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Performance Analysis of the IEEE 802.11 MAC Protocol
over a WLAN with Capture Effect

XI1AOLONG L1t® and QING-AN ZENG®

In this paper, we use a discrete Markov chain model to analyze the throughput of CSMA /CA
protocol in a wireless local area network considering the capture phenomenon, which means the
packet with the strongest power may capture the receiver even in the presence of other over-
lapping packets. The model of capture effect over the theoretical throughput of CSMA/CA
protocol in the presence of path loss, shadowing, and Rayleigh fading is obtained and com-

pared with the model without the capture effect.

1.

A wireless local area mnetwork (WLAN)
provides an attractive networking alternative
which enables a flexible mobility of wireless ter-
minals and can avoid rewiring when the ter-
minals are relocated. A WLAN employs the
wireless channel for interconnecting terminals
to form an ad hoc network or an infrastruc-
ture network with access points (APs). Since
a WLAN offers the benefits of a traditional
wired LAN while greatly increasing flexibility,
the WLAN based on the IEEE 802.11 specifica-
tion has been widely deployed. In order to al-
low multiple wireless terminals to share a com-
mon channel, a medium access control (MAC)
protocol is defined in the IEEE 802.11 specifi-
cation . One of the most important research
issue in WLANS is the design and analysis of
MAC protocols 2~4).

Today most existing research works on the
performance analysis of MAC protocols assume
that the wireless channel is noiseless and all
packets arrive at the receiver with the same
power level. Whenever two or more packets ar-
rive at the receiver during the overlapping time
period, they collide and all packets involved are
destroyed. These models, reasonable in some
communication environment, turn out to be too
pessimistic in others.

In a practical wireless network, the transmit-
ted packets experience not only noise but also
fading, so that the receiver may fail to detect
the faded packets even though there is no col-
lision. On the other hand, a packet can be
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received successfully in the presence of other
overlapping packets if its power is larger than
the interfering power by a certain margin. The
later phenomenon is called capture effect. The
capture effect can reduce the probability of col-
lision and result in an increase of the system
throughput.

There are many studies for ALOHA proto-
cols in a fading channel and with shadowing
effect ~7).  However, the capture effect on
CSMA/CA protocol has not been well stud-
ied and reported except two recent publica-
tions 919 in which fading, shadowing, and
path loss effect are considered. In Ref.9), the
authors analyzed the influence of capture phe-
nomenon over theoretical throughput and delay
of a traffic-saturated IEEE 802.11b BSS (basic
service set) and ad hoc configurations based on
the model developed by Bianchi®). In Ref. 10),
the authors assumed CSMA/CA protocol as a
hybrid protocol of slotted 1-persistent CSMA
and p-persistent CSMA. The value of p is re-
lated to the backoff delay. However, it was left
open on how to determine the p and the authors
assumed some fixed values in their numerical
results.

In this paper, we derive a relatively realis-
tic model of CSMA /CA protocol where fading,
shadowing and near-far effect are considered.
Furthermore, the traffic load in this paper is
general which varies from light to heavy (satu-
rated).

2. System Description

2.1 System Model

We consider a WLAN system with an AP sur-
rounded by M wireless terminals. The wireless
terminals are randomly distributed in a circle of
unit radius around the AP. It is assumed that
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the locations of the wireless terminals are inde-
pendent variables. The corresponding proba-
bility density function (pdf) of the distance be-
tween a wireless terminal and the AP is denoted
as f(r). Only the uplink communications in
which wireless terminals attempt to send pack-
ets over a common shared channel to the AP
are studied in this paper. The MAC protocol
is implemented using slotted CSMA /CA pro-
tocol. The time is slotted with a slot size «
and the packets are allowed to transmit only at
the beginning of a time slot. All packets are
assumed to have the same length 7;,. To sim-
plify the analysis, we normalize the time by the
packet length T,. That is, the duration of a
packet transmission equals to unit time and is
composed of 1/« time slots. We assume that a
DIFS duration is 3, a SIFS duration is «y, and
the transmission time for ACK is f, correspond-
ingly the DIFS has 3/« slots, the SIF'S has v/«
slots, and the ACK has f/a slots. Transmission
time of RTS and CTS are assumed to be 6 and
7 respectively. Then, the RTS and CTS have
0/« slots and 7/« slots respectively. The prop-
agation delay between a wireless terminal and
the AP is assumed to be the same and equals
to a time slot. At the end of each time slot, ev-
ery wireless terminal will be in either thinking
state or backlogged state.

