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Abstract— To support the transmission of (high-rate and often-
bursty) multimedia data with performance guarantees in an JEEE
802.11e wireless local area network (LAN), it is crucial to design
Judicious algorithms for admission control and resource alloca-
tion. The traffic specification element (TSPEC) of the new IEEE
802.11e standard is used to facilitate the design of the admission
control. Based eon the traffic profile given in the TSPEC and the
dual-token bucket regulation, a guaranteed rate is derived for our
airtime-based admission control. The admission control is inte-
grated with the contention-based Enhanced Distributed Channel
Access (EDCA), which together can provide so-called “parame-
terized QoS — as in the polling-based HCF Controlled Channel
Access (HCCA) — via a new distributed, quantitative control of
stations’ airtime usage. We also extend the citrrent QoS signaling
of HCCA defined in IEEE 302.11e to perform admission control
for this enhanced EDCA. Furthermore, we extend the integrated
scheme for QoS provisioning in ad hoc wireless LANs and design
appropriate signaling procedures. We evaluate via simulation the
effectiveness of this parameterized QoS-capable EDCA scheme,
and demonstrate its ad vantages over the centralized, polling-based
HCCA scheme.

[. INTRODUCTION

QoS and multimedia support are critical to wireless home
and enterprise networks where voice, video and audio will be
-delivered across multiple networked electronic devices. Broad-
band service providers view Qo8 and multimedia-capable home
networks as an essential ingredient to offer residential cus-
tomers video-on-demand, audio-on-demand, voice-over-IP and
high-speed Internet access. In order to support QoS, one
needs an admission-control algorithm which makes decision on
whether or not to admit a QoS stream based on the stream’s
requirements and channel usage conditions, Moreover, an ef-
fective resource allocation algorithm is also required in order to
decide which stream and what frame in that stream should be
transmitied at what time, such that the required QoS could be
guaranteed.

Over the past few years, significant research efforts have been
made on the problem of guaranteeing QoS for multimedia traf-
fic in a packet-switched network, The goal has been to develop
traffic management schemes that allow for high link utilization
while simultaneously guaranteeing QoS. The general result of
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the extensive research on traffic management in wired networks
states that the QoS can be guaranteed if and only if the traffic
can be regulated using techniques. such as token and/or leaky
buckets [11-[6]. Providing QoS guaraniees in a deterministic
way (0 regulated sources that are statistically multiplexed in a
shared buffer is also addressed in [1], [4], [5]. The determinis-
1i¢ QoS guarantees typically imply admission of a small number
of bursty multimedia streams that results in poor resource ulti-
lization. Along with this problem is QoS provisioning in the
wireless domain where one might have to design integrated ad-
mission counirol and resource allocation that can work in a dis-
tributed manner, and deal with the users or applications using
time-varying transmission rates on wireless channels that ex-
hibit location-dependent errors. Some solutions to this problem
have been proposed in form of different scheduling schemes in
{7]-[20].

In this paper, we focus on the problem of QoS provision-
ing in the upcoming IEEE 802.11e wireless LAN [21], pri-
marily because of its popularity and increasing market share.
The new MAC protocol in the 802.11e standard is called Hy-
brid Coordination Function (HCF), The word “hybrid” comes
from the fact that it combines a contention-based channel access
mechanism, referred to as Enhanced Distributed Channel Ac-
cess (EDCA), and a polling-based channel access mechanism,
referred to as HCF Controiled Channel Access (HCCA), each
of which operates disjointedly during alternating subsets of the
beacon interval. These two access mechanisms provide two dis-
tinct levels of QoS: prioritized and parameterized QoS. EDCA
is used to provide the prioritized QoS service. With EDCA,
frames with different priorities are transmitted using different
carrier sense multiple access/collision avoidance (CSMA/SCA)
parameters. HCCA is used to provide a parameterized QoS ser-
vice, With HCCA, a station negotiates the QoS requirements
of its stream(s) with the Hybrid Coordinator (HC). Once the
stream is established, the HC allocates transmission opportuni-
ties (TXOPs) via polling, to the staiion, in order to guarantee
the stream’s QoS.

Although EDCA is designed to provide prioritized QoS only,
it is desirable to have EDCA provide parameterized QoS be-
cause (1) EDCA uses CSMA/CA for channel access and does
not require centralized control as HCCA does, hepce making
it suitable for potential QoS support in an ad hoc wireless
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LAN and (2) there is no need for coordination between two
contention-based wireless LANs operating on the same channel
in an overlapping space while resource coordination is needed
for two overlapping HC-coordinated wireless LANs. However,
there are some challenges to overcome in providing parameter-
ized QoS under EDCA. One of the biggest challenges is that a
quantilative control of stations’ medium occupancy (i.e, airtime
usage) cannot be achieved via the current EDCA. Such a con-
trol, which is cruciai to the parameterized QoS, is only provided
by the HC in HCCA, What makes the airtimme usage control
even harder is that the link adaptation in the 802.11 standard
allows stations to vary their PHY transmission rates based on
the link condition. As a result, the amount of airtime required
to transmit a fixed-size data frame may be different for differ-
ent stations, and may even vary with time for the same station,
For example, if a station reduces the PHY rate due to link er-
rors, the number of data frames transmitted during each access
to the wireless medium is reduced, which may compromise the
negotiated QoS.

To address the above issues, we adopt the TSPEC element in
the IEEE 802,11e standard to derive a “guaranteed rate.” This
rate includes a stream’s traffic characteristics and serves as an
overall QoS expectation from the stream’s perspective. Based
on this rate informaticu and a negotiated PHY transmission
rate. we propose an airtime-based admission control to solve
the problems resulting from the link adaptation. This admis-
sion control is integrated with a “parameterized QoS-capable”
EDCA, which provides a quantitative controi of stations’ chan-
nel access (and thus, their airtime usage) in a distributed man-
ner. By using the proposed scheme, we are able to provide the
parameterized QoS — in addition to the prioritized QoS — in
EDCA without using the polling-based HCCA. We also com-
pare the polling-based HCCA and the contention-based EDCA,
in terms of their support for parameterized QoS via simulation,
and show the effectiveness of the integrated airtime-based ad-
mission control and the enhanced EDCA.

The rest of this paper is organized as follows. In Section 11,
we briefly introduce the IEEE 802.11¢ standard, especially
EDCA/MHCCA and their support for QoS provisioning. Sec-
tion III derives the guaranteed rate and describes the proposed
airtime-based admission control. In Section IV, we give an
overview of how to regulate the EDCA parameters for precise,
quantitative airtime wsage control. In Section V, we describe
the signaling for QoS provisioning in HCCA, EDCA, and ad
hoc wireless LANs. Qur in-depth simulation results are pre-
sented in Section VI and the paper is concluded in Section VII.

