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Abstract

We present a flow-level performance evaluation for a UMTS/ HSDPA network. The results provide thorough
insights into the performance impact of a number of key system, environment and traffic aspects, e.g. ter-
minal location, the presence of intercellular interference, the intrinsic feedback delay in the channel quality
indications, soft combining of retransmissions and the applied packet scheduling scheme. The contribution
of the identified key aspects in the experienced service quality and spatial fairness is assessed by evaluating
gradually more ‘complete’ scenarios.

UMTS, HSDPA, QOS, link adaptation, packet scheduling, multipath fading, spatial fairness, performance eval-
uation.

1 INTRODUCTION

With the gradual emergence of third-generation WCDMA-based cellular networks the wireless networking
revolution continues to unfold, with the range of offered services rapidly extending from primarily speech
telephony to a variety of appealing data and multimedia-based applications. It is anticipated that interactive
and background data services, e.g. Internet access, remote database access, electronic mail, will constitute
a dominant share in the aggregate teletraffic load carried by 3G networks. In order to support such delay-
tolerant services with enhanced resource efficiency and service quality, the Release 5 specifications of the
UMTS standard incorporates a significant technogical upgrade in the form of High speed Downlink packet
Access (HSDPA), which is based on four basic principles: higher order modulation, fast link adaptation, fast
scheduling and hybrid ARQ.

HSDPA performance is typically investigated by means of packet-level simulations of persistent [5, 6, 10] or
semi-persis- tent data flows [12, 15, 17], where a given number of terminals maintain endless WWw browsing
sessions, considering the aggregate performance impact of all relevant system and environment aspects in
detailed simulation models and not capturing the true flow-level dynamics. With flow level dynamics we
refer to the initiation and completion of (finite) flows at various locations, leading to a varying number
of concurrent flows competing for shared resources. On the other hand, analytical flow-level performance
evaluation approaches are generally forced to consider rather idealistic models [7, 8]. Our objective is to
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Figure 1: The figure shows the feedback loop between the base station and the terminal. Aside from the
actual data, the base station transfers essential signalling information, e.g. the applied channel coding and
modulation schemes. On the reverse link, the terminal indicates e.g. the actual channel quality and sends
(negative) acknowledgements.

provide deeper insight by decomposing the flow level performance induced by different scheduling schemes in
a UMTS/HSDPA network with respect to the relative performance impact of a set of key system, environment
and traffic-related aspects. In particular, we concentrate on the impact of terminal location, the presence of
multipath fading and intercellular interference, the inherent feedback delay in the channel quality reports,
the correctional capabilities of HSDPA’s hybrid ARQ scheme (soft combining), the flow level traffic dynamics
and the flow size variability.

The outline of the paper is as follows. Section 2 describes HSDPA in more detail. Subsequently, the
considered performance evaluation model is given in Section 3. In Section 4 three distinct packet scheduling
schemes are described. Section 5 outlines the decomposition of the performance evaluation into a set of
gradually more realistic scenarios. An analytical evaluation of the more tractable scenarios is given in
Section 6. Section 7 then presents a set of numerical results obtained via analysis and/or simulations.
Section 8 ends this paper with some concluding remarks.

2 HSDPA

A number of technological improvements of the initial UMTS system release are standardised under the name
High-Speed Downlink Packet Access [1, 2, 13]. The main objective of HSDPA in UMTS networks is to enable
the support of downlink peak rates in the range of 8 — 10 Mbits/s for best effort packet data services, i.e.
far beyond the 3G requirement of 2 Mbits/s. To this end, HSDPA introduces the High Speed Downlink shared
CHannel (HS-DSCH, see Figure 1) as an upgraded version of the Downlink shared CHannel that is available
in ‘basic’ uMTS. The HS-DSCH, which is parameterised by an assigned transmission power rather than an
assigned transfer rate, is characterised by a number of enhanced technologies, which are described below.

In addition to the QPSK (Quadrature Phase Shift Keying) modulation scheme specified in the ‘basic’ UMTS
radio interface standards, the higher order 16-QAM modulation scheme is added in the HSDPA upgrades,
in order to enhance spectral efficiency and thus enable higher data rates in favourable propagation and
interference conditions. Since higher-order modulation is less robust to channel impairments, it should be
combined with fast link adaptation.

Adaptive modulation and channel coding is applied at the Transmission Time Interval (TTI) time scale
based on the cQl (Channel Quality Idicator) feedback from the User Equipment (UE). The objective is
to optimise data rates for actual channel conditions, e.g. higher-order modulation with little forward error
correction redundancy for a terminal experiencing favourable fading conditions. Aside from adapting the
modulation and channel coding parameters, the link adaptation scheme also assigns the number of channeli-
sation codes (of spreading factor 16) applied in parallel.

