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Abstract—In this article, we extend IEEE 802.11 from carrier-
sense multiple access with collision avoidance to carrier-sense
multiple access with collision detection (CSMA/CD) for in-band
full-duplex (IBFD) wireless systems by utilizing the capabilities
of full-duplex. In IBFD communications, nodes can effectively
apply CSMA/CD but this may result in false alarms and missed
collision detection due to residual self-interference. To analyze the
performance of medium access control (MAC) protocol for an IBFD
communications system, first, a Markov chain-based analytical
model is designed for a CSMA/CD-based IEEE 802.11 distributed
coordination function with IBFD capabilities. Then, the analytical
expressions for goodput and packet loss probability are driven to
investigate the impact of various parameters, including contention
window size, packet length, and the number of nodes, on the per-
formance of the designed model in the presence of sensing errors.
The accuracy of the analytical model is validated by comparing the
numerical and simulation results for saturated traffic conditions.

Index Terms—Collision detection, goodput, in-band full duplex
(IBFD), medium access control (MAC) protocol, Markov chain
model, packet loss probability, wireless communications.

I. INTRODUCTION

IN-BAND full-duplex (IBFD) technology is believed to meet
the data demands expected from future-generation wireless

systems [1], [2], [3]. Limited bandwidth and expensive radio
resources are the biggest obstacles that conventional wireless
communications technologies must overcome to provide high
data rates. Simultaneous data transmission and reception on
the same frequency band in IBFD systems [3] overcomes the
scarcity of frequency spectrum by enhancing spectral efficiency
and maximizing bandwidth utilization [2], [4]. Theoretically,
IBFD communications can double the capacity of a wireless
network if self-interference [5] due to simultaneous transmission
and reception on the same frequency is perfectly eliminated
[3], [6].
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In order to fully utilize IBFD communications, wireless
communications systems (including cellular systems and Wi-
Fi) require upgrading of the physical layer along with the
medium access control (MAC) layer. With IBFD communica-
tions, the carrier-sense multiple access with collision avoidance
(CSMA/CA) MAC protocol [7] in IEEE 802.11 can be up-
graded to carrier-sense multiple access with collision detection
(CSMA/CD) [8] to increase the network capacity and sense
the collisions earlier. The upgraded protocol in IBFD systems
allows a node to detect the successful reception of a packet by
sensing its own transmission. However, there exists imperfect
self-interference in IBFD communications even after applying
self-interference cancellation techniques called residual self-
interference (RSI). RSI results in sensing errors (i.e., imperfect
collision detection) including false collision detection and miss
collision detection [9]. False collision detection (i.e., false alarm)
reduces channel utilization, and missed collision detection en-
sures a lost packet, consequently reducing system output [10].

In the literature, many full-duplex MAC (FD-MAC) protocols
have been designed and investigated to realize the full potential
of IBFD systems. Authors have designed CSMA/CA-based
MAC protocols for full-duplex communications and provided
performance analyzes of the protocols [4]. However, a fixed
contention window in the protocol does not follow the IEEE
802.11 Binary Exponential Backoff in case of a collision. An
FD-MAC protocol for wireless networks was designed, and
its performance was evaluated with a real-time implementation
in [11]. A MAC layer scheme for full-duplex wireless networks
was proposed [12]. The protocols in [11] and [12] deviate
from the IEEE 802.11 distributed coordination function (DCF)
mechanism. A distributed FD-MAC design based on the IEEE
802.11 DCF was proposed [13]. The authors did not provide an
analysis of the protocol and neglected the effects of imperfect
sensing in IBFD communications. Performance analysis of a
MAC protocol for IBFD communications was provided in [14]
but the impact of sensing errors (i.e., miss collision detection)
on the designed protocol was not incorporated.

FD-MAC protocols were designed in [9], [15], and [16]
based on a CSMA/CA mechanism. Markov chain models were
used to carry out an analysis of the designed protocols, but
some mechanisms of the IEEE 802.11 MAC protocol, such
as the maximum retry, were not considered in the analytical
models. In [16], the effect of sensing errors on the proposed
mechanism was not discussed. The authors in [17] presented a
MAC protocol based on CSMA/CD for wireless networks. Work
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Fig. 1. Network architecture for the IBFD CSMA/CD protocol with n-
contending nodes.

done in [9], [15], [16], and [17] only considered channel usage
as the throughput in order to evaluate protocol performance,
which does not accurately depict the successfully transmitted
packets. Furthermore, the authors in [9], [15], and [17] did
not treat collisions accurately and overlooked a possible miss
collision detection due to imperfect sensing. It is feasible to
extend IEEE 802.11 from CSMA/CA to CSMA/CD for IBFD
wireless systems since nodes continuously sense the channel
to detect collisions after transmission due to FD capabilities.
Consequently, it becomes important to analyze the impact of
sensing errors on the performance of the IBFD-MAC protocol.

