ah
based systems. Their findings demonstrated that IEEE 802.11ah standard is extremely
promising for various IoT applications. Additionally, as shown in [12], implementing an
IEEE 802.11ah-based infrastructure may be less expensive than a system based on the
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traditional IEEE 802.11 technology. Šljivo et al. [13] established a performance evaluation
of the RAW mechanism using the ns-3 network simulator. Their results show that an IEEE
802.11ah based network can connect up to 10 and 20 streaming IP-cameras with data rates
of 160 kbps and 255 kbps, respectively, over a 200 m distance. The authors in [14] carried
out the efficacy of the RAW mechanism in high-contention scenarios. They showed that the
RAW mechanism significantly enhances the network performance in terms of throughput
and energy efficiency. Furthermore, they emphasized the necessity of optimizing the RAW
parameters to maximize network resource usage.

Several works carried out analytical models to evaluate IEEE 802.11ah based net-
works [15–18]. The authors in [17] presented an analytical framework to model the con-
tention within a RAW slot using a four dimension Markov chain. The Markov process is
defined by the number of stations and occurred slots in idle, success, and collision states.
However, they did not provide any closed-form results as there are no explicit definitions
of the probabilities of the absorbing states, which is the main objective of the proposed
model. The same model is deployed in [15] to evaluate the energy consumption within
the RAW, under the assumption that every station has only one packet to transmit in each
beacon interval. In [18], the authors proposed a mathematical model for EDCA within RAW
without retries, i.e., a station gets only one attempt to transmit its packet. Although such a
scenario would have very limited applications, it is an easy to calculate model compared to
the normal EDCA with retries as the authors depicted while comparing it with the model
in [17]. A similar model with no retries is presented in [16] with an additional assumption
that a RAW slot can host at most only one transmission attempt, which is an even more
limited scenario for real network applications. In contrast to the aforementioned models,
we propose in this paper a more sophisticated approach for modeling the contention within
the RAW slot period. Our approach is based on developing a counting process that con-
tinuously tracks transmissions as arrivals on the wireless medium, while the interarrivals
are presented by the preceding idle slots and the previous transmission. To the best of our
knowledge, we are the first to propose this approach that is less complex in computing
than the models in [15,17], as it yields closed-form results for the time-limited contention
in the RAW mechanism. Additionally, we consider a non-ideal channel with capture effect
enabled, which is omitted in the works mentioned above.

In real-life applications, the capture effect highly affects the network performance, and
the signal of a transmitted packet is subject to fading effects over the channel, background
noise, and potential interference from concurrent transmissions. An IEEE 802.11ah based
IoT network in an urban environment will be affected by many factors. Considering that
the coverage is up to 1 km, NLOS conditions with respect to the AP are not met for all
stations. Besides, a transmitted signal in such an environment will be subject to reflections,
resulting in multipath fading at the receiver. Such a scenario is mainly represented by a
Rayleigh fading channel [19]. Several works carried out an analytical framework to evaluate
the performance of a network operating under a Rayleigh fading channel. In [20,21], the
authors presented a Markov chain model to evaluate the throughput of a DCF-based
network. They considered a non-ideal channel with capture effects in a Rayleigh fading
environment. Their study was carried out within saturated [21] and unsaturated [20]
scenarios. Similar work was reported in [22], where the authors proposed a 3-D Markov
Chain based model to evaluate a homogenous 802.11 network operating with the DCF
mechanism under a Rayleigh fading channel that incorporates transmission error and
capture. The analytical frameworks presented in these works have some shortcomings
in the capture effect modeling. First, they do not consider the geometric distribution of
stations around the AP. Second, they assume that all stations are power-controlled so that
the mean received power of interfering packets is the same. Third, they compute the
capture probability at the level of slot states so that when a slot contains a collision, one
packet from one of all stations can still be captured. However, that may not be accurate,
as only a few stations will participate in a collision at a given slot. In this work, we
take these shortcomings into account besides the time-limited contention presented in
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the RAW mechanism. We also consider the geometric distribution of stations around the
AP and the same transmission power for all stations so that the mean received powers
of interfering packets are different and depend on the distance from the AP to the source
stations. Furthermore, we compute the capture probability at the level of a transmitted
packet as a subevent of the packet collision. Hence, such a result is extended to derive a
slot that contains collision with a capture.

During the contention in a wireless network, the timeline of a station or the wireless
medium is discretely occupied by a limited number of events (e.g., successful transmissions,
collisions, idle slots) occurring repeatedly. Each event occurs periodically, creating renewal
cycles. Renewal theory is an adequate mathematical approach that studies similar behavior
of periodic events. This approach is dedicated to processes that occur at random instants
at which the system returns to a state probabilistically equivalent to the starting state [23].
The authors in [24] introduced a three-level renewal process framework, modeling the
periodic channel access in the IEEE 802.15.4 standard. However, their model does not apply
to the DCF MAC protocol as medium access in IEEE 802.15.4 is based on a non-persistent
Carrier Sense Multiple Access (CSMA) mechanism. In [25], Zhang presented a renewal
process to model the backoff procedure of a station within a non-saturated IEEE 802.11
network. The introduced method is more precise and practical than Bianchis’s approach,
particularly for non-saturated scenarios. In [26], the authors established a renewal theory
based model to evaluate the IEEE 802.11 multichannel MAC protocol y deploying a two-
level renewal process. Nevertheless, the time-limited contention factor introduced in the
RAW mechanism is not considered in [25,26]. The models introduced in these works are
based on renewal cycles that provide accurate results only in the case of a long enough
contention time.

A renewal process can also be associated with a counting process that tracks events
in terms of time. The authors in [27] introduced the simple counting processes and their
extension to generalized counting processes under the presence of environmental stochas-
ticity, where the generalization corresponds to the case in which the process transitions
depend on the environmental conditions. Henceforth, in this work, we develop a counting
process that tracks transmission in the medium up to a given time. Although the different
events occupying the channel yield a discrete timeline, the counting process is defined in
a continuous timeline, which presents a challenge to adapt such a process to a wireless
medium. This process can be seen as a generalized counting process defined in [27], where
the process transitions depend on the outcome of wireless medium slots. The developed
counting process provides accurate modeling for the limited channel access introduced
in the RAW mechanism, and to the best of our knowledge, the counting process is not
deployed before in the literature to model medium access contention.

3. System Model

This section expounds the network system and the channel access model. First,
Section 3.1 introduces the network scenario considered. Then, Section 3.2 describes the
Rayleigh fading channel model. Thereafter, Section 3.3 presents the analytical model for
channel access under fading and capture awareness. Finally, Section 3.4 yields the different
states of a channel slot.

