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Abstract—In this paper, we develop a physical/medium-
access-control (PHY/MAC) cross-layer analytical model to in-
vestigate the throughput performance of the wireless local-area
network (WLAN) in a lossy wireless environment. From the
PHY-layer perspective, the developed model incorporates the ef-
fects of capture and directional antennas, while from the
MAC-layer perspective, our approach takes into account the car-
rier-sense multiple access with collision-avoidance (CSMA/CA)
MAC protocol and the effect of the backoff process in the IEEE
802.11 WLAN. We derive explicit analytical expressions for the
frame outage and capture probabilities of a directional antenna
system in the presence of shadowing and Rayleigh fading. Apply-
ing this analysis, we can model the interaction between the PHY
and MAC layers more accurately for the infrastructure-based
WLAN. The numerical results show that our analytical model can
approach that attained by simulations. The proposed cross-layer
analytical model not only provides insights into the PHY layer
impacts on the throughput of the CSMA/CA MAC protocol
but also indicates to how directional antennas can improve the
CSMA/CA-based WLAN in terms of antenna beamwidth and the
number of radio transceivers.

Index Terms—Capture effect, cross-layer analysis, directional
antenna, throughput, wireless local area network (WLAN).

I. INTRODUCTION

THE CARRIER-SENSE multiple access with collision-
avoidance (CSMA/CA) medium-access-control (MAC)

protocol has been adopted in the IEEE 802.11 wireless local-
area network (WLAN) to resolve collisions for multiple users in
the common shared wireless channel. Current collision models
for the CSMA/CA MAC protocol are both pessimistic and
optimistic. From the pessimistic standpoint, frame transmis-
sions in the wireless channel may fail due to signal outage,
even if it has only one user. From the optimistic standpoint,
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although multiple frames are simultaneously transmitted from
many different users, one of the transmitted frames may be
successfully received if the signal-to-interference-noise ratio
(SINR) requirement can be satisfied. According to the so-
called capture effect, a MAC protocol can be designed to allow
multiple simultaneous transmissions to enhance throughput.
Hence, it is important to investigate the performance of the
CSMA/CA MAC protocol from a physical/MAC (PHY/MAC)
cross-layer perspective.

As the demand for the WLAN services has grown dramat-
ically recently, it becomes a crucial issue to further improve
the performance for the CSMA/CA-based WLAN. In the liter-
ature, there have been three main research directions for this
issue. The first direction is from the MAC-protocol perspective
[1]–[6]. The authors in [1] and [2] proposed a dynamic tun-
ing algorithm to adjust the backoff window size according
to the traffic load. In addition, a fast backoff procedure was
proposed in [3]. Packet-pipeline scheduling [4] and the out-
of-band signaling [5] were proposed to reduce the possibility
of frame collisions. In [6], a frame-concatenation mechanism
was introduced to reduce the protocol overhead. The second
research direction to improve the throughput of the CSMA/
CA-based WLAN is to incorporate the capture effect [7]–[9].
With capture effect, a user can transmit data, even with other
simultaneously transmitting users. The third research direction
is to adopt directional or smart antennas in WLAN [10]–[22].
The main objective of these works was to modify the MAC
protocol to exploit the advantages of directional or smart an-
tennas. These MAC protocols can be categorized into three
types: 1) multiple antennas equipped with one radio transceiver
and one network allocation vector (NAV) [10]–[13]; 2) mul-
tiple antennas equipped with one radio transceiver, but each
antenna is associated with distinct directional NAV (DNAV),
and the new MAC protocol is designed to dynamically switch
antenna to the desired users [14]–[17]; and 3) multiple antennas
and radio transceivers, each of which is also associated with
independent NAV [18]–[22]. However, most of these MAC
protocols considered only an ideal directional antenna pattern
and ignore the effects of capture and frame outage.

To our knowledge, in the context of the IEEE 802.11
WLAN, an analytical throughput model, taking into account of
the effects of a practical directional antenna pattern, capture,
log-normal shadowing, multipath Rayleigh fading, and the
number of radio transceivers is still lacking in the literature.
The objective of this paper is to develop such a cross-layer
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analytical model to accurately evaluate the throughput of
the CSMA/CA MAC protocol. In our previously published
paper [23], we only briefly showed the proposed analytical
model without the verification through simulations. Here, we
provide the complete derivation of the PHY/MAC analyti-
cal model and the more detailed simulation results. Further-
more, we discuss the impacts of SINR requirement, shadowing
parameters, directional antenna gain patterns, and the num-
ber of radio transceivers for both the uplink and downlink
transmissions.

The rest of this paper is organized as follows. In Section II,
we briefly introduce the related works regarding the throughput
analysis for the CSMA/CA MAC protocol, with and without
the capture effect. Section III describes the radio-channel model
and then incorporates the impact of directional antenna into
the frame outage probability. In Section IV, we first derive the
closed-form expression for the capture probability in a log-
normally shadowed Rayleigh fading channel. Then, a cross-
layer throughput model of an infrastructure-based WLAN with
directional antennas is developed. In Section V, we present
numerical results to illustrate the impacts of capture effect
and directional antenna on the throughput of the CSMA/CA
MAC protocol. Finally, we give our concluding remarks in
Section VI.