II. OVERVIEW OF THE IEEE 8(02.11E STANDARD

The most important tasks of providing parameterized QoS in
an IEEE 802.11e wireless LAN are to (1) determine the amount
of TXOPs needed to meet streams” QoS requirements. and (2)
decide how the TXOPs are allocated to those streams. In what
follows, we will give an overview of how these tasks may be
achieved in an IEEE 802.11¢ wireless LAN. Aithough our main
focus is on how to provide parameterized QoS in EDCA, we
also briefly explain HCCA for a comparative purpose,
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Fig. 1. Contention for TXOPs in EDCA: a station has to compete with others
for TXOPs via CSMA/CA with exponential random backoff.

A. Enhanced Distributed Channel Access (EDCA)

The current EDCA provides distributed and ditferentiated ac-
cess to the wireless medium for 8 user priorities. In order to do
this. EDCA defines access categories (ACs) that provide sup-
port for the delivery of traffic with user priorities at wireless
stations. Each AC is, in fact, an enhanced variant of the IEEE
802.11 DCF (referred to as the “legacy” DCF) {22], which
uses CSMA/CA with random backoff to access the wireless
medium. The most significant difference between an AC and
the legacy DCF is that different ACs use different access param-
eters (e.g., minimum/maximum contention window size, inter-
frame space (IFS)) to acquire prioritized access to the wireless
medium while the legacy DCF only provides egalitarian access
to the wireless medium.

For each TXOP won by an AC via EDCA, the wireless sta-
tion may initiate muliiple frame-exchange sequences, separated
by a short inter-frame space (SIFS), to transmit traffic within the
same AC. However, the total duration of the frame-exchange
sequences must not exceed the TXOP limit whose value could
be obtained in the beacon frames from the access point (AP).
In order to support parameterized QoS, the admission control
in the AP needs to determine the fraction of every one-second
period (so called the Meditwm Time in the AP’s response frame
to a station’s QoS request) that is needed by a wireless station
to deliver the traffic from a stream. The station receiving the re-
sponse frame records this medium time as the admitted time,
which is the amount of time the station must win (via con-
tention) to transmit frames within a one-second period. This
procedure is illustrated in Figure 1.

The problem here is that, although the AP can determine the
values of the medium time for wireless stations, it does not have
control on how the stations obtain the required medium time.
Instead, each station (or its ACs) uses EDCA to acquire the TX-
OPs, and hopefully obtains enough transmission time (at least
not less than the allocated time) while not over-occupying the
wireless medium to comprise other stations” QoS. Therefore, it
calls for the need of a quantitative control on stations’s TXOP
usage, not just a prioritized EDCA in the current 802.11e stan-
dard, so that the stations can obtain the exact amount of TXOPs
in a distributed manner.

B. HCF-Controlled Channel Access (HCCA)

HCCA uses a QoS-aware centralized coordinator, namely,
the hybrid coordinator (HC), as a polling master to allocate TX-
OPs to itself and other stations. Because of this polling-based
mechanism, stations can easily obtain their required amount of
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Fig. 2. Service schedule in HCCA: the required TXOPs are calculated by the
HC and then allocated to streams via pelling.

medinm access time as compared to that under EDCA. What
the HC needs to compuie are the polling order and the amount
of TXOPs granted to a station for each polling (together called
a “service schedule” in the 802.11¢ standard), and polls each
station to initiate frame-exchange sequences. To give an ex-
ample of how a service schedule is computed, let us consider 3
multimedia streams that generate packets with size of 600 bytes
every 25, 25, and 50 msecs with delay bounds of 100, 100, and
200 msecs, respectively. For an illustrative purpose, we do not
include any polling frames or control overhead in computation,
and we assume all streams are transmitted at 48Mbps. To pro-
vide the delay-bound guarantee, one can choose the polling pe-
riod (i.e., “service interval” in the 802.1 1e standard) as the min-
imum of all streams’ delay bounds. In this example, we have a
service interval of 100=min(100,100,200) msecs. Within this
interval, the first two streams need 32 + 600 « 8/48 x 10 = 400
usecs to transmit four data frames while the last stream only
needs 200 psecs to transmit two frames. One possible imple-
mentation of the service schedule in this example is illustrated
in Figure 2.

Although HCCA is recommended for parameterized QoS in
the IEEE 802.11 wircless LANs primarily because of its effi-
ciency, it is less flexible in the sense that the HC may need to
recompute the service schedule when a wraffic stream is added
to, or deleted from, the wireless LAN, or a station on the
wireless LAN changes the physical transmission rate. More-
over, when two wireless LANs using HCCA operate on the
same channel, it requires additional coordination between them.
On the other hand, EDCA is more flexible as we will discuss
later. We will detail the advantages/disadvantages of these (wo
channel-access mechanisms in terms of QoS provisioning and

system complexity after introducing our admission control and

resource allocalion algorithms.

III. AIRTIME-BASED ADMISSION CONTROL

Although EDCA and HCCA use different channel-access
mechanisms io allocate TXOPs to wireless stations, they both
need admission control to determine how much traffic a wire-
less LLAN can handle so that the prescribed QoS for each waffic
stream can be maintained. Of course, an admission decision
should be made according to both admission policies and Qo8
requirements supplied by a higher-layer entity of a wireless sta-
tion, usually the application layer. These requirements are spec-
ified in the TSPEC element in the IEEE 802.11e standard and
are submitted to the admission control unit (ACU) by stations
carrying the streams. Since the TSPEC element plays a crucial
role in our admission control, we first introduce some of its im-
portant fields which will be used later in deriving the guaranteed
rate.

A. Overview of the TSPEC Element

A station can request parameterized QoS using the TSPEC
element [21]. The TSPEC element contains the set of parame-
ters that characterize the traffic stream that the station wishes
to establish. These parameters are used by the admission-
conirol algorithm and are negotiabie between the station and
the ACU. There are six important fields in the TSPEC used in
our admission-control algorithm. We first discuss these fields
and show how to use them to derive the guaranteed rate.

« The Mean Data Rate (p) field specifies the average data
rate of a traffic stream, in bits per second, for transport of
MAC service data units (MSDUs) of this stream.

» The Peak Datg Rate (P) field specifies the maximum al-
lowable data rate in bits per second, for transfer of the
MSDUs of a waffic stream.

