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Abstract Control (MAC) layer that will deliver at least 100Mbps in
next-generation WLANS. The MAC protocols of these stan-
The distributed coordination function (DCF) of IEEE dards are mostly based either on the Distributed Coordi-
802.11 MAC protocol is not scalable as the number of usersnation Function (DCF) or on Enhanced Distributed Chan-
on a network increases. We propose two new contention reshel Access (EDCA) in IEEE 802.11e [6] supporting Qual-
olution schemes to reduce the number of collisions betweerity of Service. Although there are centralized and con-
a large number of contending mobile stations. The hybrid trolled channel access schemes such as the Point Coordi-
DCF (H-DCF) scheme splits contention resolution into two nation Function (PCF) and HCF Controlled Channel Ac-
phases to improve scalability. Enhanced hybrid DCF (EH- cess (HCCA) in IEEE 802.11e, a distributed channel access
DCF) adds fairness with expect to mobile stations using the schemes are more desirable in terms of complexity and cost,
current IEEE 802.11 MAC and further improves the effi- and such schemes are now widely used. However, the wire-
ciency of contention resolution. Inter-operability with the less channel utilization of the DCF and of the EDCA de-
IEEE 802.11 DCF is the major advance over previous work. creases as the number of competing mobile stations grows.
We use an ns-2 simulator to simulate the performance ofln Carrier Sense Multiple Access with Collision Avoidance
these new schemes with the IEEE 802.11 DCF. The result{CSMA/CA), on which DCF and EDCA are based, each
show that an improvement in network performance by up to mobile station chooses a backoff time within a contention
10~30%. window (CW) and defers channel access to avoid a col-
lision. The optimalCW value that maximizes network
Keywords- IEEE 802.11; scalability; inter-operability; throughput depends on the number of mobile stations. Cur-
two phase contentions; null frame; channel occupancy reg-rently, the DCF primarily used in IEEE 802.11 standards
ulation adjusts itsCW to the wireless channel conditions with an
exponential backoff mechanism; but the resulting collision

1 Introduction probability increases with the number of mobile stations.

Attempts to solve this scalability problem [7-11], have
Users of wireless local area networks (WLANS) [1] are assumed the necessity of maintaining compatibility with
always seeking additional bandwidth, and WLAN service 3 |egacy 802.11-based device, which increases the diffi-
providers also desire increased bandwidth to accommodateylty of achieving a satisfactory solution. When a legacy
more subscribers in hotspot areas. High-bandwidth WLAN 802.11-based device competes with an enhanced channel
technologies such as IEEE 802.11a/b/g [2-4] are becomingaccess-based device in a congested WLAN, the former has
widespread. For example, in IEEE 802.11a the set of possi-g higher channel access priority. To achieve the maximum
ble data rates is 6, 9, 12, 18, 24, 36, 48 and 54Mbps; IEEEnetwork throughput in IEEE 802.11 WLANSs, each mobile
802.11g also allows transmission at up to 54Mbps; while station must adjust the size of its contention window at
the IEEE 802.11n [5] working group is defining modifi- each contention to reflect the number of active mobile sta-
cations to the Physical (PHY) layer and Medium Access tions. When a large number of mobile stations are com-
*This work was supported in part by the Brain Korea 21 project of peting, those enhanced m,eTChamsmS are gspemally gﬁectlve:
Ministry of Education, 2006, Korea. they decrease the probability of transmission occurring, and
tThe correspondent author thus reduce the number of collisions, increasing the proba-
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The rest of this paper is organized as follows. We begin
in Section 2 by the IEEE 802.11 DCF and related research.
In Section 3, we present our new distributed channel access
mechanism, which is called hybrid DCF (H-DCF). In Sec-
tion 4 we go on to present an enhanced version of H-DCF
(EH-DCF) that is more efficient and provides fairness with
DCF stations. The performance of H-DCF and EH-DCF is proposed a mechanism to tune IEEE 802.11 MAC param-
then evaluated by means of simulations, the results of whicheters dynamically, depending on the estimated number of
are presented in Section 5. We conclude this paper in Secactive mobile stations. Y. Yang et al. [8] presented a theo-

