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Cooperative NOMA for Throughput Enhancement
of IEEE 802.11 WLANs: Channel Access Design
and Performance Analysis

Jomon K. Charly

Abstract—In this research work, we propose cooperative
non-orthogonal multiple access (CNOMA) based IEEE 802.11
wireless local area network (WLAN) and design a novel channel
access scheme for CNOMA based WLAN. The proposed scheme
integrates the resource efficiency of NOMA with cooperative
relaying technique to enhance the throughput performance. In
this scheme, stations (STAs) in the nearer regions act as the
relay nodes for the STAs farther from the access point (AP). The
novel channel access scheme form clusters by selecting STAs
from the various data rate regions and allows nearest region
nodes (cluster heads) alone to take part in the contention. This
scheme also includes a procedure to select helper nodes from
the high data rate regions. Additionally, we present an accurate
analytical model for calculating the throughput of CNOMA
based WLANSs. Analytical and simulation results demonstrate
that the proposed approach can significantly enhance the
throughput performance of NOMA based WLANSs.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10318

Index Terms—Cooperative communication, NOMA, CNOMA,
Wi-Fi, WLAN

I. INTRODUCTION

LANSs provide significant advantages over wired net-

works because of their flexibility and convenience. The
most popular and widely deployed WLAN is Wi-Fi, which is
standardised as IEEE 802.11. Wi-Fi is found in a wide range
of devices, from smartphones to various consumer electronics.
The number of devices in WLANS is increasing day by day.
Wi-Fi uses the distributed coordination function (DCF), in
which devices in the network can initiate transmission of a
frame if the channel is idle. The DCF is based on carrier-
sense multiple access with collision avoidance (CSMA/CA)
[1]. In this channel access mechanism, each device will
check the channel prior to transmission; if the channel is
sensed busy, the node will wait, and if the channel is free,
then the node will initiate transmission. To control repeated
collisions, IEEE 802.11 uses a binary exponential backoff in
which the contention window (CWy;,) doubles after each
collision [2] up to the maximum backoff stage (m). If the
number of retransmissions exceeds the retry limit (L), the
packet is dropped. When the number of devices increases, the
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throughput will decline, due to higher collisions among packet
transmissions by nodes [3].

Wi-Fi works in the industrial, scientific, and medical (ISM)
band and has limited spectrum resources. It has higher chances
of interference due to this unlicensed band of operation,
compared to its wired counterparts. In a Wi-Fi basic service
set (BSS), nodes can receive interference from the nodes in
other BSS or even from other wireless technologies which use
the same frequency bands [4]. The radio waves transmitting
in WLANSs are subjected to propagation losses, which will
reduce the received signal strength. The propagation loss
experienced by the radio signal also increases with increase in
distance from the AP [5]. The effects of radio signal degra-
dation in WLANSs will reduce the overall network throughput.
Conventional WLANs employ multiple-input multiple-output
(MIMO) systems to perform antenna beamforming, which
helps to cancel interference and direct beams towards intended
nodes. However, the added hardware complexity of MIMO is
not always suitable for nodes in WLAN:S, particularly handheld
and compact devices. Cooperative communication leverages
transmitted signals overheard by neighboring nodes to enhance
the network performance, allowing near nodes in the network
to serve as a relay for nodes located farther from the AP [6].
This can significantly enhance the reliability performance of
WLANS.

In a BSS, stations (STAs) near the AP can transmit at a
higher data rate compared to STAs far from the access point
due to the propagation losses of the radio signal. Based on
the achievable data rate, each STA is adapted to different
modulation and coding schemes (MCS). The nearby STAs
receive higher MCS indices, allowing them to transmit at
higher data rates, whereas the farther STAs receive lower MCS
indices and therefore achieve lower data rates [7]. These low-
rate STAs can significantly reduce the aggregate throughput
performance of the network. This is due to the fact that slow
stations will take more time to transmit a frame compared to
high data rate stations near the AP [8]. Cooperative WLAN
can resolve this performance anomaly present in conventional
WLANS by utilizing high data rate STAs as relays to forward
the data from low data rate STAs. In this way, data from a
low data rate station can transmit at high data rates with an
additional overhead [6].

Wireless networks use different multiple access techniques
to share network resources among several nodes simulta-
neously. There are two major categories of multiple-access
techniques: orthogonal multiple-access techniques (OMA)
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and non-orthogonal multiple-access techniques (NOMA) [9].
OMA techniques use different resource blocks for each user,
and the orthogonality principle is utilised to isolate each
transmission efficiently. Orthogonal frequency division mul-
tiple access (OFDMA) is a representative example of OMA
and has been widely adopted in IEEE 802.11 WLANSs. It
continues to serve as the multiple-access technique in the
latest amendment, IEEE 802.11bn (Wi-Fi 8) [10]. Compared
to OMA schemes, NOMA schemes provide efficient utilisation
of spectral resources by supporting parallel transmissions of
multiple users. There are mainly two types of NOMA: power
domain NOMA and code domain NOMA. Power domain
NOMA simultaneously supports the transmission of multiple
users by differentiating them with different power levels.
At the transmitter side, information signals from multiple
stations can be superimposed and transmitted in a single radio
channel. At the receiver, successive interference cancellation
(SIC) can be utilised to separate the information received
from multiple users [11], [12]. While our earlier work [13]
studied NOMA-based channel access for WLANS, this work
extends it by integrating cooperative relaying, resulting in
further performance gains.

