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Abstract— It is well known that the distributed coordination  three WLAN parameters. 1) length of Inter-Frame Space (IFS)
function (DCF) of the IEEE 802.11 MAC protocol is not suitable 1], [2], [3], 2) length of Contention Window (CW) [4], [5], [6],
for supporting multimedia and QoS-sensitive applications because and 3) length of Backoff Interval (BI) [7], [6], [8]. In each case

of its inherent lack of QoS support and fairness. Recently, several . .
distributed QoS mechanisms have been proposed which translate & Smaler value of the parameter (IFS, CW or BI) is assigned to

user QoS requirements into typically a single parameter of the traffic with higher priority enabling them to access the medium
DCF protocol. In this paper, we compare the pros and cons of beforetraffic with alower priority. A comprehensive review of
the major distributed QoS mechanisms, and propose a new mech- QoS support in IEEE 802.11 WLANSs can be found in [9].

anism provides superior performance and supports two different : .
QoS models. The proposed mechanism is based on deficit round In the DCF mode of operation, MSs operate independently

robin scheduling and translates the user throughput requirements Making it harder to employ any scheduling mechanism. The
into the 802.11 MAC InterFrame Space and Backoff Interval pa- principle of fair queuing can be used to regulate the wait
rameters. We show via simulations that the proposed mechanism time of traffic according to its priority so that traffic in each

provides low variability of throughput and delay and has the ad-
vantage of low complexity.
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|. INTRODUCTION

Wireless Local Area Networks (WLANS) have become the
networks of choice with anincreasingly high demand for Qual-
ity of Service (QoS)-sensitive applications. These applications
are time sensitive and require specific throughput and delay
bounds. The current medium access protocol in IEEE 802.11
WLANSs is suitable for QoS-insensitive and bursty data traffic
only, and does not have any QoS support. Several QoS-enabling
mechanisms have been proposed as extensions to DCF over the
last few years. These proposals provide service differentiation
among different traffic classes, but they also suffer from high
throughput variability and lack of fairness, especialy for traffic
from alow datarate class.

Recently, fair queuing mechanisms have been investigated
to overcome these problems by partitioning the bandwidth
fairly between different mobile stations (MSs). In this work,
we proposed a technique called distributed deficit round robin
(DDRR) that is similar in approach to these fair queuing mech-
anisms, but is simple to implement with excellent performance
in terms of reducing throughput and delay variability. In Sec-
tion 11, we describe related work in this areafollowed by a brief
description of the |IEEE 802.11 MAC and its problems in Sec-
tion 111. We describe DDRR in Section IV, the simulation set
up and numerical results in Section V and conclude the paper
in Section VI.

Il. RELATED WORK

Recent research activities have investigated different ways
to support QoS, by providing different treatment for different
traffic types in IEEE 802.11 WLANSs. The primary focus in
these efforts is to provide service differentiation between low
priority traffic and high priority traffic. The various proposals
provide performance differentiation, typically by tuning one of

class has an equal opportunity to be sent and the bandwidth is
fairly apportioned between different traffic classes. Vaidya et
al. [7] proposed a mechanism called Distributed Fair Schedul-
ing (DFS) and Banchs et al. [6] proposed Distributed Weighted
Fair Queuing (DWFQ). Both mechanisms are based on fair
gueue scheduling and provide fair access to shared bandwidth,
in proportion to flow weights.

In DFS, a packet with the smallest ratio between its length
and weight receives an opportunity to transmit first. Theweight
represents a value associated with the traffic class. A higher
data rate traffic class has an associated higher weight. The
main idea of this mechanism is to pick a backoff interval pro-
portiona to a finish tag. The finish tag is the ratio between
the packet length and the weight of a frame given by:B; =

LScalz’ng_Factor * g—J * pJ , where B; is the backoff inter-
val, L; isthe packet length, ¢, isthe weight, and p is arandom
variable uniformly distributed in the range of [0.9, 1.1].

In DWFQ, al flows of all MSs are constrained to have the
same ratio (T'W;) between throughput (R;) and aweight (W;),
i.e. TWi = R;/W,. By comparing its own T'W; to those of
other MSs, agiven MS can adjust its CW. The CW is decreased
if itsT'W; issmaller than those of other MSsand it isincreased.
Theweights are used to differentiate between traffic classes and
apportion the bandwidth between them. However, the random-
ness associated with using the CW increases the variability of
throughput and delay. Moreover, this mechanism requires an
additional field in the frame header in the MAC layer to ex-
change the values of T'W; among M Ss.