A fast rate-controlled scheduler coordinates the (potentially) channel-aware sharing of the HS-DSCH



among multiple data flows at the TTI time scale based on the ¢QI feedback information. An extreme in-
cidence of exploiting channel variations which greedily maximises instantaneous system throughput is pure
SNR-based scheduling, i.e. always serve the UE with the most favourable instantaneous channel conditions.
There is an apparent trade-off between resource efficiency and fairness among data flows.

A fast hybrid ARQ (H-ARQ) scheme is implemented in order to enable rapid retransmissions of erroneous
data blocks and soft combining of multiple transfer attempts. As such, H-ARQ provides some degree of
robustness against link adaptation errors and reduces transfer delays. Retransmissions are based on chase
combining, where transfer reattempts concern identical copies of the freshly sent data block, or on the
incremental redundancy principle, where an erroneously received data block is supplemented with additional
channel coding bits (see also [16]).

Other proposed enhancements are fast cell selection and the application of MIMO technology. As the
effectiveness of the proposed technologies strongly relies on rapid adaptation of transmission parameters to
the time-varying channel conditions, the corresponding control schemes, e.g. fast link adaptation and fast
scheduling are placed at the direct edge of the radio interface, i.e. at the NodeB. This is in contrast to the
current UMTS architecture, where e.g. the scheduling function resides in the RNC. Furthermore, a smaller TTI
of 2 ms (as opposed to the current 10 ms TTI) is proposed as the heartbeat for link adaptation and packet
scheduling, in order to reduce delays, allow a finer granularity of the scheduling process and facilitate better
tracking of the channel variations.

3 MODEL

The model description is broken up into three distinct segments concentrating on the system model, propa-
gation aspects and traffic characteristics.

3.1 System model

We consider a 19-cellular UMTS/HSDPA network of omnidirectional NODE-Bs in a hexagonal layout. A
wraparound technique is applied in order to mimic an infinite network and thus avoid undesirable net-
work boundary effects. A hexagonal cell radius of R =1/ V3 &~ 0.577 is assumed so that the inter-NODE-B
distance is precisely 1 km. The investigation concentrates on the downlink data transfer over the HS-DSCH
transport channel as it is anticipated to become the bottleneck direction of transfer due to the expected
asymmetry in the data services. For each NODE-B the transmission power budget is equal to pyax = 15.849
Watt (= 42 dBm), a common PIlot CHannel (CPICH) power of pepiey = 1 Watt is applied, while another
constant downlink transmission power of pyiher = 6 Watt models the presence of other downlink traffic, e.g.
speech calls.

Each NODE-B is assumed to provide a single HS-DSCH for data transfer, characterised by a fixed trans-
mission power of pyspsen = 3 Watt. The UEs that maintain active data flows continuously monitor the
signal-to-Noise Ratio (SNR) as experienced on the HS-DSCH and report the corresponding chan-nel Quality
mndicator (CQI) to the serving NODE-B according to the following mapping, which is based on a target value
for the induced BLER (see [9]):

SNR (aB)
5" 16.62J } ,22},

where the maximum €QI of 22 corresponds with the considered UE categories 1-6 [1].

The serving NODE-B maps the reported CQI to a combination of coding rate, modulation scheme and a
number of assigned channelisation codes, which jointly determines the applied Transport Block Size (TBS)
(see Table 7A in [1]; UE categories 1-6). Due to the uplink transmission of the CQI as well as its processing on
both sides, a delay of typically three TTIs exists between the SNR measurement by the UE and its effectuation
in the selected link attributes, the corresponding TBS and, potentially, the scheduling decision.

A transferred data block experiences a BLER which is a function of the applied link attributes (directly
determined by the cQ1) and the experienced SNR during transfer. We apply the following relation between

CQI = min {max {0, {



BLER, CQI and SNR, as derived in [9] by means of detailed link-level simulations:
1
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It is noted that due to the above-mentioned CQI delay and possible changes in radio link quality during this
delay, the SNR experienced during transfer may differ from that underlying the reported cQl. Figure 2 depicts
the relation between the selected gross transfer rate (= TBS/TTI duration, in kbits/s), the corresponding
BLER and the SNR (in dB).
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Figure 2: Relation between the selected gross transfer rate and the corresponding BLER versus the SNR.

The applied H-ARQ scheme is based on chase combining, where erroneous data blocks are resent using
the TBS of the original transfer and soft combining is implemented by summing the experienced SNRs of
subsequent attempts. A maximum of two reattempts is allowed, while subsequent transfers are attempted
six TTIs apart (see e.g. [19]).

