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Abstract—In this paper, the performance of carrier-sense multi-
ple access (CSMA)/collision-avoidance (CA) protocols in the
presence of carrier-sensing errors is analyzed. Two types of
carrier-sensing errors, i.e., false alarm and miss-detection, are con-
sidered, and their impact on the system performance is analyzed
using a new CSMA/CA model based on a Markov chain capturing
the sensing error at the physical layer. The system throughput and
delay as functions of the sensing error probabilities, as well as
other CSMA/CA parameters, are obtained, and their sensitivity
with respect to a key physical-layer parameter, i.e., the sensing
threshold, is analyzed for commonly used energy detectors or
matched filters. It is shown that the throughput and delay sensi-
tivity heavily depends on the ratio of the contention window size
W to the frame length L, and the throughput is sensitive to the
design of the sensing threshold when the ratio W/L is either
small or large. The result provides guidelines about how to operate
CSMA/CA considering imperfect sensing at the physical layer.

Index Terms—Carrier-sense multiple access (CSMA)/collision
avoidance (CA), carrier-sensing errors, delay, energy detector,
matched filter, performance analysis, sensitivity, throughput,
wireless local area networks (WLANs).

I. INTRODUCTION

CARRIER-SENSE multiple access (CSMA)/collision
avoidance (CA) is a well-established random-access

protocol that has widely been used [1], [2]. In CSMA/CA
systems, each user senses the channel to determine if the
channel is available and accesses the channel depending on the
sensing outcome. Recently, CSMA/CA has gained renewed
attention since it was adopted in many wireless standards such
as the wireless local area network (WLAN) and ZigBee [3], [4].
Several authors conducted an accurate performance analysis of
the WLAN CSMA/CA to more efficiently operate the protocol
[5]–[8]. The performance of the ZigBee CSMA/CA protocol
was also evaluated by several authors [9]–[12]. In these
analyses, however, carrier sensing errors were not considered,
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and thus, the physical-layer property was not properly captured.
Recently, Krishnamurthy et al. [13] have measured the
aggregated throughput of CSMA/CA systems by varying the
carrier sensing threshold, which determines the sensing error
probabilities, in an experiment and found that the aggregated
throughput drastically changed with respect to the carrier
sensing threshold value. Fuemmeler et al. [14] also conducted
a similar study of the relation between CSMA and the carrier
sensing threshold through simulation. This result shows that it
is necessary to analyze the protocol under the sensing errors
and to design the overall system by jointly optimizing the
physical-layer characteristics and the medium access control
(MAC)-layer parameters to improve the overall system perfor-
mance. In our previous work, we analyzed the performance
of the CSMA/CA protocol in the presence of carrier-sensing
errors under the condition that the number of users is two [15].
Moreover, in [16], we extended the result to the n-user case
(n > 2) and analyzed the throughput and delay performance
with sensitivity when the energy detector is adopted as a carrier
sensor.

In this paper, we analyze the performance of the CSMA/CA
protocol in the presence of carrier-sensing errors and examine
the impact of the carrier sensing errors at the physical layer
on the throughput and delay. With imperfect carrier sensing,
the false-alarm error has an effect of extending the contention
window (CW) size, and the miss-detection error results in two
additional effects: shrinking the CW size and causing new
additional collisions, compared with the perfect carrier-sensing
CSMA/CA system. Furthermore, we consider commonly used
carrier-sensing methods, i.e., energy detectors and matched
filters, and investigate the sensitivity of throughput and delay
with respect to the sensing threshold. It is shown that the
sensitivity of the throughput and delay mainly depends on the
ratio of the CW size W to the frame size L. The units of
L and W are CSMA/CA backoff unit slots. It is also seen
that the false-alarm probability pf is the dominant factor for
a large W/L, whereas the miss-detection probability pm is the
dominant factor for a small W/L. The loss by a poorly chosen
sensing threshold is tolerable at intermediate values of the ratio
W/L, whereas care should be taken in choosing the sensing
threshold in the case that W/L is large or small. We apply these
analytical results to enhancing a practical WLAN by proposing
a robust design method against sensing threshold variation
for WLANs.

The rest of this paper is organized as follows. We de-
scribe the CSMA/CA network environment under consideration
in Section II and propose a CSMA/CA analysis model that
captures carrier-sensing errors based on a Markov chain. In
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Fig. 1. Operation of the CSMA/CA basic-access protocol.

