
A Scheduling Algorithm for Providing 
Real-time Guarantees in 802.11e WLANs 

Claudio Cicconetti, Luciano Lenzini, Enzo Mingozzi, Giovanni Stea 
Dipartimento di Ingegneria dell’Informazione – University of Pisa 

via Diotisalvi, 2. I-56122, Pisa, ITALY 
{c.cicconetti | l.lenzini | e.mingozzi | g.stea}@iet.unipi.it 

 
 

Abstract— In this paper we propose a scheduling algorithm for 
supporting Quality of Service (QoS) in an IEEE 802.11e network 
using the HCF Controlled Channel Access (HCCA) function. The 
algorithm consists of an offline procedure that generates a service 
schedule over a base period, and an online procedure that applies 
the latter to actually schedule transmission opportunities to 
HCCA flows.  
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I.  INTRODUCTION 
In this paper we propose a new scheduling algorithm for the 

HCF Controlled Channel Access (HCCA) function of the IEEE 
802.11e [5], which is a draft amendment to the widely used 
IEEE 802.11 standard [4] for Wireless Local Area Networks 
(WLANs). Our algorithm provides each admitted flow with a 
fixed amount of channel capacity during its period. Since such 
kind of guarantee is typical of real-time systems, we call it 
Real-Time HCCA (RTH). RTH is aimed at minimizing the 
polling overhead, while maintaining a feasible computational 
complexity. Through preliminary simulation results, we show 
that RTH performs better than the reference scheduler in [5], in 
terms of the capacity available for DCF access, which is based 
on contention. The rest of the paper is organized as follows. 
Section II introduces the IEEE 802.11e HCCA. In Section III 
we describe RTH. Preliminary simulation results are discussed 
in Section IV and conclusions are drawn in Section V. 

II. IEEE 802.11E HCCA 
HCCA is a centralized access mechanism controlled by the 

Hybrid Coordinator (HC), which resides in the QoS-Access 
Point (QAP). The QAP can take control of the medium, when-
ever needed, in order to allocate transmission opportunities 
(TXOPs) to Traffic Streams (TSs), which are guaranteed me-
dium access with parameterized QoS. During a TXOP, the me-
dium is accessed by only one QSTA. More specifically, a 
downlink TXOP consists of a burst of QoS Data frames trans-
mitted from the QAP to a QSTA. On the other hand, an uplink 
TXOP is initiated when the QAP polls a QSTA, which takes 
control of the medium for the TXOP limit specified in the poll 
message. If the TS of a polled QSTA is not backlogged, or if 

the head-of-line packet does not fit into the remaining TXOP 
duration, the QSTA sends a QoS Null frame to the QAP. 

TXOPs are scheduled only to admitted TSs. A QSTA re-
quests the admission of a new TS i by sending an ADDTS 
message to the QAP. The latter contains the Traffic Specifica-
tion (TSPEC), which includes the following parameters: mean 
data rate ( iR ), nominal Service Data Unit (SDU) size ( iN ), 
minimum PHY rate ( iΓ ), delay bound ( iD ) and maximum ser-
vice interval ( iMSI ). The first four parameters characterize the 
TS. In particular, the delay bound field specifies the maximum 
lifetime of an SDU at the QSTA. iMSI , instead, is a service 
requirement, and it corresponds to the maximum time that can 
elapse between two subsequent polls to the same QSTA. 

Let us define the nominal transmission time for TS i, 
iNt , 

as the time to transmit an SDU that belongs to TS i, including 
the time to receive the corresponding acknowledgment and the 
interframe spaces (see Fig. 1): 
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where PHYt  is the time duration of the PHY header, MACh  
( ACKh ) is the size of the MAC header (ACK frame), and 

iDATAΓ  
(

iACKΓ ) is the physical transmission rate of QoS Data (ACK) 
frames. Furthermore, let us define Pt  as the time to transmit a 
QoS CF-Poll, including the interframe space (see Fig. 1): 

( )P PHY POLL POLLt PIFS t h= + + Γ , 

where POLLh  is the size of QoS CF-Poll frames and POLLΓ  is its 
physical transmission rate. The polling overhead of TS i, 

iPt , is 
equal to Pt  if i is an uplink TS, otherwise it is zero. 

