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Abstract:Scheduling in a Downlink channel based on partial Channel State Information at the Transmitter (CSIT)
is carried out through an opportunistic technique. Within a more practical perspective, this paper first presents a
transmission strategy where a minimum rate per user is required, which in a wireless fading scenario, can only be
guaranteed under a certain system outage constraint. This minimum rate is demanded within a given time interval
to satisfy maximum delay restrictions for the user application. Closed form expressions for maximum scheduling
delay and maximum jitter are obtained, standing as possible Quality of Service (QoS) indicators for the system
behaviour. The derived expressions are then tested via simulations in several transmission scenarios.
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1 Introduction
The Opportunistic transmission schemes are attractive
due to their high performance, and at the same time,
low complexity design, as recently been commercial-
ized through the UMTS-HSDPA and Qualcomm’s-
HDR standards. But while maximal sum rate has typ-
ically been considered as the objective of opportunis-
tic schemes [1], an alternative approach that focuses
on the QoS of the served users is required for a sys-
tem implementation [2]. A potential measure of the
system QoS is through the minimum rate per user, so
that each served user is guaranteed a minimum Signal-
to-Noise-Ratio (SNR), allowing it to properly decode
its intended data with a predefined Packet Error Rate
(PER).

Regarding the minimum requirement per user,
previous studies [3] have shown that the user satis-
faction is insignificantly increased by a performance
higher than the user demands, while on the other hand,
if the provided resources fail to guarantee its require-
ments, the satisfaction drastically decreases. Thus, a
good scheduling scheme is achieved through satisfy-
ing the minimum requirements for the available users
in the system.

Furthermore, the wireless operators realize that
some users can provide deficient channel conditions
for communication, and delivering service to such
users can be very expensive in term of system re-
sources, driving down the whole system performance;
so that if these users are dropped, the operator can of-
fer better service to all the remaining users in the sys-
tem. Based on this practical point of view, operators

are more interested in probability of outage measures
[4] rather than absolute QoS fulfillment, making all
the commercial systems to fix a target probability of
outage in the users QoS.

Concerned with the QoS achievement in HSDPA-
HDR, the opportunistic technology is shown to boost
the cellular system performance by increasing the to-
tal system rate and efficiency, as it exploits the chan-
nel variations of the several users in the cell. But to
obtain its highest rates, it can only operate QoS delay-
tolerant applications that do not require for hard delay
deadlines to correctly operate, as the maximum de-
lay in packets delivery is not tightly controlled by the
wireless operator. An alternative approach to control
the QoS delay, is to provide some fairness in the re-
source allocation process, but this comes at expenses
of lower rates [5]. But almost all the applications in-
tended for HSDPA-HDR and future 4G systems re-
quire for high data rates, while they are QoS delay
constrained through a wide range of applications as
video-conferencing, video-streaming and online gam-
ing among others, therefore, these applications can
not obtain all the benefits from the opportunistic tech-
nology and its superior efficiency.

This paper with the use of the outage concept,
therefore matching with the practical application of
opportunistic schemes to cellular HSDPA-HDR sys-
tems, formalizes the service distribution statistics, and
is able to use them in obtaining the closed form so-
lutions for the maximum scheduling delay and mini-
mum rate per user. This provides a tool to optimize
the system performance, as a tight QoS control over
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the awarded rate and the maximum scheduling delay
is obtained, therefore adapting the HSDPA-HDR be-
haviour to meet the system requirement for all the ap-
plications.

Very few works deal with QoS in opportunistic
schemes [2], and no one (to the best of our knowl-
edge) has presented the analytical expressions of the
QoS maximum delay, related to opportunistic systems
in outage scenarios. Moreover, with the delay expres-
sions at hand, the system maximum delay jitter can
be also characterized, which is actually a hard restric-
tion for the system performance. Several applications
need a fixed rate for the packets entering the appli-
cations decoder, where all commercial systems make
use of the playout buffers [6, Chp.6] to deal with the
random channels nature.

