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Abstract: A new queuing model is proposed for the
performance evaluation of the High Speed Downlink
Packet Access (HSDPA) protocol, with respect to a
specified user, in UMTS networks. This analytical model
is an integrated one capable of capturing many
complicated features of HSDPA operation such as
correlated and bursty traffic, channel fading, channel
allocation policy and packet-losses in the air interface.
The validation of the model for comparing the user
terminal categories is performed with a detailed
simulation of HSDPA terminals with ""real™ traffic traces.
It is shown that the model is quite accurate to predict and
compare the throughput of the HSDPA terminal
categories.
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l. INTRODUCTION

High Speed Downlink Packet Access (HSDPA) was
introduced by the 3rd Generation Partnership Project
(3GPP) to satisfy the demands for high speed data
transfer in the downlink direction in UMTS networks. It
can offer peak data rates of up to 10 Mbps, which is
achieved essentially by the use of Adaptive Modulation
and Coding (AMC), extensive multicode operation and
a retransmission strategy [1].

However, efficient operation of HSDPA does
require fast performance evaluation models in order to
design, dimension, operate, maintain and update the
system, both cost-effectively and efficiently. Such a
performance model should be able to accommodate

simultaneously all the important features and aspects
pertaining to the operation of HSDPA, e.g., burstiness
and the correlation amongst data traffic, channel
assignments between voice and data traffic, channel
coding schemes, as well as effects of the wireless
environment such as channel fading.

In the literature, most works have used discrete
event simulation to evaluate the performance of
HSDPA [2][3][4]. Liu et al. [5] and Yang et al. [7] were
the first to consider the interaction between queuing at
the data link layer and AMC at the physical layer, in an
analytical model. However, their analysis assumed
Poisson arrivals at the data link layer and did not
explicitly account for HSDPA. Moreover, we are aware
of no work to date that attempts to quantitatively
compare HSDPA user equipment (UE) categories. The
problem is highly challenging, since we have to take
into account a number of factors and characteristics
such as

(i) the bursty and correlated nature of the packet-
traffic through the channels,

(i) channel conditioning which is often represented
by Channel Quality Indicator (CQI),

(iii) dynamic allocation of channels by a preset
physical channel assignment scheme, and

(iv) packet-losses in the air interface due to fading
channels.
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Fig. 1: Channels in HSDPA

For this purpose, we develop a queuing model with
the varying number of servers. This model is highly
suitable to the problem that is tackled since (i) traffic

correlations and burstiness can be represented by
Markov modulation and by the use of Compound
Poisson Processes Fig. 1: Channels in HSDPA (CPP),
(ii) channel conditioning due to fading and the resulting
CQI can be represented by a finite-state first-order
Markov chain Z, (iii) dynamic channel allocation
policy is represented by varying C in the queuing
model, modulated by an independent Markov process
U, (iv) packet losses in the air interface due to channel

fading are modeled by negative arrivals. In [9], the first
analytical model for HSDPA terminal without
validation was presented. This paper proposes a refined
performance model for HSDPA in the data link layer
and also provides the validation of our model with a
detailed simulation with real traffic traces and fading
behaviour. In this respect, we show that the Compound
Poisson Processes (CPP) and the simple parameter
estimation of CPP from captured real traffic (Bellcore
and Auckland traffic) can serve as an input parameter
for the performance estimation of HSDPA. Recently
there is a notable work by [8], where the authors
propose the analytical approach to evaluate the
throughput of HSDPA. However, they do not consider
the stochastic nature of packet arrivals from user
equipments and the specific parameters of user terminal
categories. Therefore, the comparison of UE categories
is difficult with their model. It is worth emphasizing
that their model integrates some essential features of
HSDPA such as the explicit equation for signal
interference ratio and the Hybrid Automatic Repeat

Request. The integration of their model and our model
is in progress, which will be reported in the companion
report of this paper.

The rest of the paper is organised as follows.
Section Il provides an overview of HSDPA and
Section Il describes our proposed model for it.
Numerical results are presented and discussed in
Section 1V and the paper concludes in Section V.