II. MAC-LAYER THROUGHPUT

PERFORMANCE: PREVIOUS ANALYSIS

The analytical models for evaluating throughput of the
CSMA/CA MAC protocol have been proposed in [24]–[33].
Under an error-free channel, the saturation-throughput perfor-
mance, delay, and dropping frame probability of the CSMA/CA
MAC protocol, including the backoff process, and finite retrans-
mission limit, were analyzed in [24]–[26], whereas the perfor-
mance in nonsaturated condition was inspected in [27] and [28].
The effect of backoff freezing, i.e., a station freezing its backoff
counter when the channel turns to busy, was considered in [29].
In [8], [30], and [31], the throughput and delay performance of
the CSMA/CA MAC protocol were investigated in the presence
of Rayleigh fading, shadowing, and finite retransmission limit,
but the impact of frame capture on the backoff process was
not considered. The authors of [9] considered the cross-layer
interaction between the PHY and MAC layers on the per-user
throughput performance in multihop ad hoc networks. Recently,
the impacts of various incoming traffic load, packet size, and
data transmission rate in imperfect channels were studied in
[32] and [33]. However, the evaluation method of the PHY-layer
effects of frame outage and capture probabilities was not explic-
itly expressed in [9], [32], and [33]. Furthermore, the impact of
the directional antenna with a more practical gain pattern on the
throughput of the CSMA/CA MAC protocol is not considered
in [24]–[33].

In Section IV, we will propose a PHY/MAC cross-layer
analytical model for the CSMA/CA MAC protocol that extends
from [24] to further incorporate the effects of frame capture,
outage, and a practical gain pattern of directional antennas on
the backoff process in the presence of shadowing and Rayleigh
fading. To this end, we first summarize the work of [24] and,

then, describe the method of incorporating capture effect in the
CSMA/CA protocol.

A. CSMA/CA Backoff Process Without Capture Effect [24]

The backoff process aims to resolve the contention issue
when multiple users access a common radio channel. Accord-
ing to the CSMA/CA MAC protocol, all users wait for a random
duration before transmission. The waiting time is randomly
chosen between zero and the backoff window size. Previous
outcomes of channel contention will affect the backoff window
size. According to the IEEE 802.11 WLAN, the backoff win-
dow size is doubled in the next attempt if a frame is collided in
the current attempt. When a frame is successfully transmitted
or a new frame requests to send, the backoff window size will
be reset to the minimum value.

In [24], the author proposed an analytical model to evaluate
the saturation throughput for the CSMA/CA MAC protocol.
According to the analytical model in [24], the stationary trans-
mission probability τ can be written as follows:

τ =
2

1 + W0 + pcW0

b−1∑
i=0

(2pc)i

. (1)

From (1), it is implied that a smaller value of pc leads to a higher
transmission probability (τ). However, a higher transmission
probability also results in more collisions. For N contending
users, the frame collision probability (pc) is

pc = 1 − (1 − τ)N−1. (2)

Jointly solving (1) and (2), we can obtain the stationary trans-
mission probability τ for a given N and the range of the backoff
window size (W0, 2bW0).

Define the normalized system throughput (S) as the fraction
of time that the channel is used to transmit payload successfully.
In addition, note that the successful transmission probability
(ps) can be computed as the probability that only one user
transmits frame under the condition that at least one user is
active, i.e.,

ps =
Nτ(1 − τ)N−1

ptr
(3)

where ptr = 1 − (1 − τ)N is the probability that at least one
user is active.

Hence, the normalized system throughput (S) can be ex-
pressed as

S =
E[payload transmitted during one slot]

E[slot duration]

=
psptrE[P ]

(1 − ptr)σ + ptrpsTs + ptr(1 − ps)Tc
(4)

where E[P ], Ts, Tc, and σ represent the average payload size,
average successful transmission duration, average collision
duration, and an empty slot time, respectively.
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B. CSMA/CA With Capture Effect [8]

In [8], the author extended the model of [24] to incorporate
the capture effect. The capture probability (pcap) is defined
as the probability that the received signal-to-interference ratio
(SIR) of a transmitted frame (γ) is higher than a required
threshold z0. That is

pcap =
N−1∑
i=1

Ri · Pr(γ > z0|i) (5)

where Ri represents the probability of the total (i + 1) frames
contending for transmissions in the same time slot, i.e.,

Ri =
(

N

i + 1

)
τ i+1(1 − τ)N−i−1. (6)

In [8], the successful transmission probability with capture
effect is then defined as

ps =
Nτ(1 − τ)N−1 + pcap

1 − (1 − τ)N
. (7)

Following the remaining steps in [24], the throughput perfor-
mance of the CSMA/CA with capture effect can be obtained
based on the modified successful transmission probability in
(7). However, the transmission probability τ in [8] is calculated
in a lossless channel based on the Bianchi’s method [24], where
the effects of frame outage and capture in the PHY layer are not
considered in the binary backoff process.