The remainder of this paper is organized as fol-
lows: while section II deals with the system model, in
section III a review of the opportunistic procedure is
presented. Section IV presents the system QoS per-
formance under outage specifications and derives the
corresponding maximum scheduling delay and jitter
equations. The numerical results and simulations are
in section V, to end with the paper conclusions in sec-
tion VI.

2 System Model
We focus on the Downlink channel whereN re-
ceivers, each one of them equipped with a single re-
ceiving antenna, are being served by a transmitter at
the Base Station (BS) also provided with a single
transmitting antenna. A channelh(t) is considered be-
tween each of the users and the BS where a quasi static
block fading model is assumed, which keeps con-
stant through the coherence time, and independently
changes between consecutive time intervals with in-
dependent and identically distributed (i.i.d.) complex
Gaussian entries∼ N (0, 1). Therefore each user is
assumed to keep fixed during each fading block, and
allowed to move from block to block. Letsi(t) de-
notes the uncorrelated data symbol to theith user with
E{|si|

2} = 1, then the received signalyi(t) is given
by

yi(t) = hi(t) si(t) + zi(t) (1)
wherezi(t) is an additive i.i.d. complex noise com-
ponent with zero mean andE{|zi|

2} = σ2. A total
transmission power ofPt = 1 is assumed, and for ease
of notation, time index is dropped whenever possible.

3 Opportunistic Transmission
One of the main transmission techniques in multiuser
scenarios is the opportunistic technique [1][7], where
during the acquisition step, a known training sequence
is transmitted for all the users in the system, and each
one of the users calculates the received SNR, and

feeds it back to the BS. The BS scheduler chooses the
user with the largest SNR value for transmission to
benefit from its current channel situation, and there-
fore improving the global system performance.

This opportunistic strategy is proved to be opti-
mal [1][7] as it obtains the maximum rate point. But
it has been shown to be unfair as some user provid-
ing a low channel SNR can starve until it is serviced,
so that several proposals in literature [5][7] presented
some kind of fair resource allocation schemes through
modified scheduling techniques, which have been ac-
tually implemented for the commercial HSDPA-HDR
standards. Unfortunately, providing fairness comes at
the expenses of lower system rate [5], where fairness
stands as the used QoS indicator.

This paper considers an alternative service pol-
icy as it operates the HSDPA-HDR system under the
highest possible rate, but it provides the closed-form
expressions for the maximum delay and minimum
rate, so that a precise QoS control is presented with all
the involved variables that can be optimized. Notice
that these concepts stand as QoS realistic constraints
for both delay constrained and tolerant applications,
providing the commercial operator with a wider view
than the fairness concept, as the QoS is stated in terms
of per user exact requirements.

4 System QoS Performance
Once the rate benefits of the opportunistic schemes
have been stated in several works in the literature
[5][7], it turns to be the time to analyze their QoS
performance. QoS can be characterized by several
metrics or indicators based on the design objectives,
so that QoS can be in terms of rate, reflecting the
minimum required rate per user, or in terms of delay,
showing the maximum delay that a user can tolerate.
This paper considers both concepts of QoS, where the
transmission scheme guarantees a minimum rate per
user, which is presented by minimum SNR restriction
(snrth) per each user in the system, and delivered to
it within a given maximum time delay.

As this work looks for realistic objectives within
the HSDPA-HDR systems, it further drives the op-
portunistic schemes towards a practical point of view,
through adapting an alternative service policy, where
a predefined probability of outageξout in the service
rate is tolerated [4], as done in cellular GSM and
UMTS systems, and proposed for HSDPA-HDR and
4G systems.

The paper defines two concepts for outage [8],
where the first one is related to the access scheme an-
swering to the question: when theith user will be pro-
vided service? Subsection (4.1) characterizes the user
access process to the system service and obtains the
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expression for its access probability. If a user does not
access the channel within its maximum allowed de-
lay, it is declared as being in delay outageξaccess. The
second outage source comes through the awarded rate
to answer the question: Once theith user is selected
for transmission, would it receive a data rate below its
requirements? Subsection (4.2) uses the rate distribu-
tion for the selected user, and obtains the minimum
guaranteed rate under an outageξrate, where the two
kinds of outages are designed to meet the global sys-
tem outageξout.