In contrast to earlier research, we present a CNOMA-based
channel access mechanism for IEEE 802.11 WLANSs. In this
scheme, users located closer to the AP act as relays for distant
users, thereby improving overall network performance. In a
CNOMA-based WLAN, data transmission is carried out in
two phases. In the first phase, far users identify suitable idle
nodes located near the AP to serve as relays and forward
their data to these helper nodes. This phase exhibits similarity
to peer-to-peer (P2P) communication, as data is exchanged
directly between far users and their helper nodes after suc-
cessful channel sensing and appropriate control signaling [14].
However, unlike conventional P2P systems, the relay selection
and transmission process in the proposed scheme is facilitated
by the AP and is specifically designed to enable cooperative
NOMA operation. In the second phase, relay nodes and near
users simultaneously transmit their uplink data to the AP,
where SIC is employed to decode the superimposed signals.
The remainder of the paper is organized as follows. Section
II summarizes the related literature. Section III describes
the proposed CNOMA-enabled channel access procedure for
IEEE 802.11 WLANSs. Section IV develops the analytical
model of the CNOMA-based WLAN. Section V presents and
discusses the results. Finally, Section VI concludes the paper.

II. RELATED WORKS

In [3], the authors have analysed the saturation throughput
performance of IEEE 802.11 WLANSs. As the number of users
increases, throughput decreases due to increased contention
and collisions. NOMA can mitigate this performance limita-
tion by enabling parallel transmissions among multiple devices
in the network [11]. There are several works in the literature
that utilise NOMA to improve the performance in wireless
communication networks. In [15], the authors have proposed
a NOMA-based multiple access scheme with SIC for cellular
networks. When combined with proportional fair scheduling

and appropriate power allocation strategies, this approach
has been shown to improve the overall system throughput
compared to conventional multiple access methods. In [16], the
authors introduced the NOMA framework for next-generation
radio access in cellular networks and demonstrated that it
can enhance both capacity and cell-edge user throughput,
irrespective of whether frequency-selective channel quality
indicator (CQI) information is available at the base station.
Furthermore, when combined with MIMO techniques, the
proposed scheme achieved additional capacity gains. A linear
precoding strategy is employed in [17] to enhance security
in MIMO-NOMA-based channel access, leading to higher
secrecy rates compared to conventional approaches. Massive
MIMO-NOMA with dynamic power allocation offers signif-
icant improvements in fairness and outage probability, even
under imperfect SIC conditions [18]. In comparison with
OMA, NOMA has the potential to enhance the performance
metrics, including sum rate, fairness, and energy efficiency
[19]. However, these studies primarily focus on the applica-
bility of NOMA in cellular and other networks. The direct
applicability of NOMA to contention-based WLANSs remains
limited due to differences in channel access mechanisms and
synchronization requirements.

Several studies in the literature have explored the use of
NOMA in WLANSs to improve throughput performance. A
NOMA-based channel access scheme can be used in IEEE
802.11 WLANSs to enhance throughput performance by effi-
ciently utilising frequency resources through user clustering
and SIC [13]. The work in [20] presented a NOMA-based
restricted access window (RAW) mechanism designed to im-
prove throughput and scalability in IEEE 802.11ah-compliant
dense IoT networks. In [21], the authors presented the first
prototype of a Wi-Fi device with NOMA, implemented on a
software-defined radio platform, while maintaining compati-
bility with previous versions of the Wi-Fi standard. In [22],
the authors proposed a practical downlink NOMA scheme and
implemented the proposed system in a wireless testbed. On the
transmitter side, there is a precoder, and it is implemented
based on an optimisation problem. They also introduced a
user clustering method to guarantee effective SIC operation
at the receiver side. At the receiver, a novel SIC technique is
introduced which eliminates the need for channel estimation
during signal decoding. In [23], the authors proposed a method
to combine a smart antenna-based beam allocation system with
NOMA to enhance WLAN throughput performance in dense
network scenarios. A joint scheduling and power allocation
scheme can be employed to address the high computational
complexity of this integrated system. This approach enabled
practical implementation while ensuring high average user
throughput in dense networks. In [13], it is observed that
far users in NOMA-based WLAN implementations degrade
overall system performance due to their lower transmission
rates, which lead to longer transmission duration compared
to near users. Consequently, uplink synchronisation becomes
challenging, further deteriorating the network performance.
Even though these studies demonstrate that NOMA can en-
hance channel access in WLANS, its applicability in multirate
WLANs with heterogeneous user data rates has not been
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adequately addressed.