In fact, the frame outage decreases the stationary transmis-
sion probability (τ), whereas the capture effect increases it.
Therefore, in this paper, we consider both the frame outage
and capture effects when evaluating the stationary transmission
probability in the binary backoff process. We will show how
the frame outage and capture effects influence the transmission
probability during the backoff process.

III. PHY-LAYER EFFECTS

In the time varying wireless channel, a user may fail to
receive the packet in the following two scenarios. First, when
the received signal strength of a frame is lower than the required
threshold due to large propagation attenuation even without any
other contenders, the frame is outage that the probability is
denoted by po. Second, when the received-signal power of the
desired frame (Pdesired) does not exceed the interference power
of other (N − 1) frames with enough margin, the frame is not
captured that the probability is denoted by pnc. In this section,
we first derive the frame outage probability in a log-normally
shadowed Rayleigh fading channel with a practical directional
antenna.

A. Radio-Channel Characteristics

In this paper, we consider the common channel effects:
path loss, shadowing, and Rayleigh fading [34]. Path loss

describes the power attenuation due to the propagation dis-
tance (r) between a user and the access point. Usually, path
loss is modeled as r−η, where η is the path loss exponent.
Hereafter, we choose η = 4 in this paper. Shadowing is caused
by terrain features and can be characterized by a log-normal
random variable 10ξ/10, where ξ is a Gaussian random variable
with zero mean and a standard deviation of σ in decibels.
At last, Rayleigh fading characterizes the impact of multipath
propagation.

Let Pt be the transmission power of a user and consider the
antenna gain G(θ) with the incident angle θ. Then, the received
signal power Pr at an access point can be written as

Pr = Ptr
−4G(θ)10ξ/10x2 (8)

where x is a Rayleigh distributed random variable with unit
power and has the probability density function (pdf) as follows:

fX(x) = 2xe−x2
. (9)

Let Y = X2. Then, the cumulative density function of Y is

FY (y) = 1 − e−y. (10)

B. Outage Probability

The frame outage probability is evaluated when only one user
accesses the wireless channel without other competing users. In
this case, the total interference power is zero (i.e., PI = 0), and
the frame outage probability can be expressed as

po = Pr{SNR < z0}

= Pr
{
Ptr

−4G(θ)10ξ/10y

N0
< z0

}

= Pr
{
y < z0

N0

Pt
r4G(θ)−110−ξ/10

}
(11)

where z0 is the required received-SNR threshold, and N0 is the
noise power. In the IEEE 802.11 standards, a WLAN device can
adopt different modulation and coding schemes according to
channel conditions. To evaluate the effect of different transmis-
sion rates on the outage probability, we can apply the required
received SNR threshold z0 in accordance with the selected
modulation and coding scheme in (11).

C. Effect of Directional Antenna on Outage Probability

Now, we discuss the impact of directional antennas on the
frame outage probability. Let L be the cell radius and denote
θ3dB the 3-dB beamwidth of the directional antenna. Assume
that the users are spatially and uniformly distributed within a
cell, and thus, the pdf of the distance (r) and angle (θ) between
the user and access point can be given by fr(r) = 2r/L2,
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Fig. 1. Examples of antenna-gain pattern for 120◦ and 60◦ directional
antennas [36], [37].

fθ(θ) = 1/(2θ3dB), respectively [35]. From (10) and (11), we
can have

po = Pr
{
y < z0

N0

Pt
r4G(θ)−110−ξ/10

}

=

θ3dB∫
−θ3dB

∞∫
−∞

L∫
0

FY

(
z0
N0

Pt
r4G(θ)−110−ξ/10

)

· fr(r)fξ(ξ)fθ(θ)drdξdθ

=

θ3dB∫
−θ3dB

∞∫
−∞

L∫
0

(
1 − ez0

N0
Pt

r4G(θ)−110− ξ
10

)

·
(
e−ξ2/2σ2

√
2πσ

)
·
(

2r
2θ3dBL2

)
drdξdθ (12)

where fξ(ξ) = e−ξ2/2σ2
/
√

2πσ represents the distribution of
the log-normal shadowing.

Fig. 1 shows two antenna patterns with 3-dB beamwidth of
120◦ and 60◦, respectively [36], [37]. The antenna-gain patterns
shown in the figure will be used to evaluate the impact of
directional antenna on the MAC-layer throughput later. Note
that, inside the 3-dB beamwidth, the gains at different angles
are not exactly the same. Therefore, in calculating the outage
probability, we need a more practical antenna gain pattern of a
sector. Furthermore, it is noteworthy that, for the 120◦ antenna,
the gain at 75◦ from the main lobe is only about 6 dB less than
that in the main lobe. Hence, the antenna gain outside the 3-dB
beamwidth cannot be totally neglected, which is especially
important in evaluating the capture effect. The impacts of an
imperfect antenna on both outage performance and capture
effect are not fully considered in the current literature.

