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Abstract— This paper presents arealistic and accurate ana- (E)GPRS networks either by simulation or analytical mod-
lytical model to dimension mobile cellular networks with Q&S eling. Both have advantages and drawbacks. On the one
differentiation. QoS per applicative flow is commonly definel panq the accuracy of simulation results is obtained at the

in GPRS/EDGE or 3G systems where streaming applications £l ing ti hibitive to be involved
with real time properties and elastic data applications hae to expense of long processing time (prohibitive to be involve

share radio resources. The need for accurate and fast-comging N @& dimensioning optimization process) and the analysis of
tools is of primary importance to tackle complex and exhaudve the performance results for dimensioning the system iniguts

dimensioning issues. In this paper, we present a generic QoSoften a difficult task (see e.g. [5], [17], [20], and [21]). On
analytical model developed in the context of EDGE networks the other hand, analytical modeling gives faster results an

but that can be adapted to a different technology. We develo@a . L . .
Markovian model that takes into account the QoS differentidion better understanding of the intrinsic system behaviorréligs

between real time and non-real time classes and gives expsisns 0N str(_)ng and non-realist_ic assumptions. Many works Prepos
for all the required performance parameters. We compare our analytical models assuming a single type of data traffic with

model with simulation and show its accuracy. classical circuit-based assumptions that are not adapted t
wireless data networks [6], [8], [9], [12], [13]. Other wark
succeed in providing simple models, but still for systemthwi

Mobile devices such as cell phones, digital assistants @single type of data traffic and without QoS differentiafij
laptops are increasingly used to transfer data over cellu[d5], [18]. Finally, some papers propose models integrating
wireless networks such as GPRS/EDGE, 3G and 4G networdi#ferent traffic classes and/or QoS differentiation [1f]1],
These commercial wireless networks carry data traffic for[22], but still do not integrate all the specificities of PFC
variety of applications such as multi-media messaging (NIMSmechanisms
web browsing, and advanced applications like video-stie@m As a response, we need an analytical model that it is both
or push-to-talk. Since radio resource remains the criticatcurate andealistic We develop such an efficient Markovian
resource, operators need to manage networks in a way timtdel that provides performance parameters with a very good
provides both a comfortable QoE (Quality of Experienceccuracy as validated by simulation. It makes the tool pé#yfe
for subscribers and an efficient bandwidth usage. For thesgtable for the expected dimensioning issues as it avbiels t
purposes, Packet Flow Context (PFC) has been normalizest of time consuming simulations.
in 3GPP recommendation [2] providing QoS differentiation This paper is organized as follows. Section Il presents the
between real time and non-real time application flows arsystem description. In Section Ill, we first develop indegert
service continuity between EDGE and 3G/4G networks. In thisodels for each class. We then develop an analytical model fo
context, it is of primary importance for network engineess tthe complete PFC system in Section IlI-C. Section IV finally
have a radio link dimensioning tool that allows predictihg t presents validation results.
impact of traffic growth within and between classes.

In this paper we study the radio link in GPRS/EDGE _
networks (now denoted (E)GPRS) with PFC differentiatiof}- System assumptions
GPRS (General Packet Radio Service) is an overlay to GSMWe consider a single (E)GPRS cell submitted to data
networks that allows end-to-end IP-based packet traffic atrdffic with QoS differentiation. Our study tackles the gz
EDGE (Enhanced Data rates for Global Evolution) is itef the bottleneck, i.e. the radio link, and focuses on the
improvement allowing higher throughputs and integrating t downlink assumed to be the critical resource because of
QoS differentiation provided by PFC. This 2G+ widebandata traffic asymmetry. As a short reminder, (E)GPRS is a
network is being deployed worldwide, and because of ifacket overlay on the circuit-based GSM system. With GSM,
low cost and the good performance achievable, it is a key each frequency carrier a 200 kHz bandwidth is shared
coverage solution to provide nationwide wireless dataisesv between 8 users. Each user is given a circuit, also calleg-tim
complementary to 3G/4G networks. slot because of Time-Division mutliplexing scheme (TDMA).

Many works study the problem of performance analysis With (E)GPRS, a mobile station can use several time-slots

|. INTRODUCTION

Il. SYSTEM DESCRIPTION



simultaneously to have a higher throughput. Time-slots are Flow ldentity) per TDMA and 7 USFs (Uplink State
shared between mobiles with a granularity of 20 ms (a so- Flag)) per uplink time-slot).

called “radio block”). Every 20 ms the RRM (Radio Resource

Manager) allocates the time-slots to the mobiles having & QoS specifications

on-going transfer. _ We study a system that provides QoS differentiation of data

We make the following assumptions: flows with mobiles running applications with different tiaf

