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Abstract 

This paper proposes a novel control theoretic approach for 
supporting bandwidth allocation in IEEE 802.1 l e  Wireless 
Local Area Networks (WLANs) with HCF access method. 
It distributes the limited " L A N  capacity by taking into ac- 
count the desired queueing delay that audiohideo applica- 
tions would expect. The algorithm exploits a proportional 
controller and feedforward disturbance compensation. The 
dynamic behavior of the algorithm has been theoretically 
investigated. Moreover, computer simulations have been re- 
poned to show the effectiveness of the proposed approach. 

1 Introduction 

The use of WLANs as wireless version of Ethernet net- 
works has grown considerably during last years and their 
use has been focused on carrying best effort data. On the 
other hand, the increasing popularity of Personal Device 
Assistants (F'DAs) with embedded speakers, a microphone, 
and sometimes even a miniature camera, is boosting the in- 
terest for WLAN-based media transmission as an alterna- 
tive to classic cellular wireless communication. However, 
for a WLAN-based media delivering equipment to be suc- 
cessful, it is important that the l i t e d  first-hop bandwidth 
be managed efficiently to take into account the time con- 
straints of audiohide0 applications [11-[21. The new lEEE 
802.1 le proposal has been introduced to support Quality of 
Service (QoS) in WANs and represents the natural frame- 
work to address the first hop bandwidth allocation issue. 
Within the 802.1 le, the Enhanced Distributed Coordination 
Function (EDCF) and Hybrid Cordination Function (HCF) 
have been proposed as basic mechanisms to support the 
QoS in WLANs. In this paper, we propose a novel control 
theoretic approach for supporting bandwidth allocation in 
IEEE 802.11e WLANs with HCF. It distributes the limited 
WLAN capacity by taking into account the desired queue- 
ing delay that audiolvideo applications would expect. For 
that purpose, a proportional controller and feedforward dis- 
turbance compensation have been exploited. The dynamic 
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behavior of the algorithm has been theoretically investi- 
gated. Moreover, computer simulations have been reported 
to show the effectiveness of the proposed approach. 

The paper is organized as follows: Section 2 gives an 
overview of 802.11 networks architecture; Section 3 de- 
scribes the proposed control algorithm; Section 4 proposes a 
design procedure for the WAN access network and shows 
computer simulation results; finally, the last section draws 
the conclusions. 

2 IEEE802.11 

In IEEE 802.11 standard, the basic building block of a 
WLAN is referred as BSS (Basic Service Set), i.e., a group 
of stations that communicate through the wireless medium. 
There are two WLAN topologies (31: the IBSS (Indepen- 
dent BSS) in which a group of independent stations com- 
municate directly with each other and the ESS (Extended 
Service Set), where many BSS are interconnected through 
a Distribution System (i.e. a network backbone typically 
wired) forming an infrastructure network. In the latter, in 
each BSS, all traffic is channelled through an Access Point 
(AP). The wireless capacity within each BSS is shared by 
means of the Medium Access Control (MAC) algorithms 
described in the following sub-sections. 

2.1 The DCF access method 
The primary 802.1 1 MAC protocol is the Distributed Co- 
ordination Function @CF), which suppotts asynchronous 
data transfer on a best effort basis. DCF is based 
on CSMNCA (Canier Sense Multiple AccesdCollision 
Avoidance). Before sending a MAC Protocol Data Unit 
(MPDU), a station detects that the channel is free for a min- 
imum duration called DCF Interframe Space (DIFS) and 
starts the transmission only if channel is still free during an 
additional random time. This random backoff time is dis- 
tributed according to a uniform distribution in a range called 
the Contention Window (CW). The random backoff time is 
used to reduce the frame collision probability since the ra- 
dio medium does not permit to detect a collision during the 
frame transmission. Each successful received frame is ac- 
knowledged by the receiving station with an ACK frame. 
which is sent after a SIFS (Short Intetframe Space) pe- 
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nod, shorter than DIFS in order to guarantee a collision free 
transmission. If there is an unsuccessful transmission (i.e., 
absence of the ACK frame received by the sending station), 
the CW value is doubled and the station restarts sensing the 
channel. Each delivered MPDU contains a duration field 
that indicates the time required for the successful transmis- 
sion of the MPDU. The duration field is used by all sta- 
tions in the BSS to adjust their Network Allocation Vector 
(NAV), which defines the amount of time that must elapse 
until the current transmission session is complete and the 
channel can be tested again for the access. This basic ac- 
cess mechanism is subject to the hidden station problem, 
i.e., a receiver (generally the AP) can hear two different 
transmitters, but these cannot hear each other because are 
out of radio range. Given that each source cannot detect the 
collision, the two transmitting stations will continue to send 
their MPDUs. With a large MPDU a lot of channel band- 
width will be wasted due to conupt data [2]. To reduce this 
effect, the 802.11 standard defines an optional Request-to- 
Send/Clear-to-Send (RTSKTS) mechanism. RTS and CTS 
control frames (relatively small, 20 and 14 bytes, respec- 
tively) are used by stations to reserve bandwidth prior to the 
data transmission. 