« The Maximum Burst Size (6) field specifies the maximum
data burst in bits that arrive at the MAC service access
point (SAD) at the peak data rate for transport of MSDUs
of a traffic stream. This definition is different from the
conventional definition for burst size defined in the Re-
source Reservation Setup Protocol (RSVP} and other pro-
tocols where burst may arrive at an infinite rate,

» The Minimum PHY TX Rate (R) field specifies the min-
imum physical transmission rate, in bits per second, re-
quired to be operated by the station or the AP in order
to guarantee the QoS. As an example, let us consider the
IEEE 802.11b physical (PHY) layer which has 4 physi-
cal transmission rates, Assume that a CBR (constant bit
rate) video stream with a bandwidth request of 2 Mbps is
admitted into the wireless LAN. During the TSPEC nego-
tiation, the station and the ACU agree that the QoS will
be guaranteed if and only if the minimum PHY transmis-
sion rate is not below 5.5 Mbps. If the station now moves
very far away from the AP and has to lower its rate to 2
Mbps, the AP will not guarantee its QoS for that stream,
This is a very important parameter that is taken at the time
of admission control, and we will use it to develop our
admission-control policies.

« The Delay Bound (d) field specifies the maximum amount
of time in units of microseconds aliowed to transport an
MSDU of a traffic stream, measured between the arrival of
the MSDU at the local MAC layer and the start of success-
ful ransmission or retransmission of the MSDU.

o« MSDU Size (L) field specifies the size of the frame in a
traffic stream. The maximum value of L is fixed in the
standard at 2304 bytes.

The Mean Data Rate, Peak Data Rate. Maximum Burst Size,
Minimum PHY Rate, and Delay Bound fields in a TSPEC rep-
resent the QoS expectations requested by a stream when these
fields are specified with non-zero values. Unspecified param-
eters in these fields indicate that the station does not have any
requirements on these parameters.

With the TSPEC element provided by a wireless station re-
questing QoS for a waffic stream, the problem left for the ACU
is simple — can the ACU admit that stream into the network
and support QoS guarantees for all admitted streams? The ACU
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may decide to admit a stream only if its peak data rate can be
supported (for the best o8) or may simply admit the stream
as long as the mean data rate is available, The former approach
ends up with admitting fewer streams and the latter approach
barely supports QoS for bursty streams. Therefore, we derive a
guaranteed rate based on the stream’s TSPEC parameters and
the dual-token bucket traffic regulation. The dual-token bucket
is associated with each stream and is situated at the entrance
of the MAC buffer. It takes into account the mean/peak data
rate and maximum burst size parameters from the TSPEC el-
ement to ensure that the actual arriving frames of the corre-
sponding stream comply with these TSPEC parameters. Fig-
ure 3 shows the dual-token bucket filter where the bucket size
issetas B=o-{1—p/P).

One can easily have the arrival process of a stream passing
through the dual-token bucket filter constrained by

At t+1) = Min(PT, B+ pr), n

where A(t,7 4+ 1) is the cumuiative number of arrivals during
(r, t--7). From Eq. (1) we can construct the arrival rate curve
which is drawn in Figure 4. Since the guaranteed rate has to
be less than the peak rate but large enough to satisfy a stream’s
delay requirement, the relation between the guaranteed rate (g)
and the delay bound (d) can be found as illustrated in Figure 4.
Using the distance formula, one can easily derive the guaran-
teed rate g; for stream §

O;

- 2
dﬂ“%:' e

&i
where G;, d; and B; are the maximum burst size, delay bound
and peak data rate of stream .

Since transmissions on the wireless medium are prone to er-
rors, ong may want to provide a larger guaranteed rate to com-
pensate the stream for the failed transmission. By taking into
account the error probability of stream i, P. ;, we can obtain the
new guaranteed rate as

G

S TP ®

8i
How to estimate F.; is beyond the scope of this paper. One
simple way is to use the RSSI value from a received data or
acknowledgement frame to estimate the error probability.
One may want to use this guaranteed rate and conventional
rate-based admission control so that stream ¢/ is admitted if

g+ 2,8 <C, @)

k=1

where C is the channel capacity. However, the channel capacity
depends on the PHY rates that stations are using in a multi-rate
802.11 wircless LAN. If all stations are only able to support
PHY rates up to 36 Mbps, the channel capacity is 36 Mbps in-
stead of 54 Mbps,! Therefore, such a simple admission control
is impractical and we need an admission control that takes into
account the stattons” varying PHY rates of the multi-rate 802.11
wireless LAN.

! An 802.11a wireless LAN may support PHY rates of 6, 9, 12, 18, 24, 36, 48
and 54 Mbps.
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Fig. 3. The dual-token bucket filter for traffic policing.

. eak rate: P
Bits 4 P / 0
; Arrival curve tA(t)
I
, guaranteed rate: £
;’
F
s .- mean rate; P
AL 4 E -
ffacactd

Time

Fig. 4. Arrival curve at the entrance of MAC buffer and the guaranteed rate
for a traffic stream.

B. The Admission-Control Algorithm

As discussed earlier, a wireless station may adapt its physi-
cal transmission rate to link conditions. If the ACU prescribes a
guaranteed rate to a siream but the station carrying that stream
transmits at a rate lower than the guaranteed rate, it is impos-
sible to achieve the required QoS. For example, if stream A’s
guaranteed rate is 5 Mbps but the station carrying that stream
is transmitting at 1 Mbps (the lowest rate in an IEEE 802.11b
wireless LAN), it is impossible for Stream A to obtain the de-
sired throughput of 5 Mbps. To remedy this problem, the pro-
posed ACU only guarantees the QoS for a traffic stream sub-
ject to some constrainis on the station’s PHY transmission rate.
That is, the wireless station can only receive QoS guarantees if
and only if it maintains its PHY wansmission rate higher than a
pre-negotiated rate, namely, the minimum PHY TX rate (R} in
the TSPEC.