In the thinking state, each terminal generates
a new packet with probability g during a time
slot. If the packet transmission is successful, the
wireless terminal stays on the thinking state. A
wireless terminal is said to be in the backlogged
state if its transmission either had a channel
collision or has been blocked because of a busy
channel. No any new packet is generated in the
backlogged state.

A backlogged terminal remains in the back-
logged state until it completes a successful
transmission, at that time it switches to the
thinking state. If we assume that the arrival
process of a packet is a Poisson process. De-
noting G the number of total packets in the
system during a normalized unit time period,
we have Mg = Ga'V.

2.2 Channel Model

The channel model is characterized by three
nearly independent, multiplicative propagation
mechanisms, namely, path loss, shadowing, and
fading. The path loss is proportional to r~¢,
where w is the path loss exponent. The value
of w depends on the propagation environment,
typically taking values of 2 to 6, and is typi-

Nov. 2005

cally equal to 4 in land radio environment. The
path loss effect gives rise to the near-far effect
and determines the area mean power w,. The
area mean power is the received signal power
in the absence of shadowing. The shadowing
is described by a log-normal distribution of the
local mean w; about the area mean power w,
and is assumed to be superimposed on the path
loss effect. If the local mean power is expressed
in nepers, it has normal distribution about the
area mean, with a logarithmic standard devia-
tion os.

The multipath reception causes Rayleigh or
Rician fading. Rayleigh fading causes the in-
stantaneous received power to be exponentially
distributed random variable. Taking Rayleigh
fading, log-normal shadowing, and near-far ef-
fects into account, the uncondition probability
density function of the instantaneous power wy
of a received packet at the AP is given by Ref. 5)

71 wy\  f(r)
w, (W) = —exp | —— | - =—="—
f S( ) o/o/wl xp( wl> V2moswy
n2(r“w
-exp (—%) drdwy,

(1)
where f(r) is the pdf of the distance describ-
ing the spatial distribution of the offered packet
traffic around the AP. For example, we consider
a uniform spatial distribution in which wireless
terminals are uniformly distributed in a circle
of unit radius. In this case, the pdf is given by
f(r)=2r and r € (0,1).

2.3 Capture Model

The instantaneous powers received at the AP
for different terminals will generally not be the
same due to the different propagation decays.
Therefore, even if there are more than two wire-
less terminals transmitting their packets at the
same time, one of them may be successfully re-
ceived at the AP. In comparing power levels of
different packets, it is usually assumed that the
power levels remain constant during the packet
reception period, i.e., the power of each bit in a
packet is the same. This assumption has been
used earlier in Refs. 5)~7), and is considered to
be accurate if the users are stationary or are
moving very slowly. If the wireless terminals
move fast, the signal power may vary over the
duration of a packet and all the packets received
during a time slot should be compared on a bit-
by-bit basis.

Several capture models has been proposed
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in the literature®. In this paper, we use the

model where a packet will be successfully re-
ceived if the power of the concerned packet ex-
ceeds the joint power of the other interfering
packets by at least a capture ratio z. That is,

N
’LU()>Z{ZU)Z‘+?7}, (2)

i=1

where wy is the power of concerned packet, w;
(i = 1,2,...,N) is the power of interfering
packet i, and 7 is the power of additive white
Gaussian noise. It is of no significant conse-
quence to ignore the noise since the CSMA/CA
channel is principally contention limited, the
same as ALOHA channel®:®). Therefore, ig-
noring the effect of noise, the probability of cap-
ture can be expressed as

N
P..p(N) = Pr {wo >Zsz}. (3)

i=1

In order to find the probability of capture,
we need to know the joint pdf of the interfering
packets. If the interference power is due to inco-
herent accumulation of N independently fading
signals, the joint pdf is the N-fold convolution
of the pdf of the individual signal power. There-
fore, the probability of capture, given that N+1
wireless terminals transmit packets at the same
time, can be obtained by

] [ e 15
() o

where ¢(-) is the Laplace image of the pdf of
one single interferer. Using (1), ¢(-) can be ex-
pressed as

B(s) = 0/ 0/ — ﬂiﬂ(;)wl

In?(r“w)
-eXp (—T drdw;.  (5)

The probability that one out of N 41 packets
captures the AP is given by

gN = (N + ]-)Pcap(N)- (6)
3. Throughput for CSMA /CA Proto-
cols

In this section, we use the approach described
in our previous research work ?) to evaluate the
throughput for a finite number of wireless ter-
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Fig.1 Embedded slots.

