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Abstract - In this paper we describe an analytical approach to the corresponding user handoff. The key feature of
for deriving the packet delay distribution in a cell of a viass our approach is that it considers the impacts of queueing,
network operating based on the general packet radio serviceeneging and dedicated channels on data service perfoemanc
(GPRS) standard. Based on that, the average packet delay anghile provides product-form solutions for major perforraan
packet loss probability are also computed. Our approach isparameters. Our objective is to show the effect of handaffs o
based on a decomposition of system behavior into short-termthe performance of GPRS data traffic which is neglected by
and long-term behaviors to simplify the analytical modglin  other researchers (please refer to [7] for an extendedorersi
In addition to the effect of voice call handoffs, the impact of this paper).

of packet forwarding and dedicated data channels on data The rest of the paper is organized as follows. In section
service performance is also taken into consideration. Bne p 1l, we describe the system model and clarify our assump-
formance estimates produced by the analytical approach ardions. System analysis is presented in section Ill. Section
compared with those generated by simulation experimentsIV presents some numerical results, and finally, section V
The comparison results confirm the relative accuracy of theconcludes the paper.

analytical approach.
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service, performance evaluation, delay distribution. The system under consideration is a GSM/GPRS network,

in which the users move along an arbitrary topologyMéf
I. INTRODUCTION cells according to the routing probability; (from cell  to
General Packet Radio Service (GPRS) [1] is a new bearercell j). In each cellk with ¢, channels,d;. channels are
service designed as an extension to the GSM network, whichreserved for GPRS data traffic and the regt- d;, channels,
greatly improves and simplifies the wireless access to packeare shared by voice and data traffic. In the shared part,
data networks such as the Internet [2]. In this paper, we Voice traffic has priority over data traffic and can preempt
develop an analytical approach to compute the packet de|ayjata traffic. The assumptions and parameters involved $n thi
and loss probability of data service in a GSM/GPRS cellular model are stated below.

network. 1) The new voice call and data packet arrivals into &ell
In a more general context, voice and data integration in are Poisson distributed with ratag (k) and\4 (k).
wireless networks has been recently investigated by veisele ~ 2) The residence time of a mobile station in cgllis
research community. An integrated voice/data wireless sys assumed to be exponentially distributed with means
tem with finite buffer for data traffic has been considered 1/np and 1/n¢ for voice and data, respectively. A
in [3], where the system is described by a two-dimensional queued data packet is removed from the queue and is
Markov chain. Then, balance equations are given which forwarded to the new cell, if the corresponding mobile
can be numerically solved to find the interesting perforneanc station leaves the service area of the original cell before
parameters. A similar system based on the movable boundary transmission. We assume that packet forwarding can
approach is investigated in [4]. Handoff effect of voicéftca not happen during the actual packet transmission due to
is considered but it is assumed that data packets waiting the short length of data packets. Throughout this paper
in queue will not handoff. Fluid flow analysis has been we use terms packet forwarding and packet handoff
applied in [5] while only the effect of voice handoff has interchangeably.
been taken into consideration. More specifically, a GPRS 3) The handoff call arrivals into celf are assumed to be
system with voice handoffs is investigated in [6] and [2]. Poisson distributed with rateg (k) and ¢ (k).
A two-dimensional continues time Markov chain has been 4) The transmission time of a GPRS packet in ¢a8 as-
formulated in [6] to describe the system behavior. Queueing sumed to be exponentially distributed with meaing,
of voice calls has been investigated in detail in [2] without where one channel serves the packet. The call holding
considering the queueing of data traffic. time of a voice call is assumed to be exponentially
This paper focuses on the performance of GPRS data distributed with mean /}.

service with buffering and dedicated channels for datdi¢raf 5) We definemobility factor to be the ratio of the mean
while considering the effect of reneging data packets due service (or call holding) time to the mean residence



time, i.e.,a? = nY/u? andad = nd/ug. B. Short Term Behavior
6) A finite buffer with capacity, packets is provided in Assume that the number of channels serving GPRS packets
each cell for GPRS packets only. in a cell k is fixed and equal ton with probability ), (m)
In the real word, the cell residence time distribution may given by (3). Each packet requires one channel for transmis-
not be exponential but exponential distributions are widel sion. Lets; denote the state of the cell wheré) < i <
used in research papers [2-6] and do provide the mean value, + p,) indicates the number of GPRS packets in the cell
analysis, which indicates the performance trend of theesyst  which are being served or waiting in the queue. Also, let
Our focus in this paper is on the performance of GPRS data(s;f(i) denote the transition rate from stateto states;
traffic, hence handoff prioritization is not considered\oice whenm channels serve the data packets, i.e.,
calls.

muz+(m7i)ng, m<i<m-+bg

5 0<i<
op(iy =4 == (@)
IIl. ANALYSIS

Perform_ance analysis of the GPRS can be accompllshgcbsing balance equations, the steady-state probabilitfovec
by describing the system as a two-dimensional Markov chain ~ i given b

corresponding to voice and data dynamics. This approach i 1S9 y
computationally too complex and usually there is no closed- i