3.1. Scenario

We consider an IEEE 802.11ah-based network consisting of stations randomly dis-
tributed over a given area around one AP within a radius ρ, as illustrated in Figure 2. We
assume that the entire beacon interval is occupied by one RAW and that all stations are
allocated to this RAW. Note that this RAW may contain one or more RAW slots. Our goal is
to model the contention within a RAW slot, and then evaluate and analyze the performance
of a single RAW slot and a RAW consisting of several RAW slots. We consider a channel
with capture effect enabled, taking into account the distances of stations from the AP and
the fading of transmissions throughout the channel. The AP assigns a RAW to a set of



Mathematics 2022, 10, 952 7 of 29

stations that have packets to deliver. Thus, we aim to examine the gain of the RAW in the
worst scenario, and therefore we consider a network with saturated traffic.

During the RAW slot period, only the assigned stations are allowed to compete for
channel access using the Enhanced Distributed Channel Access (EDCA) protocol [4]. The
station first checks if the channel is unoccupied for a DCF Interframe Spacing (DIFS) time.
Then, it selects a random backoff time counter uniformly from [0, Wj − 1], j ∈ [0, m], where
Wj is the size of the current Contention Window (CW), and m denotes the number of
backoff stages. The CW is initiated with the value W0, and it doubles after each collision
until it achieves the maximum size Wm = 2m ·W0. When the transmitted packet is delivered
successfully or dropped, the CW resets to W0. Note that the transmission attempt of a given
packet can only be initiated at the beginning of the time slot, and the packet is dropped after
m failed retransmissions. The station gets a transmission opportunity (TXOP) to transmit
its packets when its backoff time counter reaches zero. For the convenience of analysis
and to keep fair resources allocation for stations, we assume that a TXOP allows only the
transmission of one packet, and its duration is given by:

TTXOP = TDATA + SIFS + TACK , (2)

where TACK is the transmission time of an acknowledgment frame (ACK). The Short Inter-
frame Space (SIFS) is the time interval between the transmission of a data frame and its
corresponding ACK, defined in the standard. TDATA is the transmission time of a data
frame defined as follows:

TDATA = TPLCP +
Payload + MacHeader

DataRate
. (3)

For the convenience of analysis, we assume that all stations assigned to the RAW
belong to the same Access Category (AC) and carry similar fixed-size payloads.

AP

STA 

Figure 2. Illustration of the network scenario.

3.2. Channel Model

The capture effect imports significant improvements to the network performance
by decoding one packet from a collision of several stations. Thus, when two stations
or more transmit simultaneously, and a collision occurs, it is still possible for the AP to
capture the data frame from one station if the power of its received signal exceeds that of
interfering stations by a certain threshold. However, the received power of a transmitted
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packet depends on the channel model representing the behavior and changes of transmitted
signals throughout the channel. The channel model characterizes the wireless medium and
depends on several parameters, such as the distance between the transmitter and receiver,
the line of sight, and the environment (obstacles and surroundings) [8]. Therefore, the
signal of a transmitted packet is subject to fading effects over the channel, background
noise, and potential interference from concurrent transmissions. We omit in this paper the
impact of background noise and focus only on the impact of interference and fading effects.
The IEEE 802.11ah standard mainly addresses long-distance IoT use cases, where there is
mostly a lack of line of sight (LOS) between stations and the AP. Henceforth, we consider
a Rayleigh fading channel model representing a heavily built-up urban environment
where transmissions are subject to multipath fading and NLOS propagation in the wireless
channel [9].

During simultaneous transmission of n+ 1 stations, the packet of a tagged transmitting
station k is assumed to be captured by the AP if and only if its instantaneous power ωk
exceeds the instantaneous joint interference power ωint = ∑n

i=1 ωk by at least a threshold z.
This threshold reflects the capture performance of the AP, and it is referred to as the capture
threshold. Furthermore, with the consideration of a Rayleigh fading channel model, the
instantaneous power of a received packet from station k is exponentially distributed as
follows [28]:

fωk (x) =
1

ω0k
e−

x
ω0k , x ≥ 0 (4)

where ω0k is the local mean power of the transmitted packet at the receiver, and it is defined
as follows:

ω0k = A · r−α
k ·ωT . (5)

where

• ωT is the transmitted signal power.
• A · r−α

k represents the deterministic path-loss law, where rk is the distance between the
station k and the AP.

• α is the path-loss exponent, and it depends on the propagation environment. For the
convenience of analysis, we assume α = 4 for the rest of this paper.

• A is a dimensionless constant in the path-loss law.

We assume that the constants A and ωT are the same for all transmitted packets.

3.3. Capture Aware Channel Access

Although there are works in the literature that model the channel access under the
capture effect feature [20–22], they derive the packet capture probability as a subevent of a
slot containing a collision. However, such a result is not exactly accurate as capturing a
given packet is a subevent of the collision of the same packet. Henceforth, in our model,
we track the packet transmitted from a tagged station and derive its capture probability
conditioned to its collision. We then extend this result to obtain the probability of having a
captured packet in a randomly chosen slot.

Consider a RAW slot allocated to NS stations. In order to consider the capture effect in
the channel access analysis, we assume NS ≥ 2. The case of NS = 1 presents no collisions,
and hence no capture. Thus, it belongs to the scenario of no-capture channel, which we
discuss later in Section 4.2.

We assume that all stations inside the RAW slot attempt to transmit packets with the
same probability τ. Let p denote the probability that the transmission attempt of a packet
fails to be successfully delivered. Denote by A and B two random variables representing
the attempts and backoffs experienced by a single transmitted packet, respectively. Using
the mean value analysis method as in [29], we define the probability τ as follows:

τ =
E[A]

E[A] + E[B]
(6)
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where E[.] is the mathematical expectation function.
Given that each packet can be retransmitted up to m times, both A and B follow

a truncated geometric distribution with the rate p and different supports ΩA and ΩB,
respectively. Thus, we have

ΩA = {1, 2, . . . , m + 1} ,

and

ΩB =

{
W0

2
,

1

∑
k=0

2kW0

2
, . . . ,

m

∑
k=0

2mW0

2

}
.

Hence,

E[A] =
m

∑
k=0

(k + 1) · (1− p)pk

1− pm+1 =
1 + (m + 1)pm+2 − (m + 2)pm+1

(1− p)(1− pm+1)
, (7)

and

E[B] =
m

∑
k=0

2kW0

2
· (1− p)pk

1− pm+1 =
W0
(
1 +

(
1− 2m+2(1− p)− 2p

)
pm+1)

2(1− 2p)(1− pm+1)
. (8)

Thus, we substitute (7) and (8) in (6) to obtain the probability τ for a station to initiate
the transmission its packet in a given slot expressed as follows:

τ =
2(2p− 1)

(
1 + (m + 1)pm+2 − (m + 2)pm+1)

W0(1− p)((2m+2 − 1)pm+1 − (2m+2 − 2)pm+2 − 1) + 2(2p− 1)(1 + (m + 1)pm+2 − (m + 2)pm+1)
. (9)

A transmitted packet from a tagged station will encounter a collision if at least one of
the remaining NS − 1 stations starts transmitting in the same time slot. Thus, the packet
collision probability is defined as follows:

pp
col = 1− (1− τ)NS−1 . (10)