In this article, we design a Markov chain-based analytical
model for the IBFD MAC protocol using a CSMA/CD mech-
anism. To improve the model compared to [9], we introduce a
maximum retry limit and backoff freezing mechanisms into the
Markov chain model under the IEEE 802.11 MAC protocol. The
maximum retry limit ensures a finite number of retransmission
attempts by a node, while backoff freezing allows a node to
freeze its backoff counter during the backoff process when
sensing that the channel is busy. We derive analytical expressions
for goodput and packet loss probability using the designed model
to assess the performance of the CSMA/CD-based IBFD MAC
protocol. Furthermore, we investigate the impact of various
parameters, including packet length, contention window size,
and the number of nodes, on the performance of the IBFD MAC
protocol using simulation and numerical results.

The rest of this article is organized as follows. The system
model and the IBFD MAC protocol design are explained in
Sections II and III, respectively. Section IV discusses the ana-
lytical model of a CSMA/CD-based IBFD-MAC protocol using
Markov chain model. Detailed numerical and simulation results
are presented in Section V. Finally, Section VI concludes this
article.

II. SYSTEM MODEL

The network architecture considered for IBFD Wi-Fi net-
works includes an access point (AP) and n nodes that partic-
ipate in channel contention by sensing its status (busy or idle),
denoted as (N1, N2, N3, . . ., Nn), as shown in Fig. 1. Nodes are
randomly distributed in the coverage area of the AP. We assume
there are two antennas on each node: one for data transmission

and one for reception (sensing). Two separate antennas are used
to achieve isolation between the transmitter and receiver by
physical separation to avoid the effect of transmitter leakage [3].
All IBFD nodes sense the channel continuously, regardless of
their actions, and only one node can access the channel at a
time. In order to detect channel conditions, each node performs
carrier sensing before transmission and contends for access us-
ing a backoff procedure. Nodes continuously sense the channel
after transmissions to detect collision following the CSMA/CD
mechanism. We assume that RSI exists between two antennas,
even after suppressing the self-interference shown in Fig. 1.

A saturated traffic model (i.e., nodes always have packets to
transmit to the AP) and an ideal channel (no errors or hidden
terminals) are considered as described in [18] and [19]. When
there is a collision between the transmissions of more than two
nodes, collision detection is assumed to be perfect, since the
collision signal is much stronger than the RSI. Detection errors
occur only in two cases: when a single node transmits but a false
collision is detected, or when two nodes start transmission at the
same time, and the collision is not detected by at least one node.

III. IBFD MAC PROTOCOL

The CSMA/CD-based IBFD MAC protocol is assumed to be
time-slotted. The time slot is set to an opportune time in which a
node can sense transmission from another node, and contending
nodes determine which one will transmit at the end of each time
slot. A node monitors the channel before initiating transmission.
If the channel is sensed as free for the distributed interframe
spacing (DIFS) period, the node attempts transmission [20].
Each node utilizes a binary exponential backoff and selects a
random backoff time. The backoff time is uniformly distributed
in the range [0,CWi − 1], where CWi is the contention window
size and i is the number of failed transmissions for a specific
packet (i.e., the collision count).

Each node has a maximum number of retransmission at-
tempts, Wmax after which the packet is dropped. When a node
attempts the first transmission, the contention window size,
CWi, is set to CWmin, where CWmin is the minimum contention
window or initial contention window [21]. Whenever a collision
occurs, the contention window of the node, CWi, doubles in
size until it reaches its capacity, which is the maximum con-
tention window such that CWmax = 2Wmax CWmin. The backoff
counter decreases per slot when the channel remains idle; it
stops when another transmission is sensed on the channel, and
starts again when the channel is sensed as idle for more than the
DIFS period. The node starts its transmission when the backoff
counter reaches zero. When a packet is successfully delivered,
the contention window size is set to CWmin.