« The radio resource is divided into two independent pargharacteristics. This service differentiation aims atvjrtimg
according to the so-called “Complete Partitioning” polic\QoS that matches the application need and an efficient use
[8], one dedicated to voice and one dedicated to dais. the radio resources. Each data flow is associated with
Here, we only focus on the data part and assume that thgreQoS profile corresponding to its application type. This
is a fixed numbef of time-slots dedicated to (E)GPRSQoS description is known as Packet Flow Context (PFC) in
traffic in the cell. Obviously the classical Erlang formulage)GPRS systems (see [1] and [2]). PFC both provides a dif-
apply for voice. ferentiated QoS on the radio side for pure EDGE subscribers

« All (E)GPRS mobiles have the same reception capabilihd service continuity to 3G/4G networks. PFC differeiuiat
for data traffic. They are denotedd'+u)” corresponding covers two main functionalities for the QoS management:
to the mobile multi-slot class, wheris the maximum connection admission control and resource allocation Her t
number of time-slots that can be allocated for a mobilgctive connections.
per TDMA frame in downlink, andu is the maximum  The definition of PFC classes is split into two sets: some
number of time-slots that can be allocated in uplink. Notggpiles perform interactive applications having elastidfic
that, as we are interested in the modeling of the dOW”'"H?operties (e.g. email, web, FTP). This set of application
traffic, only the parameted is relevant for the model. js managed as best effort traffic and thus, the downloading
Nowadays, most (E)GPRS mobiles d#et 1) or (4+2)  durations of data elements depends on the system load. Data
and thus, can use at mogt= 4 time-slots per TDMA flows associated with these applications with no real time
frame in downlink. constraint are denoted as NRT connections.

Our system is characterized by the following parameters: The other set of mobiles performs streaming applications

« tp, the system elementary time interval equal to the radvgith real time constraints (e.g. audio/video streamingj-co
block duration, i.etp = 20 ms. versational applications). We assume that session dosatib

» xp, the number of data bytes transferred over one timéiese applications do not depend on the quantity of resource
slot zp/tp is the throughput offered by the RLC/MACthey received and thus, are independent from the system
layer to the above LLC (Logical Link Control) transporioad (for instance, a video-streaming session duratioly onl
layer. The value of:p depends on the radio modulatiordepends on its content characteristics). Data flows agsdcia

and coding scheme (MCS). For EDGE we have: with these applications are denoted as RT (Real-Time) a@nne
i tions. Because of live streaming necessities, these apiplis
EDGE coding scheme| MCS1 | MCS2 | MCS3 require a guaranteed throughput to maintain real time QoE.
zp (in bytes) 22 28 37 This guaranteed throughput is performed by reserditgR
MCS2 [ MCS5 [ MCS6 | MCS7 I MCS8 T MCS9 (Guarantee_d Bit Rat_e) time-slots per TDMA frame for eac_h
44 13 72 112 136 148 RT connectionGBR is not necessarily an integer value, as it

corresponds to an average value over tinfehis reservation
not possible (in lack of available resources) the new RT
. . . . nnection can be degraded and managed by the system as
allows the mobile station to adapt its transmission raf€RT in a best effort way. We denote by RTd these degraded
to the radlq link quallty_. In our model, we assume thaéonnections that can be upgraded back to RT connections if
all the mobiles use a given MCS that can correspond cIR/aiIable resource is freed
22nai\:jeer;gfaé%dforllg:f[ig::“?nd that can also include Note that,as described below, the RRM will first allocade
i " the maximum n rrEb]er of mobiles that can S‘._rnaximum of M BR time-slots per unit of time for each NRT
* mfﬁg;'eo ol h); eu an :ct' e do nl'nlk TBF (Tem c')(_or RTd) connections to limit their impact on RT performance
u usly hav v whtl -Mp Finally, in case of extra resource, it is equally divided agno
rary Block Flow) whatever the QoS class. TBF is th%ll ongoing connections
RLC/MA(.: trgnsfer entity that is m_andatory fora mobi_le Finally, a part of the TbMA frame can be reserved for NRT
to k.)e active in thg system. On a single TDMA, assumin d RTd connections in order to ensure a minimum throughput
uplink and downlink flows occur concurrently, (E)GPR Laranty to low priority mobiles. We denofefin this
specifications give: g Y W priortty ' NRT .
number of dedicated time-slots per TDMA frame. (Note again

tbfimaz = min(32,7T), (1) thatMinygr is not necessarily an integer.

Note that MCS depends on the radio conditions anlca)

because of the (E)GPRS system limitations on the Sig-1r is the TBF identifier coded in 5 bits; USF defines the number
nalling capabilitieg4] (no more than 32 TFls (Temporaryof mobiles that can be multiplexed on one time-slots.



