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Abstract

In IEEE 802.11 wireless LANs, the DCF access method
and the PCF access method operate alternatively within
a superframe to service the time-varying traffic demands.
Due to different medium access mechanisms deployed by
DCF and PCF, they work well for some particular types of
traffic scenarios respectively, while their performance may
degrade under some other types of traffic demands. None
of them can keep high performance under all types of traffic
demands. In this paper, we propose an adaptive control al-
gorithm to keep the aggregate throughput of access points
close to the best capacity of both DCF mode and PCF mode
upon various traffic requests, by dynamically adjusting the
duration of DCF mode and PCF mode within a superframe
based on recent traffic scenarios in wireless LANs. We mod-
ified the MAC module of IEEE 802.11 wireless LANs in
OPNET to support our algorithm. Extensive simulations
have been done using OPNET. The simulation results show
that high performance of access points is achieved during
the dynamic traffic demands. The new control algorithm
only requires simple extensions to the MAC layer of ac-
cess points and is compatible with the MAC layer defined
in IEEE 802.11 standard.

1 Introduction

Compared to its wired peers, wireless LANs have advan-
tages like low cost, fast setup, flexible configuration, user
mobility support, etc. Recently, the introduction of IEEE
802.11 standard provides basis for interoperability between
different products [8]. In addition, the 11 Mbps of IEEE
802.11b and 54 Mbps of IEEE 802.11a offer high speed
connections like Ethernet [9, 10]. As the cost of these wire-
less equipments continues to drop, wireless LANs are being
massively deployed in public and residential buildings such
as classrooms, airports, apartments, etc. More and more

users are accepting wireless LANs as the dominant front-
end networking facility to receive online services.

There are two ways to organize stations of wireless
LANSs: infrastructure mode and ad-hoc mode. In ad-hoc
mode, each station plays the same role and communicates
with other stations within its transmission range directly.
The ad-hoc mode of wireless LANs is configured usually
for temporary deployment. In infrastructure mode, stations
consist of access points and mobile stations. Each mobile
station communicates with the access point rather than other
mobile stations. The access point may connect to the wired
networks as a bridge or router for mobile stations to ac-
cess the backbone networks. This paper considers the IEEE
802.11 wireless LANs with an access point in infrastructure
mode.

Wireless LANs need to handle fully dynamic traffic
loads, which are not evenly distributed over time and lo-
cation. For example, access points in classrooms expect
more intensive traffic demands during lecture hours than at
night time; Access points in public libraries are supposed
to carry more traffic than those in warehouses. Two ac-
cess methods are defined in IEEE 802.11 wireless LANs
to coordinate the wireless medium access: Distributed Co-
ordination Function (DCF) and Point Coordination Func-
tion (PCF) [8]. DCF is a mandatory component in all IEEE
802.11 compatible products, while PCF is an optional com-
ponent. They demonstrate different performance under dif-
ferent traffic condition. As we will discuss in late sec-
tions, DCF works well under low traffic demands, while
PCF works satisfactorily under high traffic load. In DCF
mode, at some hot spots, as the number of mobile stations
associated with the access point becomes large and the traf-
fic demands of each mobile station increase, all users will
suffer from the fierce competition for wireless medium and
frequent collisions. The performance of wireless LANs will
degrade dramatically.

Noting the difference between performance of DCF and
PCF in different traffic scenarios and the fact that DCF and
PCF coexist in the same access point, we propose an adap-
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tive control algorithm to dynamically adjust the ratio of
DCEF duration and PCF duration upon different traffic de-
mands. Thus the capacity loss and performance degrada-
tion of wireless LANs can be alleviated to relieve the hot
spot congestion under heavy traffic demands from a large
number of mobile stations.

The rest of this paper is organized as follows. Section
2 introduces the DCF access method and the PCF access
method briefly. Then the saturation throughput analysis of
DCF mode and PCF mode are summarized. Section 4 pro-
poses an adaptive control algorithm to tune the performance
of wireless LANs under different traffic scenarios. In sec-
tion 5, we evaluate the performance of wireless LANs with
the new control algorithm via OPNET simulations. The
simulation results show that high performance of access
points is achieved during highly dynamic traffic demands.