Section III, we analyze the normalized throughput and mean
access delay of the CSMA/CA network in the presence of
carrier-sensing errors. The sensitivity of the throughput and
delay with respect to the sensing threshold is investigated in
Section IV. Analytical and simulation results are presented in
Section V. Finally, conclusions follow in Section VI.

II. SYSTEM MODEL

A. Operation of CSMA/CA Stations under the
Presence of Sensing Errors

We consider a network consisting of n transmitter–receiver
pairs operating under the CSMA/CA protocol. To facilitate the
analysis, we assume that the system is slotted and synchronized
among stations. The backoff stage value corresponds to the
current number of retransmissions. We assume that the trans-
mitters have only one backoff stage and that the CW size of the
backoff stage is W , and the CSMA/CA stations are in saturated
mode, i.e., they always have frames to transmit.1 In the slotted
CSMA/CA, each transmitter senses the channel at the begin-
ning of each slot. If the input signal level of the channel sensor
is larger than a predetermined threshold, the CSMA/CA station
determines that the channel is busy. Otherwise, it considers the
channel to be idle. Here, the sensing is not perfect, and there is
a sensing error because of channel impairments such as noise
or distortion during the transmission. Typically, there are two
types of sensing errors: false alarm and miss detection. A false-
alarm error is defined as an error that occurs when the sensor
determines that the channel is busy when the channel is actually
idle. On the other hand, a miss-detection error is defined as an
error that occurs when the sensor determines that the channel
is idle, provided that the channel is actually busy. The false-
alarm probability and the miss-detection probability, which are
denoted by pf and pm, respectively, are generally dependent on
the input signal power, noise power, sensing threshold value,
and sensor type.

Fig. 1 illustrates the operation of the slotted CSMA/CA for
an example of a two-user system. Before a station initiates the
transmission of a frame, it senses the channel to determine
the availability of the channel. If the channel is sensed to be
idle for a backoff unit slot σ, the value of the backoff counter

1Multiple backoff stage cases can be obtained with some modification. In
that case, however, the effect of false-alarm and miss-detection errors on the
MAC performance is similar.

decreases, as in Fig. 1. Otherwise, the station continues to sense
the channel until the channel is sensed to be idle for an interval
of σ. In Fig. 1, station B experiences both miss-detection and
false-alarm errors. For period 1, station B decreases the value
of its backoff counter from five to four since station B miss
detects the transmission of station A. For period 2, on the other
hand, station B freezes its backoff counter since station B has
a false-alarm error.

The operation of CSMA/CA nodes is widely modeled using
a Markov chain, with states being defined as the values of
the backoff counter. We propose a new Markov chain model
for the CSMA/CA in the presence of carrier sensing errors
at the physical layer. To capture the sensing errors, transi-
tions capturing the sensing-error events are introduced, and
the corresponding transition probabilities are assigned from the
physical-layer parameters. Fig. 2 shows the proposed model
for the operation of each CSMA/CA node capturing the false
alarm and miss detection at the sensing stage, where a state
transition occurs in every slot. The chain is divided into the
right and left sides around state S0. State Si in the right part
represents that the CSMA/CA station has a backoff counter
value of i without transmitting a frame. State Si in the left part
corresponds to the case that the CSMA/CA station is transmit-
ting the (−i + 1)th slot of a frame with a backoff counter value
of zero.

In the states on the right side of the chain, there are two
conditions under which the node decreases its backoff counter
value; the node decreases its current backoff counter value by
one: 1) when the carrier sensor of the node determines that the
channel is idle (with a probability of 1 − pf ) when it is actually
idle (with a probability of 1 − α, where α is the channel activity
factor) or 2) when the carrier sensor of the node declares that
the channel is idle (with a probability of pm) when it is actually
busy (with a probability of α). Hence, the transition probability
from state Si to state Si−1 is given by αpm + (1 − α)(1 − pf )
in the right side of the chain. In addition, looping from state
Si to state Si is also possible when the carrier sensor declares
the presence of a signal in the channel, and the transition
probability for this event is given by (1 − α)pf + α(1 − pm).
On the left side of the chain, on the other hand, the CSMA/CA
node is in the process of transmitting a frame with a length of
L slots. When the backoff counter value of the node reaches
zero (state S0), the node starts to transmit a frame. Whether the
transmission of each slot of the frame is successful or not, the
node continues transmitting the frame, and the state of the node
moves to the left until it finishes the transmission of the frame.
If the frame transmission is not collided by the transmission of
other nodes during the whole frame transmission duration, the
frame is successfully transmitted. If at least one of the L slots
of the frame is collided, on the other hand, we consider that
the frame is collided and that the transmission is not successful.
The collision probability is derived in Section II-B. Whether
the transmission is successful or collided, the node randomly
selects a new value for the backoff counter from [0,W − 1]
after the transmission. Thus, the state transition for the chain
is given in Fig. 2.