Although our proposed scheme has some similarities with
DFS and DWFQ, our mechanism is different in the following
aspects. 1) the choice of thefair queuing mechanism, 2) tranda-
tion of user requirements 3) the WLAN parameters used to dif-
ferentiate service and 4) type of QoS support. First, the choice
of the fair queuing mechanism will affect protocol complexity
and computational cost. For example, the mechanism in [7]
is based on Self-Clocked Fair Queuing (SCFQ) [10] which has



O(log(n)) complexity wheren isthe number of flows. Thepro-
posed DDRR mechanism is based on the Deficit Round Robin
(DRR) [11] which is of complexity O(1). Second, the method
used to trandate users’ requirements (such as throughput or de-
lay) into the parameter of the fair queuing mechanisms, i.e.
weight, can be complex and impractical. In our work, we have
established a simple relation between the desired throughput of
a user and the relevant DRR parameter. Third, our scheme al-
lows using combinations of the IFS, BI, and CW parametersto
differentiate between traffic classes at different levels. Instead
of modifying only one parameter (the Bl in [7] and the CW
in [6]) we modify both the IFS and Bl values since each pa-
rameter has its own differentiation ability and effectiveness that
vary under different scenarios. Lastly, rather than supporting
only QoS differentiation, our mechanism has the ability to pro-
vide both absol ute throughput level s and rel ative throughput (or
throughput differentiation) in the same system. This is attrac-
tive for future applications that are expected to consist of both
types of QoS. Applications such as voice, video, and medical
information require absolute QoS. Applications such as email,
web, and file transfer require only QoS differentiation.

1. THE IEEE 802.11 MAC

The DCF mode of IEEE 802.11 is based on Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA). A MS
first senses the medium to determine whether the channel is
busy. If the channel isidle for atime equal to DCF Inter-frame
Space (DIFS), the MS can transmit a packet. If the mediumis
busy, the MS 1) waits until the medium becomesidle, 2) waits
for DIFS and 3) enters a deferral period to reduce the chance
of collisionswith other M Ss that may have aso initialy sensed
the medium as busy and proceeded likewise. In the deferral pe-
riod, the MS selects a backoff interval - BI, that is uniformly
distributed between a minimum period (CW ,,;,,) and a maxi-
mum period (CW,.q.). The difference between CW.,,,.,, and
CWin is caled the contention window (CW). The deferral
period is divided into time slots, each a duration of SlotTime
seconds. The length of the backoff interval is calculated as a
multiple of SlotTime asshownin (1).

BI = Random(CWpin, CWinaz) * SlotTime Q)

As long as the medium is idle, a backoff timer counts down
from the Bl value every SlotTime. When the timer reaches
zero and the medium is still idle, the MS can transmit. The
backoff timer stops when a transmission is detected and con-
tinues to elapse when the channel becomes idle again. After
receiving a frame, the receiving MS waits for a Short Inter-
frame Space (SIFS) and responds with an acknowledgement
(ACK) to confirm a successful transmission. The SIFS parame-
ter issmaller than DIFSto allow acknowledgementsto have the
highest priority. The standard also defines a point-coordination
function IFS (PIFS) that is in between the SIFS and DIFS val-
uesandisused for polling. A collision occurs when the backoff
timer of two or more M Ss reach zero at the same time. To re-
duce the probability of collision, the CW is doubled every time
a collision repeatedly occurs until the maximum value of CW
isreached, i.e. 1023 timeslots.

Currently, there is an on-going effort in the IEEE standard
called 802.11e which intends to support QoS in WLAN by as-
signing different values of IFS, CW ..., and Persistence Fac-
tor (PF) to different traffic category. The higher priority traffic
receives smal IFS, CW,,;, and PF. Our proposed mechanism
a so used the same set of parameters, i.e. IFSand BI, to provide
QoSin WLAN. However, 802.11edoes not consider fairness or
using fair queuing scheduling in provide QoS the sameway pre-
vious studies [1], [2], [3], [5] the priority of traffic is statically
combined with the right to access the medium leading to unfair
occupation of the bandwidth.