Figure 1. Random binary exponential backoff
in IEEE 802.11 DCF.

tion 6. retical analysis of a distributedW control algorithm that
achieves arbitrary bandwidth allocation policies and effi-

2 Background cient channel utilization. By modelling bandwidth alloca-
tion as an optimal’'/ assignment problem, they proposed

2.1 IEEE 802.11 DCF a general and fully distributed W control algorithm. I.

Aad et al. [9] have pointed out that it is inappropriate to
change the contention level in IEEE 802.11 WLANSs by
resetting theCW to its minimum value after a success-
ful transmission because that results in more collisions and
retransmissions before th&l1 reaches its optimal value
again. Therefore, they suggested €& is slowly reduced
after a successful transmission instead of being reset. Y.
Kwon et al. [11] proposed an efficient way of resolving
contention in WLANS, which they called the fast collision
resolution (FCR) algorithm. It attempts to resolve a colli-
sion quickly by increasing th€ W of not only the colliding
stations but also of the deferring stations in the contention
procedure. To reduce the number of idle slots, FCR decre-
ments the backoff timer exponentially, instead of the linear
. : ! .._decrement specified in the IEEE 802.11 DCF. H. Kim et
it assumes that the channel will remain busy, and defers its :

al. [10] developed a model-based frame scheduling scheme

transmission for that length of time so as to avoid frame (MFS) to enhance the capacity of IEEE 802.11 WLANS.

collisions. After a successful frame transmission sequencey, . Y .
X . . . his computes the current utilization of the wireless net-
ends, mobile stations wait until they sense that the channel

has been idle during a DIFS. But if a frame collision occurs work and then determines the scheduling delay that needs

L . to be introduced before a mobile station attempts to trans-
or an erroneous frame transmission is detected, mobile sta-

tions wait until they sense that the channel has been idle form't Its pending frames. The objective of MFS is to decrease

the longer period of an Extended Interframe Space (EIFS)'tsr'::tir:)unrglc);g;q()f(;?rilIs;grtshzyv\;iergll:a cslsr;lg(;:r:t;i:;mber of mobile
When the DIFS or EIFS has expired, contention for the next peting '
frame transmission starts.

We will now briefly review random binary exponential
backoff in the IEEE 802.11 DCF (Fig. 1). A transmitting
mobile station must first sense the idle channel for a time pe-
riod equal to the DCF Interframe Space (DIFS), after which
it generates a random backoff time chosen uniformly from
the range [0C'W], whereCW is the contention window
At the first transmission attempf;W is set toCW,,;,.
When the backoff timer reaches 0, the mobile station trans-
mits a frame. If that transmission is successful, ¢
of the mobile station is reset t6'W,,;,,. Otherwise, its
CW is doubled. A mobile station that overhears another’s
frame reads the duration field to update its Network Allo-
cation Vector (NAV) which is a time period during which

3 Hybrid-DCF (H-DCF)
2.2 Enhancement of the IEEE 802.11
DCF Hybrid DCF (H-DCF) introduces two-phase contention
by means of awull frame to reduce frame collisions. The
F. Cali et al. [7] showed that the IEEE 802.11 DCF first contention phase determines a set of eligible stations
achieves network performance which is far less than the the-which are the only ones allowed to enter the second con-
oretical limit. To improve the capacity of IEEE 802.11, they tention phase in which they contend for frame transmis-



sions. The second contention phase is finished when allhappens with the DCF. When a successful transmission is
eligible stations have transmitted their frames regardless ofdetected, the mobile station waits for the length of a DIFS.

success or failure. Fig. 2 is the state diagram for the first contention phase.