There is the possibility of false alarms or missed collision
detection due to sensing errors, or collisions, or successful trans-
missions when nodes send their packets under the CSMA/CD-
based FD-MAC protocol. A scenario with three nodes (N1, N2,
and N3) that are contending for a channel to transmit their
packets, is used to discuss different cases. A packet is transmitted
successfully when a node (e.g., N1) wins contention and sends
its packet, as depicted with Case 1 in Fig. 2. The effect of a false
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Fig. 2. Example scenarios under the IBFD-MAC protocol.

Fig. 3. Conditions for four cases happening due to contending for a channel by IBFD nodes.

alarm is shown in Case 2, where node N2 starts transmission
after the DIFS period while sensing the channel, incorrectly
sensing a collision due to a sensing error, and immediately aborts
transmission.

When two nodes start transmissions after contending for a
channel, (let us say nodes N1 and N3 start transmitting after the
backoff process), both nodes detect a collision and abort their
transmissions at the same time. Similarly, when three nodes
start transmitting in the same slot after the backoff process,
they detect collisions within the DIFS period and terminate their
transmissions all at once. Collision detection is labeled as Case 3
in Fig. 2.

Case 4 depicts two instances of missed collision detection.
When both nodes do not sense a collision due to RSI, they con-
tinue to transmit and consider their packets to have been trans-
mitted successfully. In another case, only one node (N1) senses
the collision, aborts transmission, and doubles its contention

window size, whereas the other node (N3) continues to transmit
because now there is no way to detect a collision, and it sets
its contention window to the initial length after completing the
transmission. This is the main benefit of the CSMA/CD-based
FD-MAC protocol over the conventional HD-MAC protocol
when a collision does not last for the full-packet length under the
CSMA/CD-based FD-MAC protocol. The conditions for four
possible cases, which are shown in Fig. 2, are summarized in
Fig. 3.

Based on the above-mentioned cases, we can say that when
only one node is transmitting, all other nodes detect the trans-
mission, i.e., a collision-free transmission is either successful
or aborted due to a false alarm. When two nodes transmit, the
collision can be detected or missed due to a sensing error, and
when at least three nodes simultaneously start transmission, a
collision is always detected by all the nodes within the DIFS
period.
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Fig. 4. Discrete-time Markov chain model.

IV. PERFORMANCE ANALYSIS

In this section, we analyze the performance of the pro-
posed IBFD MAC protocol based on a modified bidimensional
discrete-time Markov chain model [9], and we derive its good-
put and its packet loss probability. Unlike throughput, which
considers channel utilization as system output, goodput only
considers the time intervals used for successful transmissions
to be network output. We first derive the probability of packet
transmission using the Markov chain model, and then (based on
the probability of packet transmission) we derive the goodput
and the packet loss probability to evaluate the performance of
the IBFD MAC protocol.

A. Packet Transmission Probability

The bidimensional discrete-time Markov chain model [9] is
modified to depict the actions of a single node, and the modified
model is illustrated in Fig. 4. The Markov chain model is based
on a critical approximation that includes a constant probability
of a successful transmission without collision awareness, ps,
and a constant probability of a busy channel, Pb. We introduce
the probability of a busy channel to account for the channel
condition in the backoff procedure, which means the channel is
busy with a probability of Pb. It is expressed as

Pb = 1− (1− p)n−1 (1)

where p is the probability that a certain node begins transmission
in the next slot and n represents the total number of nodes
contending for the channel. The state of a node is represented by

{wi,Wi}, where Wi is the number of transmission attempts so
far and wi is the backoff time selected randomly from interval
[0,CWi − 1]. Here, CWi represents the contention window size.
The relation between Wi and CWi is

CWi = 2WiCWmin

where CWmin represents the initial contention window size.
The packet starts its transmission from state {0, 0}. In the

event of a collision, the node will transition to the next state with
probability (1− ps)/CWi, whereas a successful transmission
will cause the node to return to the stateWi = 0with probability
ps/CW0. When the channel is detected as busy, the node freezes
its backoff counter and stays in the same state with probability
Pb, indicating self-transitions. When the channel is free, with
probability 1− Pb, the node will transition to the next state.
Note that nodes perceive the state of the channel independently,
and hence, their backoff counters decrement asynchronously
unlike [20], e.g., while one node detects a collision, other
nodes involved in the collision misdetects. If a node continu-
ously experiences collisions, and the state reaches Wmax (the
maximum contention window size), the packet will be lost if
the next retransmission attempt fails, and the Markov chain
will transition back to the state Wi = 0 to transmit the next
packet. The state transition of a node according to different cases
including successful transmission (Case 1), false collision de-
tection (Case 2), miss collision detection (Case 3), and collision
detection (Case 4), can be seen in Fig. 4.
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The one-step state transition probabilities are