. HSDPA OPERATION

In the implementation of HSDPA, several channels
are introduced (Fig. 2). The transport channel carrying
the user data, in HSDPA operation, is called the High-
Speed Downlink Shared Channel (HS-DSCH). The
High-Speed Shared Control Channel (HS-SCCH), used
as the downlink (DL) signaling channel, carries key
physical layer control information to support the
demodulation of the data on the HS-DSCH.
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Fig. 2: HSDPA mapping to physical channels
(3GPP TR 25.848)

The uplink (UL) signaling channel, called the High-
Speed Dedicated Physical Control Channel (HS-
DPCCH), conveys the necessary control data in the UL
to Node B (Node B is responsible for the transmission
and reception of data across the radio interface). User
Equipment sends feedback information about the
received signal® quality on HS-DPCCH. That is, the UE
calculates the DL Channel Quality Indicator (CQI)
based on the received signal quality measured at the
UE. Then, it sends the CQI on the HS-DPCCH channel
to indicate which estimated transport block size,

t In wireless communications, the quality of a received signal

depends on a number of factors: the distance between the target and
interfering base stations, the path-loss exponent, shadowing, channel-fading
and noise.



modulation type and number of parallel codes (i.e.
physical channels) could be received correctly with
reasonable block error rate in the DL. The CQI is
integer valued, with a range between 0 and 30. The
higher the CQI is, the better the condition of the
channel and the more information can be transmitted.

Table 1: Modulation and max throughput when 5,10,15
codes are allocated for a specific user

. Effective Max. throughput Mbps
Modulation code rate  5codes 10codes 15 codes
QPSK 1/4 0.6 1.2 1.8
QPSK 2/4 1.2 2.4 3.6
QPSK 3/4 1.8 3.6 5.4
16 QAM 2/4 2.4 4.8 7.2
16 QAM 3/4 3.6 7.2 10.7

1. AMODEL

We consider a wireless connection between a
specified wireless user and its Node-B, and assume that
an ideal feedback channel exists.

A. Assumptions

1) Packet arrival process: In the Markovian
framework, the autocorrelation of inter-arrival times are
often modeled successfully by Markov-modulation. The
packet arrival process at Node B is thus assumed to be
modulated by a continuous time, irreducible Markov
process, X, with N, states (phases) and Q, generator
matrix. In [9 J[10][11], it has been successfully shown
how Compound Poisson Processes (CPP [12]) and their
superposition [9] can be used to model the burstiness in
any given modulating phase. The arrival stream in each
of the modulating phases of X is thus assumed to
follow the CPP. That is, the parameters of the GE inter-
arrival time distribution of the packet arrival stream are
(0,,0.) during the modulating phase i. Therefore, the

probability distribution function of inter-arrival times
7, during phase i for the stream of packets is defined

by Pr(z, =0) =6, and
Pr0<z <t)=(1-6)1-e ).

The rationale behind the choice GE distribution is
follows. The parameters of the GE distribution are

easily determined by the first two moments of sampled
data. The GE distribution is the only distribution that is
of least bias [12], if only the mean and variance are
reliably computed from the samples.

2) CQIl reporting process: In HSDPA, the UE
calculates the Down Link (DL) Channel Quality
Indicator (CQI) based on the received signal quality
measured at the UE. Then, it sends the CQI (integer
number) on the HS-DPCCH channel to indicate which
estimated transport block size, modulation type and
number of parallel codes (i.e.; physical channels) could
be received correctly with reasonable block error rate in
the DL. The higher the CQI is, the better the condition
of the channel and the more information can be
transmitted.

Since the CQI integer value sent by a UE varies
between 0 and 30, a continuous time first-order Markov

chain (called Z') of N, =31 states is used to model

the CQI reporting process which depends on the fading
channel dynamics.

3) Physical channel allocation for a single user: In
HSDPA, a user may simultaneously utilise up to 15
codes (physical channels) in parallel. The available
code resources are primarily shared in the time domain
but it is possible to share the code resources using code
multiplexing too. The number of available physical
channels for a specified user is determined by the
channel assignment scheme (i.e. the resource allocation
policy), which takes into account traffic to and from
other users. The dynamic allocation results in a varying
number of available (allocated) channels, with respect
to a given user. Since the arrival processes from other
users are Markovian, the resource allocation is
reasonably approximated by a Markovian process from
the point of view of a specific user. We assume that the
available channels for the specified user is modulated

by a Markov process, called U, with N states and
Q, generator matrix. It is worth emphasizing that the

calculation of Q, is not the focus of this paper.