IV. DISTRIBUTED DEFICIT ROUND ROBIN (DDRR)
MECHANISM

In[12], we presented an initial version of the DDRR mech-
anism that translated user throughput requirements into the
802.11 IFS parameter. In this paper, we build on that work to
design a generalized scheme (also called DDRR) that is an en-
hancement of the previously proposed scheme. The generalized
DDRR is able to support two different QoS models - an abso-
lute throughput model and a relative throughput model. The
QoS guarantees are soft guarantees and are contingent upon the
total offered load sharing the 802.11 channel capacity. In our
ongoing work, we are considering the design of a distributed
admission control strategy which will be able to indicate what
throughput levels can indeed be given hard guarantees.

We first describe the concepts behind DDRR and then de-
scribe how the generalized DDRR works. Suppose the traffic
at each MS is categorized into classes with different QoS re-
quirements. A traffic class: at MS j (T°'C'/) with throughput re-
quirement (\/) is allotted a service quantumof @ bits every T
seconds. Traffic classes requiring a higher throughput receive
the service quantum at a faster rate. The " Deficit Counter” of
TC! at any giventimeisdenoted by (DC?). Thevalueof DC/
isincreased continuously with time at a rate of Q bits every T);
seconds as shown in Eq. 2, and is decreased by the size of the
frame whenever aframeis transmitted as shown in Eq. 3.

DCi(t) = DCI(F)+ % f(t— 1) %)
DC!(t) = DCY(t) — Frame_Size(t) (3

The simplicity of this scheme is that we can simply choose @
and 7; such that the quantum rate Qr! = % = M, there-
quired throughput (or expected load) for the traffic class. If
DC is higher than the minimum DC' required for transmis-
sion, a frame that belongs to TCf can be transmitted by en-
tering a transmission process. The transmission process could
simply be DCF as described previously. Alternatively, it could
be the mechanism described in [12]* or that described for the
generalized DDRR below. If DC'/ is less than the minimum
DCY requirement, TC? is no longer eligible to transmit until
DC becomes higher than the minimum DC required.
Because of this, the basic DDRR followed by a transmission
process can be used to regulate traffic class TC' to providefair

LIn[11], no backoff is used. Instead, the DC‘Z value istrandated into an IFS
multiplied by a random number to prevent collisions



bandwidth allocation according to the quantum rate as long as
the total quantum rate (>~ Qr?) of al classesin all stations is
less than the maximum possible throughput of the network (C).
If >~ Qr! ishigher than C, the basic DDRR will deteriorate to
the basic transmission process if no other changes are made to
the protocol for the following reasons. When 3~ Q77 is higher
than C, there will always be a left-over quantum accumul ated
in DCY. As the time passes, the DC? will always be higher
than the minimum DC? requirement and ultimately reach the
maximum value. If the maximum value of DC/ isthe same for
al i classesand all j stations, every traffic class will be equally
eligible to transmit data. In order to alow fair alocation, a
transmission process needs to be in place that further produces
fair alocation of bandwidth when the DC/ of all stations is
filled up due to lack of channel capacity. That is the goa of
generalized DDRR.

In generalized DDRR, we make use of the allocated quantum
rate to traffic classes to regulate access to the medium in case
the DC? reachesits maximum value for al MSsi.e., we mod-
ify the transmission process. We achieve this by mapping the
DC? value and the quantum rate to the parametersin the DCF
mechanism - the IFS value and the Bl as follows: Let R be
the raw data rate of the channel. Then we define the following
quantities:

. J
wio= )
BI — % 5)
; DCI(t) b
IFS/(t) = DIFS —ax L + — 6
(1) ot ©

The quantity Wj (called the weight) is equal to the fraction
of the channel bandwidth demanded by TCJ For example, if
Qrl =200 kbpsand R = 2 Mbps, W/ = 0.1. The IFSvalue
for traffic class TC? comprises of three components - the DIFS
from DCF, a negative value derived from DC? and a positive
value dependent on Wj Let us consider two cases. (1) under-
loadwhen DCY < DCias (i€, 3, Qr! < C) and (2) overload
when DC’ DChay (i, Qr! > C). DCyyqy isthemaxi-
mum number of DC? allowed for TC? to accumulate quantum
and used to avoid unfairness due to excessive accumulation of
DCy.