P (k, i|k + 1, i) = 1− Pb, k ∈ [0,CWi − 2], i ∈ [0,Wmax]

(2)

P (k, i|k, i) = Pb, k ∈ [1,CWi − 1], i ∈ [0,Wmax] (3)

P (k, 0|0, i) = ps
CW0

, k ∈ [0,CW0 − 1], i ∈ [0,Wmax] (4)

P (k, 0|0,Wmax) = 1/CW0, k ∈ [0,CW0 − 1] (5)

P (k, i|0, i− 1) =
1− ps
CWi

, k ∈ [0,CWi − 1], i ∈ [1,Wmax].

(6)

State transition probability in (2) shows when a channel is idle,
and the backoff time is decremented. The probability in (3)
depicts a self-transition when the channel is busy, whereas (4)
accounts for the fact that a successful transmission has occurred,
and transmission now takes place with the backoff counter at 0.
State transition probability in (6) takes care of the retry limit, and
(5) describes an unsuccessful transmission. The probabilities in
(2), (3), and (6) highlight the main modifications to create a more
realistic Markov chain model.

Let bk,i be the stationary distribution of the chain, which is
defined as

bk,i = limt→∞ P{b(t) = k, s(t) = i}

where b(t) is the backoff time counter and s(t) represents the
number of transmission attempts. By solving the global balance
equation for the Markov chain model, we can get the probability
of transmission by a node in the next slot, referred to as packet
transmission probability p, (see Appendix A). It is expressed as

p =
2(1− p)n−1(2ps − 1)(1− ω)

(2ps − 1)(1− ω) + CWmin(1− (2− 2ps)Wmax+1)ps
(7)

where ω is equal to (1− ps)
Wmax+1 and ps is the probability of

transmission for an entire packet by at least one node, which
can be a successful transmission or a collision between trans-
missions. ps is defined as follows [9]:

ps = (1− p)n−1(1− Pf )
L

+ (n− 1)p(1− p)n−2Pm
(1− Pf )

L − P 2L
m

1− Pf − P 2
m

(8)

where L is the length of a packet in a slot, Pf is the probability
of a false alarm per slot, and Pm is the probability of a missed
detection per slot. Equations (7) and (8) are nonlinear equations
with the number of contending nodes. A fixed-point iteration
method is applied to get the probabilities of p and ps, as shown
in Fig. 5. Two performance matrices (goodput and packet loss
probability) are used to analyze the modified Markov chain
model, which are discussed in the following subsections.

Fig. 5. Fixed-point iterative method for calculating goodput and the packet
loss probability.

B. Goodput

Goodput is defined as the proportion of time the channel is
occupied for successful transmissions and is expressed as

G =
E[Successful transmission length]

E[Time consumed for a successful transmission]

=
PSL

PE + PS(LS + DIFS) + PC(LC + DIFS)
(9)

where PE is the probability of an empty channel, PC denotes
the collision probability, and PS represents the probability of a
successful transmission. These probabilities can be written as

PS = np(1− p)n−1(1− Pf )
L−1

PE = (1− p)n

PC = 1− PE − PS .

LS and LC denote the average length of a successful transmis-
sion and the average length of a collision, respectively, and can
be expressed, according to [9], as follows:

LS =
1− (1− Pf )

L−1

Pf
+ (1− Pf )

L−1

LC = 1 +

(
n

2

)
p2(1− p)n−2P

2
m(1− P 2L−2

m )

PC(1− P 2
m)

.