The stationary probability distribution is unique since
the proposed Markov chain in Fig. 2 is ergodic. From the
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Fig. 2. Markov chain model for a CSMA/CA node with sensing errors (0 ≤ pf , pm ≤ 1).

aforementioned transition probabilities, we obtain the relation
between the stationary probabilities as

P{Si−1|Si} =αpm+(1−α)(1−pf ), i∈ [1,W−1]
P{Si|Si} =α(1−pm)+(1−α)pf , i∈ [1,W−1]

P
{
S(i−1)|Si

}
= 1, i∈ [−(L−2), 0]

P
{
Si|S−(L−1)

}
= 1/W, i∈ [0,W−1]

where W denotes the CW size. The term bi denotes the station-
ary probability of state Si. From the aforementioned transition
probabilities, we obtain the relationship between stationary
probabilities given by

bi = b0, i ∈ [−(L − 1),−1]

bi =
b0

αpm + (1 − α)(1 − pf )
W − i

W
, i ∈ [1,W − 1] (1)

and the normalization condition for the stationary distribution
is given by

1 = b0

{
L +

1
αpm + (1 − α)(1 − pf )

W − 1
2

}
. (2)

From (1) and (2), we obtain the stationary probability b0 for
state S0 as a function of pf , pm, W , L, and α, which is
given by

b0(pf , pm,W,L, α)=
2{αpm+(1−α)(1−pf )}

2L{αpm+(1−α)(1−pf )}+(W−1)
.

(3)

The stationary probabilities for other states are obtained by
using (1) based on the b0 in (3).

B. Collision Probability pc and Channel Activity Factor α

First, consider the operation of a CSMA/CA network with
two pairs of stations, as shown in Fig. 3, under the presence of
carrier-sensing errors for illustration. Stations A and B transmit
data to stations C and D, respectively. The transmission of data
from one transmitter to its corresponding receiver (A → C or
B → D) is successful if no other transmission occurs during
the transmission (see periods 1 and 3). If the two transmitters
A and B simultaneously start to transmit their data frames,
a collision occurs (period 2). This event happens even in the
perfect sensing CSMA/CA network, as well as in the imperfect
sensing CSMA/CA network. However, either a transmission
attempt from transmitter A to receiver C occurs in the middle
of the transmission of transmitter B to receiver D (period 4)
or the opposite case (period 5) occurs only in the network with
imperfect sensing. Hence, these additional collisions need to be

Fig. 3. Data transmission flow time diagram of two pairs of stations in a
CSMA/CA network with sensing errors.

considered in modeling the operation of CSMA/CA under the
presence of carrier-sensing errors.

In a more general n-transmitter case, the transmission of one
station is collided in the middle if some other transmitter in
the network is in state S1 and miss-detects the channel (for
example, station B during period 5 in Fig. 3). Let pcl

denote
the probability that a transmitted frame of one station is collided
from the lth slot due to the transmission of some other station
in the network. We assume that pcl

is the same, irrespective of
the value of l (2 ≤ l ≤ L), except for the case of l = 1, i.e.,
pc2 = pc3 = · · · = pcL

=: pc. Then, pc is given by

pc = 1 −
(

1 − b1∑W−1
i=1 bi

× pm

)n−1

= 1 −
(

1 − 2pm

W

)n−1

(4)

where n is the total number of transmitters in the network.
Note that (b1/

∑W−1
i=1 bi) × pm is the probability that another

transmitter (e.g., station B) among the n − 1 transmitters
other than the station having the ongoing transmission starts
a transmission from the backoff stage (conditioned that there
is already a transmission going on). The condition that one
transmitter is transmitting without collision up to the (L − 1)th
slot of the frame implies that all other stations (including station
B) are in the backoff stage up to transmission end time. b1 × pm

explains the probability of the further event that the backoff
counter value of station B is one and station B miss-detects
the channel.