The problems arising from slow stations in a multirate
WLAN can be addressed through cooperative communication.
Cooperative communications are popular in wireless networks
due to their ability to reduce fading and eliminate the need for
multiple antennas on small terminals. Cooperative communi-
cations involve relay nodes assisting a source in transmitting
information to specific destinations [24]. In [25], the authors
have proposed a cooperative MAC protocol for distributed
wireless networks that employs a grouping mechanism aimed
at effective helper node selection. Additionally, a greedy
algorithm is introduced to refine the protocol. The proposed
approach enhances throughput performance by selecting opti-
mal helper nodes within the network.

Integrating cooperative communications with NOMA can
increase system efficiency, capacity, and reliability. In NOMA,
the data of other users obtained during the SIC decoding
step can be exploited in CNOMA to enable effective relaying
[26]. In this method, users with better channel conditions
function as relays for users with poor channel conditions
[12]. Compared to conventional NOMA, CNOMA can guar-
antee better performance under practical conditions such as
imperfect SIC, imperfect channel state information (CSI),
and hardware impairments [27]. CNOMA, when combined
with space-time codes such as Alamouti coding, can signif-
icantly improve the robustness of poor-quality links by pro-
viding space diversity gain [28]. A NOMA-based cooperative
relaying strategy (NOMA-CRS) is proposed in underwater
acoustic sensor networks (UASNs) to enhance ergodic rate,
reduce outage probability, and improve energy efficiency [29].
CNOMA with optimal relay selection and deep learning-based
power allocation can enhance the energy efficiency of data
transmission [30]. Despite these advances, the integration of
cooperative NOMA into IEEE 802.11 WLANSs particularly
at the MAC layer with contention based channel access has
received limited attention in the existing literature. Motivated
by this gap, this work investigates a cooperative NOMA-based
channel access scheme for WLANSs to improve throughput,
connectivity, and far-user performance.

III. PROPOSED CHANNEL ACCESS SCHEME FOR IEEE
802.11 WLAN

In this section, we consider a multi-rate IEEE 802.11
WLAN and propose a CNOMA-based channel access scheme
for this network. The network consists of N STAs along with
an AP at the centre, as shown in Fig.1. The coverage area
of AP is divided into M regions, with N nodes uniformly
distributed across these M regions. Let the number of STAs
in the 7" region be c, and let the transmission rate of a node
in the r*" region that is located at an average distance of
d, from the AP be R,. Here, R; represents the transmission
rate of the nearest user located at distance d; from the AP,
whereas R); denotes the transmission rate of the farthest user
located at distance djs. The proposed channel access scheme
for the CNOMA is described in Algorithm 1. Initially, STAs
are clustered into U = % user clusters by selecting one node
from each of the regions [13].
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Fig. 1. System model of the proposed CNOMA-based IEEE 802.11
WLAN, where the AP is located at the center of the coverage area
and the STAs are clustered based on their achievable data rates.

In the proposed scheme, the near-users act as cluster head
STAs, and these cluster heads are only permitted to contend for
channel access. After sensing the channel idle for a distributed
inter-frame space (DIFS) duration, each cluster head initiates a
random backoff procedure. When a cluster head STA (nearby
user 1) from a specific cluster wins the contention, then that
node will send a request to send (RTS) frame to the AP,
and this RTS frame will be received by all the far users
of the cluster. Upon receiving the RTS frame, all far users
will find a potential helper node outside the cluster using the
helper table as depicted in Table I. Then, all far users will
send a cooperative RTS (CRTS) frame to the helper nodes
separated by a short inter frame spacing (SIFS) duration. If
the helper STA is ready to relay the data, it will send a
helper ready to send (HTS) frame to both the AP and sending
STA [6]. Since nodes outside the cluster remain free when a
particular cluster gains channel access and can act as helper
nodes, hence far-users are always ensured of helper node
availability. The clear-to-send (CTS) response frame from the
AP contains the address of the near region node that won
the channel access, and this CTS frame will be received by
all devices in the network. The control frame transmission is
pictorially represented in Fig. 2. Then, the far region nodes
will transmit their data to the corresponding helper nodes
separated by the SIFS duration. The transmission power of
helper stations is adjusted to ensure proper SIC operation as
shown in Algorithm 1. For each helper node located in the it"
near region and each source node located in the ;5" far region,
the transmission power of the helper node is determined as,
1=1,2,..