Fig.2 Markov chain model for the entire network.

minals in a slotted CSMA /CA system with the
models described in Section 2. We assume that
the channel state consists of a sequence of re-
generation cycles composed of average idle pe-
riod T and average busy period B. Let A be the
average time spent in useful transmission dur-
ing a regeneration cycle. The throughput S is
defined as the fraction of channel time occupied
by a valid transmission and can be obtained by
A
+

T+T )

Let X (t) be the number of wireless termi-
nals in the backlogged state. The random pro-
cess {z(t) = i} can be modeled by a homoge-
neous Markov chain identified by the last slot
of each idle period (see Fig. 1). Since there are
M wireless terminals in the system, X (¢) can
be 0,1,2,..., M. Thus, the embedded Markov
chain for X (t) has M + 1 states as shown in
Fig. 2. The transition from state ¢ to state j
(i < j) means that there are some thinking ter-
minals entering to the backlogged state.

Similarly, the transition from state ¢ + 1 to
state i represents that there is a successful
packet transmission. It is assumed that each
backlogged terminal has the same steady-state
probability v; to send a packet at the time slot
t when X(t) equals to i¢. It is also assumed
that the acknowledgments from the AP to wire-
less terminals are received perfectly. In order to
determine the probability v;, we need to know
the collision probability. In Ref.4), an analyti-
cal model is developed to compute the collision
probability p.; when there are ¢ wireless termi-
nals are in the backlogged state, which is given
as
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2(1—2ps;) 177"

1_pC’L_2m Z’+1W ’

i>1, (8)
where W is the minimum contention window
and m is to determine the maximum contention
window Wy, and it satisfies W4 = 2™W.
Note that the collision probability p.; is the
probability that more than one backlogged ter-
minals transmit at the same time slot. This
yields to

Peci = 1-— (1 - l/i)z_1 . (9)
Then we can get the probability v; (i > 1)
from Eq.(8) and (9). Obviously, vy = 0 and
v = 1/W
Our goal is to obtain the stationary distribu-
tion of the Markov chain

T =0 priz(t) = i}. (10)

17 t—oo

pci:]-_ 1-

For that purpose, we need to find the transition
probability matrix P. Using the linear feed-
back model introduced by Tobagi and Klein-
rock 12:13) P is the product of several single
time slot transition matrices which we will de-
fine next. We denote the transition matrix by R
for time slot ¢1 + I and Q for all remaining time
slots of the busy period. Since the length of the
busy period depends on the number of termi-
nals which become ready in time slot ¢; + I, we
have R = U+ F, where the (i, k)th elements of
U and F are defined as

wip = Pr{X(t;+1+1) = k & transmission
is successful| X (¢t + I) = i¢}.  (11)

and

fir = Pr{X(t1+1+1) = k & transmission
is unsuccessful| X (t; + I) = i}.(12)

Note that U means that there is only one
node ready to transmit or the packet captures
the receiver if more than one packets are ready
to transmit in time slot ¢; + /. F means that
there are more than one terminals ready to
transmit in time slot ¢; + I and the packets do
not capture the receiver. Q reflects the addi-
tion to the backlogged states from the M — X (t)
thinking terminals in any time slot ¢ during the
busy period. As we can see, if the transmission
is successful, the busy period has length T if it
is unsuccessful, the busy period is C.

According to'?)13) the transmission matrix
P is expressed as
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P=UQ"J +FQC, (13)

where J represents the fact that a success-
ful transmission decreases the number of back-
logged terminals by 1 and the elements of matix
J is given by
1, k=i-1,
Jik = 0, otherwise.
The elements of matrices Q, U, and F are
given in the followings (Due to space limita-
tion, these Equations (Egs. (15)—(17)) are given
in the next page).
The steady-state probabilities of the Markov
process are defined as a row vector m =
[m0, 1, . .. ™), which can be determined by

7w = 7P. (18)

(14)

Since the idle period is geometrically dis-
tributed 'V, its expectation is given by

— 1
I; = . -,
AT
The probability of successful transmission
P, (i) when X (t) equals to ¢ is given by

M
Py(i) = Zuik~ (20)
k=0

Since 7 is a regenerative process, the aver-
age channel throughput S is computed as the
ratio of time the channel is carrying success-
ful transmission during a cycle (an idle period
followed by a busy period) averaged over all cy-
cles, to the average cycle length '3). Therefore,
the throughput can be obtained by

M
> mP(0)T,
i=0

(19)

S:

T .
Z ﬂ'i{ji + PG(Z)T + [1 - P‘;(Z)}C}
i=0
(21)
The values of T' and C differ depending on the
access model (basic or RT'S/CTS access mode).
For basic CSMA/CA, it is given

T=p+T,+v+ f+2a,
C=0+T)+v+a.

and for CSMA /CA with RTS/CTS:

(22)

T=04+04+7+T,+37+ f+4a,
C=p+0+a.