As more mobile stations compete, the probability of a  1pe range oW s is CWipin t0 CWinas. The value
collision at a particular slot becomes higher in the IEEE ot oy isthe same as itis in the IEEE 802.11 DCF. But
802.11 DCF, which uses single-phase contention for frameyy, - “has a different value. Otherwise, H-DCF would
transmission. However, with H-DCF, mobile stations that p4ve more overhead than the IEEE 802.11 DCF due to the
choose the same time slot in the first contention phase dqgnger hackoff time resulting from two contention phases.
not experience a frame collision but go on to contend a sec-1q reduce this overhead, we configure &, of H-

ond time. Therefore, the number of mobile stations that are DCF to a half the value that it has in the IEEE 802.11 BCF
actually contending for frame transmissions is significantly

reduced and the probability of a frame collision is reduced.

3.1 Basic Algorithm 3.1.2 The second contention phase
3.1.1 The first contention phase Eligible stations whose backoff timers reached zero in the
first contention phase start the second contention phase by
START transmitting null frames. A null frame is a relatively short
frame whose transmission time is the length of one slot. The

null frame plays an important role in demarcating the first

Wit for EIFS and the second contention phases of H-DCF. Meanwhile, as
Wait for DIFS . . .
we have already seen, stations whose backoff timers are still
l Wait for DIFS running will now have to wait until the second contention
Timer set i
e phase is over.

Each eligible station chooses a backoff time between 0
and CW?m4, When its backoff timer reaches zero, that
mobile station transmits its frame. After that transmission
ends, the mobile station goes back to the first contention
phase. If the frame transmission fails, the mobile station
doubles itsCW st and attempts transmission again. Oth-
| erwise, itsCW 't is reset toCW,,;,. Meanwhile, the re-
 The2nd contention phase SUCL, END maining eligible stations whose backoff timers are still run-
Falure,  (Bligible stations contend) ning wait for a DIFS after the transmission of the winning
station ends and then transmit null frames again. Mobile
stations that are still in the first contention phase cannot join
the second contention phase, which now continues with the
eligible stations choosing a new backoff time between 0 and
CW?"d_ This process allows all eligible stations to transmit
their frames eventually, and when this has occurred the sec-
ond contention phase concludes. Fig. 3 is the state diagram
for the second contention phase.

Timer unfreezes

Channel gets busy

Backoff Timer freezes

Backoff timer expires

Figure 2. Flow chart of the first contention
phase.

The basic principle underlying both contention phases is
similar to that of the IEEE 802.11 DCF. In the first con-
tention phase, a mobile station performs a random expo-
nential backoff with itsC''W1. The mobile station chooses In the second contention phas€J¥*"? is fixed to 7.

a backoff time between 0 andW!st. When the backoff  Thus, the maximum backoff time is 7 slots. When mo-
timer reaches zero, it enters the second contention phasg_)ile stations taking part in the first contention phase detect a
After it transmits its frame in the second contention phase Null frame, they do not decrease their backoff timer for the
(to be explained below), it goes back to the first contention length of an EIFS (e.g. 18.2 slots in IEEE 802.11b). During
phase. If the channel is busy during backoff, the mobile sta- the EIFS, eligible stations start transmissions, which effec-
tion freezes its timer. When an erroneous frame or a colli- tively freezes the backoff timers of the mobile stations that
sion is detected, the mobile station waits for the time period 'émain in the first contention phase.