Goodput in (9) is calculated by solving (7) and (8) for PC ,
PE , PS , LS , and LC . The goodput in this work differs from
throughput in that goodput only counts the packets that are
successfully received, whereas throughput includes all packets
that are transmitted, regardless of whether they are successfully
received or not.
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C. Packet Loss Probability

The packet loss probability Ploss indicates how frequently
packets are not received correctly within the maximum number
of transmission attempts, Wmax + 1. To get the packet loss
probability, we definePmrl, which corresponds to the probability
that a packet will not be transmitted successfully within the
maximum number of retransmission attempts (Wmax), andPmiss,
which is the probability of miss detection. Pmrl is expressed as
(see Appendix B)

Pmrl = ω = (1− ps)
Wmax+1

whereWmax is the maximum number of retransmission attempts.
For Pmiss, we considered missed detection scenarios where a
collision by any one of two nodes is not detected. For example, a
missed detection occurs when a collision is undetected by at least
one node after two nodes start their transmissions in the same
time slot. In the case of two simultaneously transmitting nodes
(N1 and N2), a missed detection takes place when N1 senses the
collision and aborts transmission whileN2 continues to transmit,
when N2 senses the collision and terminates transmission while
N1 continues or when both nodes do not detect the collision.
Hence, Pmiss can be written as (see Appendix C)

Pmiss = (n− 1)p(1− p)n−2

[
P 2L
m +

P 2
m − P 2L

m

P 2
m + Pm

]
.

Based on Pmrl and Pmiss, Ploss becomes

Ploss = ω + (n− 1)p(1− p)n−2

[
P 2L
m +

P 2
m − P 2L

m

P 2
m + Pm

]
.

(10)
Packet loss probability is an important performance metric for
a MAC protocol because the missed collisions cannot account
for channel utilization. The analysis of the modified Markov
chain for IBFD MAC protocol is verified by evaluating the
performance in terms of goodput and the packet loss probability
by using numerical and simulation results.

V. NUMERICAL RESULTS

In this section, we provide numerical results from the modified
Markov chain model and compare them with simulation results
to verify the correctness of our analysis. To that end, goodput
and the packet loss probability of the IBFD MAC protocol are
calculated using MATLAB.

A Monte Carlo simulation that ran for the duration of the
simulation was set to 107 time slots. The parameters for a
discrete-event simulation that follows the 802.11 DCF mech-
anism, are summarized in Table I based on [9]. In the case when
only one node transmits, we calculate the goodput for this suc-
cessful transmission. However, when two nodes simultaneously
start transmissions in the same slot, collisions may occur, and
collision detection might be affected by imperfect sensing in one
of the nodes. If both nodes detect the collision, they will follow
the backoff procedure; otherwise, the packet loss probability
must be determined considering the multiple cases of missed
collision detection.

TABLE I
COMMON SIMULATION PARAMETERS

Fig. 6. Goodput with respect to CWmin for different packet lengths.

The impacts of different parameters (e.g., initial contention
window size, packet length) on the designed IBFD-MAC pro-
tocols are examined in the presence of false alarms and miss
collision detection. To verify the designed analytical model of
the CSMA/CD-based IBFD MAC protocol, we compared it with
two MAC protocols: CSMA/CA-based FD-MAC protocol [9]
and the CSMA/CA-based HD-MAC protocol [20]. Both numer-
ical and simulation results of the CSMA/CA-based FD-MAC
protocol are provided for performance comparison. For the
sake of simplicity, we denote the CSMA/CA-based HD MAC
protocol as HD-MAC, CSMA/CA-based FD MAC protocol as
FD-MAC, and the designed CSMA/CD-based MAC protocol as
IBFD-MAC.

A. Effects of Different Parameters on Goodput

The goodput of IBFD-MAC protocol with respect to an initial
contention window size for different packet lengths is shown
in Fig. 6. The goodput was higher for a packet length of 100
when CWmin was less 213, compared to other packet lengths,
which was the optimal packet length for maximum goodput. For
a small packet length, i.e., L = 10, there are many more channel
accesses to deliver packets, which increases the probability of
collisions and leads to the waterfall effect. When the packet
length was 500 and 1000, transmissions (and consequently,
collisions) were reduced, but the false alarm effect became more
prominent. This was the major cause of lower goodput with
L = 500 or 1000 compared to goodput with L = 100.

The goodput for packet lengths of 10 and 100 fell below
goodput for large packet lengths after a certain CWmin, which
can be seen in Fig. 6. For example, whenLwas 100, the goodput
was more than when L was 500 up to CWmin at 213; after that,
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Fig. 7. Goodput versus the initial contention window size for different num-
bers of nodes.

goodput at a packet length of 100 fell below goodput for both
larger packets lengths (500 and 1000). The reason is that with an
increase in the initial contention window size, a channel remains
idle most of the time, since nodes with small packet lengths
launch the backoff procedure more frequently. For all packet
lengths, goodput decreased as CWmin increased (i.e., Wmax

decreased due to channel wastage). The goodput for L at 1000
was not affected much by an increase in CWmin, compared to
other packet lengths, since the probability of a collision is lower
for such a large packet length. Another important conclusion
from Fig. 6 is that the error between analytical and simulation
results was reduced as the packet length increased. Therefore,
the accuracy of the proposed model increased with larger packet
lengths.