Furthermore, in the numerical study we will apply



N, =1 because we want to compare the performance

of HSDPA user categories.

4) Packet-loss process in the air interface: It is
shown in [13] that a Markovian approximation for the
block error process can be a very good model for a
broad range of parameters. Therefore, it is reasonable to
model the packet loss in the air interface with the arrival
stream of “negative packets". The arrival of one
negative packet results in the loss of one packet in the
air interface. In this paper, we assume the negative
packets follow the GE distribution with parameters
(p;,0,) . That is, the probability distribution function of

inter-occurrence times ( 7, ) of packet losses, strictly
during phase i is governed by Pr(z; =0) =5, and
Pr0O<rz <t)=(1-5)1-e").

B. A Performance Model

As discussed above, the arrival process, the wireless
channel-fading and the channel allocation are
modulated by the independent Markov chains X with

N, states, Z with N, states and U with N, states,
respectively. If Y denotes the effective Markov chain
jointly modulating the arrival process, the wireless
channel-fading and the number of channels allocated,
then Y can be determined quite easily from X, Z and
U, with N, =N, xN, xN, states or phases. The
generator matrix of Y can be determined as the

Kronecker sum of the generator matrices of X , Z and
U.

QY:QX ®Qz ®QU (1)

Let the queuing capacity be L at Node B which
includes packets under service and packets waiting to
be served. The state space of the queue formed at a
Node- B at any time t can be specified completely by
two integer-valued random variables, I1(t) and J(t).

I (t) varies from 1 to N, , representing the phase of the

modulating Markov chain Y , and 0<J(t)<L+1
represents the number of positive customers in the

system at time t, including any in service. The queue is
now represented by a continuous time, discrete state

Markov process, V,ona rectangular lattice strip. Let
I(t), the phase, vary in the horizontal direction and

J(t), the queue length or level, in the vertical direction.

We denote the steady state probabilities by {p;;},
where p;; =lim__ Prob(l(t)=1i,J(t)=]), and let
VJ = (pl,j,"w pN‘j) :

To obtain the steady state probabilities ({p; ; }) and

the performance measures, either the direct solution of
the balance equations or the methodology presented
in [10][11] can be used.

IV.  NUMERICAL STUDY

Twelve UE categories have been defined according
to a number of factors that include the maximum
number of HS-DSCH simultaneously received
multicodes (5, 10 or 15), the minimum inter-TTI
(Transmission Time Interval) time between the
beginning of two consecutive transmissions to a
specific UE, the maximum number of HS-DSCH
transport block bits received within an HS-DSCH TTI,
and the modulations (QPSK only or both QPSK and
16QAM) used (the interested user can check the 3GPP
document [14] for more detail on the UE categories).
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Fig. 6: Ratio between achieved and maximum
throughput vs. SINR

In this paper, the UE categories 5, 6, 7, 8, 9 and 10
with inter-TTI=1 and UE categories (3, 4) with inter-
TTI=2 are studied. Based on the CQI mapping table
for UE categories specified in [14], UE categories 3 and
4, UE categories 5 and 6, UE categories 7 and 8 have
the same characteristics. Therefore, 5 groups of UE
categories are investigated.

The purpose of this study is to compare the UE
categories, so we investigate a scenario where data is
transferred from a network to a specified UE (with

N, =1and N, =1) and no packet loss is assumed in

the evaluation. Note that the investigation of the

channel allocation and the impact of packet loss in the
air interface is the topic of future work.

The queuing capacity at the Node-B of this specified
UE is assumed to be 150 packets. Traffic is assumed to
follow the GE distribution with parameter pair (o, 8),
which are calculated based on the method of moment
matching from the two traces of real traffic: the
Bellcore traffic trace BC-pAug89 available from the
Internet Traffic Archive [15] and the Auckland Internet
traffic trace [16]. We also assume that the UE travels
with a speed of 3 kmph. Therefore, the maximum
Doppler frequency of the UE is f; =5.6 Hz at 2 GHz

carrier frequency. The service parameters (related to the
variable packet sizes) are also determined from the
traces similarly as done in [6].