Since we consider a channel with capture effect feature enabled, a packet involved
in a collision may be captured and delivered successfully. Let pp

cap be the probability of
capturing a transmitted packet after encountering a collision. The capture of a transmitted
packet is a subset event of the collision events; a tagged packet fails to be delivered if it
experiences a collision and is not captured. Hence, the probability p for fail delivery of a
transmitted packet is given by:

p = pp
col · (1− pp

cap) . (11)

A prior definition for the probability pp
cap to capture a transmitted packet after encoun-

tering a collision is given by:

pp
cap =

∑NS−1
n=1 Rn · Pr{z/n + 1}

pp
col

, (12)

where Pr{z/n + 1} is the average conditional capture probability (ACCP) for n + 1 inter-
fering packets. This probability is defined by the probability of signal-to-interference ratio
γ = ω0

ωint
exceeding the threshold z. We have

Pr{z/n + 1} = Pr{γ > z/n + 1} . (13)

Rn is the probability that the transmitted packet encounters n interfering packets, and
it is given by:

Rn =

(
NS − 1

n

)
τn(1− τ)NS−1−n . (14)
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We now proceed to determine the expression of the ACCP defined in (13). This
probability depends on the received powers of the captured signal and the interfering
packets. Furthermore, the received power of a given packet depends on the distance of the
source station from the AP.

All NS stations are randomly distributed around the AP in a circular area of radius ρ,
as illustrated in Figure 2. Hence, the Probability Density Function (PDF) of the distance
between a station and the AP is given by:

h(r) =
2r
ρ2 , 0 ≤ r ≤ ρ . (15)

Assume that the AP is receiving n + 1 packets simultaneously. Among these packets,
we tag one packet transmitted by a station located at a distance r0 from the AP.

Let ω00, ω01, . . . , ω0n be the local mean powers of the tagged packet and the n interfer-
ing packets, respectively. The conditional capture probability for the tagged packet can be
expressed as follows:

Pr{z/r0, r1, . . . , rn} = Pr{γ > z/r0, r1, . . . , rn}

= Pr

{
ω0 > z ·

n

∑
i=1

ωk/r0, r1, . . . , rn

}

=
∫ ∞

0
fω1 (x1)

(∫ ∞

0
fω2 (x2) · · ·

∫ ∞

0

(
fωn (xn) ·

∫ ∞

z·∑n
i=1 ωk

fω0 (x0) dx0

)
dxn · · · dx2

)
dx1

=
∫ ∞

0
fω1 (x1)

(∫ ∞

0
fω2 (x2) · · ·

∫ ∞

0

(
fωn (xn) · e

− z·∑n
i=1 ωk
ω00

)
dxn · · · dx2

)
dx1

=
1

1 + z · ω0n
ω00

·
∫ ∞

0
fω1 (x1)

(∫ ∞

0
fω2 (x2) · · ·

∫ ∞

0

(
fωn−1 (xn−1) · e

− z·∑n−1
i=1 ωk
ω00

)
dxn−1 · · · dx2

)
dx1

...

=
n

∏
k=1

1
1 + z · ω0k

ω00

=
n

∏
k=1

1

1 + z ·
(

rk
r0

)−4 .

(16)

Since all stations are distributed following the PDF h(.) defined (15), all factors in
the product in (16) are statistically equal. Consequently, the average conditional capture
probability for the tagged packet when encountering n interfering packets can be defined
as follows:

Pr{z/r0, n} =

∫ ρ

0

h(r)

1 + z ·
(

r
r0

)−4 dr


n

=

(
1−

r2
0
√

z
ρ2 · arctan

(
ρ2

r2
0
√

z

))n
(17)

Given that the distance r0 is also randomly distributed following the PDF h(.), the
ACCP to capture one packet from n + 1 interfering packets can be derived by integrating
Pr{z/r0, n} over all possible values of the distance r0 from the AP. Henceforth, the ACCP
Pr{z/n} is expressed as follows:

Pr{z/n} =
∫ ρ

0
Pr{z/r0, n} · h(r0) dr0

=
∫ ρ

0

(
1−

r2
0
√

z
ρ2 · arctan

(
ρ2

r2
0
√

z

))n

· 2r0

ρ2 dr0 .
(18)
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Consequently, by substituting (14) and (18) in (12), we derive the expression of the
probability pp

cap. We have

pp
cap =

1
pp

col

NS−1

∑
n=1

(
NS − 1

n

)
τn(1− τ)NS−1−n ·

∫ ρ

0

(
1−

r2
0
√

z
ρ2 · arctan

(
ρ2

r2
0
√

z

))n

· 2r0

ρ2 dr0 . (19)

Note that the integral in this expression can only be calculated by numerical integration.
Moreover, the values of probabilities τ, p, and pp

cap can be obtained by resolving
numerically the non-linear system defined by (9), (11) and (19).

3.4. Channel Slot State

During the RAW slot period, all assigned stations contend for channel access, and each
station starts transmitting with probability τ. Hence, the probability Pi that a randomly
chosen slot is idle is given by:

Pi = (1− τ)NS . (20)

The probability Ps of a packet being transmitted and successfully delivered with-
out interference is defined as the probability to have exactly one station that transmits,
conditioned on the current slot to be not empty. We have

Ps =
NS · τ · (1− τ)NS−1

1− Pi
. (21)

Let Pcap be the probability to deliver a packet successfully after being captured in a
collision. Since only one packet can be captured from each collision, Pcap is given by the
probability that one of the NS stations transmits and its packet is captured, conditioned to
the fact that the current slot contains a collision. Hence, we have

Pcap =
NS · τ · p

p
cap

(1− Pi)(1− Ps)
. (22)

Henceforth, during the RAW slot period, the channel comprises several slots that we
classify into four types. As illustrated in Figure 3, a randomly chosen slot can be in only
one of the following four states:

Random slot

BusyIdle

Success Collision

Capture Failure

Figure 3. Different states of a randomly chosen slot.

• Idle: When there are no ongoing transmissions in the slot. That is, all stations are
listening to the medium while counting down their backoff counter. A randomly
chosen slot is idle with probability Pi.
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• Success: When only one station transmits and its packet is delivered successfully.
Given that this state is a subset of busy slots, a randomly chosen slot contains a
successful single transmission with probability (1− Pi)Ps.

• Capture: When two or more stations transmit and the packet of one station is captured
successfully from the collision. This type of slot is a subset of slots containing collisions,
which are a subset of busy slots. Thus, a randomly chosen slot contains a collision
with a capture with probability (1− Pi)(1− Ps)Pcap.

• Failure: When two or more stations transmit and no packet is captured. Given that this
state is a subset of slots containing collisions, the probability that a randomly chosen
slot contains a collision and no packet is captured is given by (1− Pi)(1− Ps)(1− Pcap).