Let us consider an HDTYV stream in an IEEE 802.11 wireless
LAN using 802.11a PHY layer. If the guaranteed rate for the
HDTV stream including the overheads is 30 Mbps, the ACU
may set the minimum PHY rate at 48 Mbps, meaning that the
ACU allows the station © occupy 62.5 (=frac3048)% of the
airtime for this HDTV stream. The ACU may also set the min-
imum PHY rate at 36 Mbps, meaning that 83 (=frac3036)% of
the airtime is used by that HDTV stream. The more airtime a
stream gets (e.g., 83%, as compared to 62.5%), the lower the
PHY rate (c.g, 36 Mbps, as compared to 48 Mbps) a wircless
station is allowed to use in order to still receive the guaran-
teed QoS (i.e., 30 Mbps). However, the wireless LAN may end
up with admitting a very few traffic streams if the ACU pro-
vides such wide-range (in terms of the PHY rates) QoS guar-
antees. Such a trade-off between QoS guarantees and system
utilization, due to the link adaptation, has to be made when
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one deals with the admission-control problem in the multi-rate
[EEE 802.11 wircless LAN. As implied in this example, K; (for
station §) has to satisfy

K
Ri> Y 2ij (5)
J=1
where g; ; is the guaranteed rate for stream j in station i, and
K is the total number of streams carried by station i. In this
paper, the value of R; is determined by the amount of wireless
medium occupancy time (i.e., the airtime) that the AP is willing
to allocate to the station.
With the guaranteed rate derived from the TSPEC, the
amount of airtime, required by station 7 for its stream j in a
one-second time interval, can be computed by

rij= 2L (6)

Obviously, 7; ; is less than 1 according o Eq. (5). With Eq. (6),
whether or not to admit a new stream g from station p — for
the parameterized QoS — is determined by

fpgt+ 22?}'“{ < FA. N
ij

Here, the FA is the effective airtime ratio which is the per-
centage of airtime allocatable to wireless stations. Ideally, the
value of FA is 1, but the actual value of EA is always less than
1 because of the control overhead incurred by the resource-
allocation mechanisms. One can expect that using HCCA can
achieve a higher EA than EDCA because of inevitable cotli-
sions caused by the contention in EDCA. We will compare
the values of EA in HCCA and EDCA via stimulation in Sec-
tion VI. The flowchart for QoS negotiation and admission con-
trol is depicted in Figure 5.

IV. ALLOCATION OF AIRTIME IN IEEE 802.11 WIRELESS
LANS

The admission control by Eq. (7) requires an effective air-
time aliocation mechanism to ensure that each station acquires
its share of airtime, r;. Since HCCA relies on a polling-based
mechanism, it can easily allocate the required amount of air-
time to wireless stations. As in the example of Section II-B, the
HC needs to calculate the Service Interval (S7) as:

l
SI= Emm{dladla--o:dk%—l}: ®

where d; is stream s delay bound. To calculate the required
amount of TXOPs for stream i, we need to determine the num-
ber of frames that have to be drained from this stream at the
guaranteed rate. The number of frames N; is given by

Ni= [Slxgi'l, ©)

L;

where L; is stream i’s frame size. Then, the TXOP for this
stream is obtained as

NL M
TXOP,-=max( ) + 0,

R R (10

Arrival of a stream’s admission request from
the station to the AP

1

AP passes the TSPEC parameters
to the ACU

'

ACU extracts the Mean and Peak
Data rate, Maximum buzst size

and Delay Bound from the TSPEC
and derives the guaranieed rate

J

l

NO

ACU checks if Eq. (7)
satisfied?

Reject the stream

Admit the stream and pass the
negotated Minimum PHY TX rate
parameter to the requesting station

Fig. 5. Airime-based admission control for both EDCA and HCCA.

where R; is the negotiated minimum PHY rate for stream i, M
is the maximum frame size, and O is the overhead in time units,
including the inter-frame spaces, acknowledgement frame and
polling overheads. Due to space limitation, details for the over-
head calculations are omitted here.

Unlike the polling-based HCCA, EDCA relies on a dis-
tributed, contention-based mechanism. To realize the param-
eterized QoS, we need each wireless station {or its ACs) to use
adequate EDCA parameters. In what follows, we focus on how
to determine the EDCA parameters for stations based on the air-
time ratio r; in the admission control. Then, we will compare
HCCA and EDCA from the perspectives of QoS provisioning
and system complexity.

A, Controlled Airtime Usage in EDCA

To control a station’s airtime usage in EDCA, one may
choose to control (1) the TXOP limit of each station and (2) the
frequency of a station’s access to the wireless medium. With
the first method, all stations choose the same EDCA param-
eters, but each station can occupy the wireless medium for a
different amount of time during each access. With the second
method, each station occupies the medium for the same amount
of time during each access but has a different medium “access-
ing frequency”.

1) Controlling the TXOP Limir: Let r] be the fraction of
airtime that station { should obtain and TX OF, be the value of
station £’s TXOP limit. Let T; be the amount of time required
to transmit a frame with size of L; (excluding the frame header)
from stream i at the negotiated minimum PHY rate R;. T; is
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obtained by
Ii=+. (1D

Let M be the index of the stream such that T3y = max; 7;. Then,
one can choose TXOP; as

FiTM TITM
2| —=1 —1)SIFS T,
*H {mﬂ] ) 7{ ”'MT:-I ack

rxop = i L+ H
vl R;
where H is the MAC frame header size and T, is the amount of
time to transmit an ackrowledgement frame. For example, con-
sider four streams with L; = 600, 660, 1200 and 1200 bytes, re-
spectively. We assume these four streams are required to trans-
mit at least at the PHY rates of 48, 48, 48 and 24Mbps, respec-
tively. Based on Eg. (11), we have Ty = 1200% 8/24 « 10~6 =
400 psecs. If we assume r; for each stream to be 0.1, 0.2, 0.2,
and 0.1, respectively, then N; = L"{— 4,8, 4,and 1, and N; is
actnally the number of data frameb that stream 7 should trans-
mit during each access to the medium. The values of TXOPF;
are illustrated in Figure 6. If NV, i5 not an integer, a frame needs
1o be fragmented for precise airtime control.

With the values of TX OF; chosen by Eq. (12) and the fact that
each station has a statistically equal probability to access the
medium (because of using the same EDCA parameters), each
station will obtain the amount of airtime proportional to its r;
value. The maximum amount of airtime station i can get within
an one-second period rpayx; is

EA>—-
—Z::,‘

given that Eq. (7} is held true by the ACU. Eq. {13) shows that
each station can always obtain the required amount of airtime
(determined by the ACU) by using this simple control method.
In fact, one of the greatest advantages of using EDCA is that the
amount of airtime a station can get is determined by the ratio of
stations’ r; values, not the absolute value of r;. For example,
assume that station 1 needs 0.1 sec out of every one-second
period (i.e., 1 = 0.1) for a stream and station 2 needs 0.2 sec
(i.e., r1 = 0.2) for another stream. Based on Eq. (13} and given
that EA = 0.6, the actual amount of airtime station 1 can obtain
is 0.2 sec and that for station 2 is 0.4. When more streams
join the wireless LAN, the amount of airtime station 1 can get
decreases {automnatically adjusted by EDCA via Eq. 13), but it
will not become less than 0.1 according to Eq. (7).