Aslong asthe DC/ value s less than the maximum, we let
Wij = 1. Inthat case, thelast component in (6) remains a con-
stant. Insuch acase, weseethat I F'S? isthedifferencebetween
DIFS and theratio between the size of the quantum () and the
value of deficit counter DC. The parameter « isascaling fac-
tor used to trandate the ratio between ) and DC,{ into an ap-
propriate length of 7F'S7 that complies with IEEE 802.11. The
value of DC? is bounded between zero and 2LES=PIES 4
so that the value of 7FS7 is bounded between PIFS and DIFS.
The longest possible IFS, corresponding to the smallest value
of the deficit counter is equal to DIFS + §. The smallest pos-
sible IFS value is PIFS + 6. The channel is allocated to traffic
classes T'CY fairly as accumulating DC' alows T'CY to access

the medium earlier. 4
When dl TC} have reached maximum DC; values, the
weight W/ becomes important. In this case, the quantity

Dcé(t) is a constant for all TCj The larger the weight,

the smaller will be the factor -2 50 that the class TC’ with

largest throughput reguirement has the smallest IFS. However,
to ensure fairness, the backoff interval is also scaled as shown
in (5).

The operation of the transmission process in this way en-
ables us to define two types of QoS. As long as the channel
resources are available, we keep the weight equal to 1 for all
traffic classes. When channel resources are no longer available,
the weight defaults to its definition in (4). This process can
be implemented in a different way as well. For example, we
could split a2 Mbps channel into a 1 Mbps absolute part and a
1 Mbps differential part. An admission control process (that is
under investigation) will allocate the 1 Mbps absolute through-
put part to traffic classes such that the Y~ Qr? of these classes
is less than say 0.8 Mbps. For al of these traffic classes, the
weight will be 1. The rest of the traffic will make use of the
remaining capacity by using weights and obtain differentiated
throughputs based on their allocated quantum rates. In the next
section, we illustrate these mechanisms with numerical results.

ok

V. PERFORMANCE COMPARISON AND EVALUATION

We performed our simulations using OPNET 9.02 . We used
a2 Mbps WLAN in our simulations to reuse some of the avail-
able modelsin OPNET rather than the more common 11 Mbps
802.11 system. Neither the AP nor the RTS/CTS mechanism
were implemented. In this section, the performance of DDRR
is compared to that of DCF, DFS and DWFQ with respect
to the aggregate throughput achievable, the variability of the
throughput, delay and fairness. We also demonstrate the abil-
ity of DDRR to support absolute throughput as well as relative
throughput.

The simulation comprised of a network ranging from 10 to
50 M Ss and the aggregated offered load ranging from 1.2 Mbps
to 1.8 Mbps. There are two data rate classes. The high data
rate stations have twice the offered load, weight, quantum rate
asthe low datarate stations as shownin Eq. 7. \; isthe offered
load of low datarate MS and )\, isthe offered load of high data
raie MS, where A\, = \; x 2. O isthetota offered load ranging
from 1.2 Mbps to 1.8 Mbps. N; is the number of low data
rate MSs and NV, is the number of high data rate MSs, where
Np = N; 0.2, , M isthetotal number of MSs ranging from
10to 50 where Ny, + N; = M. For example, anetwork with 10
M Ss with total offered load of 1.2 Mbps, 2 MSs are high data
rate with offered load at constant rate of 200 Kbps. Therest 8
MSs are low data rate with offered load at constant rate of 100
Kbps. The packet size is constant at 1000 Bytes. The buffer
size of sender is 256 Kbhits. The value of ¢ is 3. The value of
« is 1.25e-5. The value of ¢ is 100,000. In this simulation,
each M S has only one class of traffic, however, our mechanism
works for different classes of traffic per MS as well. Due to

2The authors would like to express their gratitude to OPNET for providing
the simulation tool for this study.



space limitations, only a small subset of our results and figures
are shown here.

MN + AN, = O (7

A. Aggregate Throughput

The aggregate throughput of DDRR, DCF, DWFQ, and DFS
as the number of MSs increases is shown in Fig 1. The to-
tal offered load is kept constant at 1.8 Mbps. We can see that
DDRR can provide the highest and almost constant aggregate
throughput, followed by DFS. The higher aggregate throughput
of DDRR over DFS can be explained by the better handling of
collisions by DDRR as well as the differences in queuing de-
lay. The queuing delay of DDRR is smaller than that of DFS as
shownin Figure 2. Inthis scenario where the buffersare always
full, the longer the queuing delay, the average servicerate of the
mechanism. The lower average service time resulted in lower
aggregated throughput. The service rate of DDRR mechanism
is higher than that of DFS. The aggregate throughput of DCF
and DWFQ are the lowest and decrease as the number of MSs
increases.
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B. Throughput Variability