2 Introduction to IEEE 802.11

IEEE 802.11 standard defines a network which is com-
posed of Basic Service Sets (BSSs) that are interconnected
with a Distribution System (DS). Mobile stations in a BSS
gain access to the wired network through an access point.
Each BSS has a BSS ID that distinguishes it from other
BSSs. A mobile station accesses the wireless medium via
associating with the access point which already authenti-
cated it. A mobile station can be associated with only one
access point but it can be authenticated by more than one
access point. The DS supports mobility and the integration
of BSSs in a manner that is transparent to mobile stations.

Known as Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA), DCEF is the basic access method in
the IEEE 802.11 MAC protocol. In addition to the DCF,
the standard also incorporates an alternative access method
known as PCF. PCF is a centralized scheme which uses a
point coordinator (PC, usually it is the access point) to de-
termine which mobile station is allowed to transmit.

2.1 DCF

The DCF access method in IEEE 802.11 MAC protocol
is based on CSMA/CA scheme [8], which has two impor-
tant modules: carrier sense and binary exponential back-
off. Stations waiting in the idle state sense the medium
before any transmission attempt. There are two different
carrier sense mechanisms: Virtual Carrier Sense (VCS) and
Physical Carrier Sense (PCS). VCS is determined by the
Network Allocation Vector (NAV), which is set according
to the time specified in the Duration/ID field of packets.
This gives stations information about how long the channel
is occupied due to an ongoing transmission. On the other
hand, PCS is a notification mechanism from physical layer
to MAC layer saying that there is no signal detected at the

moment. By combining VCS and PCS, MAC implements
collision avoidance mechanism of CSMA/CA. Before ini-
tializing any transmission, the station checks VCS and then
senses the medium for a DIFS time by PCS.

If a station finds the medium busy, it waits until the car-
rier sense mechanism notifies the station that the medium
is idle. Next, the station goes to backoff state from PCS &
VCS state and selects a backoff interval uniformly out of a
contention window. Contention window doubles after every
unsuccessful transmission attempt, consequently the station
averagely waits longer in backoff. If the station senses a
transmission while it counts down in backoff state, it sus-
pends the transmission and goes back to carrier sense state
and waits until the medium becomes idle and then starts
counting down from where it stopped. When the backoff
counter reaches zero, the station transmits the packet, and
waits for ACK frame or CTS frame to make sure that the
transmission is successful. In case of unsuccessful trans-
mission, it doubles its contention window and increments
its retry counter. When the retry count reaches the maxi-
mum value, the station discards that data frame.

To avoid hidden terminal problem and decrease the colli-
sion possibility, the RTS/CTS mechanism is introduced. A
station reserves the medium by sending a Request-To-Send
(RTS) frame. By setting their VCSs appropriately, all sta-
tions receiving the RTS frame stop transmitting except the
station to whom the RTS is destined. Destined station sends
a Clear-To-Send (CTS) frame to acknowledge the transmit-
ting station that it is ready to receive. RTS and CTS frames
contains the Duration/ID field in which the other stations
learn how long the medium will be busy and set their NAVs
accordingly. Stations wait SIFS time between packets. The
RTS/CTS mechanism is disabled when the data size is be-
low the RTS threshold, as specified in the standard [8].

2.2 PCF

The PCF access method is built using the DCF through
the use of an access priority mechanism that provides con-
tention free access to the channel. The point coordinator
starts a CF period by broadcasting a beacon frame. The
point coordinator seizes the control of the idle channel by
transmitting after it senses that the channel has been idle
for a time interval of Priority Inter frame Space (PIFS) that
is chosen to be smaller than DIFS but larger than SIFS. The
transmission of a CF-ACK frame is an acknowledgement by
the PC and CF-End frame marks the end of the contention
free period by PC. In PCF mode, the point coordinator gives
each associated mobile station a turn to transmit in a prede-
termined order.