Pi,j:ai,jP, .,Nh,j:1,2,...,Nf (1)



CHARLY AND HARIGOVINDAN et al.: COOPERATIVE NOMA FOR THROUGHPUT ENHANCEMENT OF IEEE 802.11 WLANS 405

Algorithm 1 Proposed Cooperative NOMA-Based Channel
Access Scheme

1: User Clustering: Partition N STAs into U = % clusters
by selecting one node from each region:

Cluster 1: {D1, Dy41, .- .

Cluster 2: {D3, Dy42, ...

s Divi—nyu+41}
s Divi—nyu+2}

Cluster U: {Dy, Doy, ..., Dyu}

2: RTS Transmission: The winning cluster head sends an
RTS to the AP, overheard by far-users.
Helper Selection:
for each far-user do

for each helper in the table do

Compute t5, = %ﬂl + Rihd

end for

Select helper with minimum ¢j; if equal, choose the
one with lesser transmission failures.
9: end for
10: CRTS Transmission:
11: for each far-user do

i A A

122 ifty, < RLN then

13: Send CRTS to the chosen helper (after SIFS).
14: else

15: Wait for CTS from the AP.

16: end if

17: end for

18: Helper Readiness: Helpers reply with HTS to both AP
and STA if ready.

19: CTS Response: AP broadcasts CTS indicating the win-
ning cluster head.

20: Far-User Data: Far-users transmit data to their selected
helpers, separated by SIFS intervals.

21: Helper Power Adjustment:

22: for All helper nodes in a i*" near regions do

23: for All source nodes in a j*" far regions do

24: PZ'" :Oéi’jp

25: end for

26: end for

27. NOMA Transmission: Near-users and helpers transmit
simultaneously to the AP using power-domain NOMA.

28: Decoding: The AP applies SIC to decode the concurrent
transmissions.

Helper STA

Fig. 2. Control frame transmission procedure in the proposed
CNOMA-based WLAN when the cluster head wins the channel
contention.

where «; ; represents the power-control constant corre-
sponding to the helper—source pair (i, j). Here, N}, denotes the
number of near regions whose nodes can act as helper nodes
for far regions, and N; denotes the number of far regions.
The power control constants o ; are selected based on the
principle that,

i > gy, V9, 2

to ensure distinguishable received signal levels at the AP for
effective SIC in the NOMA framework. In this work, a total
of four regions are considered. The nodes located in the first
and second regions function as helper nodes for the source
nodes in the third and fourth regions. Additionally, nodes in
the first three regions can serve as helper nodes for source
nodes located in the fourth region. The corresponding power
control terms for various helper—source pairs are defined as
follows:

e v 3: power control term for a first-region helper forward-
ing data from a third-region source node,
e« 4: power control term for a first-region helper forward-
ing data from a fourth-region source node,
e ap3: power control term for a second-region helper
forwarding data from a third-region source node,
e g 4: power control term for a second-region helper
forwarding data from a fourth-region source node,
e a3 4: power control term for a third-region helper for-
warding data from a fourth-region source node.
Then all near users in the cluster and helper nodes will ini-
tiate data transmission to AP simultaneously using the power
domain NOMA as shown in Fig.3. The receiver then decodes

Helper STA

Fig. 3. Data frame transmission procedure in the proposed CNOMA-
based WLAN for the contention-winning cluster after receiving the
CTS message.

these concurrent transmissions using the SIC technique. After
successfully receiving data from all STAs, the AP will respond
with an acknowledgement (ACK) frame. Fig. 4 illustrates the
timing diagram of CNOMA-based channel access in a WLAN
with four regions. Then, the number of contenting users in the
network will be % instead of V.

In CNOMA-based channel access, once a near-user obtains
channel access, the far-users transmit their data to the AP
through helper nodes located outside their respective clusters.
Each far user must find a helper node to relay their data
to the AP successfully. In a CNOMA-based network, every
node must maintain a helper table to find the optimal helper
node. This helper table is updated by the node by sensing the
transmission in the network. Let the far users of the cluster be
denoted as ny and the corresponding helper node be denoted
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Fig. 4. Timing diagram of the proposed CNOMA-based WLAN illustrating transmission within a cluster, including control frame exchange,
relayed data transmission from outside-cluster helper nodes, and simultaneous transmission based on the NOMA principle.

as ny,. Let the transmission rate between the ny and nj; be
Ryp. The transmission rate between the AP and nj, denoted
as Rpq, can be estimated by the ny by decoding information
in the physical layer convergence procedure (PLCP) header.
Suppose the direct transmission rate between AP and nj is
referred to as Ryq. A far node creates an entry for a helper
if the transmission time from the far node to the AP exceeds
the sum of the transmission times from the far node to the
helper and from the helper to the destination. The format for
the helper table is depicted in Table I. The last column of
the table records the total number of consecutive transmission
failures. Due to memory constraints, when a helper exceeds a
predefined number of transmission attempts, its corresponding
entry in the table is removed. Additionally, if a far user
identifies a potential helper outside its current cluster, the
corresponding table entry is updated accordingly.