of an EIFS before resuming contention, which is what also

1To distinguish theC'W's in each contention phase, we will call the 2|n IEEE 802.11b(C'W,y,;n of the DCF is 31, and so we S€tW,,, i,
CW of the first phas€ W1t and theC'W of the second phasgiv 24, of H-DCF to 15.
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Figure 4. Timing diagram of H-DCF.
by eligible stations, if any, in the second contention phase.
The eligible stations in the second contention phasefare
andB, and they now contend for the wireless channel until
Jranit the EIFS expires. If thé3T2"? of mobile stationA reaches
ot reme zero before that oB, thenA transmits its data frame. If the
_ l Wait for DIFS Wait for EIFS framleftransmlssmn is successful, mobile stgﬂmesets |t§
Timer set CW*st to CW,,in, and then returns to the first contention
[0, cw2nd) . L. . .
: phase. If its frame transmission fails, mobile statfodou-
l bles itsCW 't instead of resetting it t&'W,,,;,,. The other
Backoff . _ woransmission eligible station in the second contention phase, whidB, is
Other stations transmit ~ Falue  waits for a DIFS after mobile statiof’s transmission and
Backoff timer expires then transmits another null frame resets itsB72"? (to
> 2 in Fig. 4) and transmits its data frame when the timer
e Transmission Success Reset CW1st . . .. . .
Transmission success or failure? to CWmin expires. Until both the eligible stations in the second con-
tention phase, namelx and B, have finished their frame
i SRR S ~ transmissions, each of the other two mobile staticrend
! ! i 1st i _
Wit for EIFS Double Cwis ' The 1t contention phase | D must free;e theiBT"** and wait for the end of thg sec
ond contention phase. When the second contention phase

Figure 3. Flow chart of the second contention
phase.

3.2 Illustration of the H-DCF Protocol

Fig. 4 shows the basic operation of H-DQFI'**! and

is finally completed, all the mobile stations can start con-
tention for the wireless channel once more, by entering the
first contention phase.

4 Enhanced Hybrid-DCF (EH-DCF)

When H-DCF-compliant mobile stations and IEEE
802.11 DCF-compliant mobile stations are contending to-
gether in the same cell, the DCF-compliant mobile stations

BT?"4 are the backoff times chosen for the first and second will be starved sinc€ W !*! is less than th€' W of the DCF
contention phases. In the first contention phase, the backoffand a null frame will cause the DCF-compliant mobile sta-

timers of mobile station®\ and B reach zero at the same
time while those of the other mobile statioBsandD are
still running. Mobile stationsA and B now transmit null

tions to freeze during the second contention phase, at least
once during every interval of lengtlC¢V'st + CW?2n4),
This means that DCF stations will not be able to access

frames and then enter the second contention phase. Mothe channel if H-DCF stations have any frames to send.

bile stationsC andD receive the null frames, which force

We have therefore introduced Enhanced Hybrid-DCF (EH-

them to wait for an EIFS before continuing to decrement DCF) to improve fairness with the IEEE 802.11 DCF. To

their backoff timers. As mentioned before, mobile stations reserve a proportion of the wireless channel for DCF sta-
in the first contention phase cannot participate in the secondions, we employ a channel occupancy regulation algorithm
contention phase due to transmissions of null frames senthat stops H-DCF stations from transmitting when the ratio



of H-DCF traffic is higher than a pre-determined threshold. 4.2 Improving Throughput

By controlling the channel occupancy of H-DCF stations,

appropriate utilization is guaranteed to DCF-compliant mo-  Although H-DCF improves the network performance of
bile stations. In addition to improving fairness, we make the WLANs, more mobile stations will now enter the second
length of a null frame variable in EH-DCF, so as to reduce contention phase if the number of competing mobile sta-
the number of mobile stations that take part in the secondtions becomes large. The probability of a frame collision

contention phase. will also grow becaus€W?"? s fixed at 7. To reduce the
number of mobile stations entering the second contention
4.1 Channel Occupancy Regulation for phase, we insert an additional contention process between
Fairness between DCF and EH-DCF the first and the second contention phases by changing the

length of a null frame so that it is either the length of one
slot, or two. Eligible stations which transmit shorter null
frames lose the contention, and then they have to wait for an
EIFS, so that only stations that transmit longer null frames
will contend. The eligible stations that lose in the second
contention do not go back to the first contention phase and
transmit null frames, whose length is one or two slots, after
the winning station has transmitted its data frames. Intu-
#'tively, we can see that fewer frame collisions will happen
as the possible length of a null frame becomes larger. How-
ever, if the maximum length of a null frame were to be 3
slots or greater, the overall performance of EH-DCF would
be damaged by the increased contention overhead. That is
why a null frame is eigher 1 or 2 slots in length.