Since α is the probability that the channel is busy from the
viewpoint of a particular station, α is the probability that at least
one of the other stations is in one of the states in the left part of
the Markov chain and is given by

α = 1 −
(

W−1∑
i=1

bi

)n−1

(5)

where the term (
∑W−1

i=1 bi)n−1 is the probability that all n − 1
other transmitters are in the backoff stage, i.e., the right side of
the chain in Fig. 2.
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III. ANALYSIS OF CARRIER-SENSE MULTIPLE

ACCESS/COLLISION AVOIDANCE IN THE PRESENCE OF

CARRIER-SENSING ERRORS

A. Normalized Throughput S and Mean Access Delay D

Our approach to calculate the overall system throughput is
based on the symmetry among the CSMA/CA nodes. In other
words, one particular node is not favored over other nodes.
Hence, we first calculate the per-node throughput of an arbitrary
node considering the operation of all the other nodes, and
the overall system throughput is given by the product of the
number of nodes and the per-node throughput. Our approach
is also based on a slot-by-slot approach [17], [18]. That is, for
each slot, we calculate the probability that the slot is used for
a successful transmission, a collision, or an idle period. We
denote Pbo as the probability that a station has a positive backoff
counter value (bi, 1 ≤ i ≤ W − 1). The term τ denotes the
probability that a station initiates a transmission conditioned on
the fact that the station has a positive backoff counter value and
that the channel is not occupied. Then, Pbo and τ are given by

Pbo =
W−1∑
i=1

bi (6)

τ =
b1∑W−1

i=1 bi

(1 − pf ) (7)

where pf is the false-alarm probability. Under the condition,
a station initiates a transmission if and only if the station is
in state S1 and does not make a false-alarm error, which
explains (7).

The successful transmission, collision, and idle probabilities
for the given station, which are denoted by PS , PC , and PI ,
respectively, are obtained as functions of Pbo, τ , pc, and L using
the stationary distribution and are given by

PI = Pn
bo(1 − τ)n (8)

PS = n × Pn
boτ(1 − τ)n−1 × (1 − pc)L−1L (9)

PC = 1 − PS − PI . (10)

Here, Pn
bo represents the probability that the channel is idle at

the beginning of the slot, and (8) is obvious. Equation (9) is
explained as follows. Pn

boτ(1 − τ)n−1 is the probability that
the channel is idle at the beginning of the slot, and one, and
only one, user initiates the transmission of a frame. However,
the first slot of the frame would not be regarded as a success-
fully transmitted slot unless the following L − 1 slots are also
successfully transmitted. Here, we assume that the collision
probability at each slot is equal to (1 − pc) during L − 1 slots.
Once the event of a successful transmission of a frame occurs,
the total L slots are consumed. Factor n represents the fact that
the successful transmission of a frame can be done by any of the
n transmitters in the network. Thus, the normalized throughput
S of CSMA/CA is given by

S =
σPS

σ(PI + PS + PC)
(11)

where σ is the slot length. From (10) and (11), S is given by

S = nPn
boτ(1 − τ)n−1(1 − pc)L−1 × L. (12)

Substituting (4), (6) and (7) into (12) yields

S = n

[
1

{1−(1−Lb0)n−1} pm+
(
1−Lbn−1

0

)
(1−pf )

W−1
2

]n

×
[
2(1 − pf )

W

] [
1 − 2(1 − pf )

W

]n−1

×
[(

1 − 2pm

W

)n−1
]L−1

× L (13)

where b0 is obtained from the solution of (3) and is a function
of pm, pf , W , and L. Note that S is a function of various
physical/MAC-layer parameters such as pm, pf , W , L, and n.

The delay can easily be obtained by Little’s law. Let D be
the average access delay defined as the time elapsing between
the instant of time that the frame is put into service—i.e., it
becomes head of line (HOL)—and the instant of time that the
frame is successfully delivered. D is given, using Little’s law,
by [6]

D =
E[n]

S/E[P ]
(14)

where P is the payload length (i.e., the frame size in our case),
the numerator E[n] represents the average number of compet-
ing stations that will successfully deliver their HOL frames,
and the denominator S/E[P ] represents the frame-delivery rate
(i.e., the throughput measured in frames per second). Here,
E[n] is equal to the number of CSMA/CA transmitters. The
unit of E[P ] is a CSMA/CA backoff unit slot.