Fig. 2. Coverage pattern of a trisector cell with three 120◦ directional
antennas.

IV. CROSS-LAYER THROUGHPUT ANALYSIS

In this section, we introduce a cross-layer analytical model
to evaluate the throughput performance for the CSMA/CA
MAC protocol with capture effect and a practical directional
antenna. First, we derive the frame-capture probability (pcap)
when multiple users transmit frames at the same time. Then, we
combine all the wireless channel impacts, including the frame
outage, the capture effect, and the gain leakage of a practical
direction antenna, to evaluate the throughput of the CSMA/CA
MAC protocol.

A. System Model

Fig. 2 illustrates an access point equipped with three di-
rectional antennas. A user is usually connected to the sector
antenna whose antenna gain is the largest within a cell. In the
figure, users A and B communicate with antenna S1, user D
communicates with antennas S2, and user C is with antenna S3.

Note that the three directional antennas can share one radio
transceiver or can be associated with three independent radio
transceivers. In the case with one radio transceiver, the access
point can communicate only with one user within a cell by
steering the antenna to receive and transmit the signal. On the
contrary, in the case with three radio transceivers, the access
point simultaneously transmits data frames to three users in
three corresponding sectors. For example, if the access point
equips with three radio transceivers, users A, C, and D in the
figure can simultaneously transmit frames to the access point
via antennas S1, S2, and S3, respectively.

B. Capture Effect

Capture effect is the phenomenon that a communication link
is established in the presence of other interfering users, while
maintaining a satisfactory SINR. Since the interference power
is usually higher than the noise power, the SIR is usually used
when evaluating the capture probability.
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Consider N users (labeled from 1 to N ) that are sending
the data frames to the access point. The total frame-capture
probability (pcap(N)) is defined as [38]

pcap(N) = Pr





 P1

N∑
i=2

Pi

> z0


∪ · · · ∪


 PN

N−1∑
i=1

Pi

> z0





(13)

where z0 is the required SIR threshold, and Pi is the inter-
ference power from user i. Denote the frame-capture prob-
ability of user “1” by pcap,1(N). From (8), the received
power from user “1” and that from all the interfering users
can be written by P1 = r−4

1 G(θ1)10ξ1/10y1 and
∑N

i=2 Pi =∑N
i=2 r

−4
i G(θi)10ξi/10yi, respectively. Thus, it follows that

pcap,1(N) = Pr

{
P1 > z0

N∑
i=2

Pi

}

= Pr

{
y1 > z0

N∑
i=2

(
ri

r1

)−4
G(θi)
G(θ1)

10
ξi−ξ1

10 yi

}
.

(14)

Represent r = (r2, . . . , rN ), θ = (θ2, . . . , θN ), and ξ =
(ξ2, . . . , ξN ) as the distance, angle, and the shadowing com-
ponents between user i(i = 2, . . . , N) and the access point,
respectively. The frame-capture probability of user “1” for a
given (r,θ, ξ) can be expressed as

pcap,1(N, r1, θ1, ξ1|r,θ, ξ)

=

∞∫
0

· · ·
∞∫

0

exp

(
−z0

N∑
i=2

yi10
ξi−ξ1

10
G(θi)
G(θ1)

(
ri

r1

)−4
)

· e−y2 · · · e−yNdy2 · · · dyN

=

∞∫
0

· · ·
∞∫

0

exp

(
−

N∑
i=2

yi

(
1 + z010

ξi−ξ1
10

G(θi)
G(θ1)

(
ri

r1

)−4
))

· dy2 · · · dyN

=
N∏

i=2

1

1 + z010(ξi−ξ1)/10 G(θi)
G(θ1)

(
ri

r1

)−4 . (15)

Assume all the interfering users are uniformly distributed in
the cell coverage. Averaging over r, θ, and ξ, the capture
probability of user “1” (pcap,1(N, r1, θ1, ξ1)) is

pcap,1(N, r1, θ1, ξ1)

=

∞∫
−∞

π∫
−π

1∫
0


 N∏

i=2

1

1 + z010(ξi−ξ1)/10 G(θi)
G(θ1)

(
ri

r1

)−4




· fr(r)fθ(θ)fξ(ξ)drdθdξ

=




∞∫
−∞

π∫
−π

1∫
0

2ri · e−
ξ2

i
2σ2 dridθidξi

2π ·
√

2πσ ·
[
1+z010

ξi−ξ1
10

G(θi)
G(θ1)

(
ri

r1

)−4
]



N−1

.