The PC sends data to mobile stations in CF-Poll frames
which also has the polling function. A mobile station trans-
mits frames after the reception of a CF-Poll frame with the
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Figure 1. DCF, PCF, and superframe

poll bit enabled. The need for separate acknowledgements
is avoided by piggybacking the acknowledgement on sub-
sequent frame (by the setting of the appropriate bit).

Frames from a mobile station are transmitted after the
channel has been idle for a time interval SIFS as compared
to CF-Poll frames that are transmitted once the channel has
been idle for PIFS. Thus the PC will transmit the next CF-
Poll frame in case there is no frame from a mobile station in
time interval PIFS after the transmission of the previous CF-
Poll frame. To minimize collisions during the contention
free period, each station sets its NAV equal to the maximum
allowable length of the CFP. However, a station resets its
NAV if a CF-ACK frame is seen by it before its NAV has
expired.

2.3 Superframe

If both DCF mode and PCF mode are enabled at an ac-
cess point, transmission slots are divided into Contention
Free Period (CFP, during which PCF is active) and Con-
tention Period (CP, during which DCF is active), as shown
in Figure 1. CFP and CP appear alternately. Each CFP
and the CP immediately after it form a superframe. Su-
perframes are separated by periodical beacon frames. Each
beacon frame announces the start of a superframe. The CFP
duration is constrained by CFPMaxDuration, a MIB param-
eter, while the CFP frequency (or beacon frequency) is de-
termined by CFPRate, another MIB parameter. These MIB
parameters are writable (controllable to users). So flexi-
bility is provided by IEEE 802.11 standard to optimize the
performance of wireless LANS.

3 The Saturation Throughput of IEEE
802.11 Wireless LANs

The saturation throughput of the DCF access method has
been extensively studied in recent literatures [2, 3, 5, 6, 7,
12, 14]. This paper adopts the analysis presented in [2, 3].
As to the saturation throughput of PCF access method, we’ll
give a simple treatment in this section. The results in this
section are applicable to a wireless LAN that consists of an

T | number of total mobile stations in a wireless LAN
n | number of active stations in a wireless LAN
W | minimum window size
m

p

maximum window size is 2™ W
the conditional probability that each frame collides
constantly and independently
7 | the probability that a station transmits in a randomly
chosen slot time
b(t) | the random process of the backoff time counter for
a given station
s(t) | the random process of the backoff stage for a given
station at time ¢
bi,k tliglo P{S(t) = iab(t) = k}ai € (07m)>k € (07 Wi — 1)
0 | the propagation delay
SIFS | the SIFS time duration
DIFS | the DIFS time duration
PIFS | the PIFS time duration
o | the propagation delay
PHY | transmission time of PHY preamble and header
MAC | transmission time of MAC header
RTS | transmission time of a RTS frame
CTS | transmission time of a CTS frame
ACK | transmission time of a ACK frame
H | transmission time of PHY and MAC header of a frame
Pty | the probability with at least one transmission in each slot
P; | the probability with a successful transmission in each slot
T, | the average time that the wireless channel is sensed busy
because of a successful transmission
Te | the average time that the wireless channel is sensed busy
because of collisions
L | transmission time of MAC payload
S | the normalized channel utilization rate of successful
payload transmission

Table 1. Main notations

access point and a number of mobile stations, where the out-
coming frame buffer of each active mobile station is always
not empty and the access point is passive to receive data
frames and exchange control frames with mobile stations.

To facilitate following discussion, we define some nota-
tions in Table 1. They are almost the same as the glossary
used in [3]. What we want to clarify here is that the trans-
mission time of the MAC overhead and control frames in-
clude the time for the PLCP (Physical Layer Convergence
Protocol) Preamble and the PLCP Header as defined in the
IEEE 802.11 standard [8]. The basic service rate, at which
the control and management frames are transmitted, is as-
sumed to be 1 Mbps. In addition, 7" means the total number
of mobile stations that are associated with the access point.
If outcoming frame buffer of the mobile station is not empty
within a duration, we call this mobile station an active sta-
tion for the duration. If no traffic from a mobile station
within a duration, we call it an inactive station for the dura-
tion. To make the analysis tractable, each station is assumed
to be either in active state or inactive state.
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Figure 2. The theoretical saturation through-
put