To prevent H-DCF from monopolizing, we need to yield
an appropriate portion of network capacity to DCF in the
same cell. We will see how we can allocate a proportion of
network capacity to DCF-compliant mobile stations. The
proportion can be set manually by an administrator, or dy-
namically by the network management system.

Using EH-DCF, all frame transmissions happen in the
second contention phase. If we can measure how much o
the link capacity is being used by this phase, we can esti-
mate the channel occupancy of mobile stations using EH-
DCF. The transmission of a null frame means that a data
frame will be transmitted during th€ W27, Hence, we
can estimate the channel occupancy of EH-DCF from the
number of null frames on the wireless channel. Each mo-
bile station using EH-DCF counts the number of null frames
and calculates the relative channel occupancy of EH-DCF
by dividing the number of null frames by the duration of

4.3 TIllustration of EH-DCF Protocol

Fig. 5 shows the operation of EH-DCF. A mobile station
transmits a null frame for the duration of 1 or 2 slots when

the count.
o . its BTt reaches zero, which starts the second contention
To limit the proportion of the channel used by EH-DCF phase. After eligible statio® has transmitted a short null

stations, an EH-DCF compatible station calculates the rela- :
. : .. frame, it detects the longer null frames that have been sent
tive channel occupancy whenever a data frame is transmit- L ; . S
; by the other eligible stations, which a#e&ndB in this case.

ted by any stations (DCF or EH-DCF). If the occupancy _;. . : : .

. . : Eligible stationC now has to wait for EIFS, as though it
(fro) of EH-DCF compatibles is greater than a pre-defined . : . : I

. . X .. were in the first contention phase. This forces eligible sta-
threshold, then that mobile station delays its transmission . ; .
by setting its NAV to the excessive duration of the transmis tion C to give up the wireless channel access for an EIFS.
y 9 Eligible stationsA andB, which have transmitted long null

sion. R is the target proportion of channel capacity to be : .
used by EH-DCF compatible stations. If EH-DCF stations frames,_now enter the _secpnd contention phase and the win-
' ner, which isA, transmits its data frame. After a DIFS has

countnnyy null frames during a tiMe,easure, then the elapsed, the remaining eligible statioBsand C transmit
proportion of channel capacity used by EH-DCF stations . . . :
null frames again which begins the next second contention

and the value of NAV can be determined by the following

equations; phase.
Npull X T2nd, hase .
fro= — 5 Performance Evaluation
Tondphase = Toui + TBO2na + Trx We implemented and evaluated H-DCF and EH-DCF
n using the ns-2 simulator [12]. The performance of these
NAV = %” X Tond_phase — tmeasure- schemes is compared with the IEEE 802.11 DCF in terms

of scalability and fairness. We measured how the number of
Tond_phase IS time required for a series of EH-DCF trans- frame collisions and the aggregate throughput varies with
missions, consisting of a null frame, the average backoff the number of competing mobile stations. In our simula-
time in the second contention phase, and the transmissionions, IEEE 802.11a and IEEE 802.11b PHY parameters are
time of DATA and ACK frames plus SIFS. used (See Table 1), and the size of each data frame is 1000
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Figure 5. Timing diagram of EH-DCF.

bytes. All mobile stations are assumed to be located within when the number of competing mobile stations is over 50,
range of an access point at the maximum transmission ratethere is little loss of throughput with H-DCF or EH-DCF
(Fig. 7). There seems to be a clear benefit from the ex-