7>, (13)

Tmax,i — E

2} Controlling the Accessing Freguency: Instead of control-
ling the duration of a TXOP, we can use a fixed TXOP dura-
tion for all stations but control their access frequencies, AF},
so that stations can still acquire the desired amount of airtime.

This TXOP has to be chosen so that each station uses the same -

amount of airtime -— during each access to the wircless medium
— to transmit data frames at the negotiated minimum PHY rate.
Therefore, the TXOP limit is chosen as

TXOP limit =
ax Tar | Li +H
mi T; R

As shown in Figure 7, the TXOP limit of the above example is
619.6 psecs and all four streams will transmit 400 usec-worth
data frames given this TXOP lmit (i.e., streams | and 2 send 4
frames, stream 3 sends 2 frames and stream 4 sends one frame).

Several EDCA parameters can be used for controlling
AF;, including minimum/maximum contention window size
(CWiin,i/CWax ;) and arbitration inter-frame space (AIFS;).
The relation between these parameters and the access frequency
can be found (also shown in [24]):

+(2 (Tu] — )SIFS+ ﬁ’] Tack}.
(14)

- — —1

ZBT‘LEBT + 2 Dy,

(15)

where BT,-U) is the i-th backoff time chosen by STA j and is
mainly determined by CWy ; and CWyay, j, Dy, 1s referred to as
the “decrementing lag” in [23], [24] and is mainly decided by
AIFS; value, and n; represents the total number of times STA i
has backed off during the observing time interval and is propor-
tional to AF;. Based on Eq. (15) and by setting
AF; ; ;
U Ii = ﬂ, (16)
AF:,‘ rj fj
we can determine the adequate EDCA parameters using the al-
gorithms given in [24]. One approximate but very simple solu-
tion is to choose CWy, as
CWaini 1 :
mint — _j! (]7)
CWmin,j Ti
which will give a very good control on AF;. On can easily reach
the same conclusion drawn from Eq. (13) that stations can al-
ways acquire at least the required amount of airtime in a dis-
tributed manmner.

j— TXOP limit = 619.6 usecs — ]
IR E I RE I mRE N

1 ea 1mg _mE 1.

le—  S01L§usecs —

H | 7 B W . ACK frame transmitted at 6Mbps

t— 448 5 usecs —™ B :frame header transmitted at 48Mbps

. D Frame header transmined at 24Mbps
S 400 usecs >

Fig. 7. Example 2 — selection of the network-wide unified TXOP limit. In
this example, the TXOP limit for all stations is 619.6 gsecs.
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B. Comparison of EDCA and HCCA

The greatest advantage of using HCCA for QoS guarantees
is its high system efficiency (i.e., a higher EA value compared
to using EDCA) than others, thanks to the HCCA’s contention-
free nature. Due to this higher efficiency. HCCA can provide
more resource and may admit more tratfic streams than EDCA.
However, there are several potential problems of using HCCA
due primarily to its centralized control over stations” access (o
the wireless medium.

1) As pointed out in the IEEE 802.11 standard, the opera-
tion of the polling-based channel access may require ad-
ditional coordination to permit efficient operation when
multiple polling-based wireless LANs are operating on
the same channel in an overlapping physical space. New
standard supplements such as 802.11k are being devel-
oped to facilitate the required coordination, but additional
operations such as monitoring the channel activity (via
802.11k) may incur control overhead, hence degrading
the system efficiency. On the other hand, EDCA does
not need any coordination between wireless LANs using
the same chanpel since EDCA is designed to solve the
channel-sharing problem.

2) The hybrid coordinator (HC) in HCCA needs to recom-
pute the service schedule whenever a new traffic siream
is added to, or deleted from a wireless LAN. However,
the ACU in EDCA assigns the appropriate EDCA param-
eters st to the new stream and the existing streams may
not need to make any adjustment” as explained in the pre-
vious subsection.

3) As mention earlier, the QoS of a traffic stream can only be
guaranteed if the wireless station transmits at a (physical)
rate higher than the negotiated minimum physical rate.
If a station lowers its physical transmission rate (below
the negotiated rate), the amount of airtime originally al-
located to the stream (by the HC) may not suffice to sup-
port the required QoS even though the HC may still have
enough unallocated resource to support that stream’s QoS
at this lower rate. Of course, the HC can temporarily allo-
cate more airtime (by recomputing the service schedule)
to support that stream’s QoS at this lower raie. How-
ever, if more new streams request for QoS later, the HC
needs to reduce the stream’s airtime allocation back to the
originally-negotiated amount since the HC needs airtime
for new streams. However, using EDCA will not require
the AP or the ACU to reallocate airtime because wireless
stations can automatically obtain the extra amount of air-
time according to Eq. (13). Consider the previous exam-
ple again. Stations 1 and 2 can actually halve their PHY
rates and still meet the QoS requirements. In other words,
the QoS can be automatically provided by EDCA, regard-
less of the transmission rate a station is using, as long as
the system airtime resource allows. The new streams will
not have any problem in getting their required amount of
airtime as the airtime allocation is adjusted automatically
according to Eq. (13).

21t depends on which airtime control methods of EDCA is applied.

MLME MAC

- PLCP
[

| PLME T —
T PMD

SME

Fig. 8. Architecture and layer management of [EEE 802.11e standard — SME:
Station Management Entity, MLME: MAC Layer Management Entity. PLME:
Physical Layer Management Entity, PLCP: Physical Layer Convergence Proto-
col, PMI): Physical Medium Dependent.

V. Q0S8 SIGNALING FOR ADMISSION CONTROL AND
PARAMETER NEGOTIATION

The IEEE 802.11e standard has specified a set of signal-
ing procedures for adding new QoS streams into an HC-
coordinated wireless LAN. We can use these procedures, with
little modification, for QoS signaling in EDCA. In order to
better understand how these procedure is implemented in the
TEEE 802.11e standard, we briefly introduce the architecture
and layer management in the [EEE 802.11e standard.