4.1 Delay Outage
This section identifies the exact maximum time slot
when the user will be served by the BS.

Definition: Given P access as the probability of
success on each trial, the probability thatK indepen-
dent trials are required to select an elementi from a
group ofN i.i.d. elements, is defined as the Geomet-
ric Distribution [9], having a cumulative distribution
function (cdf)

V (K) = 1− (1− P access)
K (2)

which states that with a probabilityV , theith element
is selected in the firstK trials.

This definition matches the users access in an op-
portunistic scheme, where each one of the indepen-
dent users tries to access the channel,with P access =
1
N . Therefore, the maximum number of time slots un-
til the ith user is selected with a probability of outage
ξaccess = 1− V , is given by

K =
log2(1− V )

log2(1− P access)
=
log2(ξaccess)

log2(1− 1/N)
(3)

where the effect of higher number of active usersN is
controlled.

4.2 Rate Outage
The user access to the system has been calculated in
the previous section, but even if the user is selected,
it may receive a rate that does not satisfy its SNR re-
quirementssnrth, therefore going into a rate failure
and causing an outage to that user. Thus, this section
uses the distribution of the serving rate to characterize
the rate outage, under a predefinedξrate.

Based on the opportunistic scheme philosophy to
deliver service to the users, the serving SNR value is
the maximum SNR over the active users in the sys-
tem. Therefore, by using the SNR probability distri-
bution function (pdf) of i.i.d. complex Gaussian chan-
nels [5][7]

f(x) = σ2e−(x∙σ
2) (4)

the cdf is then formulated as

F (x) = 1− e−(x∙σ
2) (5)

and since the serving SNR is the maximum over all
the users’ SNR values, then the serving SNR cdf is
stated as

FF (x) = (F (x))N =

[

1− e−(x∙σ
2)

]N
(6)

therefore, considering the cdf of the serving rate, the
minimum required ratesnrth for each user is achiev-
able with a predefined rate outageξrate as

ξrate =

[

1− e−(snr
th∙σ2)

]N
(7)

where the values ofsnrth andξrate can be computed
to meet any system objectives under the number of
usersN . Notice that the rate outage as seen from an
information theory point-of-view, corresponds to the
PER measure in networking theory, so that both terms
can be used in a related manner [10] in a block fading
scenario, as the PER states as

PER =

{
0 if SNR ≥ snrth

1 if SNR < snrth

where the direct relation toξrate is shown. With fur-
ther manipulations, thesnrth from expression (7) for-
mulates as

snrth =
1

λσ2
log2

(
1

1− N
√
ξrate

)

(8)

where the effect of all the involved parameters is
shown, withλ = log2(e) = 1.4427.

4.3 System Outage
As previously explained, the opportunistic transmis-
sion process comes controlled by two different outage
measures, but the total system performance has to be
defined through a single parameter.

Notice that the two discussed kinds of outage are
totally independent, as a user access to the channel
happens when its SNR is the maximum over all the
other users, but being the user with largest SNR does
not guarantee that this SNR is larger than a given
thresholdsnrth. Therefore, the total outageξout is
defined as

ξout = 1− (1− ξaccess) ∙ (1− ξrate) (9)
where the operator has another degree of freedom to
optimize the system through bothξaccess andξrate, as
the commercial outage requirement can be imposed
on theξout global measure.