4. Analytical Model and Performance Evaluation

Since each station is allowed to contend for channel access only during its designated
RAW slot, we start by modelling and evaluating the contention within one RAW slot. We
consider a tagged RAW slot of duration TS allocated for NS stations. Note that only the NS
stations can compete for channel access during the period TS.

The handover between two consecutive RAW slots is another factor to be considered.
There are two options to deal with the transmission of a packet at the end of the RAW
period according to the standard [4]. In the first case, the transmission of the last packet
in a given RAW is not allowed to overrun the slot boundary. In the second case, the
transmission of the last packet in a given RAW slot may cross the slot boundary. In this
latter case, the stations in a RAW slot will not start contending for channel access until the
ongoing transmissions from the previous RAW slot are completed.

Enabling RAW slot boundary-crossing will result in more energy loss for stations
in the following RAW slot. That is because the stations will awake at the beginning of
their allocated RAW slot and will not be able to contend for channel access until the last
transmission from the preceding RAW slot is complete. Additionally, boundary-crossing in
the final RAW slot will lengthen the overall time of the RAW, resulting in energy waste for
stations competing outside the RAW. Thus, for these reasons and to guard fair resources
allocation for all assigned stations in the RAW, we consider the RAW slot boundary-crossing
to be disabled. Hence, stations are not allowed to cross the boundary of their allocated
RAW slot with transmissions of their packets. To ensure this condition, a holding time TH is
defined at the end of the RAW slot, where stations are not allowed to initiate transmissions.

Hereafter, as depicted in Figure 4, the RAW slot period TS is decomposed into a free
access period TF during which stations contend for channel access, and a holding period
TH during which stations are not to initiate a packet transmission. The holding period can
only host ongoing transmissions initiated before the free access period boundary.

The remaining of this section is structured as follows. Section 4.1 introduces the
stochastic model for the contention within the RAW slot period. Then, Sections 4.2 and 4.3
derive the performance metrics in a single RAW slot and several RAW slots, respectively.
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RAW slot

123

DIFS

4 235

Freeze

STA 1

...
Time

Not allowed

TXOP
DIFS

TXOP

DIFS
TXOP

... TXOP

...

Time

Time

STA 2

Channel    

0 1 0

1 0

 Idle slot  Busy slot with 
 successful transmission

 Busy slot
 with collision

7 6

4 3

Figure 4. Structure of RAW slot.

4.1. Stochastic Model

We aim to evaluate the RAW slot in terms of normalized throughput which represents
the portion of the RAW slot period that is used to deliver data frames successfully to the
AP, whether through single transmissions or captured packets. We consider a tagged RAW
slot with duration TS allocated for NS stations. To derive the RAW slot throughput, we first
need to determine the slots that contain successful delivery of data frames. That includes
both successful single transmissions and successful delivery of captured packets.

In our previous work [7], we developed a renewal theory based model to derive the
slots used for transmissions during the RAW slot period. We extend that model in this
paper with the additional assumptions of channel fading and capture effect. Addition-
ally, we enhance the accuracy in this new model by distinguishing the time exploited by
transmissions during the holding period. Once the RAW slot interval begins, the assigned
stations start to contend for channel access up to the instant TF, which defines the free
access period within the RAW slot. At time TF, all stations suspend their backoff timers,
and only ongoing transmissions are allowed during the holding period TH . Hereafter,
we observe the channel timeline during the RAW slot period in a binary state, where a
randomly chosen slot can be idle or busy.

The stochastic model we propose is illustrated in Figure 5. We aim to evaluate the
throughput within the RAW slot, which represents the channel usage ratio during its dura-
tion. To do so, we propose to deploy a renewal theory approach to model the contention of
stations during the RAW slot period by constructing a counting process to keep track of
occurred transmissions up to the end of the RAW slot interval TS.

For every i ∈ N, denote the type of the (i + 1)th slot by the random variable Zi, where
the events {Zi = 1} and {Zi = 0} represents a busy and idle slot, respectively. A randomly
chosen slot is idle with probability Pi and busy with probability (1− Pi). Thus, we have
Pr{Zi = 1} = 1− Pi, and Pr{Zi = 0} = Pi. Therefore, the sequence {Zi}i≥0 forms a
Bernoulli process, with success and failure of the ith trial given by the events {Zi = 1} and
{Zi = 0}, respectively.

Let i be the counter of slots during the RAW slot timeline, and {ti}i≥0 be an increasing
sequence representing the beginning instants of slots with t0 = 0. Let β = TTXOP + DIFS
be the length of a busy slot and σ be the duration of an idle slot. Then, we can define the
duration of the ith slot as follows:

ti − ti−1 =

{
β, if {Zi−1 = 1} ,
σ, if {Zi−1 = 0} .

(23)
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...
Time ( )

 Idle slot  Busy slot

...

...

...

...

Figure 5. Illustration of the stochastic model.

The holding period TH should be sufficient to host one complete transmission, and
hence we set TH = β.

Note that in the case of a system where events have the same duration (i.e., σ = β),
the number of busy slots during the RAW slot will be given by the aggregated number
of successful trials of the Bernoulli process {Zi}i≥0 up to time TS. However, that is not
applicable as the number of events during the RAW slot duration TS is unknown. That
is because the slot length defined in (23) varies according to the outcome of the process
{Zi}i≥0.

Therefore, we need a continuous-time model that considers the binary length of slots
within the RAW slot period. For that, we shall construct a counting process that tracks busy
slots continuously up to the length TS of the RAW slot duration. Let busy slots represent
the arrivals. An interarrival is a random time interval given by the length of a busy slot
and the preceding idle slots. That is the total length of events associated with a successful
outcome of the Bernoulli process {Zi}i≥0 and the preceding aggregated failure outcomes.
Although our framework is based on both discrete-time and continuous-time processes,
we shall accurately derive the intended counting process within the context and norms of
renewal theory.

Let Nt denote the number of busy slots that occurred up to the instant t, as depicted
by the step function in Figure 5. We shall develop a renewal theory framework in which
{Nt}t≥0 represents a counting process that tracks busy slots up to and including time t.