(16)

To ease illustration, we denote the integral part of (16) by
I(r1, θ1, ξ1), i.e.,

I(r1, θ1, ξ1)=

∞∫
−∞

π∫
−π

1∫
0

2ri · e−
ξ2

i
2σ2 dridθidξi

2π ·
√

2πσ ·
[
1+ z010

ξi−ξ1
10

G(θi)
G(θ1)

(
ri

r1

)−4
].

(17)

Since users 1 to N are assumed to be uniformly distributed
and Pi are independent with each other, it can be shown that the
average per-user capture probability is the same for all users,
i.e., pcap,i(N) = pcap,1(N) for i = 1 to N . Averaging over r1,
θ1, and ξ1 in (16) to obtain the average per-station capture
probability pcap,1(N) and then following the definition in (13),
we can obtain the total frame-capture probability for N users
pcap(N) as follows:

pcap(N) =N ·
∞∫

−∞

θ3dB∫
−θ3dB

1∫
0

pcap,1(N, r1, θ1, ξ1)

· fr(r1)fθ(θ1)fξ(ξ1)dr1dθ1dξ1

=

∞∫
−∞

θ3dB∫
−θ3dB

1∫
0

N · [I (r1, θ1, ξ1)]
N−1

·
(

2r1
2θ3dB

)
·


 e−

ξ2
1

2σ2

√
2πσ


 dr1dθ1dξ1. (18)

Note that the integration over the distance in (17) and (18)
takes into account of the relative distance from users to the
access point, which is in the range (0, 1]. According to [38],
the integral in (17) can be simplified as

I(r1, θ1, ξ1)

=

π∫
−π

∞∫
−∞

e−
ξ2

i
2σ2

2π ·
√

2πσ
·


1 − r2

1

√
z010

ξi−ξ1
10

G(θi)
G(θ1)

· arctan


 1√

z010
ξi−ξ1

10
G(θi)
G(θ1)






· dridξidθi. (19)

Then, applying the Hermite and Gaussian integration method
of [34], the integrals, with respect to variables ξ1 and ξi in (18)
and (19), can be simplified by a weighted sum of a function
evaluated at some roots.

Furthermore, in (17), we also take into account of the in-
terference from all the users in all the three sectors. Because
the gain at the angle outside the 3-dB beamwidth cannot be
neglected for a practical directional antenna, the interfering
users may also be located in neighboring sectors. As shown in
Fig. 2, users C and D in sectors S3 and S2 may interfere user A
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in sector S1. Therefore, the first integration of I(·) in (17) needs
to integrate from −π to π, which is different from the case in
evaluating the outage probability in (14).

So far, we only focus on the uplink analysis when a user
sends packets to the access point. The above analysis can be
also extended to the downlink transmission. In the downlink
case, N − 1 users are potential interferers. The capture proba-
bility in the downlink case, p′cap(N), can be expressed by

p′cap(N) = Pr

{
y1 >

z0
G(θ1)

N∑
i=2

(
ri

r1

)−4

10
ξi−ξ1

10 yi

}
. (20)

As seen from (20), the role of the directional antenna on the
capture effect in the downlink transmission is to increase the
signal strength of the desired user. However, in the uplink
transmission, not only can the directional antenna increase the
signal strength of the desired user, but it can also suppress the
interference from other users due to smaller G(θi) in (14) as |θi|
increases. Since p′cap(N) in (20) is a special case of pcap(N) in
(14), hereafter, we will only consider the capture probability in
the uplink transmission.

C. Probability of Packet Loss

Now, we investigate the impacts of frame outage and cap-
ture in the PHY layer on the performance of the CSMA/CA
MAC protocol. According to [24], the backoff process in the
CSMA/CA MAC protocol are mainly characterized by the
stationary transmission probability (τ) and collision probabil-
ities (pc). To establish the cross-layer interaction between the
PHY and MAC layers, the probability of packet loss (pL)
is introduced to replace pc in the pure MAC layer analysis.
Specifically, pL is equal to the sum of the frame outage and
noncapture probabilities in the presence of single and multiple
users, respectively. That is, for N users, we can write

pL(N) = Pr{the channel is bad when only one

user intends for transmission}
+ Pr{the signal of the desired user is not captured

in the presence of other interfering users}

=
N−1∑
i=1

(
N − 1

i

)
(τ ∗)i(1 − τ ∗)N−i−1

× (1 − pcap(i + 1)) + (1 − τ ∗)N−1po (21)

≈ (1 − pcap(N))
N−1∑
i=1

(
N − 1

i

)

× (τ ∗)i(1 − τ ∗)N−i−1 + (1 − τ ∗)N−1po

= (1 − pcap(N))
[
1 − (1 − τ ∗)N−1

]
+ (1 − τ ∗)N−1po. (22)

As shown in Fig. 3, the total frame-capture probability is insen-
sitive to the number of interfering users N as N increases. This
phenomenon is also observed in [38]–[40] through simulations.
Thus, in (22), we assume that pcap(2) = · · · = pcap(N) to

Fig. 3. Relation between the frame-capture probability and number of con-
tending nodes under the 6-dB shadowing standard deviation with different SIR
threshold.

reduce the calculation complexity. In Section V, we validate the
accuracy of this approximation by OPNET simulation tools.