Far users in the contention won cluster examine the helper
table and calculate the time for transmission of unit informa-
tion tp = ﬁ + R%ld for each helper, and they will choose
the helper with the minimum value of ¢,. If a user finds two
helpers with precisely the same transmission time, it will take
the helper with the minimum number of transmission failures
in the past. If the time ¢; is less than the time for direct
transmission, the far user will send a CRTS frame to the helper
with the frame format shown in Fig. 5. When a helper node

MAC header

Helper ID
(6 Bytes)

R

n Rha
(1 Bytes)

(1 Bytes)

Frame Control [ Duration RA TA FCS

Fig. 5. Frame format of the proposed CRTS frame in the CNOMA-
based WLAN.

receives a CRTS frame, it responds by transmitting an HTS
frame. The HTS frame will have the same format and length
as the CTS frame. If the HTS frame is not received by the
AP and the far user within a predefined time period, the far
user retransmits a CRTS frame to the next helper node with
a lower transmission time. We consider a quasi-static block-
fading channel in which the channel remains constant over
the duration of a data transmission. We assume that perfect
channel state information (CSI) and perfect SIC. Based on
the CNOMA principle, four simultaneous transmissions are
supported from each region. All devices, including the access
point (AP) and stations (STAs), are equipped with a single
antenna. The proposed scheme relies on coordination among
the source, helper nodes, and the AP while restricting channel
contention to cluster heads; the performance degradation due
to retransmissions caused by coordination failures is not ex-
plicitly modeled. This analysis will be considered in the future
extensions.
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TABLE 1
FORMAT OF THE HELPER TABLE FOR H HELPER NODES, CONTAINING THE MAC ADDRESSES, TWO-HOP DATA RATES,
AND NUMBER OF FAILED TRANSMISSION ATTEMPTS

MAC Address Rm

Rha Number of Attempts

Transmission rate between

MAC address of helper 1 far user and helper 1

Transmission rate between

MAC address of helper H far user and helper H

Number of transmission
failures of helper 1

Transmission rate between
helper 1 and destination

Number of transmission
failures of helper H

Transmission rate between
helper H and destination

IV. ANALYTICAL MODEL OF CNOMA-BASED WLAN

In this section, we discuss the analytical model of CNOMA-
based WLAN and derive the closed-form expressions for
saturation throughput. The system parameters are chosen in
accordance with the IEEE 802.11b standard [6]. This analysis
can be extended to any future amendments to IEEE 802.11
WLAN. We consider a CNOMA-based multi-rate WLAN with
four regions with data rates 11 Mbps, 5.5 Mbps, 2 Mbps and
1 Mbps. The radius of the coverage of these four areas is
r11,75,r2 and r; respectively. When a cluster head attains
channel access, nodes with transmission rates of 2 Mbps
and 1 Mbps in that cluster will only perform cooperative
communication. The users in the near region transmit to the
AP through the direct mode. In order to find the saturation
throughput of CNOMA-based WLAN, the probability that a
relay node exists for far users must be calculated.

The area of intersection between two circles with radii r,,
and r,, and a center-to-center distance d, is given by,

. h . h
A, . (d) =72 arcsin — + 72 arcsin — — hd,
' Ty Ty

3)

where,

VR P ) —
o 2d '

The area of intersection between the coverage circles of the
AP and ny is illustrated in Fig. 6. If a helper exists in the
region a,, ,, then the far user can transmit its data at « Mbps
and the helper can forward it at v Mbps [6]. The probability

h

“4)

25

S\
=)

Fig. 6. Coverage area intersections illustrating cooperative regions.

that there exists a helper node in these area are given by the
following equations

Apyy i (T)

= 5
P11,11(T) ﬂr% (5)
2147"“’7"11"4_‘/411 11\
P5.5.11(r) = (Ars.s, ()2 1T ()), ©)
71'7’1
A A A
p5.5,5.5(7‘) — 1 75.5:75.5 (r)—’; TllaTll(T) _ 2 r5.5,T211(7n)7 (7)
Ty mry
2A7" 7’117/.7147”557*17"
pans(r) = 2 () = Arora () g
7TT1
2 (A, W
p275.5(7‘) = ( 2 55(7«;:2 5.5, 11(7))
1
)
_ 2 <AT2,T11 (T> + AT5.5,T5.5 (r))
TrT% ’
AT T Ar 5,7 2Ar r
paa(r) = —2 o (1) + Sra.s: 5.5(7) _ 2, 35(7“). (10)
mry Ty

Then the probability that a node in the farthest region with a
direct transmission rate of 1 Mbps has a two-hop transmission
is given by the following equations

’

r N
 _ ' 2r (1= piu(r)
Pl =1- /TZ G A D
1 1
PEE.5)711 =1- P1(1,)11
o 9r
- —— (I =p1r11(r)
~/7"2 T% - T’%
—pssn ()Y dr, (12)
1 1 1
PEE.5),5.5 =1- P1(1?11 - P5('5)711
T 2r
- ——3 (1 = p11,11(7) — p5.5,11(7)
ro T1T T2
(13)