IV. SENSITIVITY ANALYSIS: IMPACT

OF SENSING THRESHOLD

A. ROCs

For carrier sensing at CSMA/CA nodes, either a matched
filter or an energy detector can be used. The matched-filter
detector requires knowledge of the signal signature, whereas
the energy detector does not. In this section, we consider the
commonly used energy detector and matched filter and analyze
the sensitivity of the throughput and delay with respect to the
sensing threshold.

Assuming that both signal and noise are modeled as white
Gaussian2 processes [19], [20], the sensing problem is given by
the following hypotheses test:{

H0 : Yi ∼ N
(
0, σ2

0

)
, i = 1, . . . ,K

H1 : Yi ∼ N
(
0, σ2

0 + σ2
1

)
, i = 1, . . . ,K

(15)

where {Yi} are the observation samples, K is the observation
period in slots, and σ2

0 and σ2
1 are the noise power and the

2For a different signal model, we only need to recalculate pm and pf , and
all other analyses are still valid with the modification of pm and pf .

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on April 19,2010 at 04:33:54 UTC from IEEE Xplore.  Restrictions apply. 



1104 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 59, NO. 3, MARCH 2010

Fig. 4. ROCs of the energy detector and the matched-filter detector (K = 1).

signal sample power, respectively.3 Since the CSMA/CA trans-
mitter senses the channel once in each slot, the value of K
in our system is assumed to be one in our system. Under the
Neyman–Pearson criterion, the optimal detector is given by

K∑
i=1

Y 2
i

≥H1

<H0

η (16)

where η is the sensing threshold. Then, the false-alarm proba-
bility pf and the miss-detection probability pm for the energy
detector are given, respectively, by [21]

pf = ε(η) = 1 − Γ
(

K

2
,

η

2σ2
0

)

pm = δ(η) = Γ
(

K

2
,

η

2 (σ2
0 + σ2

1)

)
(17)

where Γ(m,a) = (1/Γ(m))
∫ a

0 tm−1e−tdt is the incomplete
gamma function. That is, pf corresponds to the probability
of detecting H1 when the true hypothesis is H0, while pm

corresponds to the probability of detecting H0 when the true
hypothesis is H1.

The operating characteristics of a detector is typically de-
scribed by the receiver operating characteristic (ROC) curve
that shows the miss-detection probability pm as a function of
the false-alarm probability pf . Fig. 4 shows the ROC of the
energy detector and matched-filter detector for several sets of
SNR values. The lines with no marks indicate the ROC of
the energy detector, whereas the lines with marks indicate that
of the matched filter. Here, we set σ2

0 = 0 dB in the energy
detector. An increase in the sensing threshold for given signal
and noise power values moves the operating point toward the
upper direction along one of the curves in the figure.

In the matched-filter case, the false-alarm probability pmf
f

and the miss-detection probability pmf
m for the optimal

3N (0, σ2) denotes the zero-mean Gaussian distribution with variance σ2.

Neyman–Pearson detector are given by [21]

pmf
f = εmf (η) = Q

(
η√
Kσ0

)

pmf
m = δmf (η) = Q

(
KES − η√

Kσ0

)
(18)

where Q(x) =
∫ ∞

x (1/
√

2π)e−t2/2dt, Es (= σ2
1) is the sample

energy, and the overall SNR is given by KEs/σ2
0 , where K is

the number of observation samples.
The ROC of the matched filter for several values of SNR is

shown as the lines with marks in Fig. 4. Note that, at the very
high SNR regime in Fig. 4, both pm and pf can maintain low
values, even if the sensing threshold changes much. This is not
the case for a low SNR.

B. Sensitivity of Throughput dS/dη and Delay dD/dη

The sensitivity is a measure of the degree of variation of its
performance from the nominal value due to the change in the
elements in the system. The throughput sensitivity is derived as
the derivative of the normalized throughput S with respect to
the sensing threshold η. Since S is a function of pm and pf , the
sensitivity of the throughput dS/dη can be expressed as∣∣∣∣dS

dη

∣∣∣∣ =
∣∣∣∣ ∂S

∂pf

dpf

dη
+

∂S

∂pm

dpm

dη

∣∣∣∣ . (19)