3.2 Propagation aspects

The radio propagation model considers distance-based signal attenuation as well as multipath propagation
of n, dominant paths with relative strength v,, ¢ = 1,--- ,n,, each suffering from Rayleigh fading. Given a
distance r between the NODE-B b (transmitter) and the UE m (receiver) the relation between the transmission
(Ptransmission) and reception (Preception) POwWers on dominant path ¢ at time ¢ is given by the instantaneous
path gain Gy i (¢):

gb,myi (t> = Mpasic * (A gb,m,i (t) )

t > 0, where 7y, reflects the basic transmission loss and ¢ is the path loss exponent. The Rayleigh fading
effect &, ,,, ; (t) on the considered dominant path at time ¢ is modelled as follows:

2
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where the terminal velocity is denoted v (in m/s), Auyrs is the wavelength, w, is the angular frequency, ¢, ,,, ;. j
is the phase of wave k and ¢, ; ; is the azimuth angle of wave j. We take ¢y, ; ;, Cpmij ~ U(0,27),
independent and identically distributed. The uniform amplitudes of the waves are chosen such that the
average Rayleigh effect is ‘neutral’; i.e. equal to 1. The effects of terminal mobility are assumed to be rather
localised and incorporated in the Rayleigh fading process only.



In the SNR calculations, which are carried out on a per time slot (= 1/1500 s) basis and subsequently
averaged over a TTI, signal components following identical dominant paths are assumed to maintain perfect
code orthogonality and thus do not interfere, while signal components following different dominant paths do
interfere without any orthogonality gain. A spatially uniform thermal noise level of v = 1.214 - 10~'3 Watt
(= —99.158 dBm) is considered. The SNR (in linear units) experienced by UE m with serving NODE-B b in
time slot ¢ is thus given by

np
SNRpm (1) =
=1

7 iPus-pscuGo,m,i (1) n
> ji ViProtaGem,; (8) + 1 + v’

with 7;, ¢ = 1,2, 3, the linearised and normalised relative signal strengths, prorar = Depien + Dother + Pus-pscn
the total power exerted by the serving base station, and I the amount of interference experienced from other
NODE-BS.

The assumed propagation-related parameters are given by n, = 3, (v1,72,73) = (0,—9.7,—19.2) dB,
Npasic = 137.744 dB, ¢ = 3.523, ny, = 10, v = 0.8 m/s, Ayyrs = 0.15 m and w, = 47 - 10° rad/s.

3.3 Traffic characteristics

The considered UMTS/HSDPA network serves data flows which are assumed to be downlink transfers of
documents with mean size 1/p = 320 kbits. The data flow size distribution is taken to be either determinstic,
exponential or hyperexponential. The data flows are generated according to a spatially uniform Poisson
process with rate A = 2.5 flows/s/cell.

4 SCHEDULING SCHEMES

The packet scheduler governs the channel sharing by time multiplexing the different data flows over the single
HS-DSCH. Three distinct packet schedulers are considered: the channel-oblivious Round Robin (RR) scheme
and two channel-aware schemes: the pure SNR-based scheduler and the proportional Fair (PF) scheduler, all
of which are briefly described below.

The RR scheduler cyclically serves the present data flows that have positive CQI with a TTI heartbeat, and
is thus intrinsically fair in the sense that each data flow gets an egalitarian share of the HS-DSCH resources.

The sNR-based scheduler bluntly exploits the channel quality variations due to multipath fading, in the
sense that in each TTI it serves the data flow with the most favourable instantaneous channel conditions,
reflected by the reported CQI. RR tie-breaking is applied in case multiple data flows have identical cQis. The
SNR-based scheduler thus greedily maximises the instantaneous system throughput (though not necessarily
the long-term resource efficiency [8]) at the expected cost of a reduced fairness among data flows, as near
UEs are more likely to be served than remote UEs.

The PF scheduler [3] aims to strike a compromise between the fairness of the RR scheme and the efficiency
of the SNR-based scheduler by serving that flow at TTI ¢ which maximises the ratio Ry, (£) /Ry, (t), where
R,, (t) denotes the instantaneous gross data rate of flow m and Ry, (t) denotes its exponentially smoothed
experienced gross data rate:

Ry (t) = (1— @) Rop (t — 1) + aZ Ry, (t — 1)
with the indicator Z = 1 (0) if data flow m was (not) served in TTI ¢t — 1, a € [0, 1] the associated smoothing

parameter and R,, (tg) = « the assumed initial value at the flow’s generation time ¢y. It is readily verified
that for & = 0 (o = 1) the PF scheduler is identical to the SNR-based (RR) scheduler (loosely using the
convention that 1/0 = oo). The numerical results presented below assume a = 0.001.

5 EVALUATION SCENARIOS

The objective of the presented study is to provide thorough insight into the relative performance impact of
a number of key system, environment and traffic-related components in a typical setting. This investigation



is carried out using two sets of numerical experiments, the first of which specifically concentrates on the
system and environment aspects, while the second set of experiments primarily focuses on the impact of
various traffic-related aspects.