The effect on goodput from the number of nodes contending
for the channel was also explored. Analytical and simulation
results with respect to the initial contention window for different
numbers of nodes are shown in Fig. 7. A packet length of 100 was
chosen because it gave the maximum goodput, compared to other
packet lengths, as seen from Fig. 6. In Fig. 7, a waterfall effect is
clearly observed when 10 nodes contended for the channel. This
is because channel waste was high with an increase in CWmin. On
the other hand, as the contention window increased, goodput was
higher for a larger n, even with more false alarms and collisions,
which means the system has a better performance with more
contending nodes.

We also determine the latency of the designed model by
conducting simulations with varied initial contention window
sizes for different numbers of nodes in the network, as shown
in Fig. 8. For lower initial contention window sizes, the latency
is approximately the same for different numbers of nodes in
the network. When CWmin is greater than 28, a network with ten
nodes has high latency, whereas a network with a higher number
of nodes (n = 150) achieves the lowest latency. Furthermore,
when CWmin is greater than 210 the latency of a network with
10 nodes increases exponentially.

Note that the difference between the latency for different
numbers of nodes is getting larger as CWmin increases. In

Fig. 8. Latency versus the initial contention window size for different numbers
of nodes.

Fig. 9. Ploss versus CWmin.

other words, networks with less number of nodes experience
a more significant increase in latency with a larger initial con-
tention window size. The reason is that with fewer nodes in the
network and higher initial contention window size, there is a
wider range of backoff values for nodes and nodes experience
significantly longer backoff periods, resulting in fewer nodes
initiating transmissions within a specific time duration. On the
other hand, networks with a higher number of nodes had many
nodes reaching a backoff value of zero during the same time
duration, leading to more frequent packet transmissions and
better packet reception at the destination. Therefore, a network
with less number of nodes has also lower goodput when CWmin

increases, as depicted in Fig. 7.

B. Effects of Different Parameters on Packet Loss Probability

Fig. 9 shows the packet loss probabilities against initial con-
tention window sizes for L at 100 and 1000. For L = 100,
nodes got a longer backoff more frequently with an increase
in CWmin, and the number of transmissions was reduced. As a
result, Pmiss was reduced, and Ploss also decreased. However,
when CWmin was greater than 212, an increase in Ploss was
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Fig. 10. Ploss versus n.

observed due to the dominant effect of reducing retransmission
attempts for each packet, and the higher contribution of Pmrl to
Ploss. This shows that each packet had a lower chance of being
successfully received at the destination as the contention window
size exceeded 212. Therefore, in Fig. 9, we observe a dip in the
Ploss graph for L = 100 when CWmin is equal to 212.

With a larger packet length (i.e., L = 1000), the effect of
reducing Wmax on each packet became dominant, and the prob-
ability of a false alarm increased. This leads to an increase in
the probability that a packet cannot be transmitted successfully
within the maximum number of retransmission attempts (Pmrl)
since there is a direct relationship with the contention window,
as seen in (10). Consequently, Ploss increased for larger packet
lengths with increases in contention window size. Despite the
collision reduction,Ploss was dominated by false alarms at larger
packet lengths.

The packet loss probability was examined against the number
of nodes with two different contention window sizes (24 and 210)
at a packet length of 1000. Ploss increased with an increasing
number of nodes compared to contention window size due to
the higher number of collisions, as shown in Fig. 10. Ploss was
higher for larger contention window sizes due to the higher loss
contribution by Pmrl. As the contention window increased, each
packet had fewer chances to be received successfully. Moreover,
with more nodes, there were more collisions and undetected
collisions. Hence, Ploss in a system with more contending nodes
having larger contention window sizes increased due to the
higher Pmrl and Pmiss.

Based on these results, we can say that the choice of packet
length, the number of nodes, and the initial contention window
size are crucial to obtaining a higher reliable goodput and the
minimum packet loss. The results from this article can aid in
determining optimal parameter settings to enhance the perfor-
mance of the IBFD MAC protocol. These settings are particu-
larly crucial for real-time applications, such as voice and video
communication, online gaming, and interactive services, where
high data rates and low latency are essentials for delivering a
seamless user experience.