Note that the overall sensitivity consists of two terms: the de-
tector characteristics (dpf/dη and dpm/dη) and the throughput
characteristics (∂S/∂pf and ∂S/∂pm). This separation makes
it easy to consider other types of carrier sensors since a different
carrier sensor changes only the detector characteristics. For
the energy detector, the detector characteristics dpf/dη and
dpm/dη are obtained from (17) and are given by

dpf

dη
= − 1

Γ
(

K
2

) · e
− η

2σ2
0 · 1

2σ2
0

· η

2σ2
0

(K
2 −1)

(20)

dpm

dη
=

1
Γ

(
K
2

) · e
− η

2(σ2
0
+σ2

1) · 1
2 (σ2

0 + σ2
1)

· η

2 (σ2
0+σ2

1)
(K

2 −1)
.

(21)

The detector-independent throughput characteristics ∂S/∂pf

and ∂S/∂pm can numerically be obtained by differentiating
S with respect to pf and pm, respectively, using the obtained
throughput S in (13) as a function of pf and pm. Substituting
(20) and (21) into (19), we have∣∣∣∣dS

dη

∣∣∣∣ =

∣∣∣∣∣− 1
Γ

(
K
2

) · e
− η

2σ2
0 · 1

2σ2
0

· η

2σ2
0

(K
2 −1)

·
(

∂S

∂pf

)
pf =ε(η),pm=δ(η)

+
1

Γ
(

K
2

)
· e

− η

2(σ2
0
+σ2

1) · 1
2 (σ2

0 + σ2
1)

· η

2 (σ2
0 + σ2

1)
(K

2 −1)

·
(

∂S

∂pm

)
pf =ε(η),pm=δ(η)

∣∣∣∣∣ . (22)

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on April 19,2010 at 04:33:54 UTC from IEEE Xplore.  Restrictions apply. 



CHONG et al.: CROSS-LAYER PERFORMANCE ANALYSIS FOR CSMA/CA PROTOCOLS 1105

TABLE I
CONSIDERED CSMA/CA AND WLAN PARAMETER VALUES

The sensitivity of delay dD/dη can be expressed as∣∣∣∣dD

dη

∣∣∣∣ =
∣∣∣∣ ∂D

∂pf

dpf

dη
+

∂D

∂pm

dpm

dη

∣∣∣∣ . (23)

Substituting (14) into (24), we obtain∣∣∣∣dD

dη

∣∣∣∣ =
E[n]∣∣∣dS

dη

∣∣∣ /
E[P ]

. (24)

In the matched-filter case, the detector characteristics
dpmf

f /dη and dpmf
m /dη are obtained from (18), and thus, the

corresponding sensitivity can be obtained by substituting these
detector characteristics into (22) and (24).

V. NUMERICAL RESULTS

In this section, we investigate the throughput and the delay as
functions of the physical-layer sensing parameters pf and pm,
as well as other CSMA/CA parameters, using both analysis and
simulation. Our considered network is a WLAN consisting of
multiple transmitter–receiver pairs under false-alarm and miss-
detection errors during transmissions due to channel errors or
noise. The CSMA/CA parameter setting in our analysis and
simulation is shown in the upper part of Table I. The WLAN pa-
rameter setting for the WLAN example in Sections V-B and C
is shown in the lower part of Table I following [3]. The analyti-
cal results are obtained based on the expressions in Section III.
The simulation is performed based on the CSMA/CA protocol
described in Section II. Each metric is obtained by averaging at
least 1000 transmission trials per station.

A. Normalized Throughput and Mean Access Delay

Fig. 5 shows the normalized throughput S and the mean
access delay D for the value of pf from 0 to 1 when pm is
fixed to 0.1. While the CW size W is fixed to 64, the number
of users and the frame length L are varied. The solid lines
represent the analytical results based on our model, whereas the

Fig. 5. Normalized throughput S and mean access delay D to vary the
false-alarm probability with a fixed miss-detection probability (0 ≤ pf ≤ 1,
pm = 0.1). (Solid line) Throughput analysis. (Dotted line) Delay analysis.
(Mark) Simulation.

simulation results are shown with marks. Each line corresponds
to the throughput performance with one fixed L value. It is seen
that the simulation results match our analysis well. There are
several observations regarding the performance of CSMA/CA
as a function of pf . First, the throughput decreases and the
delay increases as the false-alarm probability increases. This
is because CSMA/CA stations become more conservative in
accessing the channel. In other words, transmitters lose the
chance of successful transmissions due to a high sensing thresh-
old. Second, the normalized throughput increases as the frame
length L increases. This is because a longer frame occupies
more slots when the transmission is successful in this parameter
setting. Third, note that the S for n = 5 is higher than that
for n = 2. This implies that the channel is not yet efficiently
used when n = 2 in the case of W = 64. (Of course, all these
behaviors depend on L, W , and n.)