2.2 The PCF access method 
In order to support time-bounded services, the 802.1 1 stan- 
dard defines the Point Coordination Function (PCF) access 
method, as optional capability, which provides a contention- 
free medium access. A Point Coordinator (PC), typically 
the AP within each BSS, polls each stations enabling them 
to transmit without channel contention. With PCF, time is 
always divided into repeated periods, called SuperFrames 
(SFs), formed by a Contention Period (CP) and a Con- 
tention Free Period (CFP). During the CP the DCF is used 
for medium access, instead, during the CFP the PCF is used. 
Each superframe must include a CP with a minimum length 
to allow the transmission of a MPDU under DCF, At the 
nominal beginning of each CFP interval, the PC senses if 
the medium is idle for a PIFS (PCF Interframe Space) inter- 
val and then transmits a beacon frame with synchronization 
and timing functions. The PIFS interval is longer than SIFS, 
but shorter than DIFS. In this frame the PC specifies the Tar- 
get Beacon Transition Time (TBTT), which indicates when 
the next beacon frame will arrive [3]. There are some issues 
with PCF [I] that are currently under investigation. In fact, 
the PC cannot adaptively distribute the wireless channel ca- 
pacity by taking into account the status of mobile stations, 
because the starting time and the transmissions duration of 
polled stations is unknown and is not under the control of 
the PC. 

2 3  IEEE 802.11e QoS enhancements 
The standardization of IEEE 802.11e specifications is a 
work in progress. Within the present work, we will refer 
to the draft [41, where two main QoS enhancements have 
been considered: the Enhanced Distributed Coordination 
Function (EDCF) and Hybrid Cordination Function (HCF). 

Stations operating under 802.1 le specifications are usually 
known as enhanced stations or QoS Stations (QSTAs). The 
superframe utilization is preserved by using the EDCF in 
the CP only and the HCF in the CW. The use of HCF re- 
quires a centralized controller (generally the AP) which is 
called the Hybrid Coordinator (HC). In order to obtain ser- 
vice differentiation within the BSS, 802.11e introduces up 
to 8 Traffic Categories (TCs) per BSS. Each TC is char- 
acterized by special QoS needs that have to be taken into 
account to properly distribute the WLAN bandwidth. For 
that purpose, the concept of TXOP (Transmission Opporm- 
nity) is introduced which is defined as the interval between 
the time a station has the right to transmit and the maximum 
transmission duration [ I ,  41. The EDCF access method is 
the same of DCF but different parameters for contention are 
used per each TC. Thus a statistical service differentiation 
among TCs is obtained [l ,  41. 