To validate our model, we use the EURANE tool
(http://www.ti-wmc.nl/eurane) which is an HSDPA
simulator based on ns-2. It is worth emphasizing that
the simulator is directly driven by the traffic traces
(containing the interarrival of packets and the real size
of packets) and the fading channel behaves according to
the Nakagami- m distribution function. To produce
analytical results, the GE parameters of the input traffic
and the GE service parameters are estimated from the
monitored packet lengths in the trace and the transport
block sizes of each UE at a specific CQI value [14], and
the Markov process is used to approximate the
Nakagami- m distribution function. That is, we

calculate the matrix Q, of size 31x31 (note that Q,
depends on m and the average SINR). Assume that the
received signal-to-noise ratio (SINR), y, of the fading

channel has the Nakagami- m (or Rice) probability
density function [17 ]

mm}/m—l m}/
f = exp| ——= |, 2
,(7) ) p( 7} )

where y = E(y) is the average received SINR and

Ir'(m)= J.: t""exp(~t)dt is the Gamma Function with

parameter m . Note that m is the Nakagami fading



parameter (m>1/2). Then a continuous time first-
order Markov chain (called Z) of N, states can be

used to approximate the fading channel dynamics. That
is, the SINR in state S, is associated with » €[y,,7:,1),

the interval corresponds to a CQI value reported by a
specific UE to its Node-B (y, =0, Y, =%). Since
the CQI integer value sent by a UE varies between 0
and 30, N, =31. The CQI corresponding to the fading
channel state S, is CQIl =i-1, for i=12,..,N, .
Based on the relation ([17]) between CQI and SINR

0 SINR <-16
CQl =1| %37 +16.62| -16<SINR<14  (3)
30 SINR >14

we determine E(y,)=SINR (Vi=1..,N,) for

each [7,,7..,) . Then y. can be computed by solving
the following equations

E()=[" 71,0, @

The elements of the generator matrix, Q, , can be

determined as follows
Q,(k,k+1)=N,,,/7, (k=12,..,30)
Q,(k.k-1)=N,/7, (k=23,..,31), (5)

where the level crossing rate (X, ) of mode n (the
AMC mode n is chosen when the channel is in state
S, ) is defined as in [18]:

m-1
8, = Jor e _fo (mznj exp[_mzn
y T(m\ y 4

(n=12,...,3])

and

m=]" (. ™

f, is the mobility-induced Doppler spread.

In Fig. 4, we plot the curves of achieved throughput
of UE category 10 vs SINR for m =1 and both traffic
traces. It can be observed that our model can provide a
good estimation (the relative error is around 5%) for the
throughput performance of UEs (the similar observation
can be obtained with other UE categories).

In what follows, we present the results related to the
Auckland traffic trace (the same observation can also be
drawn with the Bellcore traffic trace). In Fig. 5, we plot
the achieved throughput vs UE categories and SINR for
the Auckland traffic trace. Based on the numerical
study, we can state that UE category 7, 8, 9 and 10 have
the same throughput performance.

0.1 T T T T T
4dB
B ——--- |

008 . o]

0.06 |- -

PDF

0.04 |- V4 -

0.02 o —
.,’/,/ i d I.I..'

0 5 10 15 20 25 30
cQl

Fig.7: PDF of CQI at the average of SINR 4dB
and 10dB

However, when we plot the efficiency ratio between
the achieved average throughput and the maximum
available average throughput (which latter is calculated
assuming there are always packets to be transmitted at
Node B) in Fig. 6, a different phenomenon is observed.
UE of higher categories did not fully exploit the
capability of the HSDPA channel. It is interesting that
the higher the average SINR level is (Fig. 7), the lower
the efficiency ratio is. From the viewpoint of the
efficient usage of network scare resource (the interest of
the network operators), it raises a need for the power
control to be applied at the Node B. The power control
should take into account the amount of traffic to be sent



to the UEs. For the power control purpose, our model
with the online estimation of the GE traffic parameters
can be used to optimize the efficient usage of the radio
resource.

V. CONCLUSIONS

We have proposed a framework to evaluate the
performance of HSDPA. We present numerical results
to compare the HSDPA categories, which is compared
against the results obtained with more detailed
simulation model of HSDPA based on the EURANE
tool and real traffic traces. We also show the simple
parameter estimation of CPP based on the moment
matching from the traffic trace can give a good
performance estimation for HSDPA. Further
investigation includes the impact of the loss in the radio
interface and the channel allocation scheme with the use
of the analytical framework.
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