For every i ≥ 1, let Xi be a random variable representing the number of consecutive
idle slots before the ith success of the process {Zi}i≥0. Hence, {Xi}i≥1 construct a sequence
of IID random variables following a geometric distribution on N. We have

Pr{Xi = k} = (1− Pi)Pk
i , k ≥ 0 . (24)

Let {Yi}i≥1 be a sequence of random variables representing the interarrival times of
busy slots as illustrated in Figure 5. Thus, we have

Y1 = σX1, Yi = σXi + β, i ≥ 2 (25)

Let A1, A2, . . . denote the arrival epochs of busy slots, where a new arrival is counted
whenever the process {Zi}i≥0 gains a successful trial. Hence, we have

A0 = 0, Ak = Ak−1 + Yk, k ≥ 1 , (26)

where A0 = 0 means zero arrival at time 0.
The interarrival periods Y1, Y2, . . . are positively distributed random variables, i.e.,

Pr{Yi > 0} = 1 and IID following the fact that X1, X2, . . . are IID random variables.
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Therefore, {Ak}k≥0 is a well-defined renewal process and {Nt}t≥0 is its associated counting
process defined as follows:

Nt = arg max
k∈N

{Ak ≤ t} (27)

We now proceed to derive the expected number of busy slots E
[
NTS

]
within the

RAW slot period TS. The stations stop counting down their backoff counters at the end
of the free access period TF, and the holding period TH is reserved to only the ongoing
transmissions initiated before the boundary of TF. Hence, we define the maximum number
of transmissions that can occur during the RAW slot period as follows:

Γb =

⌊
TF
β

⌋
+ 1{

TF>
⌊

TF
β

⌋
·β+σ

} (28)

Proposition 1. The expected number of busy slots within a RAW slot of duration TS allocated for
NS stations is given by:

E
[
NTS

]
=

Γb

∑
k=1

⌊
TF−(k−1)·β

σ

⌋
∑
j=0

(
j + k− 1

j

)
(1− Pi)

kPj
i . (29)

Proof. We have by definition NTS = arg maxk∈N{Ak ≤ TF}. Since {Ak}k≥0 is an increasing
process, we can define NTS as the cardinal of the set {k ≥ 1 : Ak ≤ TF}. Thus,

E
[
NTS

]
= E

[
arg max

k∈N
{Ak ≤ TF}

]
= E[#{k ≥ 1 : Ak ≤ TF}]

= E

[
∞

∑
k=1

1{Ak≤TF}

]

=
∞

∑
k=1

Pr{Ak ≤ TF}

Since the number of transmissions within the RAW slot is limited by Γb, Pr{Ak ≤
TF} = 0 for k > Γb. Henceforth,

E
[
NTS

]
=

Γb

∑
k=1

Pr{Ak ≤ TF}

=
Γb

∑
k=1

Pr

{
k

∑
i=1

Yi ≤ TF

}

=
Γb

∑
k=1

Pr

{
(k− 1) · β + σ

k

∑
i=1

Xi ≤ TF

}

=
Γb

∑
k=1

Pr

{
k

∑
i=1

Xi ≤
TF − (k− 1) · β

σ

}

=
Γb

∑
k=1

⌊
TF−(k−1)·β

σ

⌋
∑
j=0

Pr

{
k

∑
i=1

Xi = j

}

∑k
i=1 Xi forms a sum of k IID random variables following a geometric distribution

with parameter (1− Pi). Hence, ∑k
i=1 Xi is a random variable that follows the negative

binomial distribution with parameters k and (1− Pi). Thus, we have



Mathematics 2022, 10, 952 16 of 29

E
[
NTS

]
=

Γb

∑
k=1

⌊
TF−(k−1)·β

σ

⌋
∑
j=0

(
j + k− 1

j

)
(1− Pi)

kPj
i .

Proposition 2. The expected number of idle slots within a RAW slot of duration TS allocated for
NS stations is given by:

E
[
ITS

]
=

Pi
1− Pi

· E
[
NTS

]
. (30)

Proof. Let ITS be a random variable representing the number of idle slots within the RAW
slot period TS. Note that idle slots occur only during the free access period TF as all stations
terminate their backoff counters at the boundary of TF.

Thus, ITS represents the aggregated number of idle slots preceding all transmissions
occurred during the RAW slot. Since we have NTS busy slots within the RAW slot and each

busy slot k is preceded by Xk idle slots, we have ITS = ∑
NTS
k=1 Xk.

We have {Xk; k ≥ 1} is a sequence of IID random variables with same mean X =
E[Xk], ∀k ≥ 1. Additionally, E

[
NTS

]
< ∞ as proved in Proposition 1.

Therefore, according to Wald’s equality [23], we have

E
[
ITS

]
= E

NTS

∑
k=1

Xk

 = X · E
[
NTS

]
. (31)

In addition, for every 1 ≤ k ≤ NTS , Xk follows a geometric distribution on N with rate
1− Pi.

Thus,

X =
Pi

1− Pi
(32)

By substituting (32) in (31), we obtain the result.

After deriving the expected number of idle and busy slots that occupy the free access
period of the RAW slot, we can now study the channel usage during the holding period.
Thus, we define the holding period usage ratio, representing the portion of time from the
holding period that is exploited by transmissions, as follows:

Uh =
E
[
ITS

]
· σ + E

[
NTS

]
· β− TF

TH
. (33)

4.2. Evaluating a Single RAW Slot

Since busy slots represent three types of slots, as mentioned previously, we can derive
from E

[
NTS

]
three average numbers of slots containing successful single transmissions,

collisions with capture, and collisions without capture.
As stated previously, a randomly chosen slot accommodates a successful single trans-

mission (i.e., is in the state “Success”) with probability (1− Pi)Ps. Therefore, knowing that
a random slot is busy with probability (1− Pi), we define the expected number of slots
containing successful single transmissions during the RAW slot period as follows:

As
TS

= E
[
NTS

]
· Ps . (34)

A randomly chosen slot contains a collision with capture when one of the interfering
packets is successfully captured and delivered to the AP. Given that such an event happens
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with probability (1− Pi)(1− Ps)Pcap and that it is a subset event of non-idle slots, we define
the average number of slots in the state “Capture” within the RAW slot as follows:

Acap
TS

= E
[
NTS

]
· (1− Ps) · Pcap . (35)

A randomly chosen slot contains a collision with no capture when none of the interfer-
ing packets is captured from the collision. That is, all transmitted packets faced a failed
delivery in the considered slot. Since such event is a subset of busy slots and that a random
slot is in this state with probability (1− Pi)(1− Ps)(1− Pcap), we have the average number
of slots in the state “Failure” within the RAW slot given by:

A f
TS

= E
[
NTS

]
· (1− Ps) · (1− Pcap) . (36)

A data frame delivery can be successful when only one station is transmitting, or two
or more stations are transmitting simultaneously and the AP successfully captures one
packet following the collision. We define the RAW slot throughput as the ratio of time used
to transmit data frames during the period TS successfully. That is the time occupied by the
successful delivery of data frames during successful single transmissions and during the
successful delivery of captured packets from collisions. Therefore, the RAW slot throughput
is expressed as follows:

ThS =

(
As

TS
+ Acap

TS

)
· TDATA

TS
. (37)

To determine the gain from the capture feature in the network, we need to compare
the network performance with the case of the no-capture channel. There are several
differences between a channel with capture and a no-capture channel. Starting from the
EDCA mechanism for channel access, in which a collided packet can still be captured in
the first scenario, and hence the source station resets its CW to CW0, whereas there is no
such behavior in the case of a no-capture channel.

Henceforth, in the case of a no-capture channel, pp
cap = 0 and p = pp

col . Therefore, τ and
p can be obtained by solving numerically the non-linear system defined by (9) and (10).