1) Admission control:The RRM decides to admit a newthere is a strong dependence between the system parameters
connection in relation to its PFC class and the availabieplying a strong correlation between the performance ef th
remaining resourcedf the system limit defined by relation PFC classesAs a first step towards the modeling of the com-
(1) is not reached, any connection demand is proceeded in fete system, we first present the traffic and system asungptio
following priority order: independently for each class, and developp dedicatedesingl

« For RT traffic, a connection demand is accepted as Fefass models.

connection if the guaranteed bit rat&83 R can be met for )
: X A. Real-Time class
each RT connection. RT connections have a preemptivé
priority over NRT connections. Thus, the admission of We first consider a system only containing RT mobiles that

a new RT connection can result in the preemption @fenerate a streaming traffic. _ . .
one or several NRT connections in lack of remaining 1) Real-Time characteristicsAs discussed in Section 11-B,

resources. If the guaranteed bit rate cannot be met ®few connection demand is admitted as a RT connection if the

the new RT demand, it is degraded and admitted as R@¥ailable resource is sufficient to guarant@8 R time-slots
connection. RTd connections have no longer throughpR@" TDMA to the mobile (in addition to the remaining on-
guarantees and are managed as NRT connections with@@ing RT connections). If the remaining resource is lesa tha
any priority. As soon as a RT connection ends, the RRK{B R time-slots per time-step, a new demand is degraded and
rand0m|y selects any RTd connection and upgrades it %mltted as a RTd connection with no throughput guarantees

RT for the rest of its session duration; (provided the system signaling limib f,,... is not reached, in
« For NRT traffic, connection demands are acceptedich case itis rejected). As the number of active connestio
withtout any minimum throughput requirement. increases, the throughput of RT connections remains oeer th

2) Resource allocation:Every time-stepts, the RRM G BR time-slots pet p and the thr.oughputof RTd_ gonnections
allocates the resources. It first fulfills ti@B R requirements decreases (because of the sharing of the remaining respurce
for each RT connections. RT connections thus obtain théife @ssume that users of RTd connections can tolerate the
corresponding guaranteed bitra®B R, even in congestion, quahty degradatlon and do not stop pre_maturely their strea
thanks to the reserved time-slots at admission control. sté?)g' even if the throughput they obtain |s_less than what th_ey
Next, NRT and RTd connections fairly share the remainin pect. We also assume that the duration of the streaming
resources left by RT connections up to the maximum bit rake Not affected by the degradation. As a consequence, the
M BR defined in the NRT and RTd PFC profile. In case oftreaming duration has the same characteristics and can be

extra resource, it is equally allocated between RT, RTd afiPdeled in the same way for both RT and RTd connections
NRT connections up to the maximum download capadity (as well as for RTd connections that are potentially setecte
by the RRM to be permanently upgraded to RT). Finally, it is

C. Resource management important to emphasize that the real time nature of the ¢raffi

In order to model the system, we need to define the systeliiplies that the duration of any accepted connection (RT or
acceptation limits for each PFC profile depending on tf&Td) is independent of the system load.
current state of the system, i.e. the number of concurrent?) Real-Time traffic modelingRT streaming traffic is mod-
connections for each class at a given time-step. We denoteg§d as follows. We assume that there is a fixed number
NnRT (resp_nRTd and nNRT) the number of RT ConnectionsNRT of RT mobiles in the system. Each of them is Supposed
(resp. RTd and NRT connections) at a given timg7_ is the 10 generate an infinite length session of ON/OFF traffic.
maximum number of RT connection (as RT connections hat\ periods correspond to the streaming activity proceeded
a preemptive priority over NRT connections, it correspoteds through RT or RTd connections. ON period durations are
the maximum number af BR units fitting into7” time-slots), Supposed to be exponentially distributed with a rater
nBTd(ny pr) is the maximum number of RTd connection€qual to the inverse of the average streaming duratffin

max

(that only depends on the number of competing NRT conndeFF periods correspond to the inactive period between two
tions, as RTd connections only exist wher, = nf7 ), ~streaming sessions. The OFF period durations are supposed

and nNET (npp ngrrg) is the maximum number of NRT to be exponentially distributed with a rafe;, equal to the
connections (that depends both on the number of RT connberse of the average inactive period duratidif;. These
tions determining the remaining resources and the numbert@iffic assumptions (finite population, infinite length sess
competing RTd connections sharing the remaining resource¥ld memoryless distributions) are discussed in [4], [1¥§].[

As nprq = 0 if nrr # nBT _ the maximum number of NRT 3) Real-Time modelThe system is modeled by a linear

max?

connections is only related to the sum; + nrrq and will  Continuous-Time Markov chain where a staterresponds to
thus be simply denoted a8\ %7 (ngr + nrrq). The detailed the total number of concurrent connections (RT and RTd). Let

expressions of these limits are gi\/en in Appendix A. us recall thamﬁgz is the maximum number of simultaneous
RT connections that can be admitted in the system. As we
IIl. A NALYTICAL MODELING assume here that there are no NRT mobiles in the system,