3.1 DCF Mode

In [2, 3], the author assumed that the channel noise can
be ignored, there are no hidden terminal and capture prob-
lems, and the stations are in saturation state (their buffers
are always not empty during stable state). In stable satu-
ration state, the conditional collision probability p and the
transmission probability 7 are assumed to be constant and
independent for each station. If p and 7 are known, then
the successful transmission probability in each slot can be
obtained. Thus the efficient channel utilization rate can be
calculated. To get p and 7, a two dimensional Markov chain
model based on stationary probability b; ;. is deployed to de-
scribe the saturation behavior of wireless LANs [2, 3]. Then
p and 7 can be obtained by numerically solving following
nonlinear system equations:

2(1—2p)(1 —p)

R TR Ay o I B
m 1— m+1

7= ; bio = lf’%pbmo @

p=1-(1-7)"" 3)

To calculate S, the fraction of time used to transmit pay-
load frames successfully, we need to get P;,. and P; based
on 7 by following equations:

P,=1-(1-7)" 4)
_onr(l—7)n !

PS B Ptr
_onr(l—7) !
ST a—on ®)

We are interested in the normalized throughput, so the
data transmission rate is assumed to be 1 Mbps. Then the

saturation throughput S can be obtained by:

E[Payload transmission time in a slot time]
E[Length of a slot time]

PP, E[L]

= (6)
(1 - Ptr)(s + PsPtrTs + (1 - Ps)PtrTc

S =

The computation of Ty and 7, depends on the mecha-
nisms used by DCF. If only the basic access mechanism is
utilized, we have:

Tb% = H+E[L]+0+SIFS+ACK+0+DIFS (7
T?** = H+E[L]+0+SIFS+ACK+DIFS ®)

If the RTS/CTS mechanism is enabled, we have:

T7" =RTS+0+SIFS+CTS+0+SIFS
H+E[L]+0+SIFS+ACK+0+DIFS ©))
T!** =RTS+0+SIFS+CTS+DIFS (10)

As the correction given in [14], here we consider both
the ACK timeout and the CTS timeout, which make the
analysis more accurate. The numerical results of the sat-
uration throughputs in DCF mode with RTS/CTS disabled
or in DCF mode with RTS/CTS enabled are shown in Figure
2.

3.2 PCF Mode

In PCF mode, the timing diagram for frame exchange
sequences in the stable saturation state is given in Figure
3. The polling order of each mobile station is assumed to
be determined by an algorithm with circular round-robin
fashion. Define POLL to be the transmission time of a CF-
Poll frame and NULL to be the transmission time of a Null
frame. Based on the timing diagram, the approximate for-
mulae for the saturation throughput is:

_ nE[L]

© n(2SIFS+H+E[L]+20+POLL)+(T-n)(2SIFS+20+POLL+NULL)
1D

Propagation Delay Propagation Delay

ISIFS AN IFS e SIFS

>
AP POLL+ACK POLL+ACK POLL

SIFS SIFS

>
Mobile DATA NULL

Figure 3. Timing diagram of PCF

If the number of total stations, 7, is 56, the numerical
results of saturation throughput in PCF mode are shown in
Figure 2. As the ratio of active stations over total stations
becomes larger, the efficiency of PCF mode also increases.

YF]',F.

COMPUTER
SOCIETY

Proceedings of the 28th Annual IEEE International Conference on Local Computer Networks (LCN’03)
0742-1303/03 $ 17.00 © 2003 IEEE



4 An Adaptive Control Algorithm
4.1 The System Dynamics of Wireless LANs

We aim to keep the aggregate throughput of access points
in wireless LANs close to the capacity under any satura-
tion traffic demands. Unlike traditional controllable physi-
cal systems, wireless LANs may produce different outputs
given the same input sequences and environment parame-
ters. It is difficult to quantitatively model the system behav-
ior of a fully dynamic and nonlinear dynamic system like
a wireless LAN. Fortunately, in saturation state, the analy-
sis has been well established for both DCF mode and PCF
mode, as we discussed in previous section.