23.1 The HCF access method: HCF is an optional 
access method which is only usable in infrastructure config- 
urations. This mechanism combines some EDCF functions 
with PCF basic aspects. As in the PCF, there is a CP period 
during which QSTAs contend to access the radio medium 
with the EDCF and a CFP during the which only polled and 
granted QSTAs are allowed to transmit. The CFF' ends af- 
ter the time announced in the beacon frame or by a CF-End 
frame sent by the HC. The fundamental element in this ac- 
cess method architecture is the HC (typically performed by 
the AP). The HC allocates TXOPs to QSTAs to meet prede- 
fined service rate, delay and/or jitter requirements. During 
the CFP, the HC uses special QoS CF-Poll frame to spec- 
ify the starling time and the the maximum duration of TX- 
OPs assigned to each QSTA (see Fig. 1). Moreover, IEEE 
802.11e specifications consider two basic mechanisms al- 
lowing QSTAs to feed back queue levels of each TC to the 
HC. The first one exploits an appropriate header field used 
during data transmission (during both the CFF' and CP); the 
second one allows the AP to query QSTAs in order to get 
feedbacks during the Controlled Contention Interval, which 
is generally located at the end of the superframe [I, 41. 

Figure 1: Example of superframe with HCF access method. 

In the following section, we will propose a control scheme 
based on feeding back queue levels to control queueing de- 
lays and provide the typical QoS requests of audio/video 
applications. 
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3 The control theoretic framework 

Achieving service differentiation among the TCs within the 
WLAN can be formulated as the problem of properly dis- 
tributing TXOPs within the CFF' by taking into account 
the specific time constraints of the TCs. In this section a 
QoS control scheme for WLANs supporting HCF access 
method is proposed. It is based on the assumption that the 
HC assigns TXOPs only during the CFF' and that the su- 
perframe duration is constant and equal to TSF. Moreover, 
with the proposed scheme, the HC assigns TXOPs to each 
TC queue within each station thus solving the internal con- 
tention among TCs too. 

3.1 The WLAN model 
In the subsection we will refer to a WLAN system com- 
posed by an Access Point (AP) and a set of mobile sta- 
tions (QSTAs) supponing QoS WLAN capabilities. For 
each QSTA there are N traffic sources feeding N queues, 
respectively (in the 802.1 l e  proposal N 6 8). Every super- 
frame TSF the AP has to allocate the channel bandwidth that 
will drain each queue during the next CFF'. We assume that 
at the beginning of each superframe the AP is aware of all 
the queue levels q,,  i = 1,. . . , M, where M is the total num- 
ber of queues in the WLAN system (i.e., the total number of 
traffic sources within the BSS). By introducing the follow- 
ing notation: 

- C': WLAN capacity: 

- qi(k+ 1) : 

- di(k) : fh source rate during the Eh superframe: 

- TXOPi(k) : TXOP assigned to for draining the ifh queue 

queue level at the beginning of the (k+ 
superframe: 

during the Eh superframe; 

- uj(k) TXoP,(k)C : bandwidth assigned for draining 
TW ". 

the ph queue during the Ph superframe: 

the system can be described by the following equation: 

q,(k+ 1) =qs(k)+dt(k)TsF -ui(k)TsF, i =  1, .. . ,M (1) 

queue dynamics and will be the start- F.q. (1) models the 
ing point of the proposed control algorithm. 

Remark 1 The behavior of di(k) is unpredictable and does 
nor depend on the AP (i.e. it can be modelled LIS a disnrr- 
bance). However; it is important to notice that the sending 
rate di(k) o f a  generic source is usually controlled via an 
end-to-end congestion control algorithm, which plays the 
fundamental mle of setting the input rate to match the avail- 
able bandwidth. Furthermore, the sending rate d,(k) can 
be policed to counteract the misbehaving flows, which do 

not respect the agreement established with the access net- 
work provides Thus, the following model for the distur- 
bance dj(k) can be assumed: 

+- 
j=O 

dj(k) = C doj. l ( k -  7;)  (2) 

where 1 ( k )  is the unitary stepfunction, doj E R+ and 7; is a 
time lag [SI. 

For the assumption (2) and the linearity of (1) we study the 
system response to the signal dj(k) =do. l(k).  We will first 
propose the QoS control scheme under the assumption that 
XE, ui(k) I C, Vk,  that is the WLAN capacity C is never 
exceeded by the allocation algorithm. Then we will discuss 
the effects of the limited capacity C. 

3 3  The control scheme 
The QoS control algorithm has to drive the queueing delay 
~ j ,  i = 1,. . . , M experienced by the packets going through 
the i'h queue to the target value r',i = 1,. . . , M. The target 
queuing delay rr,i = I , .  . . , M is related to the QoS require- 
ments for the TC associated with the ifh queue. 