As a first step in the modeling of the whole system, wiéhe maximum number of simultaneous active RT and RTd
first consider each population independently. It is obvithas connections, denoted by +774 is given bynfT+RTd —

max max



nfT 4+ nfTd () (see Appendix A)Finally, as the admission 2) Non-Real-Time traffic modelingdRT traffic is modeled
of RTd connections only occurs after statg’ , we can easily as follows. We assume that there is a fixed numbarzr
express the number of RT and RTd connections at state of NRT mobiles that are sharing the total bandwidth of the
follows: nrr = min(i, n%% ) andngrgy = max(0,i—nZL ). cell (as we assume that there are no RT mobiles). Each of
A transition out of a generic stateto a statei + 1 (for them is doing an ON/OFF traffic. ON periods correspond to
0 <4 < nRT+RTA _ 1) occurs when a new streaming requeshe download of an element through NRT connections. The
is accepted. This transition is performed with a rédzr —  size of downloaded elements are supposed to be expongntiall
i)Arr, corresponding to the arrival of one RT mobile amondistributed with a mean of)//*"" bytes. Then we define the
the (Nrp — i) in OFF period. Note that we do not need t@varage data rate per time-slot asrr = x5 /(20 7'tp).
pay a particular attention to states before or aftéff , as OFF periods correspond to the reading time between two
any connection demand arriving when the limffZ+#7< js  downloading ON periods. OFF period durations are supposed
not reached, is accepted as a RT befof€, and as a RTd to be exponentially distributed with a rade;rr equal to the
connection aften?” inverse of the mean OFF period duratitﬁjJ}T.

max*
A transition out of a generic stateto a statei — 1 (for 3) Non-Real-Time modelThe system is modeled by a
1 < i < pfTHRTd) occurs when a streaming connectiofinear Continuous-Time Markov chain where a stateorre-
ends. Fori < nZT it simply corresponds to the end ofsponds to the total number of concurrent NRT connections,
a RT connection (among the active RT connections). Forlimited to a maximum given bynY 2T = plVET(0) (see
i > nZT it corresponds either to the end of one of théppendix A)

nET RT connections or to the end of one of the nf*” A transition out of a generic statgto a statej + 1 (for

max

RTd connections. In the former case, the RRM randomiy< j < n/YET' —1) occurs when a new data download request
selects a RTd connection to be instantaneously upgradesl, tts accepted, i.e. when a new NRT connection is accepted.
recovering its throughput guaranty. Finally, as we assurii@is transition is performed with a rateNyrr — j)ANRT,
that the streaming duration does not depend on the typecoiresponding to the arrival of one NRT mobile among the
connection (RT or RTd) and is exponentially distributed, iGNyrr — j) in OFF period.Note that a blocking event can
both cases the transition from statdo : — 1 is performed occur if a new downloading request arrives when the system
with a ratei urr. Note that we can easily account for a morés in the staten/Y 7',
general case where degradation affects the streamingalurat The transition out of a generic stajeto a statej — 1
by adjusting the departure rates from any state n*%_ in  occurs when an active data download ends. This transition is
an appropriate way (e.g. by only decreasing the departufgsgformed with a ratg n.xr7, corresponding to the departure
rates of then', — i RTd connections and thus modifyingrate of one active NRT connection among thective ones.
accordingly the global departure rate from stjte When the system is in statg the mobiles can use up 6

The Markovian model is thus a birth and death procesisne-slots for data transmission. Now, because of the maxi-
that turns out to be equivalent to the Engset model for dircunum downloading capacity, if jd < T, each mobile only
switched systems [7]. The steady-state probabiljties(i) of receives a maximum of time-slots per time-step. Thus, the

havingi simultaneous active (RT or RTd) connections are thasailable bandwidth is not fully utilized by NRT connectn

given by: A transition rate from statg to statej — 1 corresponds to
i Nag! one of thej NRT connection that completes its transfer. This
prr(i) = (]ifTiRT)"pRT(O) for 0 <i < nBTHRTd (2) transition rate is then equal thluy . On the other hand,
RrRT —1)!

if jd > T, the allocator has to share tfietime-slots among
where prr is given by prr = Arr/prr and prr(0) is  thej NRT connections, and the transition rate from state

obtained by normalization. statej — 1 is then equal td"u v gr. The generic transition rate
from a statej to a statej — 1 (for 1 < j < nVET) is thus:
B. Non-Real-Time class min(jd, T)unrr-