5.1 Impact of system and environment aspects

The performance evaluation carried out within the first set of experiments will be presented as follows.
Considering both a single cell and a network scenario, for each of the three packet scheduling schemes
described in Section 4, the expected flow transfer times will be determined as a function of the terminal
location, for four distinct gradually more complete (realistic) scenarios that are specified in the table below.
The experiments are thus explicitly targeted to reveal the performance impact of the terminals’ distance
to the serving NODE-B, the presence of inter-cellular interference, the presence of multipath fading, the cQI
feedback delay, (H-)ARQ functionality and the applied packet scheduling scheme. The data flow sizes are
assumed to be exponentially distributed in these scenarios.

multipath fading ¢Qi delay  ARQ

SCENARIO 1 X ideal basic
SCENARIO II v ideal basic
SCENARIO III v 3 TTIS basic
SCENARIO IV v 3 TTIs H-ARQ

5.2 Impact of traffic-related aspects

The second set of experiments is designed to concentrate on the contribution of different system and traffic-
related aspects on the variability of the experienced service quality. These experiments are triggered by
a seemingly intrinsic drawback of the resource efficient SNR-based scheduler that is regularly noted in the
HSDPA literature, that the QOS levels are characterised by a relatively large variability, due to the scheduler’s
favouring of near over distant terminals [12, 15, 17]. Since the operations of the packet scheduler is only
one among various aspects that contribute to this QOs variability, we aim to decompose this variability by
isolating the different contributions. Aside from the specifics of the packet scheduler, we identify the flow
size variability and the flow level dynamics, i.e. the varying number of concurrent (and thus competing)
data flows in the system, as the principal sources of QOS variability. Considering the network case and the
propagation and system aspects as given by the most ‘complete’ scenario 1v, the following table specifies the
considered scenario extensions.

flow level dynamics flow size PDF
SCENARIO 1V.* X deterministic
SCENARIO 1V.0 v deterministic
SCENARIO 1V.1 v exponential
SCENARIO 1V.3 v hyperexponential

The numerical index appended to the scenarios’ labels indicates the considered coefficient of variation of
the data flow sizes, where the ‘balanced means’ approach is applied to determine the distribution parameters
for the hyperexponential case (see e.g. [18]). The implementation of scenario 1v.* is nontrivial and thus needs
to be clarified. Firstly, it is noted that we do not consider persistent data flows, as in e.g. [5, 6, 10], since
it would obviously be impossible to determine the transfer time performance, while one would further need
to make specific choices for the locations of the limited number of terminals, and thus inhibit a statistically
adequate consideration of the assumed spatially uniform traffic distribution. Rather, an (approximately)
fixed number of nonpersistent data flows are simulated, where each completed flow transfer is followed by
a single (potentially slightly delayed) fresh data flow arrival, in order to appropriately vary the number of
concurrent flows in each cell closely around the average number of concurrent data flows observed under
scenario 1vV.0. As in the other scenarios, the flows’ locations are randomly sampled from a spatially uniform
distribution.



6 ANALYTICAL EVALUATION

For the RR and SNR-based scheduling schemes this section presents a performance evaluation for scenarios 1
and 11 (RR scheme only) using a combination of Monte Carlo-based simputation? and stochastic analysis.

6.1 Round robin scheduling

For scenarios I and 11, i.e. without CQI delay or H-ARQ, the flow-level performance under the RR scheme can
be analysed by means of a multi-class M/G/1 processor sharing model as follows.

6.1.1 Single cell case

Divide the circular area of the considered cell into m,ones disjunct zones with equal area. For each such
zone, determine via Monte Carlo simputation the expected net transfer rate r;, j = 1, -, Nyones, that a
data flow in this zone experiences when served, sampling over all possible locations within the considered
zone (scenarios T and 11) and all possible Rayleigh fading effects (scenario 11 only). For a given sample, the
net data rate is determined via calculation of the experienced SNR, mapping this to the gross data rate and
subsequently flipping a biased coin with failure probability equal to the associated BLER.

The considered system with n,ones zones, RR scheduling and zone-specific net transfer rates r;, j =
1, , Nyones, can be modelled by an M/G/1 processor sharing model with n,qnes flow classes, as also recog-
nised in [7, 8]. The model belongs to the class of product-form ‘networks’ and is analytically tractable (see
e.g. Cohen [11]). In particular, the joint distribution of the number N; of flows of class j in the system,
J=1,"++,Nyones, is given by

Pr {Nl = ]{,’1, -+ N = k’nm“cs}

’ Mzones

(kl +-- knzoncs)! T k?j

Mzones *

j=1

with p; = Aj/ (rju) the traffic load offered to the system in zone j, A\j = A\/n,ones the flow arrival rate in
zone j, 7 = 1,--+ , Nyones, and where p = 2?21 p; denotes the aggregate traffic load. Using Little’s formula
the expected transfer time of a data flow in zone j is then readily derived to be equal to

E{NJ} _ 1/ (rj'u)

/\/nzones
for ] = ]-7 *** Ngones-

The above expression is known to be insensitive to the specific form of the flow size distribution, depending
on the mean flow size only. Furthermore, the conditional expected data flow sojourn time is linear in the
data flow size [11]. The expression for E{T;} further reveals that unfavourably located data flows (low 7;)
not only suffer themselves from their unfortunate location, but also severely reduce the performance of data
flows with a better location (via p). In fact, a single large badly located data flow may even cause a twofold
increase in the transfer time of other flows, even those at a favourable location (see [4]). Observe that the
ratio of expected transfer times E{T;} /E{T;} is equal to the inverse ratio of the experienced net transfer
rates.