1 1 1 1
P2(,1)1 =1- Pl(l,)ll - P5.5),11 - P5(.5),5.5
| s - 0 (14
- —P11,11(") — P5.5,11("
T2 (r% - T%)

’

*P5.5,5.5(7’) - P2,11(T))N dr,
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1 1 1 1 1
P2(,5).5 =1- P1(1.,)11 - P5(.5),11 - P5(.5),5.5 - P2(,1)1

T1 2
B /T FT@) (1 =p11,11(r) = ps5,11(1)  (15)

/

—p5.5,5.5(r) - P2,11(T) —pz,s‘s(T))N dr,
1 1 1 1 1
P2(2) =1- P1(1,)11 - P5(.5),11 - P5(.5),5.5 - P2(,1)1
o 2r
_pu_ / 1
2,5.5 . T% — 2 ( p11,11(7)

2
- p5.5,11(7“) - p5.5,5.5(7’) —p2,11(7")

’

*P2,5.5(7’) - pz,Q(T))N dr. (16)

here N’ represents the total number of users in the network,
excluding the nodes in the contention-won cluster. For the
nodes with direction transmission rate of 2 Mbps is given by,

’

" 2r (1 — P11 11(7“))N
pPA —1- / : dr, (17
11711 T5.5 (/’1% - 7"%)
2 2
55.5),11 =1- P1(1,)11
2 9r
- 5 5 (1 - p11,11(T)
/T'5 5 T% - T%
—pss(r) dr, (18)

2 2 2
PEE‘S):&S =1- P1(1,)11 - Ps(.s),u
2 9p
_/ - (L =pu,u(r) = ps511(r)
T5.5 1 T3

—p5.5,5.5(7“))N dr. (19)

The transmission time of the farthest nodes with direct trans-
mission rate 1 Mbps for E[P] bits of data, and it is taking
help from helper nodes with transmission rates 11 Mbps, 5.5
Mbps and 2 Mbps, is given by,

1 1 1 1 1
T, = (Pl(l,)ll + P5(.5)711 + P5(.5),5.5 + P(,1)1 + P2(,5).5
+P2(,12))TCN0H+TSH1 +Tup1 +TSH2+(1_P1(11?11 —Pé_l5)711
E|P
[ ]> + 79,

Ry
(20)

here, Tpog = PLCP+ DIFS +3SIFS+ RTS+CTS +
ACK is the overhead time required for direct communication,
and PLCP is the time required for transmitting physical layer
convergence. R, is the transmission rate of the station with
x Mbps and ¢ is the propagation delay. The overhead time
required for CNOMA communication is given by Toyon =
2PLCP + DIFS 4+ 9SIFS + RTS + 2CRTS + CTS +
2HTS+ ACK. The CRT'S and HT'S are the time durations
for additional control frames. DIF'S, SIF'S, RTS, CTS and
ACK have the same meaning in [3]. Ts 1 and T2 represent
the average time required for data transmission from the source
to the helper for nodes with direct transmission rates of 1 Mbps
and 2 Mbps, respectively, and are derived in (21) and (22).

1 1 1 1
~Pls= Pl s = PA) (Toou +
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Trp1 and T po represent the average time required for data
transmission from the helper to the destination for nodes with
direct transmission rates of 1 Mbps and 2 Mbps, respectively,
and are derived in (23) and (24).

(1) (1)
P + P.
Tap = 8E[P]< 11,1112 2,11
11
1 1 1 1
R T AT
Bs5 Ry

Tsuz = 8E[P]

2 2 2
P1(1,)11 n P5(.5),11 + P5(.5),5.5 22)
Ry Bs5

Ry
n Péls 5.5+P2(15)5 P2(11)1 +P2(,12) 23)
Rs5 Ry
PO L p@  p@
Tups = SE[P] ( 11,11 5o 15555 24)
R Bs5

The transmission time of third region nodes with direct
transmission rate 2 Mbps for E[P] bits of data, and it is taking
help from helper nodes with transmission rate 11 Mbps and
5.5 Mbps, is given by,

2 2 2
T5 = (Pl(l,)ll + PES.E)),H + P5(.5),5.5)TCNOH+

+Tsu2 +Tup2 +Tsm1 + (1 — P1(12,)11 - Ps(.25),11
E|P
~ P2, ) (TDOH + 4];2 }> +75 (25

In CNOMA-based channel access, before the transmission
from the helper to the destination can occur, all transmissions
from source nodes to helper nodes must be completed. There-
fore, there is an additional waiting time: Tsgo is included
in Ty, and Tsgy is included in 73. As a result, the direct-
transmission station must also wait for the completion of the
source-to-helper transmissions, and the corresponding trans-
mission time for a near-region node with direct transmission
at 11 Mbps and 5.5 Mbps is given by,