A. Architecture and Layer Management of the IEEE 802.11¢
Standard

Both the MAC sublayer and PHY in the 802.11 stan-
dard conceptually include management entities, calied MLME
(MAC Layer Management Entity) and PLME (Physical Layer
Management Entity), respectively. These entities provide
the layer-management service interfaces through which layer-
management functions may be invoked. In order to provide
correct MAC operation, a station management entity (SME)
will be present within each station. The SME is a layer-
independent entity that may be viewed as residing in a sep-
arate management plane, The SME is responsible for gath-
ering layer-dependent status information from various layer-
management entities (LMESs), and similarly setting the value of
layer-specific parameters, The SME would perform functions
on behalf of general system-management entities and would
implement standard management protocols. Figure 8 shows the
relationship among the management entitics. With the overall
picture of 802.11e layer management, we can now explain the
(oS signaling procedures,

B. (oS Signaling for Setting Up a Stream

Figure 9 shows the sequence of messages exchanged dur-
ing the setup of a traffic stream (TS). The SME at the
wireless station creates a TS based on the request from the
higher layer? The SME also obtains the TSPEC parame-
ters from the higher layer. The SME generates an MLME-
ADDTS request containing the TSPEC. The station’s MAC

3The decision to create the TS and how 10 generate the TSPEC parameters
are outside of the standard’s scope.
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Fig. 9.  Signaling and exchange of messages when a QoS traffic stream is
added to an HC-coordinated 802.11 wireless LAN.
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Fig. 10. The modified EDCA parameter set element for supporting parameter-
ized QoS in EDCA.

transmits the TSPEC in an ADDTS request in the corre-
sponding QoS Action frame or the (re)association request
frame to the HC and starts a response timer called ADDTS
timer of duration dot1JIADDTSResponseTimout. The HC MAC
receives this management frame and generates an MLME-
ADDTS indication primitive to its SME containing the TSPEC.
The SME in the HC decides whether to admit the TSPEC as
specified, or refuse the TSPEC, or not admit but suggest an al-
ternative TSPEC, and generates an MLME-ADDTS response
primitive containing the TSPEC and a ResultCode value by em-
ploying the admission-control algorithm. The HC MAC trans-
mits an ADDTS response in the corresponding QoS Action
frame or (re}association response containing this TSPEC and
status,

Although the signaling is designed for HCCA to support pa-
rameterized (Qo8, we can use the same procedures for adding
new QoS streams into a wireless LAN using EDCA. Here, the
HC is replaced by the ACU since there is no HC in an EDCA-
based wireless LAN. The most important task here is to trans-
port the EDCA parameters (also decided by the ACU) to the
station requesting for parameterized QoS. Fortunately, we can
convey these parameters via the EDCA Parameter Set Element
in the frame body of the MAC management frame.? We modify
the EDCA parameter set element of 802.11e standard as shown
in Figure V-B so that the ACU can signal the decision of admis-
sion and the corresponding EDCA parameters to the station,

If & wireless LAN operates in ad hoc mode, there will be
no ACU for admission control and definitely no HC to allocate
TXOPs to stations. In this case. stations can only use distributed
admission control and the enhanced EDCA for parameterized
QoS. Next, we outline how this can possibly be achieved in the
ad hoc mode of 802.11¢ wireless LAN.

4QoS Action frames are 2 MAC management frame.

C. Admission Control in Ad Hoc Mode

For the purpose of admission coutrol, each station has to
monitor the channel and determine its current utilization. Here
we do not consider the hidden terminal effects and assume that
all stations hear each other and are not in the power saving
mode. Otherwise, the QoS provisioning is almost impossi-
bie. Once the channel utilization is determined, each arriving
stream’s TSPEC element, when received at the SME, is passed
onto the MAC for determining the guaranteed rate. Note that
the signaling is similar to the one discussed earlier with the ex-
ception that there is no ADDTS frame sent physically on the
medium,

Based on the guaranteed rate and the minimum PHY rate,
the station can determine the value of r;. If r; is found to satisfy
Eq. (7), the station transmits an RTS frame with the value of r;
to the destination station. Once the destination station responds
to the RTS frame with a CTS frame, all stations assume that the
new stream’s QoS request has been accepted, and hence, up-
date the system utilization (i.e., 3;r; in Eq. (7)) for later use.
The station requesting admission, then, contends for the wire-
less medium with the enhanced EDCA parameters as explained
before. In general, this admission-control algorithm is similar
to that for parameterized QoS in EDCA, with the exception that
the admission control is realized in a distributed manner. Be-
cause of this distributed nature and the fact that the minimum
PHY transmission rates are determined by individual stations,
some stations may over-occupy the wireless medium if they al-
low the streams to be transmitted at very low PHY transmission
rates (and thus, a large r;). Therefore, it is each individual sta-
tion’s responsibility to use the wireless medium “responsibly.”

VI. EVALUATION

In this section, we compare the polling-based HCCA and the
contention-based EDCA for their QoS support via simulation.
We will stress the advantages of using the erhanced EDCA for
QoS support as discussed in Section 1V, and verify the effec-
tiveness of the integrated airtime-based admission control and
enhanced EDCA, We performed simulations in OPNET for four
scenarios, In scenario 1, we compare the system efficiency, in
terms of the number of streams admitted into a wireless LAN
under EDCA and HCCA. In scenario 2, we compare the two
conirolling methods, namely, controlling TXOP limit and con-
trolling medium accessing frequency, under EDCA. In scenar-
ios 3 and 4, we compare the performance of HCCA and EDCA
when some stations vary their physical transmission rates un-
der the heavy- and light-load cases, respectively. We have
modified the wireless LAN MAC of OPNET to include the
admission-control algerithm and the signaling procedure as ex-
plained above.

A. Scenario I: Svstem Efficiency

We assume that each station carries a single traffic stream
which requests a guaranteed rate of 5 Mbps.®> We also assume
that all stations are required to transmit at 54 Mbps for QoS

5The average bit rate of a DVD-quality (MPEG-2) video is about SMbps.
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Compargion of system efficieney: HCCA vs. EDCA
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Fig. 11, Comparison of system efficiency, in terms of the total throughput,
between HCCA and EDCA. *A new station carrying a single stream is added to the
wireless LAN about every 5 seconds and transmits at 53 Mbps. The height of each “stair™
in the figure is equal to a strearn’s guaranteed rate = 5 Mbps.

guarantees, and do not change their PHY rates. We increase
the number of stations, starting from 1, until the wireless LAN
cannot accommeodale any more stations (or streams). For the
EDCA case, we control the TXOP limit for airtime usage con-
trol. Since all streams have the same guaranteed rate (g; =5
Mbps} and minimum PHY rate (R; =34Mbps), each station
uses the same TXOP limit in this scenario. For the HCCA case,
we follow the procedures in Section I1,

Figure 11 plots the total throughput under both HCCA and
EDCA. Since all stations request the same guaranteed rate, ong
can easily convert the total throughput to the total number of
stations (i.c., streams) admitted into the wireless LAN. We in-
crement the number of stations every 3 seconds in order to
explicitly show the throughput received by individual stteams.
Prior to 1 = 35 second, every admitied stream gets exactly the
5-Mbps guaranteed rate under both HCCA and EDCA, It shows
that using the enhanced EDCA car achieve the same QoS guar-
antees as wsing the polling-based HCCA,