6.1.2 Network case

The network case is treated as follows for both scenarios I and 11. Denote with p (0) the aggregate traffic load
as obtained for the single cell case, where the index ‘0’ refers to the initialisation of an iterative procedure
that is followed to determine the zone-specific expected transfer times in the network case. Observe from
expression (2) that p(0) also expresses the equilibrium probability that the HS-DSCH ‘server’ is busy. In the
Monte Carlo simputations that are carried out to determine the expected net transfer rates for each zone in

2The term ‘simputation’, a contraction of ‘simulation’ and ‘computation’, refers to the numerical evaluation of an expression
that can in principle be written in analytical closed form, by means of (typically) Monte Carlo simulations.



the network case, the HS-DSCHs associated with the NODE-Bs surrounding the reference NODE-B are randomly
and independently sampled to be ‘on’ or ‘off” with probability p (0) and 1 — p (0), respectively. We note here
that in reality, whether a neighbouring HS-DSCH is ‘on’ is positively correlated with the ‘on-off” status of the
reference HS-DSCH and hence the assumption of independence is an approximation. Whenever an HS-DSCH
is ‘on’ (‘oft’) the considered data flow in the reference cell experiences (no) interference from this HS-DSCH.
The net transfer rate r; (0) that is determined for a data flow in zone j in the reference cell, j =1, -+, nsones,
thus incorporates the random activity of all surrounding HS-DSCHs. The resulting aggregate traffic load in
the reference cell is given by p (1) = 2?21 Aj/ (rj (0) ), given the obtained net transfer rates.

In order to appropriately consider a symmetrical 19-cellular wraparound network, we subsequently redo
the (swift) Monte Carlo simputation of the net transfer rates, now with p(1) as the probability that a
neighbouring HS-DSCH is ‘on’. This yields an effective traffic load of p(2) in the reference cell, which is
subsequently applied to model the surrounding HS-DSCH’s activity, etc. This iterative procedure is continued
until a fixed-point (if this exists) is attained with sufficient accuracy. In general the obtained aggregate
traffic load increases throughout the iterative procedure, since the impact of the inter-cellular interference
on the net transfer rates becomes more and more significant. It is then readily seen that if a fixed point
exists where ‘on’ probability p* at the surrounding NODE-Bs induces an aggregate traffic load of p* in the
reference cell then the above iterative procedure converges to this fixed point, given the monotonous relation
between the two measures.

6.2 SNR-based scheduling

For scenario 1, i.e. without Rayleigh fading, cQI delay and H-ARQ, the flow-level performance under the
SNR-based scheduling scheme can be analysed by means of a multi-class M/M/1 queueing model with a
priority-based service discipline.

6.2.1 Single cell case

In a similar fashion as was done for the RR scheme above, we divide the cell into n,ones Where the zone
boundaries are derived such that there is a one-to-one correspondence between the zones and the applied
gross transfer rate. Given these zones, Monte Carlo simputation is once again applied to determine the
expected net transfer rate r;, for each zone j =1, -+, nyones, that a data flow in this zone experiences when
served, sampling over all possible locations within the considered zone. Note that within each zone, the
terminal location only influences the experienced BLER and consequently the net transfer rate, while the
gross data rates are a priori known.

The considered system with 7,4nes Zones, SNR-based sche- duling and zone-specific net transfer rates r;,
Jj=1,-++ Nyones, can be modelled by an M /M /1 model with n,.nes service classes and strict priority-based
flow handling. This model is analytically tractable and some relevant performance measures can be derived
as follows. The flow arrival rate of service class j is denoted Aj, s =1, , nyones, and is readily derived from
the aggregate flow arrival rate and the relative areas of the different zones. Denote with p; = A; / () the
offered traffic load in zone j, j =1, -+ , N ones and let p = Z?g;“ p; denote the aggregate traffic load.