3.2.1 Controlling queue levels: For the time being, 
we associate a target constant queue level q' at each queue 
qi, i = 1,. . . , M. In this section we develop a control scheme 
to drive each queue level to the respective target. It is worth 
pointing out that the queue level q;(k) is affected by the dis- 
turbance signal dj(k). We will demonsuate that a propor- 
tional controller Gi(z) = kj can ensure system stability but 
is not able to reject the disturbance dj(k). Thus we will 
first carefully tune the proportional gain ki to achieve sys- 
tem stability and then, in order to reject dj(k), we will use 
feedforward disturbance compensation. 

d , l t l  

q , l k + l l  
c 

Figure 2: Control scheme, 

Proposition 1 The system reported in Fig. 2, where 
Gj(z) = ki, is asymptomatically stable ifand only iffhe fol- 
lowing inequality holds: 

0 < kj < 2 ITSF (3) 

,Proof: The %transform of qj(k), where Gi(z) = kj, is: 
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From Eq. (4) it results that the system pole is z, = 1 - ki .  
7 k .  From discrete time control theory [SI, the system in 
Fig. 2 is asymptotically stable if and only if lz,l < I ,  that is 
0 < kj < 2 / &  0. 

In the sequel we will always assume S ( z )  = kj, where kj 
satisfies the inequality (3). 

Proposition 2 By considering the system reporied in Fig. 
2, where d;(k) = d o .  l (k) ,  the steady state queue level is: 

Proof: The proof can he easily derived by applying the final 
0. 

Proposition 2 implies that the propoltional controller is not 
able to reject the disturbance d,(k) ,  in fact the steady state 
queue level obtained for d;(k) =do.  1 (k)  depends on do. To 
overcome this problem we employ the feedforwad distur- 
bance compensation scheme in Fig. 3. 

2 -value theorem [6] to Eq. (41, where Q:(z) = 4:. - 
2 - 1  

r- d, lk l  

*,I L + I I 
e- 

I ' *  

Figure 3: Feedfonvard Disturbance Compensation. 

Proposition 3 By considering the system reported in Fig. 
3, where dj(k) = do. l (k) ,  the steady state queue level is: 

qi(+-) =qT. (6) 

Proof: By considering Fig. 3, the Ztransfonn of qi(k) ,  is: 

By applying the final value theorem to Eq. (7) the proof can 
easily derived [6] 0. 

The control system in Fig. 3 rejects the disturbance and 
drive queue lengths to the desired value by exploiting the 
following control law: 

ui (k+ 1) =ki . [qz(k+ 1)-qq~j]+di(k) .  (8) 

Thus the control law (8) requires a measure of di(k). Such 
measure can be obtained from Eq. (1) as follows: 

+U@), i =  1, ..., M (9) qi(k + 1) - qi(k) 
TSF 

dj(k) = 

In fact at step k +  1 the controller knows all variables on the 
right side of Eq. (9). 

32.2 Controlling queuing delays: So far we have 
developed a control scheme to drive each queue level q; to 
the desired target queue level q:. However audiohide0 ap- 
plications are sensitive to the perceived queuing delay and 
not to the queue level. The aim of this section is to pursue 
the control objective of driving each queuing delay q to the 
correspondent target queuing delay T:, i = I , .  . . , M. The 
starting point start of the algorithm is the control scheme 
in Fig. 4 where a feedforward disturbance compensation is 
used to properly set the target queue level q:. 

e l k + l l  
b 

Figure 4: Setting q: via feedforward disturbance compensation. 

The idea to properly set the target queue level in order to 
obtain the desired queueing delay has been also exploited 
in [7, 81 for allocating bandwidth to best-effon traffic in the 
context of bandwidth-on-demand protocol for satellite net- 
works. 