At t = 35 second, the number of stations is increased to
8. The figure shows that using EDCA cannot guarantee the
streams’ Qo8 any longer because it needs a total throughput of
4() Mbps to support 8 streams, but the wireless LAN can only
provide about 37Mbps. However, under HCCA, all streams are
still provided with the 5-Mbps guaranteed rate. This result is
expecied becanse HCCA uses the polling-based channel access
(in contrast to the contention-based EDCA), hence resulting in
a higher efficiency. After t = 40, more stations using EDCA
are added to the wireless LAN and the total system throughput
starts to drop gradually. At f = 60 second where there are 16
stations in the wireless LAN, the system throughput becomes
36 Mbps, compared to the maximum achievable throughput of
37 Mbps. Such decrease in the system throughput results in that
more collisions occur when the number of stations increase.
The amount of dropped frames under EDCA 1s also plotted
which shows that frame dropping starts at ¢ = 35 second. In
contrast, the maximumn achievable throughput under HCCA re-
main at 40 Mbps since the AP simply does not poll any addi-
ticnal streams/stations under HCCA. The efficiency of HCCA
mainly depends on the frame size used by individual stations.

If a larger frame size (we use 1500 bytes) is used, the maximum
achievable throughput can be increased to 43 Mbps [25].

Based on the simulation results, one can also obtain the val-
ues of the effective airtime EA in Eq. (7). Because all streams
are transmitted at the same PHY rate, the value of EA can be
computed by

EA — system Lotal throughput
B PHY rate )

Therefore, we have EA = 0.67 under EDCA and EA = (.73
under HCCA. Although the value of EA varies under EDCA
(depending on the EDCA paramelers used), it is always within
the range between 0.65 and 0.68 in our simulaiion, We use
FA =0.65 in Eq. (7) for a more ¢conservative admission control
under EDCA.

Although using HCCA achieves a better efficiency, it only
generates 0.06 = 0.73 — 0.67 second more data-transmission
time (within a one-second period) or about 3Mb more data
frames when all stations wransmit at 54Mbps (the maximal PHY
rate in the §02.11a PHY specification). When stations use
smaller PHY rates, the small difference between the EA val-
ues of EDCA and HCCA results in an even smaller throughput
difference. Therefore, one can expect that using EDCA and
HCCA will generate a similar performance, especially in terms
of the total number of admissible streams.

(18)

B. Scenario 2: TXOP Limit vs. Medium Accessing Frequency

In this subsection, we compare the two controlling methods
in EDCA, namely, controlling the stations” TXOP limits and
medium accessing frequency. We still assume that each stream
requires a 5-Mbps guaranteed rate. In order to emphasize the
EDCA’s quantitative control over stations’ diverse airtime us-
age, we assume that stations 1 and 2 carry a single tratfic siream
but stations 3 and 4 carry 2 streams. That is, there are six traf-
fic streams in total. We again assume that all stations trans-
mitted at 54Mbps and do not change their PHY rate. There-
fore, all streams are able to obtain their guaranieed rate based
on the results in Scenario 1. In order to control the staiions’
medium accessing rate, we choose CWy;, as the control pa-
rameter. Therefore, we choose CWin 1 = CWainn = 15(2* = 1)
and CWyin3 = CWiin g = 31(2° — 1) based on Eq. (17), and set
CWpnax = 63(2% — 1) for all stations. The TXOP limits are cho-
sen according to Eqgs. (12) and {14).

Figure 12 plots the total throughput of using the two con-
trolling methods. It shows that both methods generate identical
results {in terms of throughput). One can observe that stations
I and 2 both receive the 5-Mhps guaranteed rate afier they join
the wireless LAN at f = () and t = 5, while stations 3 and 4 both
receive 10 Mbps (5 Mbps for each of their own two streams)
after they join the wireless LAN at r = 10 and = 15. The
results show that both controlling methods can realize the dis-
tributed and guantitative control over stations” airtime usage.
Here, the throughput is proportional to airtime usage since all
stations transmit at the same PHY rate.

Figure 13 plots the delay under the two controiling methods.
Once all 4 stations (all 6 streams) are admitted to the wireless
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CWmin vs. TXOP limit under EDCA: throughput analysis
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Fig. 12. Comparison of throughput between conirolling statjons’” TXOP limits
and CWy,, values. *The figures shows that in EDCA. controlling stations” TXOP lim-
its and controlling the CWy, values result in the same performance in terms of streams’
throughput.
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Fig. 13. Comparison of delay between controlling stations” TXOP limits and
CWin values. *The figures shows that in EDCA, controlling CW,, values may result in
a large delay variance but still satisfy all stream’s delay beund.

LAN, the delay remains around (.8 msec if the TXOP Limit
control is used, or fluctvates around 1.2 msecs if the CWpyy
control is used, The reason for the delay fluctuation in the lat-
ter is that if stations using a larger CWy;;, (i.e., 31) collide with
other stations, they use CWpee = 63 as the contention window
size due to the exponential random backoff. Thus, these sta-
tions may wait much longer than the case of controlling the
TXOP Limit where stations (rarely) use CW,,, = 63 only when
2 consecutive collisions occur. In any case, the delay under both
methods are well below the streams’ delay bound, which is 200
msecs in our simulation.

C. Scenario 3: Time-Varving Transmission Rates: a Heavy-
Load Case

The main advantage of our airtime-based admission control
over a rate-based counterpart is that, wher some stations lower
their PHY rates, they do not affect other stations’ airtitne alloca-
tion and QoS guarantees. Instead, only the QoS of the stations

Varying PHY rates of station 1: heavy load (EDCA)
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Fig. 14. Throughput of individual streams in EDCA: station 1 lowers its PHY
rate to 18 Mbps at f = 15 second. *The wireless LAN has been heavily-loaded before
station 1 lowers its PHY rate. Therefore, the wireless LAN cannot provide station | the
guaranteed rate once station 1 lowers its rate. However. all other stations are not affected
a3 in the BCCA case shown in Figure 15.

lowering their PHY rate below the negotiated minimum PHY
rates are compromised. To simulate this scenario, we assume
that there are 4 stations where station 1 carries a 5-Mbps stream
and stations 2—4 each carry two 5-Mbps streams. All stations
are required to transmit at 54Mbps to maintain their QoS. That
is, the negotiated minimum PHY rate is 54 Mbps for all sta-
tions, Furthermore, we assume that station 1 lowers its PHY
rate to 24 Mbps due to the link adaptation at r = 15 second.