. . . This NRT model gives equivalent performance parameters
We now consider a SySteT“ only containing NRT mob|le§S the “Erlang-like” model described in [4], even if thistlas
that generate an.elastlc traffic. o ] ] has been developed from Discrete-Time Markov chains. This
1) Non-Real-Time characteristicsAs detailed in Sec- noge| has also been described in [15] as part of a more
tion 1l, NRT connection demands will be systematically aGsomplete (E)GPRS system with a Partial Partitioning scheme
cepted as long as the signaling linitf,..... is not reached. petween voice and data (but without any QoS differentiation
As a NRT connection corresponds to the download of gwween data users). The steady state probabifitiesr (j)

data element, its duration depends on the available resouign pe derived easily from the birth and death structure @f th
Thus, as opposed to RT connections, the duration of NRJ5rkov chain as follows:

connections depends on the system load. As a consequeRgey - ; < jo:
we characterize a NRT connection by a size (in bytes), as o N |
i i i i i . NRT: j
opposed to a RT connection that is characterized by a time (in pnvrr(j) = — : ,SC?VRTPNRT(O), (3)
seconds). J'd(NNrT — j)!



NRT.
max *

forjo<j<n

. N ! -
pnrT(j) = AL x?VRTPNRT(O)a 4)

 joldioTi=3o(Nngr — j)!
wherej, = |T'/d] is the maximum value of such thatjd <

T, xngr is given byxnrr = Anrr/pnrr, @ndpyrr(0)
is obtained by normalization.

C. Complete system modeling

available for NRT connections, as their performance styong
depend on it. This part of the resource actually depends on
the number of concurrent RT and RTd connections. First, let
us denote byl'rr4+nvrr(?) the remaining resource after the
RRM allocatesGGBR time-slots for RT active connections:

TRTd+NRT (Z) =T — min(i, Tlggx)GBR (7)
Then, the RRM equally divides th&rrqinrr(i) time-

ots between both the¢ NRT and thek RTd connections

In order to model the complete system with both RT a? herel — , o c . th .
NRT populations, we combine the two single class modef¥y €€~ = max(0,4 — n,.q,)). COnsequently, the proportion

presented in Section Il into a multidimensional Markoy NRT (i, 7) of the remaining resource used by theNRT
chain. A first approach would be to develop a 3-dimension@pnnections can be expressed as:

Continuous-Time Markovian model where each dimension is J
associated to one of the three connection types (RT, RTd k+3j

and NRT). But, as described in Section Ill-A, there aréag the departure rate of NRT connections depends on the
RTd connections in the system only when the mifiC.  actual available resourcBy gz (i, ), the horizontal transition

for the number of RT active connections is reached. As §t of a generic statgi,j) to state (i,j — 1) is now:
consequence, the 3-dimensional Markov chain is made of tyg, (j d, TNRT(Z-,]-)) unrr. As explained in the NRT single
orthogonal planes, as illustrated on the left part of Fiarld  ¢|as5 model of Section 11I-B, a transition rate from stétej)

can equivalently be transformed into a 2-dimensional Markq, state(, j+1) is (N gr—7)An rr. In the same way, vertical
chai_n giv_en in r_ight part of Fig. 1. This model combine_s ONfansitions from statesi, j) to state(i — 1,5) and (i + 1, j)
vertical dimension for both RT and RTd, and one horizont@lye the same expressions as the ones given in Section Ill-
dimension for NRT. By now, each state of the chain is a COUpfor the single-class RT model, since the resource avalabl
(i,j) wherei is the number of RT and RTd active connectiongjges not impact the performance of RT or RTd connections.

andj is the number of NRT active connections. Because §he resulting Markov chain is illustrated in Fig. 2 showing
the limiting conditions on the number of active mobiles of 3nsitions on a generic staté ;).

each type (see Appendix A), each stétgj) is such that:

<nfl +nlld()), (5)

max max

< Mg (1)- (6)

max

Tnrr(i,j) = Trra+NrT (1) (8)

0< 4 NRT (j dimension)

0<

i

ULRT (Nrr =i+ 1)Agr

RT (i dimension)

NRT (Nxgr — §)ANET

(Nxrr =+ 1)ANgr

RT
RT

min (jd, Tnpr(i, j)) unrr min ((j + 1)d, Tnpr(i, j + 1)) unar

(i+1)prr (Nrr = 9)Agr

z
5
|
RTd

Fig. 2. Transitions on a generic stat& 7).

Fig. 1. 3-dimensional to bidimensional CTMC.
Let us now recall that RT connections have a preemptive
1) Combined resource sharingiVe first do not take into priority over NRT connections and let us first consider aestat
account the maximum MBR constraint on NRT and RT(, j) such thati < nZZ . A new RT connection demand
connections defined in Section Il, and consider that NRT amdll always be accepted as RT connection, and because of the
RTd connections can use all the available resources left pyeemptive priority, its admission can result in rejectimgy
RT connections up to their maximum download capadity going NRT connections, if the remaining resource left atter
This additional constraint and the modifications it invalveadmission is no longer sufficient to proceed all of theks.
are described in the next subsecti@@xtra resource sharingillustrated in Fig. 3 rejections occur if a new RT connection
correction) demand arrives when the system is in one of the limiting
Now, by combining the two single-class models, we hawates (i, n))!'(i + 1) + 1) to (i,n)!'(i)). Thus, a single

to pay a particular attention to the proportion of the reseurRT connection admission can reject several NRT connections



at a time (up tonNET () — nNET(; 4 1)), any single connection:

max max

o T(i,5)
j dimensi ) = S 10
E NRT (j dimension) ('L,,]) i +] ( )
§ . In order to take into account the extra resource in the hor-
3 Anr(Npr —i+1) izontal NRT models, we simply have to modify the transition
& rates from any statéi, j) to state(i,j — 1), for 0 < j <