In DCF mode, the saturation throughput Fy is a func-
tion of backoff window size W, maximum backoff stage
m, retry limit R, and the number of active stations n. Since
W, m, and R are either defined in the standard or prede-
fined by users, F} is a function of n, denoted as Fy(n). In
PCF mode, the saturation throughput F, is a function of the
total number of associated stations 7', and the number of
current active stations n. Since 7' is known to the access
point in operation, the saturation throughput in PCF mode
can be denoted as F),(n).

Assuming the ratio of PCF duration within a superframe
is 7, the saturation throughput of the access point is approx-
imately 7 * F,(n) + (1 — r) % Fg(n). Actually r can be
dynamically modified by changing the writable MIB pa-
rameter CFPMaxDuration [8]. For any given n, we want
to set appropriate CFPMaxDuration to maximize the total
saturation throughput, as shown below:

max {r*F,(n)+ (1 —r)*Fy(n)} (12)

In the optimal case, the actual capacity curve consists
of two best parts from DCF mode and PCF mode respec-
tively, as shown in Figure 2. There is an intersection point,
at which the number of active station is 7.,¢ss, DEtWEEN
the saturation throughput curves of DCF mode and PCF
mode. If the number of active station is less than 7.5,
DCF works well to meet the traffic demands from less ac-
tive stations with less contention for wireless medium. If the
number of active station is greater than n.,,ss, PCF is bet-
ter because the polling algorithm of PCF becomes efficient
under heavy traffic demands. However, it is not practical to
estimate whether the active stations are in saturation state or
not or how many stations are in saturation state. Because the
control algorithm has to deal with the non-saturation case.
We need to find other system state variables that can be eas-
ily measured.

4.2 The Adaptive Control Framework

The major components of our adaptive control frame-
work consist of two input state variables, a controllable vari-
able, and the control algorithm, as shown in figure 4.

We consider the target system to be a discrete time dy-
namic system. The measurements are collected and the con-
trol actions are exerted at regular intervals. These intervals
don’t need to be constant. Assuming the time for measure-
ment collections and control actions are ¢4, to, ..., t;, ...., the
system variable z(t) at each time interval are x1, T2, ..., Tp,
..., respectively.

Similar to conventional digital control systems, to find
the right sampling interval is not trivial. On one aspect, if
the sample period is too long, the wireless LAN can’t re-
spond to bursty traffic or instantaneous changes. On the
other aspect, if the sample period is too short, the system
will be sensitive to measurement variance and more pro-
cessing workload will be incurred. The unit of sampling
interval is assumed to be the number of beacons.

¢ parameters ¢

CFPMaxDuration Controller

throughput in DCF duration | A . oqs Point

IEEE 802.11 wireless LAN

CFPMaxDuration

throughput in PCF duration

Figure 4. The feedback control framework

Two input variables for the control algorithm are used:
fa(t) and f,(t). fa(t) is the measured throughput during
DCF mode operation of wireless LANs, while f,(¢) is the
measured throughput during PCF mode operation of wire-
less LANs. They are updated every sampling period.

The controllable variable r is the percentage of PCF du-
ration within each superframe. CFPMaxDuration (r times
beacon interval) is a MIB parameter in access points that
can be updated by SNMP protocol. We take the discrete
value of r from a finite set {ry,r2,...rn }, in which {r; <
r2 < ... < ry}. The number of these discrete values is N.

The adaptive control algorithm predicts the aggregate
throughput of access points based on the system dynamics
discussed in previous section. It exerts appropriate control
actions by changing r and accepts the feedback of f4(¢) and

fo(B).
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4.3 The Adaptive Control Algorithm

One of the main purposes of medium access methods is
to increase the bandwidth or resource utilization rate and
make the resource fairly shared by users. With binary expo-
nential backoff and VCS/PCS mechanisms, etc., the DCF
access method is designed to avoid collisions. Given that
the traffic load is heavy enough to cause frequent collisions,
for example, a large number of active stations with inten-
sive VoIP traffic, DCF will not meet their demands. This
is indicated by the throughput degradation. However, under
the same intensive traffic demands, PCF can make full use
of the medium by eliminating some extra overhead of con-
trol frames and backoff duration, which is indicated by the
throughput improvement. If the traffic demand is not heavy,
for example, occasional web browsing and email exchang-
ing from a large number of stations, both access methods
can meet the demand. However, in this case, the DCF ac-
cess method usually achieves better throughput and delay.
Therefore, it is reasonable to accept throughput as the feed-
back indicator whether current dominant access method fits
the traffic pattern.