Proposition 4 By considering the system repofled in Fig. 
4, where dj(k) = do. l(k), the sreudy state queueing delay 
is: 

Ti(+-) = 7:. (10) 

Proof: By considering Fig. 4, the Ztransfonn of ui(k) and 
q i (k )  are: 

k j . T ~ ~ . ~ + ( ~ - - l ) . ( l - k ; . 7 T )  
2 .  (z - 1 + ki . TSF) 

Ui(2) = .Di(z). (11) 

By applying the final value theorem to Eqs. (11) and (12) 
[6] we get the following results 

ui(+-)=do. qi(+-)=do.T: 

The proof ends by noticing that: ti(+-) = - d+-) = do. 
ui(+-) 

Proposition 5 By considering the system reported in Fig. 
4, wheredi(k) = d o . l ( k )  and0 < ki < ~ / T s F .  thefallowing 
relations hold: 

(13) 

TSF I 7r 
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proof: By transforming back to the t ime domain Eqs. 11 
and 12 it results: 

qi(k + 1 )  = do( TSF - T:)( 1 - kiTs~) '  1 ( k )  +doTT 1 (k); (14) 

ui(k + 1) = dok;(TsF - 5;) (1 - kiTs~)'I ( k )  +do I (k). (15) 

Thus, it is straightforward to obtain the proof 0. 

Remark 2 Proposition 5 implies that ifwe attempt to drive 
the queueing delay to 5: < TSF there is an overshoot of the 
queue which is equal to do. (TSF - 7:). Whereas if.? 2 TSF 
and 0 < k; < I/Ts,e there are no overshoots. 

3.23 Capacity Limitation: The overall control sys- 
tem we have proposed is based on the assumption that the 
N A N  capacity is larger than the sum of the bandwidth as- 
signed to each queue. h particular, if the bandwidth of the 
WLAN is equal to C and E:, u;(k)  5 C, Vk then the de- 
veloped analysis is exact. However if the following relation 
holds: 

3ko 3' C U i ( k o )  > c (16) 

then we have to reallocate the bandwidth C so that the sum 
of the bandwidths assigned to each queue is equal to C. 
Thus we have to assign at each queue a bandwidth equal 
to U&) -AI&) in order to satisfy the following relation: 

M 

i=l 

Where A u i ( k ) , i  = 1;. . . ,M are &signed by taking into ac- 
count TC priorities. The effect of the signal Aui(!q),i'= 
1,. . . , M can be modelled with the equivalent disturbance 
d f g ( k )  = di(k) +Auj(k) .  

32.4 Robustness to delayed feedback So far we 
have developed the following control law to target each 
queuing delay to its respective target 7:: 

u i ( k + l ) = k . [ q i ( k + l ) - d i ( k ) . 5 ; ] + d ; ( k ) .  (18) 

Where di(k) is obtained from Eq. (9). The control law (18) 
is based on the assumption that QSTAs feed queue levels 
qi(k + 1) back to the AP at the beginning of each super- 
frame. If a measure of the th queue level has not be sent 
during the last superframe, then the AP can query the QS- 
TAs containing the fh queue to obtain the feedback. Thus 
the feedback signal might be delayed up to TSF seconds. 
This subsection studies the stability of the QoS control sys- 
tem when in the presence of delayed feedback. Fig. 5 de- 
picts the considered control system where a delay of l step 
affects the feedback branch. 

Proposition 6 The system reported in Fig. 5, is asymp- 
tomatically stable if and only if rhe following inequality 
holds: 

(1% 0 < ki < l/Ts.n. 

d , l t l  

q , ( l + l l  
c 

I Lo-/ 
I 

Figure 5: Control scheme with delayed feedback. 

Proof: By considering Fig. 5 ,  the Z-transform of q i ( k )  is: 

From Eq. (20) it results that the system pole is z, = 7. From discrete time control theory [6],  the sys- 
tem in Fig. 5 is asymptotically stable if and only if lz,l < I ,  
that is 0 < ki < 1/fiF 

I +  1-4 .T 

0. 