Figure 3 shows the instantaneous throughput of DDRR,
DWFQ, and DFS for both the low and high data rate traffic

when the total offered load is 1.8 Mbps (which is higher than
the maximum achievable channel capacity). According to fig-
ure, the average throughput of low data rate MSs of DDRR,
DWFQ, and DFS are 130 kbps, 122 Kbps, and 124 Kbps,
respectively. The average throughput of high data rate MSs
of DDRR, DWFQ, and DFS are 270 Kbps, 248 Kbps, and
249 Kbps, respectively. Although, the average throughput of
each mechanism is similar, we can see that the instantaneous
throughputisvery different. Thethroughput variation of DFSis
minimum, followed by that of DDRR, while the instantaneous
throughput of DWFQ is wildly fluctuating.
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Fig. 3. Throughput Variability

C. Fairness

Figure 4 shows the ratio of the average throughput of high
datarate traffic classes to that of the low datarate traffic classes
for different schemes as a function of the number of stations.
In the simulations, the quantum rate for DDRR and the flow
weights of the high data rate traffic class was chosen to be
twice that of the low data rate traffic class. With a mechanism
that providesfair bandwidth allocation, the ratio of the average
throughputs should also be equal to two. We can see from Fig-
ure4 that DDRR and DWFQ arevery fair whereas DFS exhibits
very small fluctuations as the number of stations is increased.
The results here are shown for an offered load of 1.2 Mbps.

In a configuration without an access point (AP) and no
RTS/CTS signalling, the fairness of DWFQ degraded as the of -
fered load and the number of MS increased (See Figure 5). We
believe that the reason for the degradation of fairnessis due to
the significant variability of throughput that reduces the separa-
tion between high data rate and low data rate traffic, especially
when the difference in absolute value between high data rate
and low data rate throughput decreased as the number of MS
increased. However, as presented in [6], in a configuration with
an access point and using RTS/CTS signalling, the throughput
variability for DWFQ decreases significantly and the fairness
improvesto the same levels as the DFS and DDRR schemes.

D. Relative Throughput and Absolute Throughput Support

In addition to the above performance comparison, Figure 6
shows aunique feature of DDRR that it can provide both abso-
lute throughput and relative throughput support. In the exper-
iment with 16 MSs, there were 4 high data rate MSs. Two of
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these required absol ute throughput at 400 Kbps (AT HD) while
the others required only relative throughput at 400 Kbps (RT
HD). Among 12 low datarate M Ss, two of which required ab-
solute throughput at 100 Kbps (AT LD) while the rest required
only relative throughput at 100 Kbps (RT LD). The parame-
ter § is set to one. We can see that the absolute throughput
MS received exactly the desired throughput while the relative
throughput M Sfairly shared the rest of the avail able bandwidth
based on the calculated weight from quantum rate. Thus, the
throughputs achieved by the high data rate M Ss requiring rel-
ative throughputs is 4.3 times that of the low data rate MSs
requiring relative throughputs. The perfectly fair ratio is 4.0.
We are currently studying the effect of § parameter on fairness,
aggregated throughput, and throughput variability in a greater
detail.

V1. CONCLUSION

In this paper, we proposed an enhancement to the 802.11
MAC protocol that can provide both absolute throughput and
relative throughput in a highly distributed fashion without com-
promising fairness. The proposed mechanism caled Dis
tributed Deficit Round Robin (DDRR) is based on deficit round
robin scheduling. Absolute throughput and relative throughput
are supported by translating the user throughput requirements
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Fig. 6. Absolute Throughput vs. Relative Throughput

into the 802.11 MAC InterFrame Space and Backoff Interval
parameters. We show via simulations that the proposed mech-
anism provides low variability of throughput and delay and has
the advantage of low complexity.

Thiswork is similar to recent fair queue scheduling mecha-
nisms [7] and [6]. We believe it has the advantages over these
schemes in terms of complexity, ease of translating user re-
quirements into a tunable MAC parameter, and, more impor-
tantly, dual QoS support, i.e. absolute throughput and relative
throughput. Our simulation results demonstrated that the per-
formance of DDRR is better than DWFQ in terms of higher ag-
gregate throughput, lower throughput variability, dual QoS sup-
port, and no change in frame header requirement. Our scheme
also performs better than DFS in terms of higher aggregate
throughput, dual QoS support, and lower complexity.
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