The expected flow transfer time for the highest priority class readily follows from a basic M/M/1/PS
model that includes only the flows of the highest priority, and is given by

_ 1 M 1
E{T:} = A\"E{N;} =)' = :
' P l-p mp(l-py)
using Little’s formula. In order to derive an expression for the expected transfer time for each of the lower
priority classes, the following procedure is followed. We first note that due to the strict priority-based
scheduling discipline, the performance of the j-th priority class is influenced only by the flows of the higher
priority classes. The expected transfer time of a flow of priority class j is given by

1E{WLJ’}
E{R;} ’

E{T;} =\ 'E{N;} =}

j=2,---,k, where WL; denotes the work load of the j-th service class in the system which includes only
priority classes 1 to j, while R; denotes the residual service requirement (flow size) of a flow of priority class



j. The above expression applies Wald’s equation (e.g. Tijms [18]), using the independence of N; and R;
that is due to the memorylessness property of the exponential flow size distribution, which further implies
that E{R;} =1/ (rjp) . The expected workload E {WL;} can be determined as the difference between the
aggregate workload in a system with only priority classes 1 to j and one with only priority classes 1 to j — 1:

J Jj—1

E{WL;} =E {ZWLk} ~-E {ZWLk} ,
k=1 k=1

where

E{iWLk} (ki ) Zi—l(z_AkT)%
2(1— ;lek)
I P

_ k:1 Tk (3)
1=k Ps

where the second factor in the numerator is the second moment of the overall (normalised) service requirement

k=1

and 21:1 P, 1s the aggregate traffic load in the system that includes only service classes 1 to j (e.g. Tijms
[18]). Hence

1E{WLJ}
E{R;}
j i—1 py
Cn(Zhr s \
NA\L=Yim 1=

The overall (unconditional) expected transfer time is then given by

B{T)= ) (ﬁ) B{T,}.

j=1 Jj=1 "1

E{T;} A

It is noted that the exponentiality assumption regarding the flow size distribution is not necessary for
flows of the highest priority class. The above expressions are still valid if these flows have a general flow
size distribution, provided that the expression for the second moment of the overall (normalised) service
requirement in expression (3) is appropriately adjusted and expression (4) is changed accordingly.

6.2.2 Network case

The network case is treated in an equivalent iterative manner as described for the RR scheduler, applying the
above expressions to eventually derive the resulting transfer time performance. Once again, the aggregate
traffic load p also expresses the probability that an HS-DSCH is ‘on’. The primary difficulty in applying the
iterative procedure to the case of SNR-based scheduling, is the separation of the reference cell into disjunct
zones. For the single cell case, the zone boundaries naturally followed from the explicit relation between a
terminal’s distance to its serving NODE-B, the experienced SNR and the reported cQI. In the network case,
the experienced SNR (and hence also the reported cQI) also depends on whether or not surrounding HS-DSCHs
are ‘on’. As it is computationally unattractive to include the definition of zones in the iterative procedure,
which would in any case only partially resolve this issue, we defined the zone boundaries from the worst-case
scenario that all surrounding HS-DSCHs are ‘on’. Given the so-defined zones, the Monte Carlo technique is
applied to derive net transfer rates per zone and the iterative procedure is followed.

7 NUMERICAL RESULTS

In order to evaluate the flow level performance of the different scheduling schemes under the different scenarios
described in Section 5, the considered system, propagation and traffic model aspects, as specified in Section
3, have been implemented in a dynamic system-level simulator, while analytical results are derived where
possible (see Section 6).



7.1 Single cell case: impact of system and environment aspects

Figure 3 presents the Monte Carlo simulation results that were obtained as an input for the analytical
evaluation of scenarios T (RR, SNR-based scheduler) and 11 (RR scheduler only) for the single cell case. The
left (right) chart depicts the expected net transfer rate (in kbits/s) and the expected SNR (in dB) versus
a terminal’s distance to the serving base station for the case without (with) multipath fading. Besides
the continuous net transfer rate curves (dashed curves), the discontinuous curves corresponding with the
discretisation in zones are also shown.

A first obvious observation that can be made is that both the expected net transfer rates and the expected
SNRs are decreasing in the terminal’s distance to its serving base station, which in this single cell case is
primarily due to the increasing impact of the thermal noise. More interesting, however, is the observed
impact of the presence of multipath fading on the performance: the SNRs appear to improve significantly in
the presence of multipath fading, while the net transfer rates is hardly affected.

Although the Rayleigh effect is neutral in the sense that the average value of a Rayleigh sample is equal
to one, the impact of multipath fading on the SNR performance seems somewhat counterintuitive, in that
an added degree of variation typically reduces performance. In order to understand this SNR increase we
stress that Rayleigh fading affects both the ‘signal’ (numerator) and the ‘interference’ level (denominator)
in the sNR (see also (1)). Considering that the instantaneous Rayleigh effect is exponentially distributed,
it is noted that the expectation of the ratio of two exponentially distributed random variables is infinitely
large. Although the presence of a thermal noise-related constant in the ‘interference’ level ensures that the
expected SNR is finite, it remains significantly larger than for the case without multipath fading. Observe,
however, that the influence of multipath fading on the SNR performance is smaller for remote terminals as
the impact of the (fixed) thermal noise level on the expected SNR becomes more and more dominant.
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Figure 3: The expected transfer rates and sNrRs as a function of a terminal's distance to its serving
base station for the case without (left chart) and with (right chart) multipath fading.