4 System Design and Performance Evaluation 

Starting from the theoretical results obtained in the previous 
section and by taking into account the typical QoS needs 
of media applications, this section shows how to design 
a WLAN supporting the HCF access method. In particu- 
lar, we will identify the traffic categories we want to han- 
dle and set WLAN parameters by taking into account QoS 
specifications. Real time audiohide0 applications, such as 
teleconference, exhibit the more stringent QoS specifica- 
tions [9]. In fact they require an end-to-end delay less than 
15Oms. By using adequate echo control, the one way de- 
lay can reach the value 400ms. The WLAN is the first hop 
traversed by the media flow, therefore, we can choose a tar- 
get delay equal to 50ms, that is, 5: 5 50ms. In order to 
avoid overshoots,which might be critical for the time con- 
straints of audiohide0 applications and saturate the WLAN 
limited capacity, we have to set GF 6 ,min (5;)  = 50ms 

(see remark 2). Given TSF = 50ms, we have to choose 
ki 5 = 20s-I to guarantee system stability in the pres- 
ence of delayed feedbacks. 

4.1 Performance evaluation 
In this section we first show the step response of the system 
by using the MATLAB control box, then, we analyze the 
effectiveness of the proposed algorithm in the presence of a 
realistic audio flow. 

We will consider the following parameter set: TSF = ZOms, 
ki = I/?;, C = 1 lMbps and 7: = 50ms. When the distur- 
bance is an unitary step, Figs. 6 (a) and (b) show that both qi 
and uj reach the desired settling values without overshoots. 

F . . M  
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Figure 7: Queuing delay experienced by a G.729 voice flow en- 
coded at 8Kbps. 

formance. In NOSSDAV'OZ, pages 85-93, Miami, Florida, 
May 2002. 

[31 N. Prasad and A. Prasad, editors. WlAN Systems and 
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tions series. Artech House, 2002. 
[41 IEEE 802.11 WG. Draft Supplement to Standard 

for Telecommunications and Information Exchange be- 
tween Systems - lAN/MANSpec$c Requirements - Pan 11: 
Wireless IAN Medium Access Contml (MAC) and Physi- 

(MAC) Enhancements for Qualiry of Service (QoS). IEEE 
802.1 leD2.0, Nov. 2001. 

Cal h Y e r  (PHY) Specifications: Medium Access Contml 
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Figum 6: System response to a unitary step 

In order to give a further insight into the algorithm khav- 
ior, we have implemented the proposed conml scheme in 
the simulator developed by Singla and Chesson [lo], We 

L5i S .  Mascolo. Congestion in 
munication using the smith principle. 

Issue On methodsfor commmicarion 
networks, 35:1921-1935, December 1999. 
[6] K. J. Astrom. and B. Wittenmark. Computer con- 
trolled systems: theory and design. Prentice Hall Informa- 
tion and System Sciences sene. Prentice Hall, Eng lewd  
Cliffs, 3 edition, 1995. 
[71 F. D. Priscoli and A. Pietrabissa. Control-theoretic 

5 Conclusion bandwidth-on-demand protocol for satellite networks. In 
Proceedings of the 2002 International Conference on Con- 
trolAPPlications, 20029 Volume 1, Pages 530 -535, 2002. 
[SI E D. Priscoli and A. Pietrabissa. Load-adaptive 
bandwidth-on-demand protocol for satellite networks. In 
Proceedings of the 41st IEEE Conference on Decision and 
Control, 2002, volume 4, pages 4066 4071,2002. 
[91 Intemational Telecommunication Union 0. 
Transmission Systems and Media, Digital Systems and 
Networks. ITU-T Recommendation G.1010, Nov. 2001. 

[lo] Singla A and G. Chesson. HCF and EDCF Simula- 
tions. Atheros Communications, Inc., October 2001. doc: 
IEEE 802.11-01/525rO. 

J hternational T~~~~~~~~~~~~ Union cod. 
ing of Speech at 8 !&Us using Conjugate-Strucrure 
Algebraic-Code-Exited Lineor Prediction (CS-ACELP). 
ITU-T Recommendation G.729, Mar. 1996. 

have considered a network scenario where a G.729 [Ill 
voice flow encoded at 8Kbps is transmitted over a WLAN. 
Fig. 7 shows that the delay experienced by the voice flow is 
bounded as required by the QoS constraints. 

The paper proposes a novel approach based on discrete time 
control theory, for allocating the first hop limited capacity 
of a WLAN access network by taking into account specific 
time constraints of multimedia applications. Computer sim- 
ulation results have been reported to confirm the effective- 
ness of the proposed control algorithm. 
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