(Nxar = nya (i)

nNET(4), as follows:
min (jd, j(MBR+ 6(i,5)), Tnrr (1)) iy - (11)

Note that any other reallocation policy can be used and
would result in a straightforward modification of the rates
given in relation (11).

[ NRTy;
PN R D Ry (),

A (Ner = 1) Tnrr (WlNRT(i)))

)\RT(NRT - 1)

IV. VALIDATION AND PERFORMANCESTUDY

First, we validate the analytical model by comparison with
simulation. Simulations have been performed with an home-

Now, If we consider a statéi, j) such thati > nffl . made event driven simulator developed using the CNCL
a new RT connection demand will only be accepted asliprary [3]. This simulator is based on the same assumptisns
RTd connection ifi < nZT + nf1d(j), as we consider that our analytical model, i.e. infinite ON/OFF sessions and mem-
RTd connections have no priority over NRT connections. Asryless distributions for both ON and OFF. Nevertheless, th
a consequence, in the 2-dimensional Markov chain, there aimulator captures the detailed behavior of the radio nesou

no diagonal transitions whein> nfT . allocator and thus performs the exact PFC differentiation a

The steady-state probabilitiegi, j) of this 2-dimensional described in Section II-C.
Continuous-Time Markov chain can be obtained using anyWe consider several configurations of a cell containing a
numerical technique (see [19] for a list of possible methodpredefined population of RT mobile¥zr = {4;8} and a
Then, all the performance parameters can be derived eas#yying number of NRT mobiled/y zr = [1; 30]. All mobiles
from the steady-state probabilities (see Appendix B for def a same PFC class generate the same traffic (see Table | for
tailed expressions) detailed parameters). We show in Fig. 4 the blocking proba-
2) Extra resource sharing correctionWe now take into bility P, for RT and NRT mobiles, the degradation probability
account the maximum bit ratd/ BR constraint on NRT Frrra for RTd connections, and the average throughput per

and RTd connections defined in Section Il. As described #f€r X for each connection typeResults derived from the
Section II-C, the last step of the resource allocation allyor analytical model and simulations are comparéd can be
is designed to take into account the possible redistributib S€en on the figures, the curves corresponding to the model
extra resource. In other words, if each RT connection get8d those corresponding to simulation are very close. The
its guaranteed bit rat& BR and each RTd or NRT connec-maximum relative error never exceeids for any performance
tion obtains its maximum bit ratd/ BR, and there remains Parameter in any configuration. In the case of detailed gtead
available resources, these resources are equally rédistd state probabilities, we can find some higher errors, butydwa
between all (RT, RTd and NRT) connections. affecting .da_ta points with a very low contribution on the

Once again, the duration of any RT or RTd Connectioglverall d|str|t.)ut|on. and thus on average performance. The
is assumed to be independent of the quantity of resourdiiferentconfigurations (correspondingAdy rr varying from

1 to 30) have been obtained in several days with the simulation

given to mobiles during their steaming activity. As a con : dard sinal din f
sequence, departure rates of the vertical RT model are R (on a standard single-core 2GHz processor) and in few

affected by the extra resource. In the case of NRT conncssr;tioW'r?uteS with the anﬁlytmal mogie!l. We halve performedGrIEa_ny
higher throughputs allow connections to end up earlierrth&lther experiments that gave similar results. As a conafusio
this validation, we can say that the model captures very

download. As a result, extra resource has an impact on ) i
precisely the behavior of the system.

departures rates of the horizontal NRT models. X ) i )
We now provide a brief analysis of the obtained perfor-

Let us denote byl'(i, j) the available extra resource IEf.It.rnance. Fig. 4(a) presents the blocking for RT mobiles, i.e.

aiter allocatingGSR time-slots per ime-step to each R RT connection demands that cannot be admitted even as RTd

connectlorj, and by I|m|t.|ng each RTd and NRT COnneCtIOt?ecause of lack of available resources. This curve shows tha
to M BR time-slots per time-step:

RT blocking is very sensitive to NRT population. In addition

Fig. 3. Generic NRT preemption transitions.