Fig. 11. Throughput and goodput with respect to CWmin for L = 100.

Fig. 12. Throughput and goodput with respect to L for CWmin = 24.

C. Comparison of FD-MAC and IBFD-MAC Protocols

The goodput of the IBFD-MAC protocol was compared with
the throughput of the FD-MAC protocol [9]. Goodput and
throughput from the initial contention window CWmin and the
length of the packet, L, are shown in Figs. 11 and 12, respec-
tively. Since throughput is channel utilization, and goodput is
the real output of the system, the throughput of FD-MAC was
higher compared to the goodput of IBFD-MAC.

As the initial contention window size CWmin increased, Wmax

decreased, and the nodes got larger backoff numbers and waited
longer, on average, before attempting a new transmission (i.e.,
channel waste increased). As a result, both the throughput of
FD-MAC and the goodput of IBFD-MAC decreased, as shown
in Fig. 11. In the case of varied packet lengths, throughput
increased asymptotically as packet length L increased, whereas
goodput increased first and then decreased, as seen in Fig. 12.
The chances of a false alarm increased with an increase in packet
length, and the effect of false alarms became more prominent.
Consequently, the output of the system under IBFD-MAC de-
creased drastically. Note that higher throughput under FD-MAC
does not guarantee a high ratio of packets successfully received
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Fig. 13. Goodput comparison of CSMA/CA-based HD-MAC and CSMA/CD-
based IBFD-MAC protocols with respect to the probability of missed detection.

Fig. 14. Goodput versus the number of nodes under CSMA/CA-based HD-
MAC and CSMA/CD-based IBFD-MAC protocols.

because throughput shows channel usage as the output of the
system.

D. Comparison of CSMA/CD-Based IBFD-MAC and
CSMA/CA-Based HD-MAC

The performance comparison between HD-MAC and IBFD-
MAC protocols in terms of goodput is presented to show the
advantages of IBFD-MAC in wireless communications systems.
We set the packet length at 100, with 100 contending nodes, and
a contention window size of 24 to determine goodput under the
different protocols.

Fig. 13 shows the goodput under HD-MAC and IBFD-MAC
compared to the probability of missed detection. Since self-
interference was zero, goodput under HD-MAC was constant,
andPm, thus, did not affect the performance of HD-MAC. Under
IBFD-MAC, goodput decreased with an increase in Pm due
to the increased number of undetected collisions. Nonetheless,
goodput under IBFD-MAC was higher compared to goodput un-
der HD-MAC by approximately 30%, even with sensing errors.
Goodput versus the number of nodes for HD-MAC and IBFD-
MAC were evaluated and are shown in Fig. 14. For IBFD-MAC,
the goodput was nearly constant (i.e., 90%) even with sensing

Fig. 15. Goodput versus contention window size under CSMA/CA-based HD-
MAC and CSMA/CD-based IBFD-MAC protocols.

errors. Under HD-MAC, goodput decreased with an increase
in the number of nodes due to more collisions. A collision
lasted for the entire packet under HD-MAC, unlike IBFD-MAC.
The main reason for higher goodput from IBFD-MAC is that it
detects collisions within two slots (DIFS), which results in better
channel utilization.

The effect of initial contention window size CWmin on good-
put under both HD-MAC and IBFD-MAC is shown in Fig. 15.
Goodput under IBFD-MAC was higher than with HD-MAC up
to a contention window size of 29. The reason is there was
less channel wastage under IBFD-MAC owing to the collision
detection mechanism. When CWmin was greater than 29, the
goodput of IBFD-MAC was reduced and fell below the goodput
of HD-MAC due to additional sensing errors. We conclude that
IBFD-MAC has higher goodput (even with sensing errors), and
accommodates a large number of nodes compared to HD-MAC.