As for the channel slots, a randomly chosen slot has three states: idle, success, and
collision, where the states “Idle” and “Success” are the same as defined in the previous
scenario. Additionally, a chosen random slot can be in a state of collision when it hosts
more than one transmission, which happens with probability (1− Ps)(1− Pcap).

Hereafter, the RAW slot throughput in the case of a no-capture channel is given by:

ThNC
S =

As
TS
· TDATA

TS
. (38)

4.3. Evaluating Several RAW Slots

Consider a RAW uniformly divided into K RAW slots, each of duration TS = TR/K.
According to the stations’ assignment defined in (1), the RAW structure will end up with
K1 = K− (NR mod K) RAW slots, each one allocated to N1

S = bNR/Kc and K2 = K− K1
RAW slots, each allocated to N2

S = N1
S + 1. Note that if the total number of stations in the

RAW NR is divisible by the number of RAW slots K, we will have a uniform allocation of
both RAW slots’ duration and assigned stations. Thus, the RAW will consist of K similar
RAW slots of duration TS = TR/K with NS = NR/K assigned stations.

The RAW throughput is defined by the portion of the time used to deliver data frames
during the RAW period TR successfully. Hence, the normalized throughput of a RAW with
K RAW slots is expressed as follows:

ThR(K) =

(
K1

(
As

T1
S
+ Acap

T1
S

)
+ K2

(
As

T2
S
+ Acap

T2
S

))
· TDATA

TR
. (39)
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The normalized throughput of a RAW consisting of K RAW slots in the case of a
no-capture channel is given by:

ThNC
R (K) =

(
K1 · As

T1
S
+ K2 · As

T2
S

)
· TDATA

TR
. (40)

To derive the added value of the capture feature within the RAW, we compare the
RAW throughput for a channel with capture to the no-capture channel. Thus, we define
the RAW capture ratio for a RAW consisting of K RAW slots as the portion of the RAW
throughput gained through the capture effect, and it is given by:

Gcap(K) =
ThR(K)− ThNC

R (K)
ThR(K)

, (41)

where ThR(K) is the RAW throughput in the case of a channel with capture, defined in (39).
The definition in (41) means that Gcap(K) percent of the RAW throughput ThR(K) is gained
thanks to the capture effect, where packets are successfully delivered after being captured
from collisions.

5. Results and Discussion

This section evaluates and analyzes our findings through numerical results and sim-
ulations using MATLAB software. It also presents a validation for our mathematical
framework and the obtained analytical results through extensive simulations derived via a
discrete-event simulator we developed with MATLAB. The simulator mimics the channel
access using the EDCA mechanism, considering the random distribution of stations around
the AP, the power attenuation of received packets under a Rayleigh fading channel, and
the capture of a packet in case of collision if its signal-to-interference ratio exceeds the
capture threshold z. A single simulation of a RAW slot yields the contention results from
its beginning until the end of its duration. The final results represent the average of 10,000
simulations. We observe in the figures below a close match of the results obtained from our
model and the simulations, which validates the accuracy of our mathematical framework.

We shall first study the performance of one RAW slot for different parameters: its
duration TS, the number of designated stations NS, and the capture threshold z. We then
examine a RAW consisting of several RAW slots by studying the impact of the grouping
on the overall RAW performance under the presence of the capture effect. We additionally
investigate the RAW capture ratio under different RAW configurations. We consider sen-
sor stations of category video or VOIP, allowing one retransmission attempt of a collided
packet according to the standard [4]. Besides the parameters we put in the study, the remaining
parameters considered in both analytical framework and simulations are presented in Table 1.

Table 1. Parameters

Parameter Value

Data rate 1.95 Mbps
MacHeader 272 bits

TACK 1000 µs
TPLCP 80 µs

σ 52 µs
SIFS 160 µs
DIFS 264 µs

CWmin 8
CWmax 16

m 1
Payload 160 bytes

ρ 100 m
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5.1. RAW Slot
5.1.1. RAW Slot Period

We evaluate in this section the RAW slot throughput as a function of its duration TS,
which represents the portion of time used for the successful transmission of data frames.
We consider a RAW slot allocated to 10 stations, distributed uniformly within the radius
ρ = 100 m, and a channel with capture threshold z = 8 dB.

Figure 6 depicts the expected number of busy and idle slots in terms of the duration of
the RAW slot period. The figure also depicts the holding period usage ratio Uh, representing
the portion of TH exploited by transmissions. These three results start with the value zero
and yield positive values after a given value of TS. That corresponds to when TS is long
enough to host at least one transmission. The average number of busy slots E

[
NTS

]
is

almost a step function that increases by one unit whenever TS is long enough to host an
additional complete transmission. Similar behavior is shown by the average number of
idle slots E

[
ITS

]
since idle slots precede each busy slot. Uh has a fluctuating behavior

as TS increases. When the additional time in the RAW slot interval is not enough to
host additional transmissions, E

[
NTS

]
remains constant, and the holding period becomes

unused. That causes a fast drop in the value of Uh. When RAW slot duration TS increases
enough to allow additional transmissions, E

[
NTS

]
and E

[
ITS

]
increase while Uh jumps

to the maximum possible usage ratio. We observe that the variation interval of Uh is
decreasing as TS increases. That is because the holding period TH becomes less significant
within the RAW slot interval and hence less affecting in cases used or wasted. Eventually,
as TS tends to infinity, the usage of the holding period becomes completely unaffecting,
and the value of Uh converges to 50%.

Figure 7 represents the average number of slots in each state of success, capture
and failure. Since all the three states are a subset of the busy slot state, we observe that
the average number of slots in each state has the same behavior as E

[
NTS

]
presented in

Figure 6. That is explained by the same aforementioned phenomena of the RAW slot period,
which allows additional transmissions only when long enough. Note that in the presented
scenario, the average number of slots with a successful single transmission As

TS
is larger

than the other two types due to the low contention of the considered ten stations.
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Figure 6. Average number of busy and idle slots, and the holding period usage ratio within the RAW
slot interval, with channel capture threshold z = 8 dB.
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Figure 7. Average number of slots with successful single transmission, captured packet, and failure,
within the RAW slot interval, with channel capture threshold z = 8 dB.