T(i,j) = T —max(i,n?T YGBR (9) we see in Fig. 4(b) that NRT population has a slight influence
—max(j,j +i—nEL )M BR. on degradation probability. This comes from the fact that th

elastic behavior of NRT connections makes them stay longer
Now, letd(i, j) be the portion of extra resource obtained bin the system as the traffic load increases. Consequendy, th



0.9
0.8
0
207t
- 0.6
o
5 05
2
£ o4r
]

S
m 03f

(a) Blocking for RT users.

: T T 1
- BlcvckingRT model NRT=4
% BlockingRT simu NRT:A
=) BlockingRT model NRT:8 gl 0.8
0
Blocking__simu N, =8 5
Ot RT 2
5
2 06r
24
s
(=
£
=
=3
o
o
0.21

S BluckingRTd model Ne+=4
- BlocklngRTd simu NRT:4
% Blocklngmd model NRT:B

BlockingR_rd simu NRT:8

0.4 rJeen WRIAEIIEEEIEEEE

0 5

Number of NRT users

10

15 20 25

Number of NRT users

(b) Degradation of RT users.

30

16000 W

14000
12000 9
10000

8000

6000

Throughput for RT users

4000

2000

r 2 BlockingNRT model NRT:8

o BlocklngNRT model [
- BlocklngNRT simu NRT:4

BlockingNRT simu NRTZS

15 20 25
Number of NRT users

(c) Blocking for NRT users.

30

o ThroughputRT model Ner=4 4 16000} o ThroughputR.rd model Ne=4[ 16000} S ThroughputNRT model Ner=4[
- ThroughpulRT simu NRT:4 | 140001 - ThroughputRTd simu NRT:4 | 140001 - _ThroughpulNRT simu NRT:4 |
2% ThroughputRT model Ne.=8 aﬁ) IS ThroughputRTd model N8 u&) IS ThroughputNRT model N8
Throughput, simu N_ =8 | é 120001 Throughput,_ simu N_ =8 |7 é 120001 Throughput, . simuN_ =8 |
& 10000{- Z 10000
Y] 8
< 80001 = 80001
3 =3
Q (=8
< <
2 6000f = 6000
< IS
£ 4000t £ 4000t
2000 M 2000+
: : : : : 0 Mv > > ) 0 : . : iriadeiedniinbitiat 4
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

(d) Throughput for RT users.

Number of NRT users

Number of NRT users

(e) Throughput for RTd users.

Number of NRT users

(f) Throughput for NRT users.

Fig. 4. Validation of the analytical model through companisvith simulation.

TABLE |

PARAMETER VALUES FOR VALIDATION.

Parameter Value Description
T 6 Number of dedicated TS
for (E)GPRS
d 4 Maximum number of TS used
by a mobile per TDMA frame
TB 112 bytes | Payload per radio block (MCS7
GBR 15TS Guaranteed bit rate
for RT connections
MBR 1TS Maximum bit rate
for NRT connections
Minygr 0.15TS Reserved part of the TDMA
for NRT and RTd users
Nrr 8 RT mobiles population
tET 180s ON average duration
for RT mobiles
07 300s OFF average duration
for RT mobiles
D ET 8000 bytes ON average page size
for NRT mobiles
T 300s OFF average duration
for NRT mobiles

throughput obtained by RT, RTd, and NRT connections. As
expected, RT connections have a decreasing throughput with
an asymptotic value equal t8BR time-slots pertg seconds
(here equal ta8400 bit/s). As the NRT population increases,
the quantity of extra resource shared between all conmestio
decreases and then, the RT throughput reaches its minimum
guarantee (see Fig. 4(e)(f)). Unexpectedly, NRT connestio
reach higher throughputs than RTd connections. This can be
explained by the fact that NRT connections stay longer in the
system because of their elastic characteristics, wher&ds R
connections only occur in congestion situations and thus re
ceive in average a lower throughput. Note however that dven i
they have a lower instantaneous throughput, RTd connexction
can eventually be upgraded to RT connection and recovar thei
guaranteed bit rate. Finally, both RTd and NRT throughputs
reach an asymptotic minimum value corresponding to the
maximum number of connections that can share the available
resources.

V. CONCLUSION

We provide a realistic and accurate analytical model for
cellular networks with QoS differentiation based on PFC
mechanisms. We develop a Markovian model for multi-class
traffic systems derived from simpler classical birth-aredith
processes. Our model provides the expected efficiency and ac
curacy necessary for complex performance and dimensioning

more NRT mobiles in the system, the more likely new RT commnalyses. We are investigating application of this anedyti
nections demands that should be admitted as RTd are rejectaddeling methodology to 3G systems. In addition, we have
The curves in Fig. 4(d, e, f) show the average instantaneomsrked on advanced decomposition techniques allowing us



to derive even simpler models that provide closed-form efinally, we can give the general expressigh?! (nzr, nrra)
pression for all the performance parameters [16]. Havingassumingngr RT connections andcigry concurrent RTd
computationally fast module for packet-based traffic mmgel connections as:

is an essential asset for these advanced technologies. .
J ”%(IEE(”RT, nrra) = min(Nygr,32— ngr,
APPENDIX TTnrr +nhl’ —nrra).(20)
A. (E)GPRS system limitations RTd connection limit:

hAs the RRM manages RTd connections as NRT, the resource

ccupation and the signaling limit are the same for both
connection types. Nevertheless, there are RTd connedtions
the system only whengr = n2T . Thus,n*14(nygr) the

max*® max

maximum number of RTd connections is given by:

Let us remind that up to 7 TBF can be multiplexed o
each time-slot and up to 32 TBF in the whole TDMA (se
Section 1I-A).