E|P
Ty =Tsg1 +Tsa2 +Tpou + ElP] +46

R (26)
Ty =Tsu1+ Tsu2 + Tpon + ii} +40,  (27)

The collision time is given by,
Tc =RTS+DIFS+9 (28)

The transmission probability of a node in the ™ region with
¢, devices in a multi-rate WLAN is given by

2(1 B 2pr’)

(1 - 2p7')(CWmin + 1) + pT'CWrnin(l - (2p7)m)(729)

Ty =
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here, m is the maximum number of backoff stages, and p,
is the collision probability for a multi-rate WLAN, which is
derived as given in [31], [32].

4

pr=1—-(1-7)"" ][ (-7

y=1,y#r

(30)

In the proposed scheme, only cluster heads participate in
the contention process; therefore, the collision probability is
given by

)C]—l

p1:1—(1—7'1 (31)

The transmission probability of a node in the first region is
given by

2(1 —2p1)
(1 =2p1)(CWiin + 1) + p1CWhinin (1 — (2]71)7")('32)
The probability that there is at least one transmission in
the considered slot time for the first region (P:(Flr)) and the

T =

probability of an empty backoff slot (Pe(l)) are given by,

P =1-(1-m) (33)
PM =1-pY (34)

The probability of successful transmission (Pér)) of a multi
rate WLAN is the probability that only one STA in the 7"
region transmits and all other STAs in the same region, as well
as STAs in the other three regions, don’t transmit at the same
time, and it derived as follows [31], [32],
4
Py =cor(l—7) T (1 -7
y=L,y#r

(35)

In the proposed scheme, the probability of successful trans-
mission in the first region is given by

P& =i (1—m)a (36)

The probability of backoff slot containing a collision (Pél))

in the first region is given by ,

Py =1-p{ - pW (37)

The fixed-point equations (31) and (32) can be solved iter-
atively to get the values of 7y, to find Pél), Pﬁ), Pe(l) and
Pél). In a CNOMA-based WLAN, only near users can perform
channel contention. Then, the throughput of the near user for
the transmission of E[P] bits of data is expressed as follows:

PV E[P]
E[Tslot] ’

here E[Tsi0t] is the average slot time of the near user and it
is given by,

S = (38)

E[Tyor) = o P& + P max (Ty, Ty, Ts, Ty)
+POT (39)

In CNOMA-based channel access, near-region nodes trans-
mit directly, while far-region nodes transmit with the help of
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near region helper nodes. Since these two types of transmis-
sions occur simultaneously within a given user cluster, the
average slot time F[T;,t] remains the same for all transmis-
sions in that cluster. Consequently, the aggregate throughput
(Scnoma) of the four regions can be calculated as follows:

~ P{VE[P)

40
E[Tslot} ( )

Scnoma =

r=1

V. RESULTS AND DISCUSSION

In this research work, analytical results are generated using
MATLAB R2024b and simulation results are generated using
ns 3.44. The STA transmit power is set to 12 dBm. A log-
distance path loss model with a path loss exponent of three
is adopted as the channel propagation model, and a noise
figure of 7 dB is used. We consider a multi-rate WLAN
with four regions, each having transmission rates of 11 Mbps,
5.5 Mbps, 2 Mbps, and 1 Mbps, and the number of nodes
in the network varies from 120 to 240. The corresponding
coverage ranges for these data rate regions are 25 m, 50 m,
75 m, and 100 m, respectively. Once a cluster head wins
contention, the nodes with 11 Mbps and 5.5 Mbps in that
cluster perform direct transmission. Since nodes outside that
cluster are idle, these nodes can act as helper nodes for nodes
with transmission rates of 2 Mbps and 1 Mbps. The values
of a3, ag 3, and as 4 are taken as 0.8, while the values
of a14 and g4 are taken as 0.7. These values are chosen
by considering the propagation loss differences between the
helper nodes and the AP. The system parameters used for
analytical and simulation studies are provided in Table II. The