Figure 8 presents the RAW slot throughput in terms of its allocated period TS. We
consider two channel scenarios: a no-capture channel and a channel with capture for
different capture threshold values z: 2 dB, 4 dB, 8 dB, and 16 dB. The RAW slot throughput
represents the portion of time used to successfully transmit data frames to the AP during the
RAW slot period TS. In both channel scenarios, the RAW slot throughput has a fluctuating
behavior due to the usage of the holding period when TS increases as depicted in Figure 6.
When the RAW sot duration TS increases and the extended period is not enough to host
another transmission, the additional time in TS is wasted and the holding period usage
ratio Uh decreases, which results in a drop in the RAW slot throughput. On the other
hand, as long as TS can allow an additional transmission, the RAW slot throughput jumps
to a higher value. When TS is long enough, the presence or absence of one transmission
does not affect the total transmissions in the RAW slot period, and hence, the fluctuating
behavior slightly disappears. Eventually, the RAW slot throughput converges to the case
of an infinite RAW slot. Regarding the capture feature, we observe that a channel with
capture yields higher throughput for the RAW due to the supplementary delivered packets
captured from collisions. However, the capture threshold has an inverse impact on the
throughput. A lower capture threshold means that the AP can capture a packet from a
collision even if its received power shortly exceeds the joint power of interfering packets.
This effect results in more captured packets from collisions and hence higher throughput.
Nevertheless, increasing the capture threshold lowers the possibility of capturing packets,
which reduces the RAW slot throughput. Ultimately, when the capture threshold tends to
infinity, the capture of packets becomes unfeasible, and hence the RAW slot throughput
converges to the throughput provided by a channel without capture.
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Figure 8. Impact of the capture threshold on the RAW slot throughput.

Our developed analytical framework is based on the assumption that every station
transmits its packet in a randomly chosen slot with the same probability τ, defined in (9).
The latter depends on the attempts and idle slots experienced by the station. The slight
differences between the analytical and simulation results depicted in Figures 6–8 are due to
the channel access probabilities that depend on τ and the number of contending stations.
The analytical throughput in Figure 8 yields slightly lower values than the simulation,
especially for a very short RAW slot. That is because the model assumes that every station
goes through all possible transmission attempts and backoffs, and hence more potential
collisions. Whereas in the simulation, the contention is just starting and the backoff counters
of most of the stations are still in their first contention window. However, the analytical
throughput always keeps the same trends as the simulation, which preserves accuracy for
deriving optimal configuration that maximizes the throughput.

5.1.2. Contending Stations

We consider a group of stations distributed uniformly around the AP within the radius
ρ = 100 m. We evaluate the throughput of a RAW slot with length TS = 20 ms in terms of
the designated stations.

Figure 9 presents the average number of the three types of busy slots during the RAW
slot period regarding the number of contending stations. When more stations are assigned
to the RAW slot, the contention increases and yields more collisions. That lowers the
number of slots with a successful single transmission and raises slots containing a capture
and slots with failure. Furthermore, the average number of slots Acap

TS
containing a collision

with capture has a downward concave shape behavior. Given that more stations bring
on more collisions, the AP captures more packets from these collisions, which increment
the value of Acap

TS
. Eventually, a higher number of stations will be involved in collisions,

which lowers the chances of capturing a packet due to the higher joint received power
of interfering packets. That results in limiting the increment rate of Acap

TS
and ultimately

diminishes its value when a large number of stations are assigned to the RAW slot.
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Figure 9. Average number of slots with successful single transmission, captured packet, and failure,
within a RAW slot interval of length TS = 20 ms and channel capture threshold z = 8 dB.

Figure 10 shows the channel usage ratio during the RAW slot period of length
TS = 20 ms with capture enabled at threshold z = 8 dB. When more stations partici-
pate in the RAW slot, the contention arises, and the channel becomes more occupied by
transmissions, diminishing the idle time. Moreover, the time consumed by collisions (slots
with capture and failure) increases, whereas the time used for successful single transmis-
sions rapidly degrades due to the immense contention generated by more stations in such
a short period of the RAW slot. However, the capture feature takes advantage of the rise of
collisions, and more packets are captured when the RAW slot becomes denser. As observed
in the figure, the capture feature in the channel allows to successfully deliver packets
even when typical single transmissions are not possible (e.g., when NS = 30). The time
used to transmit ACK frames follows the trend of successful transmissions that occurred
during both single transmissions and captured packets. The figure also shows a slightly
better usage of the holding period for fewer stations. That is, fewer stations can initiate
transmissions occupying a larger part of the holding period. Note that such a result is also
related to other factors such as the RAW slot duration and payload size. The usage ratio of
the holding period is mainly affected by the RAW slot duration, as discussed in Figure 6.
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Figure 10. Channel usage ratio by different events occupying the RAW slot interval with capture
threshold z = 8 dB, in terms of contending stations.
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Hereafter, we examine in Figure 11 the impact of the capture threshold z. We first
consider a RAW slot with a fixed length TS = 20 ms. Then, we explore its throughput in
terms of the designated stations for a no-capture channel and a channel with capture for
different capture thresholds: z = 2 dB, 4 dB, 8 dB, 16 dB. A channel with a smaller capture
threshold provides higher throughput during the RAW slot period. Conversely, a higher
capture threshold value lessens the captured packets and henceforth degrades the RAW
slot throughput. Ultimately, when the capture threshold z rises, the RAW slot throughput
converges to the result provided by a normal channel without capture.
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Figure 11. Impact of the capture threshold on the RAW slot throughput.

5.1.3. Capture Threshold

We consider a RAW slot of length TS = 20 ms allocated for N = 10 stations, and we
investigate the impact of the capture threshold z on the RAW slot throughput.

Figure 12 depicts the average number of each of the three states of busy slots during
the RAW slot period. The average number of slots with a successful single transmission
shows a slightly increasing variation for short values of the capture threshold z, which is
explained by the higher values achieved by Acap

TS
at the same period of z. When a packet

is captured, its source station resets its CW to CW0, which increases the station’s chances
of delivering another packet without colliding. As the capture threshold z increases, it
becomes unlikely for a received power of one packet to exceed the joint interfering powers
by the threshold z. That translates into a decrease in the average number of slots containing
collision with capture Acap

TS
and an increase in the average number of slots containing failure

(collision with no capture) A f
TS

.
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Figure 12. Average number of slots with with successful single transmission, captured packet, and
failure, in terms of the capture threshold, within a RAW slot of duration TS = 20 ms and N = 10
assigned stations.

Hereafter, we explore the impact of both the capture threshold and the number of
assigned stations in the RAW slot. Figure 13 depicts the normalized throughput within
a RAW slot of duration TS = 25 ms in terms of the capture threshold for different sets of
stations. As long as z gets a higher value, it becomes less likely for the AP to capture packets
from collisions, as seen in Figure 12. For that reason, increasing the value of the capture
threshold lowers the ability to capture packets from collisions and degrades the RAW
slot throughput. As a result, it ultimately eliminates the capture feature and converges
to the scenario of a no-capture channel. From the perspective of stations assigned to the
RAW slot, we observe a higher capture gain for a denser RAW slot. That is due to high
contention, which presents more collisions and hence more captured packets. Hereafter,
we see that ten stations operating within a channel with a capture threshold z ≤ 6 dB yield
higher throughput than five stations operating within a no-capture channel. Similarly,
we observe that 20 stations operating within a channel with a capture threshold z ≤ 2 dB
and z ≤ 9 dB provide better throughput than five stations and ten stations, respectively,
operating within a no-capture channel. Such results are significant to consider in developing
efficient scheduling algorithms for configuring the RAW mechanism.