At last, replacing pL with pc in (1), we rewrite the stationary
transmission probability (τ ∗) in the PHY/MAC cross-layer
analysis as

τ ∗ =
2

1 + W + pL(N)W
b−1∑
i=0

(2pL(N))i

. (23)

D. PHY/MAC Cross-Layer Throughput

The PHY/MAC cross-layer throughput of the CSMA/CA
MAC protocol in the composite log-normally shadowed
Rayleigh fading channel can be obtained by modifying (4).
Incorporating the frame outage probability (po) and capture
probability (pcap) with the stationary transmission probability
(τ ∗) and its success probability (p∗s) takes account of the PHY-
layer impacts into calculating the MAC-layer throughput.

Consider N users served within an access point. We define n
as the effective number of users served by one radio transceiver
for an access point equipped with multiple directional antennas.
Note that n is dependent of the number of radio transceivers
in an access point with multiple directional antennas. For a
trisector cell, n = N when the access point has only one radio
transceiver, while n = N/3 if it is equipped with three radio
transceivers. Here, for simplicity, we neglect the contentions
from the stations outside the main lobe of a practical directional
antenna.

Following (4), the throughput performance S(n) delivered
by one radio transceiver can be written by

S(n) =
p∗trp

∗
sE[P ]

(1 − p∗tr)σ + p∗tr (1 − p∗s)Tc + p∗trp
∗
sTs

(24)

where p∗tr = 1 − (1 − τ ∗)n. Furthermore, in (24), p∗s is the
successful transmission probability in a network, which is a
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function of pcap and po, i.e.,

p∗s(n) =
1
p∗tr

· Pr{the transmitted frame is captured and

not subject to outage}

=
1

1 − (1 − τ ∗)n

×
[
nτ ∗(1 − τ ∗)n−1(1 − po)

+
n−1∑
i=1

(
n

i + 1

)
(τ ∗)i+1(1 − τ ∗)n−i−1pcap(N)

]

≈ 1
1 − (1 − τ ∗)n

[
nτ ∗(1 − τ ∗)n−1(1 − po)

+
(
1 − (1 − τ ∗)n−1

)
pcap(N)

]
.

(25)

Note that the frame-capture probability pcap(N) has to consider
the total interference from all the sectors in an access point
even when it is equipped with multiple radio transceivers due
to the leakage gain of a practical directional antenna. As for the
throughput performance for the particular user “i” (S(n, i)),
(24) can still be reused, where the probabilities p∗tr and p∗s(n)
shall be changed to p∗tr = τ ∗, and

p∗s(n, i) =
1
τ ∗
[
(1 − τ ∗)n−1(1 − po)

+
(
1 − (1 − τ ∗)n−1

)
pcap,i(N)

]
(26)

respectively. The capture probability pcap,i(N) for user “i” in
(26) can be obtained from (16).

To summarize, the PHY/MAC cross-layer throughput of the
CSMA/CA MAC protocol can be calculated as follows.

1) Determine the required received SIR threshold (z0) in
(11) and (14) for the corresponding modulation and cod-
ing scheme. By choosing an appropriate z0, the above
analysis from (12)–(24) can be applied to the case with
different transmission rates.

2) Calculate po and pcap(N) for the corresponding z0 based
on (12) and (18), respectively.

3) Find the stationary transmission probability τ ∗ by substi-
tuting pL of (22) into (23), where pcap(N) and po, which
are affecting pL, are calculated in step 2).

4) Determine the effective number of users n according to
the number of radio transceivers in an access point.

5) Calculate the successful transmission probability p∗s(n)
by substituting τ ∗, po, and pcap(N) into (25).

6) Obtain the throughput S(n) of a radio transceiver in
a multiple directional antenna system by substituting
the stationary transmission probability τ ∗ and successful
transmission probability p∗s into (24).

The above throughput analysis are suitable for two cases:
1) multiple directional antennas sharing with one NAV and
one radio transceiver and 2) multiple directional antennas, each
of which has an individual NAV and radio transceiver. It can
be applied to the case of multiple directional antennas sharing

TABLE I
SYSTEM PARAMETERS

TABLE II
REQUIRED SNR THRESHOLD AND OUTAGE PROBABILITY

FOR DIFFERENT PACKET LENGTHS

with one radio transceiver and multiple DNAVs. However, this
requires the modeling of the dynamically changing number of
effective contending users when switching directional antenna
to the desired user based on the detail procedure of the DNAV-
based MAC protocol. This is an interesting future research topic
but is beyond the current scope of this paper. Nevertheless, we
conjecture that the throughput of this DNAV-based MAC pro-
tocol will fall between the case of using one radio transceiver
with one NAV shared by multiple antennas and that of using
multiple radio transceivers with multiple NAVs.