According to the standard, the QAP is responsible for 

Figure 1. Graphical representation of Nt  and Pt . 
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scheduling TXOPs so that the negotiated TSPEC parameters of 
admitted TSs are satisfied. More specifically, for any time in-
terval [ ]1 2,t t  greater than a minimum Specification Interval, 
which is advertised by the QAP, the HCCA function is com-
mitted to schedule to TS i a number of TXOPs whose cumula-
tive duration ( )1 2,iW t t  is such that: 
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where i∆  is equal to iMSI , if the latter is specified, otherwise 
it is equal to iD . 

Even though the 802.11e document does not specify a stan-
dard scheduler for the QAP, a reference scheduler is provided 
for informational purposes. The reference scheduler serves 
each TSs on a perfectly periodic basis, where the period (called 
Service Interval, SI) is the same for all TSs and it is set to the 
smallest i∆ . The TXOP duration of TS i is then set to 

( )
i ii i N PR SI N t t⋅ ⋅ +⎡ ⎤⎢ ⎥ , so as to comply with (2). 

III. RTH SCHEDULER 
The RTH scheduler is composed of four blocks, as shown 

in Fig. 2: a mapping procedure, a schedulability test, an offline 
procedure and an online procedure. The schedulability test is 
executed when a new TS requests admission. In order to per-
form it, a number of parameters have to be computed based on 
the TS’s TSPEC, which we denote as mapping procedure. The 
offline procedure computes a periodical timetable of TXOPs, 
which is used as input by the online procedure to actually grant 
the TXOPs to the admitted TSs. 

RTH is based on Earliest Deadline First (EDF) [6], which 
works under the assumption that tasks are arbitrarily pre-
emptable. Since this is not the case when scheduling TXOPs, 
the policy described in [1], which accounts for blocking, is em-
ployed . A task can be blocked for a bounded amount of time 
by another task with a later deadline, if the latter is in a critical 
section, i.e. accessing a shared resource in a mutually exclusive 
way. Let Bi denote the maximum duration of the critical sec-
tions of tasks with period longer than task i. According to [1], a 
sufficient condition for a set of n tasks, each one characterized 

by a period Ti and an execution time Ci, to be schedulable with 
EDF is as follows1: 

 1, :1ji

j ii j

CB
i i n

T T≤

+ ≤ ∀ ≤ ≤∑ . (3) 

The mapping procedure of the RTH scheduler maps the set 
of TSPEC parameters , , ,i i i iR N ∆ Γ  into a quadruple 

, , ,
ii i i NC T B t , which is used as input by the schedulability test 

based on (3) and, if the latter succeeds, by the offline proce-
dure. Specifically, the execution time Ci is computed as the 
minimum amount of capacity needed to be compliant with the 
TS requirements in (2): ( )

i ii i i i N PC R T N t t= ⋅ ⋅ +⎡ ⎤⎢ ⎥ . On the 
other hand, in the case of i iD∆ = , the period Ti is set as fol-
lows: if the delay bound is smaller than i iN R , then the period 
is set to the delay bound itself. Otherwise, it is set to the largest 
multiple of i iN R  that is not greater than the delay bound. The 
computation of Ti can be easily extended to the case 

i iMSI∆ = . Furthermore, iB  is defined as the largest Bi such 
that its corresponding inequality in (3) holds. The set of iB  can 
then be computed iteratively as follows: 
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Finally, 
iNt  is the nominal transmission time, computed ac-

cording to (1).  

The schedulability test of RTH is defined as follows: a suf-
ficient condition for a set of TSs to be schedulable is: 

 max , :1
jN ij i

t B i i n
>

≤ ∀ ≤ ≤ . (5)  

In fact, since TXOPs can be preempted only at 
iNt  bounda-

ries, it follows that max
ji j i NB t>= , and therefore, by definition 

of iB , the set of inequalities in (5) implies that in (3). 

The offline procedure computes a timetable, i.e. an EDF 
schedule of the admitted TSs over a fixed length period H, 
which is equal to the least common multiple of the admitted 
TSs’ periods. To this aim, however, the value of iB  is used, 

                                                            
1 We assume, without loss of generality, that tasks are sorted by in-

creasing period duration, i.e. i ji j T T> ⇒ ≥ . Task j, thus, is said 
to have higher priority than task i. 
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Figure 2. RTH architecture. 



instead of Bi, in the computation of the timetable, since this 
helps reduce the MAC overhead due to TS polling. An exam-
ple of RTH timetable with three TSs, and its corresponding 
schedule, is illustrated in Fig. 2. 