With regards to apparent translation of a significant improvement in the SNR performance to the hardly
affected net transfer rates, we first note that, unlike for the case without multipath fading, for the case with
multipath fading, the SNR is characterised by some degree of variability around the depicted means. We
note here that for terminals that are located relatively close to the base station, where the principal SNR
performance gain is found, the negative deviations from the SNR mean are experienced as correspondingly
lower transfer rates. while the positive deviations increase the transfer rates to a more limited extent, due to
the technological maximum on the assigned transfer rates (3584 kbits/s for UE categories 1-6). This explains
why the gain in transfer rates that is induced by the presence of multipath fading is much lower than one
might suspect based on the SNR curves. Overall, the presence of multipath fading appears to hardly influence
the net transfer rates.

Figure 4 shows the flow level performance in terms of the expected transfer times (in seconds), conditional
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on the terminal location, for all three packet schedulers and the gradually more realistic scenarios as described
in Section 5. The charts on the left (right) reflect the single cell (network) case (discussed below). Note that
the vertical position of the curves give an indication of the resource efficiency, while the shape of the curves
reflect the spatial fairness.

For scenario 1 which incorporates only the effects of terminal location, observe the significant difference
in fairness between the SNR-based scheduler and the other two schedulers, which show roughly the same
performance. In line with the observations made above regarding the impact of multipath fading, note that
for the RR scheduler, the flow level performance for scenarios I and 11 are very similar. Since the other two
schedulers explicitly exploit the SNR variations due to multipath fading, the performance is improved in
scenario 11, particularly for the purest of channel-aware scheduler, i.e. the SNR-based scheduler. Observe,
however, that the priority that near terminals experience in scenario 1 is less strict in scenario 11, since the
multipath fading fluctuations may at times allow remote terminals to experience a larger SNR than near
terminals. As a consequence, although the performance experienced by remote terminals is significantly
improved, this comes at a cost of a slight increase in the transfer times for near terminals. Observe that
the analytically obtained curves match with those obtained via dynamic simulations. When comparing the
results of scenarios 1T and 111, we can assess the performance impact of the inherent delay in the terminal’s
SNR measurements that underly the reported cQ1 and the effectuation of this cqQi. Clearly, this cqQi delay
significantly worsens the flow-level performance. In order to see this, note that whenever a more favourable
TBS is selected than appropriate, due to changed SNR conditions during the CQI delay, the transferred block
is likely to be erroneous given the steepness of the BLER curves. On the other hand, when a less favourable
TBS is selected, this leads to a BLER smaller than the 10% value that underlies the SNR-to-CQI mapping,
which thus hardly pays off. Since the cost of selecting a too high TBS exceeds the gains of selecting a too
low TBS, the net effect constitutes a performance degradation.

Soft combining (H-ARQ) is particularly important in a system with link adaptation such as HSDPA as
block errors are more likely to occur and thus link-level corrections more important. Comparing scenarios III
and 1V, the results in the figures clearly demonstrate the gain that is induced by the correctional capabilities
of the H-ARQ scheme that are due to the possibility of soft combining. Here roughly half of the performance
degradation that was induced by the cql delay, was restored by means of soft combining.

A final comment concerns the relative performance of the different scheduling schemes. We observe that,
for the single-cell scenario, the spatial unfairness of the sSNR-based scheduler, is hardly worse than for e.g.
the Round Robin scheduler, while the absolute expected transfer times are overall lower. Thus based on the
considered scenarios and performance measures, the SNR-based scheduler is preferred.

7.2 Network case: impact of system, environment and traffic aspects

We now consider the numerical results for the 19 cells wraparound network depicted in the charts on the
right of Figure 4. The traffic offered to each of the cells is the same as in the previous single cell case. As
expected, the mean flow transfer times are considerably larger than in the single cell case, which is obviously
due to the interference from other cells leading, in fact, to a smaller cell capacity (i.e. higher load in the case
of the same offered traffic). Note, that the spatial unfairness is now much larger than in the single cell case.
This is due to the fact that the interference conditions are (due to inter cell interference) most unfavourable
at the edge of the cells. The analytical results for scenario 1 (both for RR and SNR-based scheduling) are, as
in the single cell case, very accurate.