VI. CONCLUSION

In this article, we extend IEEE 802.11 from CSMA/CA to
CSMA/CD for IBFD wireless systems by leveraging full-duplex
capabilities. A Markov chain-based model is designed for a
CSMA/CD-based IBFD-MAC protocol, which incorporates a
maximum retry limit and backoff freezing. The performance
is evaluated using two metrics: goodput and packet loss prob-
ability. We analytically evaluate the goodput and packet loss
probability, considering all possible cases of miss collision
detection due to sensing errors. The accuracy of the analytical
model is validated by comparing the simulation and numerical
results. Results show that the choice of packet length is very im-
portant for the IBFD CSMA/CD MAC protocol due to the high
probability of false alarms with large packet lengths. Goodput
and packet loss probability can be maximized and minimized,
respectively, with an appropriate selection of packet length and
initial contention window size. In addition, we compare the
performance of the designed IBFD MAC protocol to the HD
MAC protocol to demonstrate the superiority of IBFD systems
over HD systems, even in the presence of sensing errors.
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APPENDIX A

Let bk,i = limt→∞ P{b(t) = k, s(t) = i} represents the sta-
tionary distribution of the chain where b(t) is backoff counter
and s(t) represents the number of transmission attempts. The
global balance equation for the Markov chain will be used to
obtain a closed-form expression written as

(1− ps)b0,i−1 = b0,i

b0,i = (1− ps)
ib0,0 , for 0 ≤ i ≤ Wmax

(1− ps)b0,Wmax−1 = b0,Wmaxps

b0,Wmax =
(1− ps)

Wmaxb0,0
ps

(1− Pb)bk,i = bk−1,i

bk,i=
1

(1− Pb)
bk−1,i , for 0 ≤ i ≤ Wmax 1 ≤ k ≤ CWi−1.

(11)

As the chain has regularity, so for all k ∈ (1,CWi − 1), we can
write

bk,i=
CWi − k

CWi

{∑Wmax−1
j=0 psb0,j + b0,Wmax , i = 0

(1−ps)b0,i−1. 0 < i ≤ Wmax.
(12)

By using the set of equations in (11) and the following fact

Wmax−1∑
j=0

psb0,j + b0,Wmax = b0,0

we can write (12) as

bk,i=
CWi−k

CWi

1

1−Pb
b0,i 0 ≤ i ≤ Wmax, 1 ≤ k ≤ CWi−1

(13)
where Pb is the probability that the channel is busy. Using (11)
and (13), all the values of states can be written in terms of b0,0.
The sum of all the state probabilities must be equal to 1 and is
given by

1 =

Wmax∑
i=0

CWi−1∑
k=0

bk,i. (14)

By solving (14), we can express b0,0 as

b0,0 =
2(1− Pb)(2ps − 1)ps

(2ps − 1)(1− ω) + CWmin(1− (2− 2ps)Wmax+1)ps

where p is the probability that a certain node begins transmission
in the next slot and ω is equal to (1− ps)

Wmax+1 . Putting Pb =
1− (1− p)n−1, we get

b0,0 =
2(1− p)n−1(2ps − 1)ps

(2ps − 1)(1− ω) + CWmin(1− (2− 2ps)Wmax+1)ps
.

(15)
The mathematical expression for p can be written as

p =

Wmax∑
i=0

b0,i

=

Wmax∑
i=0

(1− ps)
ib0,0

=
1− (1− ps)

Wmax+1

ps
b0,0.

Using (15), we can get

p =
2(1− p)n−1(2ps − 1)(1− ω)

(2ps − 1)(1− ω) + CWmin(1− (2− 2ps)Wmax+1)ps

where ps is the probability of transmission for an entire packet
by at least one node [9], which can be a successful transmission
or a collision between transmissions.

APPENDIX B

Pmrl can be derived based on the fact that the packet will be
lost when the node has tried to retransmit the packet multiple
times, reaching the maximum retry. We can write

Pmrl =
(1− ps)b0,Wmax

b0,0

where

b0,Wmax = (1− ps)
Wmaxb0,0.

Using b0,Wmax , Pmrl can be written as

Pmrl = (1− ps)
Wmax+1. (16)

Equation (16) shows that a packet is lost when it undergoes
Wmax + 1 collisions.

APPENDIX C

For Pmiss, we will consider the cases when collision goes
undetected by at least one of the nodes. The probability of miss
collision detection for each case can be expressed as

Pr{a node starts transmission during another’s transmission}
= (M − 1)p(1− p)M−2

Pr{collision is not detected by both nodes} = P 2L
m

Pr{one node detects collision and stops transmission}

=

L−1∑
l=1

P 2l−1
m (1− Pm) =

P 2
m − P 2L

m

P 2
m + Pm

.

By combining the above-mentioned probabilities, we can write
Pmiss as

Pmiss = (M − 1)p(1− p)M−2

[
P 2L
m +

P 2
m − P 2L

m

P 2
m + Pm

]
.
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