V. NUMERICAL RESULTS

In this section, we present numerical results to compare the
throughput performance of the CSMA/CA MAC protocol in
WLAN, with and without radio channel impacts. We consider a
round coverage area with the radius of 100 m and the shadowing
standard deviation equal to 6 dB. In our evaluation, we choose
the IEEE 802.11b direct sequence spread spectrum (DSSS)
mode for an access point with omnidirectional and directional
antennas. Fig. 1 shows the antenna gain patterns of the direc-
tional antennas, and Table I lists other system parameters in
both the analysis and simulation.

To demonstrate the channel impacts on the required capture
threshold, two different packet lengths are studied with the
requirement of frame error rate (FER) less than 8 × 10−2 [41].
Table II lists the required received SNR threshold (z0) and
the frame outage probability for the omnidirectional 120◦ and
60◦ directional antennas, respectively. A smaller packet of
60 octets requires smaller z0 and can still achieve the same FER
performance as the larger sized 2000 octet packet. More-
over, comparing the frame outage probability for both the
omnidirectional- and directional-antenna cases, one can find
that the directional antenna can increase the received signal
power and, therefore, reduce the frame outage probability.
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Fig. 4. Capture effect on the throughput of the CSMA/CA MAC protocol with
an omnidirectional antenna.

A. Effect of Large Number of Contenders on
Capture Probability

Fig. 3 shows the frame-capture probability versus the number
of contending users with different capture thresholds, where
the shadowing standard deviation is 6 dB. We can observe that
the capture probability is almost the same when the number of
contending users is more than ten. In fact, the phenomenon that
the capture probability is insensitive for a large number of sta-
tions N can be explained from the derived analytical formulas
(16) and (18). Based on (16), the per-station capture probability
for user 1 [denoted by pcap,1(N, r1, θ1, ξ1)] decreases as the
number of users N increases since there are more interfering
users. However, according to (13), as N increases, the total
capture probability for N users may also increase because all
N users’ signals are possibly captured. Combining both the
impacts, the average total capture probability pcap(N) in (18)
becomes insensitive to the number of users. This phenomenon
is also observed in [38]–[40] by simulations. It helps us to
reduce the complexity in the proposed analytical model by
using the approximation in (22).

B. Throughput Comparison for Different Approaches

Fig. 4 compares the normalized throughput of the CSMA/CA
MAC protocol based on different approaches. One can see
that, for the case without capture effect, the system through-
put degrades severely when the number of users increases.
This phenomenon is because frame collisions occur more fre-
quently. For example, when the number of users increases from
50 to 100, the throughput decreases from 0.65 to 0.55. How-
ever, the throughput with capture effect only decreases from
0.75 to 0.65 when the number of contenders increases from
50 to 100. Because the capture effect increases the successful
transmission probability, the problem of frame collisions can be
alleviated. Thus, the throughput performance can be improved,
particularly for large number of users.

Note that the improvement resulted from the capture ef-
fect is not much when the number of contenders is few. In

Fig. 5. Shadowing effect on the throughput of the CSMA/CA protocol with
various SIR thresholds.

this situation, the concurrent transmissions are so few that
the performance improvement due to the capture effect is
insignificant. However, based on the previous approach in [8],
the improvements resulted from the capture effect seems too
optimistic. Take N = 10 as an example. The throughput is
about 0.8 in the case without capture, while the throughput
based on the previous approach in [8] is 0.94. This is because
the capture effect and frame outage is inherently assumed to be
independent of the backoff window size in [8], thereby causing
the overestimate of the throughput performance. Based on our
analytical model, the throughput is 0.85 for N = 10, which
provides a more reasonable evaluation.

Meanwhile, to validate the accuracy of our proposed ana-
lytical model, we also use OPNET simulation to verify the
throughput performance in the CSMA/CA MAC protocol. In
the simulation, the access point is located in the center of the
cell, and all the users are spatially and uniformly located in the
cell with radius of 100 m. All the users always transmit frames
to the access point with frame length of 2000 bytes. A frame is
successfully captured by the access point if the received SIR is
larger than the SIR threshold (z0). The other parameters used
in the simulation are listed in Table I. As shown in the figure,
both the simulation and analytical results almost match each
other, particularly for a large number of users. The discrepancy
between the analysis and simulation with small number of users
results from the approximation in (22). As shown in Fig. 3, the
capture probability does not converge as N is small. Thus, there
exists a difference between the exact and approximation values.
However, the discrepancy between the analysis and simulation
is small, and the developed model still has a certain level of
accuracy.

C. Effect of Shadowing on the Throughput Performance

Fig. 5 compares the throughput for various shadowing stan-
dard deviations (σξ = 2 and 6 dB) and SIR thresholds (z0 = 0
and 5 dB). As expected, the larger the SIR threshold, the lower
the throughput because a more stringent SIR requirement re-
sults in more frame errors and higher frame outage probability.
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Fig. 6. Comparison of capture effect between omnidirectional and directional
antennas.