Fig. 6 shows the normalized throughput and the mean access
delay as a function of pm (0 ≤ pm ≤ 1) with pf fixed to 0.1.
While W is set to 32, the number of users and the frame length
are varied. Each line corresponds to the delay performance with
one fixed L value. It is observed that the simulation results
match our analysis well in this case as well. The behavior of
the throughput as a function of pm depends on W/L. As L is
larger, the throughput more steeply decreases since collisions in
the middle of a transmission happen frequently because of the
large packet size, compared with W .

Fig. 7 shows the behavior of the throughput as a function of
pf and pm for various sets of CSMA/CA parameters (L and
W ) obtained from our analysis. Lines without marks and with
marks in each subfigure in Fig. 7 represent the throughput cor-
responding to the values in the ROC curve of an energy detector
and a matched filter, respectively. In Fig. 7(a), when the value
of the sensing threshold is extremely low, i.e., η = −∞, false-
alarm and miss-detection errors will occur with probabilities of
1 and 0, respectively. In this case, carrier sensors of CSMA/CA
stations always determine that the channel is busy, irrespective
of the actual channel status since the false-alarm probability is
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Fig. 6. Normalized throughput S and mean access delay D to vary the
miss-detection probability with a fixed false-alarm probability (0 ≤ pm ≤ 1,
pf = 0.1). (Solid line) Throughput analysis. (Dotted line) Delay analysis.
(Mark) Simulation.

equal to 1. Eventually, the CSMA/CA stations, in this case, do
not transmit their frames at any time. Hence, the operating point
of the carrier sensor in this setting (η = −∞) is located in the
lower rightmost point, i.e., (pf , pm, S) = (1, 0, 0). As the sens-
ing threshold value increases, the operating point of the carrier
sensor moves toward the upper left direction, following the line
whose expression is (17) in the energy-detector case. When the
value of the sensing threshold becomes extremely high, i.e.,
η = ∞, false-alarm and miss-detection errors will occur with
probabilities of 0 and 1, respectively. Hence, the operating point
of the carrier sensor in this setting is located in the upper left-
most point, i.e., (pf , pm, S) = (0, 1, z), where z is greater than
or equal to 0. This tendency is similar to that in the matched-
filter case, except for that the line on which the operating point
moves following (18). From Fig. 7(a)–(c), it is observed that the
ratio W/L is a critical parameter to determine the behavior of
the throughput as a function of pf and pm. When the ratio is
large, the throughput is insensitive to pm, whereas it is sensitive
to pf , as shown in Fig. 7(a). When the ratio is small, on the other
hand, the throughput is insensitive to pf , while it is sensitive to
pm, as shown in Fig. 7(c). This is explained as follows. For a
large value of W/L, the additional sojourn time in the backoff
counter’s decreasing states due to the extension effect caused
by pf is relatively large since W is large compared with L, and
the throughput is more dependent on the pf value. Since L is
small, the chance of collision is already small, and the effect
of pm is negligible. The opposite behavior for a small value of
the ratio W/L in Fig. 7(c) is similarly explained. Thus, pf is a
dominant factor for a large W/L, whereas pm is a dominant
factor for a small W/L. At intermediate values of the ratio
W/L in Fig. 7(b), the throughput is quite flat in both directions
of increasing pf and pm near (0, 0) and is thus insensitive to
both pf and pm. These results suggest that the throughput loss
by a poorly chosen sensing threshold, which determines pf

and pm, is tolerable at intermediate values of the ratio W/L.
Another thing to note is that the matched-filter detector shows
better performance than the energy detector in Fig. 7, since the
matched filter knows the transmitted signal shape.

Fig. 7. Normalized throughput S of a CSMA/CA network with a carrier
sensor (line without marks: energy detector with SNR = 15 dB, line with
marks: matched filter with SNR = 5 dB). (a) L = 1, W = 32, and L/W =
0.0313. (b) L = 4, W = 8, and L/W = 0.1250. (c) L = 8, W = 4, and
L/W = 2.0000.
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Fig. 8. dS/dη for varying W and L when pf and pm are set to 0.113 and
0.219, respectively. Energy detector in a WLAN environment (σ2

0 = 0 dB and
σ2
1 = 15 dB).