4.4 Maximum Scheduling Delay
Once the scenario outage has been defined, the maxi-
mum scheduling delay can be obtained, where the pa-
per defines the delay as follows

Definition: Having a packet of lengthW bits
corresponding to theith user, and waiting for trans-
mission at the BS scheduler, the scheduling delay is
defined as the maximum required time to make the
packet to reach its destination.
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Notice that this definition of delay incloses the de-
lay resulting from the scheduling process (i.e. the op-
portunistic selection) together with the delay caused
by the channel transmission (i.e. low data rate), there-
fore providing a general expression for delay in oppor-
tunistic schemes1. The smaller transmission unit is a
packet, so that even the whole packet is transmitted or
it fully remains at the BS buffer.

From previous section, the maximum number of
time slots to select a user under a predefined delay out-
age was obtained asK, while this access provides a
minimum rate ofR = log2(1+snr

th) under a known
rate outage. Therefore, the maximum scheduling de-
lay, under an outageξout is equal to theK access slots
formulation in (3) as

maximum scheduling delay= K =
log2(ξaccess)

log2(1− 1/N)
(10)

showing the effect of the optimization variables. It is
convenient to present a numerical example to avoid
misleading conclusions for the reader, so that in a sce-
nario withN = 10,K = 25, σ2 = 1 andsnrth = 1.3
for each user, it results thatξaccess = 7.2% and
ξrate = 4.2% are obtained, therefore each user is
guaranteed a correct reception of its packet within a
maximum delay of 25 slots and with a total outage of
ξout = 11.0%.

Notice that the maximum delay expression for op-
portunistic schemes has not been provided in the liter-
ature, due to the wireless propagation characteristics,
but thanks to the considered outage scenario and the
formulated cdf for rate and access processes, the max-
imum delay can now be characterized under a global
ξout measure.

In the opportunistic scheduling policy only a sin-
gle user does have access to each slot, therefore a
more pragmatic system performance metric for the
opportunistic schemes, is the user throughput normal-
ized over each slot. With a system bandwidthBw and
ts as the time slot (assumed to match the channel co-
herence time), the normalized minimum throughput
defined in bits/slot states as

T=Bwts
R

K
=
Bwts log2(1− 1/N) log2(1 + snr

th)

log2(ξaccess)
(11)

and plugging the expression in (8), the throughput is
obtained in a closed form at the top of the next page
with all the involved optimizationparameters.

1Since this paper concerns about the scheduling delay, which
is the most important kind of delay in the opportunistic scheme
due to its multiuser service policy, both the buffer management
and source statistics are not addressed [11].

4.5 Maximum Scheduling Jitter
Once the user access policy and the maximum
scheduling delay are characterized, it is quite tractable
to obtain an expression for the maximum jitter under
a predefined system outage, where the jitter is

Definition: Having two consecutive packets of
lengthW bits each, corresponding to theith user, and
waiting for transmission at the BS scheduler. If the
first packet is received at timet1 while the second
packet at timet2, then the maximum jitter is defined
[12] as the maximum difference betweent1 andt2:
maximum jitter= max(t2−t1) = maximum delay∙ts

(13)
Actually, this is a conservative expression for jit-

ter, as it provides the maximum jitter, but it is re-
quired to characterize and design the communication
system [12]. Plugging the expression (10) into the jit-
ter formulation, gives the closed form expression of
the maximum scheduling jitter.

As an example, for voice application the pack-
ets have to enter to the voice decoder in a sequen-
tially synchronized process, so that the voice applica-
tion seems to be continuous to the final user [6]. This
is only obtained if the playout buffer is correctly de-
signed, and without a specific jitter formulation as the
one in (13), the viability of the opportunistic HSDPA-
HDR schemes in delay constrained applications can
be questioned.

5 Numerical Results
The performance of the proposed scheme is presented
by Monte Carlo simulations, where we consider a sin-
gle cell with a variable number of active users. The
transmitter runs a modified HSDPA-HDR opportunis-
tic technique, where the objective is to study the min-
imum QoS requirements in terms of rate and delay. A
total system bandwidth of 1MHz withts = 1 msec
are considered. A noise variance ofσ2 = 1 is also
assumed.