More interestingly, as shown in the figure, the throughput seem-
ingly does not depend on the shadowing standard deviation.
According to (24), the throughput S is determined by the proba-
bility of successful transmission p∗s and stationary transmission
τ ∗, both of which are dominated by the capture probability. In
[35], and [38]–[40], the authors have observed that the capture
probability is insensitive to the shadowing parameters but only
relates to the SIR threshold. Hence, the phenomenon observed
in this paper regarding the shadowing effect on the throughput
performance can be justified.

D. Effect of Direction Antennas on Capture Probability

Fig. 6 compares the capture probability of the WLAN system
with omnidirectional and 120◦ directional antennas. Obviously,
higher requirement on the received SIR decreases the capture
probability for both the omnidirectional and directional cases.
However, for the directional-antenna case, the coverage area
of an access point is divided into three sectors. Hence, the
number of interfering users in a sector is less than that in an
omnidirectional-antenna case. As a result, for the same capture
probability, the required SIR for the directional-antenna case
is about 5 dB less than that in the omnidirectional-antenna
case. The improvement for the capture probability between
omnidirectional and 120◦ directional antennas approximates to
the reduction ratio for the number of users in one sector (i.e.,
10 log(3) = 5 dB).

E. Effect of Directional Antenna on Throughput Performance

Fig. 7 shows how different kinds of directional antennas
affect the throughput of the CSMA/CA MAC protocol. We
consider a trisector access point, and each sector is equipped
with a 60◦ or 120◦ directional antenna, respectively. In addition,
two node configurations in the access point are considered: one
with a single radio transceiver shared by three antennas and
the other with three individual radio transceivers. From (24),
the throughput performance S(n) counts the information bits

Fig. 7. Effects of multiple directional antenna with single/multiple radio
transceivers and channel effects on the throughput of the CSMA/CA protocol.

delivered by one radio transceiver. Thus, the performance in the
figure for the case of multiple radio transceivers represents the
throughput of a single sector, whereas, for the single-transceiver
case, it is the overall cell throughput.

For the case with one shared radio transceiver and the number
of users N = 100, the normalized throughput is 66%, 70%,
and 76% for the omnidirectional antenna, 120◦ and 60◦ direc-
tional antennas, respectively. Compared to the omnidirectional
antenna, the interference imposed at the angle of the sidelobe
of a directional antenna is lower due to a smaller antenna
gain. Moreover, a directional antenna usually has higher an-
tenna gain in the main lobe than an omnidirectional antenna.
Therefore, the throughput performance of an access point with
a directional antennas is higher than the throughput over the
omnidirectional access point, even with one radio transceiver.

Note that, with three radio transceivers, the throughput of
a single section can be further improved to 83% and 85% for
120◦ and 60◦ directional antennas, respectively. In the case of
using multiple radio transceivers, the network is equivalent to
one in which the coverage is divided into multiple independent
sectors, thereby lowering the number of contenders per radio
transceiver and decreasing collisions.

In Fig. 7, we also illustrate both the simulation and analytical
results. In the simulation, the access point equips with three
directional antennas with the gain patterns shown in Fig. 1.
Due to the imperfect antenna-gain pattern, in the simulation,
the users in the region outside the main lobe may contend with
that inside the main lobe, whereas the developed model neglects
these users. Therefore, the contentions from the users in the
sidelobe and backlobe result in the discrepancy between the
simulation and analytical results.

VI. CONCLUSION

In this paper, we have developed a PHY/MAC cross-layer
analytical model to take account of the PHY layer effects,
including the capture effects and a practical directional antenna,
into the throughput evaluation of the CSMA/CA MAC protocol.
We have derived explicit expressions for the frame outage
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and capture probability of a directional antenna system in the
presence of log-normal shadowing multipath Rayleigh fading.
We integrate this PHY layer model with the MAC throughput
analytical model of the CSMA/CA protocol. We find that it is
crucial to incorporate the channel effects into both the station-
ary transmission probability and the backoff window size of a
station. By doing so, we can model the interaction of the PHY
layer effect and the MAC layer throughput more accurately.
Through OPNET simulations, we verify the accuracy of the
proposed PHY/MAC cross-layer analytical model.

Our results show that the throughput of the CSMA/CA MAC
protocol is insensitive to the shadowing parameters but only
relates to the SIR threshold. In addition, directional antennas
can improve the throughput of up to 10% even with one radio
transceiver. If the access point can be equipped with one radio
transceiver for each directional antenna, the throughput of a sin-
gle section can improve up to 20% due to the improved SIR and
fewer effective contenders. This paper can be the basis for some
interesting research topics, such as the per-station throughput
evaluation or the overall throughput of the multiple directional
antennas with multiple DNAVs in multihop networks.
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