The observed difference between the analytical and simulation results for 10 and
20 stations is due to the same reason explained in the previous subsection. The evaluation
of a short RAW slot of duration TS = 25 ms when allocated to a higher number of stations
predicts more collisions. Whereas, in the simulation, the backoff counters of most of the
stations are still on the first contention window W0 and it is less likely for collisions to
occur. However, we observe a higher accuracy of the throughput for five stations, which
is a more practical scenario for such a short RAW slot. Additionally, we can see a higher
accuracy of the throughput for 10 and 20 stations in the case of a channel with capture
enabled, especially for a small threshold that allows more captured packets and eliminates
the misprediction of higher collisions in the no-capture channel case.



Mathematics 2022, 10, 952 25 of 29

0 5 10 15 20 25 30 35 40 45 50

z [dB]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

N
o

rm
a

liz
e
d
 t

h
ro

u
g
h

p
u

t

N
S
 = 5 (ANA)

N
S
 = 10 (ANA)

N
S
 = 20 (ANA)

N
S
 = 5 (SIM)

N
S
 = 10 (SIM)

N
S
 = 20 (SIM)

No capture

N
S
 = 5 (ANA)

N
S
 = 10 (ANA)

N
S
 = 20 (ANA)

N
S
 = 5 (SIM)

N
S
 = 10 (SIM)

N
S
 = 20 (SIM)

With capture

Figure 13. Impact of the capture threshold and the number of stations assigned to the RAW slot.

5.2. RAW Performance

The IEEE 802.11ah standard introduced the grouping within RAW to reduce collisions
among allocated stations to the RAW. However, the standard does not specify the algorithm
to perform such grouping. Henceforth, this section examines the impact of grouping the
nodes as evenly as possible across the available RAW slots. As shown in the previous
section, short RAW slots yield a fluctuating throughput behavior. From such behavior, we
can deduce that it is not obvious to make an optimal choice about the number of RAW slots
that maximizes the RAW gain.

Figure 14 shows the normalized throughput for a TR = 500 ms RAW in terms of the
number of RAW slots in a RAW for four different number of stations, NR = 64, 140, 300, 600.
As seen in the figure, subdividing the RAW into more RAW slots increases the normalized
throughput up to a certain point from which the throughput presents light fluctuations
around a saturation point. This behavior is explained by the fact that by subdividing
the RAW into more groups, the RAW slot duration TS becomes shorter, and as a result,
the TH/TS ratio increases. Since TH may be exploited or not, the RAW throughput keeps
decreasing and increasing as the number of groups in the RAW increases. Note that such
behavior does not appear for a small number of groups because the RAW slots in this
range are long enough not to be affected by the use or non-use of the holding period.
Furthermore, the overall RAW throughput achieves a maximum value at a given number
of RAW slots as depicted in the figure, where KN

op is the optimal number of slots when N
stations are assigned to the RAW. In the case of RAWs consisting of NR = 140, 300, 600, a
higher number of slots than the use for NR = 64 is required before reaching the maximum
achievable throughput. As depicted in the figure, an increase in the number of slots beyond
the optimal number of slots may cause a drop of up to 5% on the maximum achievable
throughput for a network consisting of NR = 140. We also observe that a RAW with
fewer assigned stations has a sharper increase in normalized throughput when the RAW is
subdivided into more RAW slots. That is due to lighter contention in each RAW slot after
allocating more RAW slots in the RAW period. However, a dense RAW is slightly affected
by the grouping due to the high contention that is still present in each RAW slot.
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Figure 14. RAW throughput in terms of allocated RAW slots for different sets of assigned stations.

Figure 15 depicts the RAW capture ratio, representing the ratio of throughput gained
from captured packets during the RAW period TR = 500 ms. We observe that when the
RAW is composed of one RAW slot, i.e., all stations are contending for channel access
simultaneously, 100% of the RAW throughput is derived from the capture of packets from
collisions. That means there will be no successful transmissions within the RAW duration
in such conditions with a no-capture channel. Allocating more RAW slots within the RAW
leads to fewer stations in each RAW slot, decreasing collisions and allowing successful
single transmissions. Thus, the percentage of captured packets among the total delivered
ones becomes less, and hence the RAW capture ratio decreases. Eventually, the capture
ratio becomes null when collisions are eliminated within the RAW, which coincides with
the case of one station per RAW slot. Note that this case may not be possible if the number
of stations is greater than 64 or when the length of each RAW slot is not sufficient to host at
least one transmission. Furthermore, we observe a slight difference between the analytical
results and simulations in both Figures 14 and 15 for the cases of 300 and 600 stations. That
is due to the fact that each RAW slot in these cases contains a higher number of stations,
and hence more disturbance to the throughput due to the prediction of more collisions as
discussed in Figures 8 and 13.

Our results show that our modeling framework allows us to evaluate the performance
of the IEEE 802.11ah RAW mechanism by taking into account key system parameters,
namely, the number of nodes, number of groups, channel bit rate, and packet length. Fur-
thermore, our methodology also includes modeling the wireless channel and the network
layout, i.e., placement of the nodes with respect to the AP. Our resulting modeling frame-
work contributes to the development of evaluation and optimization solutions of IEEE
802.11ah networks: an area of great interest to the research and development of dense
wireless systems [30].
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Figure 15. Capture gain in terms of allocated RAW slots for different sets of assigned stations to the
RAW.

6. Conclusions

We presented in this paper an accurate mathematical framework to model and evaluate
the performance of an IEEE 802.11ah-based network with the presence of capture effect in
the channel. We first modeled the channel access under capture awareness, considering
a Raleigh-fading channel where the capture model considers the stations’ distance from
the AP and the power attenuation of the received packets. We further defined the different
states of a randomly chosen slot within the RAW slot period. Since the RAW mechanism
presents a time-limited contention for channel access, we then developed a counting process
to track transmissions up to the end of the contention time interval. Hereafter, we evaluated
the performance of a single RW slot and a RAW comprising several RAW slots in terms
of throughput, representing the ratio of time used to deliver data frames during the total
contention period successfully. The derived analytical results are meticulously validated
through extensive simulations obtained via a simulator we developed with the MATLAB
software. We studied the impact of different parameters on the overall performance of the
time-limited contention, including the contention time, the number of stations, and the
capture threshold. We also examined the capture ratio within the RAW, representing the
portion of RAW throughput gained via the capture effect in the channel. It is shown that a
very dense RAW can only deliver data through captured packets. However, the capture
ratio degrades when the RAW comprises a more significant number of RAW slots due to
less contention in each RAW slot. Besides the RAW duration and the number of assigned
stations, several other parameters affect the overall RAW throughput when considering
a channel with capture as the capture model, the capture threshold, stations’ locations,
and the power attenuation. Henceforth, it is critical to consider all these parameters to
derive efficient scheduling algorithms for the RAW mechanism. The proposed analytical
model and associated results present an excellent basis to propose practical scheduling
algorithms to configure the RAW mechanism under a fading channel and a capture effect
at the receiver.
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