RT connection limit:

i i iori RTd : RT
As the RT connections have a preemptive priority over NRT npcS(nyrr) = min(Npr —nii.,
connections, we can define;gr, the maximum number of RT
Ne;Br 32 — Ny — MNRT,

G BR units fitting into theT' time-slots:
TTnrr + 08 —nnrr). (21)

T M’LTLNRT
NGBR = ~ GBR |’ (12) B. Performance parameters

; RT

Rz?d then,t\_/v.r.t. _re.zlatlon (Dina. the maximum number of blocking probability:
connections 1s- RT connection demands that cannot be admitted even as RTd
BT = min(tbfimae, naBR, NRT)- (13) (because of lack of available resource) are rejected. Meiste
occurs with a rate\
NRT connection limit:
We first assume that there are no RTd connectionsrand Tian
RT connections. Let us denote WWrr, the resource used A = Z p(isnhay (1)) (Nrr — i) ARt (22)
by thesenrr RT connections at a given time-step: i=nBRT,
BWgr = npr GBR, (14) The global arrival rate of RT connections is defined as:
and byTxr the exact number of (E)GPRS time-slot used by Noag "ﬁff@
RT - RT
RT connections as: Aail = Z Z )(NRT — ©)ART (23)
Trr = |BWgT|. 15 . . -

nr = [BWrr | (15) Thus, we can denvéDﬁT, the RT blocking probability as:
Let T'vgr be the corresponding number of time-slot entirely \RT
available for NRT connections: pRT _ “Treg (24)

T
Tnrr =T — [BWgr]. (16)

RT degradation probability:
As the RRM allocates contiguous time-slots for RT conne®T connection demands can also be admitted as RTd. This
tions, the last time-slot allocated for a RT connection magvent occurs with a ratajf’:
be also used by NRT connections. Then, we expreds, wrenra_ | onar
. cpe . . . —1n (i)—
the number of TFI identifiers used by RT connections in this ftmag maz

RT .. .
shared time-slot as: M= > Z P(Z,J)(NRT — i) Arr. (25)
i=nRT
rr _ | BWrr — Try (17) e
Moce = GBR ' Then, we can derivé®;’!’, the RT degradation probability:
and we denote by Y ET'| the available TFI identifiers for NRT )\ffg]
connections in this shared time-slot: Prrra = /\Rlclr (26)
nott = max(0,7 — nli). (18) NRT blocking probability:

NRT connection demands can be rejected in lack of available

We can now defineN 1T 0), the maximum number of . A . . :
(nsr, 0) signaling identifiers. This event occurs with a ragg?’"

max

NRT connections assumingrgy RT connections and no RTd

connection: AT+ RTA
NRT _ . NRT NRT (;
n%fﬁ(nRT’ 0) = 1jnin(]\/v]\]RT7 32 — nRT, )‘re] - Z p(lvnmaz ( )) (NNRT — Noax (Z)))\NRT-
=0

7Tnrr +ndAT). (19) B (27)

occ



Finally, RT connection admissions may result in NRT rejec-

by AV ET:
-1 NRT( )
Ao = Z > plig)
J=np il (1) +1
(G =i (i + 1)) (Nrr — i)Arr.  (28)
The global arrival rate of NRT connections is defined as:
TR N ()
AT = Z Z J(NNRT — j)ANRT.  (29)
Thus, we can derivePTNRT, the RT blocking probability:
)\NRT _|_)\NRT
NRT __ "'re re
P =9 )\Aﬁnp (30)
RT average instantaneous throughput:
RT+RTd nNRT )
Xar = ) Z
.max (GBR, mm(GBR +6(i,5),d)). (31)
RTd average instantaneous throughput:
nETEET )
Xera= >, 2wl
i=nfT +1 Jj=0
T —nET GBR
. i mag MBR+ 6(i,j),d).
i (max(O i—nBT )Y+’ +9(.9). )
(32)
NRT average instantaneous throughput:
T )
Xver= 3, )
i=0 j=1
T — min(i,n?r Y\GBR
.mi el ,MBR+§
min ( max(0,7 — niT )+ j + (i, 9), d)
(33)
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