The pseudo code of the adaptive control algorithm is
given below.

CFPMaxDurationControl()

measure f,(¢) and f;(¢)

if £,(t) < (1+ ) fa(t) then

i =maz{l,i — 1}
r=r;
else
if fu(t) < (1+ ) f,(t) then
i=min{i+1,N}
r=r;
end if
end if

B (0 < B < 1) is a damping factor, which is introduced
to avoid frequent oscillations of r caused by randomness of
the measurements.

There are some constraints on the ratio r. Firstly, no
matter what the value of r is, the PCF duration and the
DCEF duration should be large enough for the transmission
of at least one frame with reasonable length. If no frame
gets transmitted successfully in either DCF mode or PCF
mode, the measurements of f,(¢) and fy4(¢) are not accu-
rate enough to demonstrate the real transmission capabil-
ity in either mode under given traffic demands. In addition,
marginal time slots are needed to transmit beacons and other
management frames like association, disassociate, etc. The
lower bound and upper bound of r are denoted as 7,,;,, and
T'maz respectively.

Although the adaptive control of parameter CFPMaxDu-
ration via r is proposed in this paper, we don’t mean to say
that the DCF access method and the PCF access method is

interchangeable from the view point of traffic. On the con-
trary, it is the traffic pattern that determines which access
method performs well and deserves more duration. What
the controller does is to identify the access method that re-
cent traffic pattern favors by measuring the throughput f4(t)
in DCF mode and throughput f,(¢) in PCF mode respec-
tively.

5 Simulations and Performance Evaluation

This section describes the simulation setup and perfor-
mance evaluations of different schemes. For a particular
traffic scenario, we run simulations in three different modes:
DCF mode, PCF mode, and adaptive hybrid mode. In
DCF mode or PCF mode, only the DCF or the PCF access
method used. In adaptive hybrid mode, the adaptive control
algorithm presented in this paper is used to change the ra-
tio 7 of PCF duration within a superframe. The length of a
superframe is fixed.

5.1 Simulation Setup

All simulations are made using an event-driven network
simulator, OPNET release 8.1.A [15]. The Wireless LAN
simulation model is part of standard OPNET model for
IT DecisionGuru and OPNET Modeler with radio module.
The MAC layer and PHY layer of the wireless LAN model
is designed based on the IEEE 802.11 standard [16]. Al-
though the MAC implementation is not complete, it sup-
ports most of IEEE 802.11 standard functionalities, such as
the backoff, deference, RTS/CTS, NAYV, frame exchange se-
quence, fragmentation, access point functionality, basic ser-
vice set, lost frame retransmission, and duplicate frame de-
tection, etc. Both DCF mode and PCF mode are supported.
The DCF mode was implemented in OPNET by mapping
objects defined in the SDL-92 formatted documentation to
OPNET objects, to avoid the ambiguity caused by various
interpretations of the standard documentation [1]. The PCF
module in OPNET is revised to schedule pollings with the
circular round-robin fashion. In addition, OPNET supports
the 802.11b physical layer model [16]. Both PLCP pream-
ble and PLCP header are implemented. Multirate support is
provided.