(23)
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Oa k < 1,
ik = M —i : , (15)
< k_; >(1_g)Mlcglcz7 kZZ-l—]_,
0, k<1,
(l—g)Mfi |:i1/i(1—ui)il+z ( ; )uf(l—w)ijqi:|
j=2 .
T—(1—w)i(1—g)M—7 3 k= 1,
ik = ) R 3 ) o 16
ik (M—i)g(1—g)M "1 l:(ll/i)”rz ( Z )ug(lu,;)lfq,;+1:| ( )
=i\ k=i+1
T—(1=0) (1—g) =7 ; =+,
M —q (i o
( k— Z»Z )(19)M_kgk_7' |:Z < ; )V,?(lVi)l_JQk+j—i:|
Jj=0 .
T (v (l_g) M7 , k>i+4+ 1
0, k<i,
(1-g)™ { < L)y )7‘](14
==\ J b —
1— 1,V1)z(1,g)1v1—1 - Z)
ik = ) i ) ) o 17
i (M—i)g(1—g)M i1 [Z( ; >yg(1—yi>w(1_qi+l)} (17)
Jj=1 .
T—(1—v;)i(l—g)™—7 s k=1+ ]_7
< k _ ,I;L >(1g)1¥1kgkz |:E ( ; >VZ(1V1)VLJ(1qk+j,i):|
— ’
1,(171,]7:)1'(1,9)1\471' , k>i+1.

4. Numerical Results and Discussions

Numerical values are computed in this section
based on the analysis presented in the previous
sections. In all figures, the following parame-
ters are assumed: (a) the path loss exponent
w = 4; (b) the wireless terminals are uniformly
distributed in a circular area with a unit radius.

The capture probability can be obtained from
Eq. 6) using the Gauss-Hermite quadrature %),
Figure 3 plots the probability of capture ver-
sus the number of contending terminals, for
some values of capture ratio z. The behavior of
Fig. 3 shows that the probability of capture de-
creases as the number of contending terminals
increases. One can observe that an increase of
successful probability of capture occurs when z
decreases. Lower value of z means more power-
ful receiver detection probability. On the other

hand, the increase of transmission power should
be limited due to the power control and battery
requirement.

Figure 4 shows the throughput versus total
offered load G given the capture ratio z equals
to 10. The other parameters are defined as fol-
lows: M =15,T, =1 (i.e., 100 slots), a = 0.01,
8 = 0.03, v = 0.01, § = 0.05, 7 = 0.05,
f =005 W = 32, and W4, = 1024. If the
basic CSMA /CA is used, it is obvious that the
presence of capture effect generates significant
throughput improvement as the total traffic
load G increases. For example, given G = 3.0,
the throughput with capture effect is estimated
to 0.82 as opposed to 0.73 in the absence of
capture effect. However, for CSMA/CA with
RTS/CTS, the exchange of RTS and CTS be-
fore the actual transmission significantly re-
duces the likeliness of simultaneous transmis-
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Fig.4 Throughput of CSMA/CA protocol versus
traffic load G.

sion and packet capture. Moreover, we note
that the throughputs of CSMA/CA protocol in
the fading channel are not much different com-
pared with those in the perfect channel model
when the traffic load is low. This is because
we ignore the noise and assume that the trans-
mission is always successful if only one terminal
transmits packet.

5. Conclusions

The CSMA/CA protocol in the WLANs was
investigated in the presence of path loss, shad-
owing, and fading. It is shown that path
loss, shadowing, and fading make the cap-
ture effect possible and provide the CSMA/CA
system with substantial improvement in the
throughput. For basic CSMA/CA protocol,
the throughput improvement is significant com-
pared to the model without capture effect.
However, for CSMA/CA with RTS/CTS, the
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exchange of RTS and CTS before actual trans-
mission reduces the likeliness of simultaneous
transmission and packet capture.
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