TABLE 11
SYSTEM PARAMETERS FOR ANALYTICAL MODELING AND
SIMULATION

Parameter Value Parameter Value

SIFS 10 us  PHY header 24 Bytes

DIFS 50 us  MAC header 34 Bytes

Slot Time 20 us  ACK 38 Bytes

CWnin 31 RTS 44 Bytes

m 5 CTS 38 Bytes

CWmazx 1023 Packet Length 1024 Bytes

simulation results reported here are averages of multiple 100 s
simulations. For the ns-3 simulations, we considered the IEEE
802.11b HR-DSSS PHY operating over a 20 MHz channel in
the 2.4 GHz band. The MAC parameters, such as CW,,,;,, and
CWnaz, are taken as per Table II. The short and long retry
limits are set to 6 and 4, respectively, in the ns-3 simulations.
User datagram protocol (UDP) with a transmission interval
of 0.01s is considered for the ns-3 simulations [33]. The
aggregate throughput of CNOMA-based WLAN is calculated
both analytically and through ns-3 simulations. The saturation
throughput of the conventional and NOMA-based WLANS is
evaluated using the analytical expressions reported in [13],
while the throughput of the cooperative WLAN is computed
using the analytical expressions provided in [6].
Furthermore, extensive simulations have been performed to
verify the analytical findings. The number of users versus
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aggregate throughput for CNOMA-based multi-rate WLAN,
cooperative WLAN, NOMA-based WLAN and conventional
multi-rate WLAN is shown in Fig.7. There is a substantial

or = = Conventional WLAN (Ana.) = = ‘NOMA WLAN (Ana.)

O Conventional WLAN (Sim.) P> NOMA WLAN (Sim.)
= = +Cooperative WLAN (Ana.) = = ‘Cooperative NOMA WLAN (Ana.)
#  Cooperative WLAN (Sim.) # Cooperative NOMA WLAN (Sim.)
5r gl
a2 | § 7 ¢ | Sttt $
=)
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=]
=
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Fig. 7. Aggregate throughput comparison of the proposed CNOMA-
based WLAN with NOMA-based WLAN, cooperative WLAN, and
conventional WLAN.

enhancement in aggregate throughput for the CNOMA-based
multi-rate WLAN compared to the conventional WLAN, ow-
ing to the combined use of cooperative communication and
NOMA-based channel access. In the low user-density scenario
with a total of 40 users, the CNOMA-based WLAN achieves
an aggregate throughput improvement of 185% compared to
the conventional WLAN. Throughput improvements of 223%,
234%, 249%, and 271% are observed for networks with 120,
160, 200, and 240 users, respectively, compared to the conven-
tional channel access scheme. It is evident that the percentage
improvement in throughput generally increases as the number
of users increases, since far devices have a higher likelihood
of obtaining helper nodes when more nearby users are present.
However, a minor decrement in aggregate throughput is ob-
served as the number of users continues to increase, due to the
increased collision probability, which outweighs the through-
put gains achieved by CNOMA from the higher likelihood
of obtaining helper nodes. The additional control signaling
overhead is explicitly incorporated into the throughput analysis
through the overhead terms in (20) and (25). Although these
equations account for the extra signaling required for CNOMA
operation, the reduced effective transmission time enabled by
simultaneous user transmission offsets this overhead, resulting
in a net increase in the aggregate throughput.

In this work, perfect SIC and perfect time synchronization
among STAs are assumed for analytical tractability. In prac-
tical implementations, imperfect SIC degrades performance
by reducing the achievable signal-to-interference-plus-noise
ratio (SINR) of the decoded signals, particularly for STAs
with weaker channel conditions [34]. However, the proposed
CNOMA framework can mitigate this effect to some extent,
as cooperative relaying improves the received signal strength
of far users. It may also be noted that with enhancement in
hardware technology the SIC inefficiency factor is expected
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to be very low in the order of 0.001 to 0.01 [35], [36]. Time
synchronization errors may lead to misaligned transmissions,
which reduce decoding efficiency and increase residual inter-
ference [37]. The proposed CNOMA-based WLAN introduces
additional computational complexity due to SIC; however, this
complexity is primarily incurred at the access point (AP). In
the proposed scheme nearby devices act as helper nodes for
cooperative transmission and this may increase their energy
consumption. However, this increase in energy consumption
is efficiently compensated by the significant improvement in
throughput performance and by reducing the channel time
wastage caused by unfair resource allocation. By leveraging
existing nearby devices for cooperation, the proposed scheme
also eliminates the need for deploying dedicated repeaters,
thereby lowering both energy consumption and deployment
cost.

VI. CONCLUSION

In this paper, we have proposed CNOMA for IEEE 802.11
WLAN and designed a novel channel access scheme for
CNOMA based WLANS. In this proposed scheme, NOMA
is used to support concurrent transmissions and cooperative
communication enhances the throughput further by allowing
nearer region nodes to act as relay for farther region nodes. We
have analytically modeled the IEEE 802.11 multi-rate WLANSs
with CNOMA-based channel access. The proposed scheme
outperforms conventional WLAN, cooperative WLAN, and
NOMA-based WLAN in terms of throughput by reducing
the number of contending users for channel access, enabling
simultaneous transmissions using NOMA and leveraging co-
operative communication to minimize the overall transmission
time. The analytical results are validated through extensive ns-
3 simulations. The proposed CNOMA-based channel access
scheme can be applied to different amendments of the IEEE
802.11 WLAN family, particularly recent standards operating
at higher frequency bands that experience greater propagation
losses than the 2.4 GHz band; extending the proposed scheme
to such scenarios is part of our future work.
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