Table 1. IEEE 802.11a/b PHY parameters tra contention phase, and the changing length of a null

frame made by EH-DCF achieves a small additional gain

Time IEEE 802.11a| IEEE 802.11b .
slot time 9us 20 us in throughput.
SIFS 16 us 10 us
DIES 34us 50 us 5.2 Fairness between DCF and EH-DCF
EIFS 89 s 3645
cwW 15t01023 | 31101023 We will now see what happens when DCF stations con-

tend with stations running EH-DCF, which is designed to
achieve fairness in this situation. Fig. 8 shows the through-

For H-DCF to operate correctly, the EIFS must be longer put of DCF and EH-DCF with IEEE 802.11a and IEEE
than 7 time slots. If this condition is not satisfied, the sec- gn2 11p PHYs. EH-DCE guarantees a certain fraction of

ond contention phase may be interrupted by mobile stationsihe channel capacity to DCF by limiting its own channel
which are still in the first contention phase. The parame- occupancy to a pre-defined threshold. Fig. 8 shows the re-

ters in Table 1 satisfy this requirement, achieving the IEEE gjts when that threshold is 0.5. Although the regulation
802.11a/b PHYs to be used for H-DCF. The following sub- g1g0rithm is working and achieving party in channel occu-

sections show the results of our simulations. pancy, but the ratio between throughput of EH-DCF and
DCF remains at 2 : 1 irrespective of the number of compet-
ing mobile stations. This is because th&/ of EH-DCF is
o o - generally smaller than th€W of the DCF, allowing EH-
The main aim of H-DCF is to improve the scalability of pCF to utilize the wireless channel more aggressively than
WLANSs. We therefore simulated between 1 and 200 com- pCF. The low probability of frame collision with EH-DCF
peting mobile stations on a WLAN. Each mobile station at- yejnforces this effect. That is why the throughput ratio is

tempts to transmit data frames to one access point, and alnot exactly 1 : 1 even though the channel is fairly allocated.
ways has backlogged data frames. As shown in Figs. 6 and

7, H-DCF and EH-DCF always achieves higher through- .

put than DCF. When the number of competing mobile sta- 6 Conclusions

tions is small, the difference between their throughputs is

marginal because there is little contention for the wireless WLANSs are required to accommodate large number of
channel. But as the number of mobile stations increasesusers in hotspots, and also to provide each user with high
contention for the wireless channel becomes severe and théandwidth. The IEEE 802.11 DCF is widely used in such
probability of frame collision increases. Under these cir- an environment, but it has the disadvantage that network
cumstances, both H-DCF and EH-DCF reduce the numberperformance degrades due to the growth of frame collisions
of frame collisions, resulting in a higher aggregate through- as the number of competing mobile stations becomes large.
put. These two schemes are much less affected by theTo solve this problem we propose a novel distributed chan-
growth of the number of mobile stations than DCF. Even nel access function called Hybrid DCF (H-DCF) to increase

5.1 Scalability of H-DCF and EH-DCF
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channel utilization. H-DCF uses two contention phases de- [4] IEEE WG. Part 11: Wireless LAN Medium Access Control

marcated by a null frame to decrease the probability of
frame collision. However, if there are mobile stations us-
ing DCF and others using H-DCF in the same cell, the mo-
bile stations using DCF may experience severe starvation
of bandwidth compared to those using H-DCF. Therefore,
we go on to introduce a more advanced scheme called En-

(6]

hanced H-DCF (EH-DCF) that guarantees fairness between

mobile stations running DCF and those running EH-DCF by

restricting the channel occupancy of the EH-DCF stations. [7]

EH-DCF also uses a variable null frame, occupying one or
two time slots, which reduces the probability of frame colli-

sion and improves throughput. By means of comprehensive

ns-2 simulations, we have demonstrated that H-DCF and
EH-DCF really do improve the aggregate throughput, and
that EH-DCF will indeed reserve a fraction of the channel

capacity for DCF stations.
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