First of all, the paper studies the derived outages
to test their certainty by simulations, so that in fig-
ure (1) a scenario with 15 active users is considered,
and where the resultingK value is plotted for several
values ofξaccess. To provide the reader with more in-
sight on the relevance of theK parameter, the fitting
to the integers ofK is also shown in the figure, asK
can only take integer values in real systems. The plot
also shows how the theoretical integer values perfectly
match the simulated ones.

Regarding the rate outage that the opportunistic
systems incur due to the fading channel characteris-
tics, figure (2) plots theξrate parameter for different
values of minimum rate. The results exhibit how a
higher rate outageξrate is obtained when the user re-
quirement increases, which is also evident from the
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T =

Bwts log2(1− 1/N) log2

(

1 + 1
λσ2
log2 (

1
1− N
√
ξrate
)

)

log2(ξaccess)
(12)
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Figure 1:The system performance with delay outage.

mathematical formulation in (7). The simulations
show how the theoretically obtained results perfectly
match the simulated values. Two number of active
users are considered in the cell, to show the effect
of the multiuser gain on the outage performance, as a
higher number of available users, provides more free-
dom to the scheduler to choose the best user to meet
its requirements, so that lower outage is expected.
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Figure 2:The system performance with rate outage.

Concerned with the main motivation of this pa-
per, the maximum scheduling delay performance is
plotted in figure (3) for different values of outage
ξaccess, where it is shown how the maximum delay
is decreased for a larger allowed outage. Notice that
a variable number of active users is available in the
scenario, each one corresponding to a different outage
value. A packet length ofW = 160 bytes is regarded
in the simulations.

As already commented, a more pragmatic sys-
tem metric in opportunistic schemes is the normalized
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Figure 3:The system maximum scheduling delay.

throughput over the time slots, as a user is not serviced
over all the time slots. Regarding the normalized sys-
tem throughput in equation (12), figure (4) exhibits
its results for different number of active users. It dis-
plays how a lower normalized throughput is obtained
as more users are available in the system, as each ser-
viced user has to wait for longer time until it is again
supplied with service, thus decreasing its normalized
throughput.

By considering a different scenario where the pa-
per fixes a given total outageξout = 10% and tests
for the maximum scheduling jitter performance when
changing the number of users, but all of them under
the same value of outage. The results are plot in figure
(5), where an amazing result is obtained. Even it de-
notes the maximum jitter under outage performance,
which is per-se an interesting result, but it also shows
that there is an optimum number of users where each
outage can be satisfied, with the minimum value for
the maximum jitter. This is an interesting tool for net-
work dimensioning as it indicates the optimal number
of users in each cell for the best jitter performance.
The obtained results are explained by the opportunis-
tic transmission policy, where more users decrease the
rate outage as previously seen in figure (2), but at the
same time, a higher number of users means that each
user has to wait for a longer time to have access to
the network. The figure reflects that a large number
of users is beneficial until a given point (12 users in
the plot) due to the multiuser gain; but that a further
increase in the number of users, does not compensate
for their disadvantage in access delay. This last re-
sult motivates the need for an adaptive Call Admission
Control (CAC) for its implementation in practical sys-
tems, which will be considered in future work.
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6 Summary and Conclusions
Within a practical transmission system for commer-
cial operators, a modified HSDPA-HDR opportunistic
scheme is set up with each user asking for a minimum
rate to satisfy its QoS, where a predefined system out-
age is allowed. The outage comes from two sources,
even through the users access process to the system
resources, and/or due to the fading channel character-
istics. The mathematical solutions for both cases are
obtained, and a general outage measure is proposed.

Once the outage scenario statistics are obtained,
the maximum scheduling delay that suffers a packet
waiting for transmission is calculated, and given in a
closed form solution. As a practical system indicator,
the maximum system jitter is also stated for the con-
sidered scenario.

Simulations show the benefit of the obtained re-
sults for different environments, and the effect of the
several optimization variables is studies, with a per-
fect match between the theoretically obtained equa-
tions and the simulated scenarios.
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Figure 5:The system maximum jitter in outage scenarios.
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