The growth of the mean transfer time due to the cQr delay (i.e. scenario 111 compared to scenario 1) is
much larger in the case of RR scheduling than for the other schedulers. This is due to the fact that the cell
load in case of RR scheduling is larger (closer to the critical load) than in the case of the other schedulers
which efficiently exploit SNR peaks. Hence, an increase of the cell load due to the additional retransmissions
which are needed when the cQ1 delay is taken into account (the BLER typically increases from about 1%
to more than 20%), will lead to a much more drastic increase of the mean flow transfer time in case of
RR than for the other schedulers (remember that in a queueing system the mean delay is roughly inversely
proportional to one minus the normalized system load). Note, that for the single cell case the differences
between scenario 11 and 11T are less pronounced due to the smaller cell load (no other cell interference).

As in the single cell case, the tremendous growth of the mean transfer time due to the cQl delay (in
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particular for the RR scheduler) is largely compensated by the positive effect of soft combining (H-ARQ).
Finally, the results show that the SNR-based scheduler performs slightly better than the PF scheduler; both
clearly outperform the RR scheduler.
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Figure 4: Flow level performance of the three considered packet schedulers for the gradually more
realistic scenarios I-1v. The charts in the left (right) column correspond with the single cell (network)
case.

The numerical results showed, as expected, that flow transfers to users at the cell edge are on average (much)
slower than to users located close to the base station. Numerical results (not shown here) also showed that
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the standard deviation of the flow transfer times is larger at the cell edge. So, it is likely to expect, that, in
particular in the case of SNR based scheduling, the variability of flow transfer times at the cell edge will be
larger than in the middle of the cell. However, we found that the coefficient of variation of the flow transfer
times (i.e. ratio of standard deviation and mean) is almost independent of the distance to the NODE-B.
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Figure 5: The expectation (left) and standard deviation (right) of the transfer time as experienced
under the three considered packet schedulers for the gradually ‘more variable’ scenarios v.*-Iv.3.

The results in Figure 5 show the effect of various system features (‘sources of variability’) on the flow
transfer time variability. The left graph shows, for each of the three schedulers, the expected flow transfer
times (in seconds) for the scenarios 1v.*; 1v.0, 1v.1 and 1v.3 as defined in Section 5; the right graph contains
the standard deviations (in seconds) of the flow transfer times.

The results show that for all schedulers the contribution to the flow transfer time standard deviation of
the traffic-specific sources of variability (flow level dynamics and flow size distribution contained in scenarios
1v.0, 1v.1, 1v.3 ) is dominant over the impact of the scheduler itself along with that of the spatial flow
distribution (scenario 1v.*).

The contribution to the standard deviation due to the RR scheduling algorithm seems to be larger than
due to the sNR-based scheduler. However, if we consider the coefficient of variation (i.e. normalize the
standard deviations by the corresponding mean transfer times), then we find that SNR introduces more
variability than RR. Note, that this is in line with results of scheduling studies where (semi-)persistent
sources are assumed [10, 12, 15, 17]. Next, if also the flow level dynamics are taken into account, we observe
that the flow transfer time standard deviation is much larger for the RR scheduler than for the SNR-based
and PF schedulers. This is apparently due to the smaller capacity (i.e. higher loads) of the cells in case
of RR scheduling compared to the cases with SNR-based and PF scheduling where SNR peaks are efficiently
exploited.

Note from Figure 5 that for RR the expected flow transfer time decreases when the flow size distribution is
taken exponential (scenario 1v.1) instead of deterministic (scenario 1v.0) and even further decreases when the
flow size becomes more variable (scenario 1v.3). A similar counterintuitive phenomenon (higher variability of
flow size leads to smaller mean flow transfer time) was recently also reported in [14]. They considered sojourn
times in a Processor sharing (PS) queueing model with variable service rate; note that the RR scheduler in
the present context can also be considered to be a PS type of queueing system with variable service capacity
(variability is a.o. caused by variable interference from other cells).

8 CONCLUDING REMARKS

We have presented an evaluation of the flow level performance in a UMTS/HSDPA network, assessing the
relative performance impact of a set of key system, environment and traffic-related aspects in order to
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provide thorough qualitative and quantitative insights. Among the insights gained, we observed that the
presence of multipath fading has a positive effect on the flow level performance, in particular under channel-
aware schedulers such as the considered proportional fair (PF) and pure SNR-based schedulers. The cQI
feedback delay causes a severe performance degradation. The increased number of block errors due to the
cQI feedback delay can be partially coped with by the hybrid ARQ (soft combining) reducing the negative
effect of the cQ1 delay considerably. Overall, for the considered settings, the pure SNR-based scheduler
outperforms the other considered schedulers (including the well known PF scheduler) with respect to the
absolute transfer time performance and the spatial fairness regarding transfer times.

The presented work is extended in various directions. Aside from attempts to develop further analytical
approaches to evaluate the flow level performance, we intend to assess the impact of TCcP flow control on
the obtained qualitative results, while a further important extension is concerned with the integration of
speech and data traffic in UMTS /HSDPA networks and to devise and evaluate efficient load-adaptive scheduling
schemes that dynamically adjust the power assignment of the HS-DSCH.
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