The network topology of our target simulations is taken
from the typical real life classroom wireless networks. In
the classroom with area of 30m x 20m, 56 mobile stations
and an access point form an independent BSS. Each station
in this wireless LAN can hear about each other, and has
no mobility at all. Therefore, the hidden terminal problem
and the capture effects can be ignored. Each active station
carries | Mbps CBR traffic demand that is large enough to
saturate the wireless LAN. Each station is activated one by
one every 100 seconds.
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W | 32
m |5
PHY | 192 bits
MAC | 224 bits
RTS | 160+192 bits
CTS | 112+192 bits
ACK | 1124192 bits
Slot Time | 20 us
SIFS | 10 us
DIFS | 50 us
ACK Timeout | 314 us
CTS Timeout | 314 us
short retry limit | 255
long retry limit | 255

Table 2. Simulation parameters for IEEE
802.11 MAC protocol

MAC Payload | 8000 bits
channel bit rate | 1 Mbps
Tmin | 10%
Tmaz | 90%
Tinit | 30%

the damping factor 8 | 5%
beacon interval | 1 second
the sampling interval | 2 beacons

Table 3. Simulation parameters for the control
algorithm

The configuration of the access point and mobile stations
is mostly based on the default parameter values proposed
for the Direct Sequence Spread Spectrum (DSSS) system in
IEEE 802.11b standard, like the length of RTS, CTS, ACK,
MAC header, the slot time, the SIFS, the DIFS, the PLCP
preamble, etc, as given in Table 2. Some other parameters,
which are related to applications or defined for the dynamic
control algorithm, are summarized in Table 3. The length
of data frames is constant. There is no fragmentation. The
radio link is configured as a lossless wireless channel. Note
that the MAC header we have used is 224 bits instead of 272
bits. Because 272 bits are for the MAC header of a generic
IEEE 802.11 data frame in which the ToDS and FromDS
bits are set to be 1 (ToDS bit is set to 1 if the frame goes
to the Distribution System and FromDS bit is set to 1 if the
frame comes from the Distribution System). Although the
address fields of a generic data frame include up to four ad-
dresses (source, destination, transmitting access point, and
receiver access point), only three of four addresses are used
if all traffic flows within the BSS. In our simulations, since
all data frames are transmitted among stations within the
BSS, we use 224 bits as the length of MAC header, which
may slightly increase bandwidth efficiency when compared

to the results obtained from [2, 3, 14].
5.2 Measurement and Explanation

For each simulation using DCF mode, we do it with
RTS/CTS disabled and with RTS/CTS enabled. Since the
values of some parameters in simulations are not the same
as those in analysis, some simulation results only match the
analysis results approximately.

Figure 5 and Figure 7 show the evolution of the ratio r
as the number of active stations increases. The initial value
of r is 0.5. When the number of active stations is relatively
small, the throughput in PCF mode is less than the through-
put in DCF mode because of the wasted poll slots. There-
fore, the ratio r decreases from 0.5 to 7, and remains
Tmin until the number of active stations reaches a thresh-
old n¢poss. At Neross, there is an intersection point between
the throughput curves of DCF mode and PCF mode. If the
number of active stations exceeds 1,55, the throughput of
PCF mode is better than the throughput of DCF mode in sat-
uration state. Accordingly, 7 changes gradually from 7,
t0 Tmaz. Due to the adoption of damping factor, the ratio r
shows stable behavior and few oscillations.

In Figure 6 and Figure 8, if there is only one active sta-
tion, the saturation throughput is quite close to 0.9 Mbps
with RTS/CTS disabled or 0.8 Mbps with RTS/CTS en-
abled, e.g., the bandwidth efficiency is close to 0.9 or 0.8
respectively. The study in [4] verifies this. However, some
recent studies reported that the bandwidth utilization rate
of IEEE 802.11b without RTS/CTS can be only up to 60%
under single user transmission [13]. The main reason be-
hind the difference is that the 11 Mbps bandwidth is only
for PHY payload of data frames. Actually the transmission
time of the PHY header (PLCP header and PLCP pream-
ble) and all IFS time durations remain the same as those in
IEEE 802.11 for the same DSSS physical layer. Assuming
the ideal channel condition for single user transmission, the
collisions can be ignored. Then the average backoff counter
is 15.5 and the average backoff time is 310 us. Here we
present a simply way to calculate the maximum theoretical
throughput under single user transmission for the case that
the transmission rate is 1 Mbps and the case that the trans-
mission rate is 11 Mbps. The RTS/CTS mechanisms is as-
sumed to be disabled. If the transmission rate is 1 Mbps and
the basic rate for control frames is 1 Mbps, the maximum
throughput is:

g E[L]
~ H+E[L]+0+SIFS+ACK+0+DIFS+310

13)