B. Sensitivity to the Threshold, dS/dη, and dD/dη:
WLAN Example

Here, we apply our analysis to WLAN systems. The IEEE
802.11b physical-layer technology is adopted as the physical
layer for the CSMA/CA MAC protocol. The IEEE 802.11b
physical-layer technology operates in the 2.4-GHz band and
is based on direct-sequence spread spectrum. The parameter
values relevant to the IEEE 802.11b WLAN CSMA/CA system
are shown in the lower part of Table I. In particular, we set the
data transmission rate, noise power, and signal power of each
station to 11 Mb/s, 0 dB, and 15 dB, respectively. To investigate
the relationship among L, W , and sensitivity, we plot the
throughput sensitivity with respect to the sensing threshold of
an energy detector as a function of L and W in a 3-D plot,
as shown in Fig. 8. It is observed that the minimum sensitivity
points are well aligned with a line W = β∗L for some β∗. When
the ratio W/L of the operating CSMA/CA system is away from
W/L = β∗, the throughput is very sensitive with respect to the
sensing threshold. Hence, the ratio W/L can be regarded as an
important design parameter for CSMA/CA with sensing errors
to determine the sensitivity of the system with respect to the
carrier sensor design at the physical layer. Thus, care should
be taken for the carrier sensor design for extreme values of
W/L to not degrade the system throughput by the poor design
of the sensing threshold. The minimum sensitivity points in the
matched-filter detector can be different from those in the energy
detector since the matched filter has a different ROC compared
with that of the energy detector.

C. Robust Design Against Sensing Threshold Variation:
WLAN Example

Fig. 9 shows the throughput versus L and W values. The
3-D plot with rectangular marks represents the throughput as a
function of L and W in 3-D when we assume that no sensing
errors exist. In this setting, the throughput is maximized when
the CW is in the range of [15, 20] for the L range from 22
to 47 slots. The 3-D plot with triangular marks also shows the

Fig. 9. Normalized throughput S for varying W and L.

throughput for the fixed sensing threshold as a function of L
and W for an energy detector. The maximum throughput is
obtained at the CW value that is linearly dependent on L.
Compared with the no-sensing-error case of the 3-D plot with
rectangular marks, the energy detector shows the maximum
throughput when the W/L ratio is high, i.e., approximately 3/2.

However, there exists a performance degradation caused by
the sensitivity of parameters, i.e., η, from the careless design
of carrier sensors, as explained in Section IV-B. We need to
obtain the maximum throughput considering this sensitivity to
the sensing threshold. If the sensitivity of throughput is high
at the maximum throughput point, the throughput can be much
degraded with respect to the threshold variation. This degrada-
tion can result in smaller throughput than that at the nonmax-
imum throughput point. Thus, we define a new optimization
criterion Z given by

Z = S − λ|dS/dη| (25)

where λ is the weighting factor for the sensitivity. By maximiz-
ing the new cost Z for a properly chosen λ, we can achieve
high throughput with reasonable robustness against the sensing
threshold variation. The 3-D plot with star marks in Fig. 9
shows Z when λ is set to 1.2589 (equal to 1 dB) in the energy-
detector case. The W/L ratio that maximizes the throughput
is approximately 2. This value is increased compared with that
for the case when the throughput sensitivity is not considered,
as in the 3-D plot with triangular marks in Fig. 9. Hence, it is
beneficial to design the CW size W and the frame size L by
considering the carrier sensing error and sensitivity to stably
and robustly obtain the high throughput.

VI. CONCLUSION

We have analyzed the performance of the CSMA/CA proto-
col under carrier-sensing errors. We have obtained the normal-
ized throughput and the mean access delay using a modified
Markov chain model that captures both types of sensing errors:
false alarm and miss detection. We have further investigated
the properties of the throughput and the delay as functions of
the false-alarm and miss-detection probabilities. The behavior
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of the throughput as a function of the false-alarm and miss-
detection probabilities depends on other CSMA/CA parameters
such as the CW size W and the frame length L. Simulation
results are provided to verify our analysis. The ratio W/L is
a key parameter to determine the sensitivity of the throughput
with respect to the channel-sensing threshold.
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