Figures 14 and 15 plot the throughput of individual stations
under EDCA (controlling the TXOP limits) and HCCA, respec-
tively. These figures show that stations 24 that maintain their
PHY rate always receive at least 10-Mbps throughput (5 Mbps
for each of their own 2 streams) after they join the wireless
LAN att =35, 10, and 15 second, respectively. The only station
that receives a throughput less than the guaranteed rate is station
1, which violates the agreement on maintaining the minimum
PHY rate at 54 Mbps. The result verifies that our integrated
scheme can effectively maintain the QoS for stations complying
with the QoS negotiation and “isolates” the stations that violate
the QoS negotiation from others in a distributed manner, which
is in sharp contrast with the polling-based HCCA.

D. Scenario 4: Time-Varying Transmission Rates: a Light-
Load Case

In Scenario 3, we conclude that stations lowering their PHY
rates below the negotiated minimum PHY rates do not receive
the QoS guarantees. However, we also mentioned in Section IV
that when a wireless LAN has some unutilized resource (i.e.,
the airtime). the AP may temporarily allocate more resources
to the stations lowering their PHY rates — without violating
other stations’” QoS — so as to support their QoS at lower PHY
rates. This can be done via the HC of HCCA by computing a
new service schedule. In Section IV, we claim that these adjust-
ments can be completed without any centralized control if the
enhanced EDCA is used, thanks to its autonomous distributed
airtime control,
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Varying PHY rates of station 1: heavy load (HCCA)
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Fig. 15. Throughput of individual streams in HCCA.: station I lowers its PHY
rate to 24 Mbps a1 ¢ = 15 second. *The wiretess LAN has been heavily-loaded before
station 1 lowers its PHY rate. Therefore. the EC cannot provide station 1 the guaranteed
rate once station 1 lowers its rate.

Varying PHY rates of station 1: light haad {throughput anabysis in the EDCA)
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Fig. 16.  Throughput of individual streams in EDCA: station 1 lowers its

PHY rate to 18 Mbps at ¢ = 15 second. *The wireless LAN is not heavity-loaded
when station | lowers its PHY rate at { — 15 second. Therefore, station 1 can still receive
the 5-Mbps puaranteed rate after t = 15. However, after 1 = 20 second., station 1 has o
“relinquish” the extra airime it is using so that station 5, which complies the minimum
PHY rate of 54 Mbps receives the 5-Mbps guaranteed rate.

To simulate this scenario, we assume that the wireless LAN
only admits 4 stations before ¢ = 15 second, and stations 1, 2
and 4 carry a single stream and station 3 carries 2 streams. We
again assume that each stream requires a 5-Mbps guaranteed
rate and that all stations are required to transmit at 54 Mbps to
maintain their QoS. We assume that station 1 lowers its PHY
rate to 18 Mbps at f = 15 second. Unlike Scenario 3, the wire-
less LAN is still able to (but not necessarily has to) provide the
QoS to station 1 withowt affecting other stations” since there
are only 5 streams asking for a total amount of airtime (before
t = 20 second)

45%5 + % =0.64 < 0.65 = EAcica-
We can observe in this figure that station 1 still obtains the
required 5-Mbps guaranteed rate even though it violates the
agreement upon using a 54-Mbps transmission rate. Here, we
do not need to make any additional adjustments as required in

(19)

Varying PHY rates of station 1: light load (delay analysis in the EDCA)
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Fig. 17. Delay of individual streams in EDCA: station 1 lowers its PHY rate
1o 24 Mbps at r = 15 second. *The wireless LAN is not heavily-loaded when station 1
lowers its PHY rate a1 t = 15 second. Therefore, all streams’ delay bound are still satisfied
after t = 15. However, after r = 20 second. station I has to “relinguish™ the extra airtime
it is using so that station 5, which complies the minimum PHY rate can receive the QoS.
As aresull, station 1's siream experiences a delay greater than the required delay bound at
t = 20 second.

HCCA. Instead, station 1 automatically adjusts its airtime us-
age by contending the wireless medium more frequently via the
enhanced EDCA, due to the build-up MAC buffer queue,

After t = 20, we add station 5 which also carries a 5-Mbps
stream into the wireless station. When station 5 requests for
admission at t = 20 second, the AP should admit it based on
Eq. (7

635

7k 0.55 < 0.65 = EAcyzq, (20)

since all stations are required to transmit at R;=54 Mbps. How-
ever, not all stations actually transmit at 54 Mbps. The total
amount of airtime we really need to support QoS for all sireams

is
5«5 5

3 " 7g = 073> 0.65 = EAuyeca,
where stations 2—5 have a total of 5 streams to transmit at 54
Mbps and stations has 1 stream to transmit at 18 Mbps, Obvi-
ously, station 1 should not receive the QoS (5-Mbps guaranteed
rate). Figure 16 again shows this “expected” behavior and the
most important fact is that such adjustment is again achieved
automatically (via the EDCA parameters) without any adjust-
ment which is required in HCCA. Figure 17 shows the delay
of data frames from individual stations. Again, before t = 20
second, the delay bound of station 1 is satisfied even though sta-
tion 1 violates the minimum PHY rate requirement. However,
such QoS is not guaranteed any longer after ¢ = 20 second, be-
cause station 5 joins the wireless LAN and complies with the
minimum PHY rate requirement.

(21

VII. CONCLUSIONS

In this paper, we provided a complete set of QoS solutions for
the infrastructure-mode 802.11 wireless LAN (in both HCCA
and EDCA) and the ad hoc-mode 802.11 wircless LAN. The
QoS for a traffic stream is jointly determined by the wireless
station and the admission-control unit, via the negotiation of
traffic parameters in the TSPEC. Based on the negotiated re-
sults, a guarantecd rate is determined for the purpose of admis-
sion control. The admission control takes into account stations’
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varying PHY transmission rates (resulting from link adapta-
tion), and effectively prevents the stations that violate their QoS
negotiation from aifecting other well-behaving stations” QoS
guarantees.

in order to provide the parameterized QoS in EDCA, we
also provided a new distributed, quantitative control of stations’
airtime usage by controlling stations’ TXOP limits or EDCA
parameters, We then extended the current QoS signaling of
HCCA defined in the TEEE 802.11e standard to perform ad-
mission control in our “parameterized QoS-capable” EDCA.,
Furthermore, we extended the atrtime-based admission control
(with the enhanced EDCA)} for QoS provisioning in the ad hoc
wircless LAN, and designed appropriate signaling procedures.
We evaluated via simulation the etfectiveness of this parameter-
ized QoS-capable EDCA scheme, and demonstrated its advan-
tages over the centralized, polling-based HCCA scheme.
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