If the transmission rate is 11 Mbps and the basic rate for
control frames is also 11 Mbps, the maximum throughput
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Figure 6. Saturation throughput vs number of
active stations (DCF without RTS/CTS)

is:
E[L]
S = 11
MAC+E[L]+ACK-PHY
2PHY+SIFS + 11

Let the MAC payload be 1000 bytes, the bandwidth ef-
ficiency at 1 Mbps and at 11 Mbps are 87.99% (matches
our simulation result) and 48.042% respectively. Let the
MAC payload be 1470 bits, then the bandwidth efficiency
at 1 Mbps and at 11 Mbps are 91.5% and 57.6% respec-
tively. The bandwidth efficiency at 11 Mbps matches the re-
sults reported in recent studies [13]. In addition, the imple-
mentation of short radio does improve the utilization rate of
IEEE 802.11b by shortening the transmission time of PLCP
header. But it is optional in the standard.

Another interesting phenomenon is that the maximum
throughput obtained with RTS/CTS enabled is not strictly

+ 20 + DIFS+310
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Figure 8. Saturation throughput vs number of
active stations (DCF with RTS/CTS)

decreasing as the number of active stations increases, as
shown in Figure 8. The reason is that there are more back-
off slots between two neighboring transmissions (may not
from the same station) in the channel if the number of ac-
tive stations is extremely small and the stations have to wait
for each other during these backoff slots, which is also ex-
plained in [12].

Figure 6 and Figure 8 compare the throughputs of all
cases. Before the threshold n..,ss, the throughput in pure
DCF mode is the best. After the threshold n.,,ss, the
throughput in pure PCF mode is the best. The throughput in
adaptive hybrid mode is always very close to the best one.
Before the threshold 7,055, it 1s far more better than the
throughput in pure PCF mode. After the threshold n.,oss,
it is far more better than the throughput in pure DCF mode.

From the simulation results we find that the introduc-
tion of the adaptive control algorithm proposed in this pa-
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per makes the access point responsive to current traffic con-
dition changes. It exhibits the good performance of DCF
mode under low traffic profile and the satisfactory efficiency
of PCF mode under intensive traffic demands from large
number of active stations.

6 Conclusion and Future Work

Due to the scarce radio resource and limited available
bandwidth provided by wireless LANs, the channel utiliza-
tion rate is an important metric of the efficiency of MAC
protocols. For most current MAC protocols, their efficien-
cies also depend on current traffic demands. None of these
MAC protocols works perfectly under any types of traffic
demands. Specifically in IEEE 802.11 wireless LANs, the
DCEF access method is a good choice if the traffic demands
are not intensive, while the PCF access method is preferred
in case that the number of transmitting nodes is large and
most traffic demands are video/audio flows or large file
transferring. This paper proposes an adaptive control al-
gorithm to tune the performance of IEEE 802.11 wireless
LAN:Ss, so that traffic demands with different characteristics
will be handled mostly by the MAC protocol that fits them.

Our algorithm aims to control the percentage of CFP du-
ration within a superframe by measuring the throughput in
PCF mode and the throughput in DCF mode periodically.
The percentage of CFP duration slides among a series of
evenly distributed points. To avoid the oscillation of the
percentage, the damping factor is introduced. In addition,
enough duration is reserved for both DCF mode and PCF
mode to transmit management frames and keep the through-
put measurements valid. We modified the MAC model of
IEEE 802.11 wireless LANs in OPNET to support our al-
gorithm. Extensive simulations have been done using OP-
NET. The simulation results show that the control algorithm
can keep the throughput close to the capacity of the wireless
LAN under various traffic demands with different character-
istics.

The new control algorithm only requires simple exten-
sions to the MAC layer of access points and is compatible
with the MAC layer defined in IEEE 802.11 standard. The
mobile hosts don’t need to change anything.
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