Finally, the online procedure is executed whenever a 
TXOP ends. It basically consists in reading the next entry in 
the timetable, , ,i ii TXOP t , waiting until time it  (possibly 
allowing stations to access the medium using DCF in between), 
and then granting a TXOP of duration iTXOP  to TS i . Note 
that this procedure has ( )1O  computational complexity with 
respect to the number of admitted TSs. 

IV. SIMULATION ANALYSIS 
In this section we show through simulation that the capacity 

available for contention-based access with RTH is greater than 
that with the reference scheduler, when there are TSs with dif-
ferent delay bound values. The physical layer parameters are 
reported in Table I. We implemented the reference and the 
RTH schedulers in the ns-2 network simulator [7], using the 
HCCA implementation framework described in [2]. We con-
sider two types of QoS traffic: VoIP [3], and video [8], which 
is further specialized in videoconference and videostreaming. 
Table II reports the parameters of the traffic models used in the 
simulations, where AR is the average rate, PR is the peak rate, 
and R is the negotiated rate (as specified in the TSPEC). On the 
other hand, stations with non-QoS data traffic operate in as-
ymptotic conditions, by continuously generating frames of con-
stant size equal to 1500 bytes. 

We evaluate a scenario with four stations with data traffic, 
one station with an uplink videostreaming session, and a vari-
able number of stations with bi-directional VoIP and videocon-
ference sessions, ranging from 0 to 4. Table III compares the 
95th percentile of the interval between consecutive polls to 
TSs, in the case of four stations with VoIP and videoconfer-
ence sessions, with RTH and the reference scheduler. As can 
be seen, in the case of RTH, the polling interval of each TS is 
adapted to the respective delay bound parameter specified in 
the TSPEC, whereas, in the case of the reference scheduler, it 
is the same for all TSs and almost equal to the minimum D 
value. Therefore, in the last case, a certain amount of capacity 
is wasted due to pointlessly polling TSs that have a delay 

bound larger than the minimum one. The effect of such an ad-
ditional overhead is quantified by Fig. 3, which shows the 
throughput achieved by stations with data traffic against the 
number of stations with bi-directional VoIP and videoconfer-
ence sessions. The 95% confidence intervals are also reported. 
If there are not any stations with VoIP and videoconference 
sessions, i.e., if the QAP serves only videostreaming traffic, 
there is only one delay bound value. Therefore, the scheduling 
algorithms behave in a very similar way, and the data traffic 
throughput is almost the same. On the other hand, when there 
are TSs with significantly different delay bound requirements, 
such as the VoIP and videoconference TSs, the MAC overhead 
with the reference scheduler is higher than that with RTH, and 
therefore the throughput achievable by data traffic is much 
lower. 

V. CONCLUSIONS 
In this paper we have defined the RTH scheduling algorithm 

for IEEE 802.11e HCCA. RTH provides the admitted TSs with 
real-time guarantees, using an online scheduling procedure with 

( )1O  computational complexity. RTH depends on an offline 
scheduling procedure, which is based on EDF, which has to be 
performed only when a QSTA requests the admission of a new 
TS. The simulation analysis shows that RTH efficiently services 
QoS traffic with different delay bounds, thus saving capacity 
which is made available to contention-based data traffic. 
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TABLE I. PHYSICAL LAYER SIMULATION PARAMETERS.
Parameter Value Parameter Value

SIFS (µs) 10 PHY header (µs) 96 
SlotTime (µs) 20 Data rate (Mb/s) 36 
DIFS (µs) 50 Bit error rate (b/s) 0 

TABLE II. TRAFFIC PARAMETERS. 

Traffic Model Session type AR 
Kbps 

PR
Kbps

D 
ms

R 
Kbps

VoIP G.711 with VAD Interactive -- 64 20 64 
Videoconference Trace - Fitzek  Interactive 400 2000 40 1400
Videostreaming Trace- Jurassik Non-interactive 270 1700 120 630
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Figure 3. Throughput of stations with data traffic. 

TABLE III. POLL INTERVALS OF HCCA TSS.
95th poll interval Traffic RTH reference 

VoIP  20.6 ms 20.8 ms 
Videoconference 40.6 ms 20.6 ms 
Videostreaming 122.8 ms 20.6 ms 