. ) M (k) + A4 (k) )
form expression for the performance parameters [3,4, 6]. On g™ (i) = H Tl T g (0), 1<i<m4by

m(s k
the other hand, performance analysis based on simulagons i j=1 o1 (4)
prohibitively time consuming due to the significant diffiece (5)
in the time-scale of voice and data dynamics. whereq}*(0) can be found using the normalizing condition

In GSM/GPRS systems the mean holding time of voice S gm (i) = 1. A packet is lost when the data buffer is
calls is much larger than the mean service time of datafull upon its arrival. Therefore, the packet loss probaili
packets, hence voice calls evolve slowly compare to the L7 is simply given by
data buffer dynamics. Therefore, the data queueing process
exhibits transient behavior immediately after any change i ro=qp (m+by). (6)
the number of active voice calls, but will eventually seitbl®
steady-state behavior. As an alternative approach, we takec, Packet Delay Distribution
the advantage of this quasi-stationary behavior of the data Define the packet delay as the time between the acceptance
queueing process to approximately evaluate the perforenanc ot , nacket in a cell and the time its service starts in that cel
of data service in GPRS systems by decomposing the system o yj/m genote the delay of an arriving packet in steady-state
behavior into short-term and long-term behaviors. wherem channels are serving GPRS packets in kellVe are

interested in finding the probability distribution @f;"
A. Long Term Behavior

Let p,, denote the stationary state probability vector of the
Markov chain describes the number of active voice calls in
cell k. Using balance equations, it is obtained that

o L A(R) + N (R)
o= (S

Fyp () =Pr(W" < 7) @)
or, equivalently, the probability density function

i fwp(r) = diFW,;” (7). (8)
)m(o), 1<i<cp—dy g
1) wherer € R throughout this paper.
Consider the service part of the cell. L&tdenote the
duration between the time that aill data channels become
busy and the time that the first channel is released. The

probability distribution function of is expressed as

wherep(0) can be found using the normalizing condition

Zfigd’“ pr(i) = 1. Consequently, the call blocking proba-

bility of voice calls is given by

By = —dy). 2 ,
k= Pr(ck k) 2) Fs(r)=1- o BT )
In a GPRS system, the number of channels that can be . . . .
assigned to serve data packets is the sum of dedicated dattghe iﬁ" residency gme of atp;def’ 'S det.erlt?]med I?y'lt'ue
channelsd;, and those channels not used by voice calls. Let f|me the corrssgpl_? 'S.gtpgr? efrenlglns(]g he cet. dere-
;. denote the steady state probability vector of the number ore, the probability distribution tunction IS expresse
of channels that are available for GPRS data service irk¢ell o
then Fr(r)=1—¢"" (10)
Assume that a data packet arrives to the cell when the
mi(m) = pr(ce —di),  m=de,dx+1,...,cr. (3)  cellisinstates;. If 0 < i < m+bj, then packet; is accepted
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Fig. 1. Packet delay density functiofif, (7)).

and the cell state will change intg_;. If i < m thend; will

be immediately served, otherwise it must wait in the queue fo
(i—m+1) packet departures (either transmission or handoff).

Let W, denote the delay af; under the condition that; will
not handoff prior to its service commences.

Suppose we temporarily view the cell as consisting of

packets (which are ahead df). Then the time required
for the packet population to decrease frghto ;7 — 1 is
exponentially distributed with rate paramewf(j). The
probability that the arriving packet is not forwarded to e

cell during the interval of time required to drive the packet

population fromj to j — 1 is given bysi(5) /67 (j + 1) for

m < j < i. Therefore, the probability that; does not
handoff into another cell before it is being transmittet,

is given by

777. 6]’!:7.(m)
Bi = Pr(W: < B) H 5’" (j + 1)

5m( 0 (11)

wheres; = 1 fori < m.

ClearlyW; = 0if i < m, thus for the rest of the derivation,

we consider only the case of < i < m + by, to simplify the
equations. According to Movaghar [8] we can write

PI’(WZ < T) = PI'(Wifl + S <rT | Wi,1 < R) (12)

where S and R are defined by (9) and (10), respectively.

Define Fyw, (1) and fw, (7) similar to (7) and (8). Notice that
fw, (1) = 0fori < m. Using (12) we have

3 Ps(r = 0)(1 = Fal(®) fw, (1) dt

Pr(W;—1 < R) (13)

Fyw, (1)

After some algebraic manipulations (please refer to [7] for

details) it is obtained that

125 o7 (m + 5) <1 - e"’*y_me—muzr.

(i —m)! ngt

fWi (T) =

(14)

Finally, the steady-state probability density Idf is given
by

fwge (r) = S

D. Average Packet Delay

qi" (i) fw, (7). (15)

accurate measure of the actual delay. Fig. 1 shows the actual
measurements from a simulated GPRS network in which
cr ="T7,dp =1,b, =20 anda} = 1.8 (please see section IV
for detailed simulation parameters). For this simulatite,
average packet delay found to b&ms where the offered
GPRS load and the average packet transmission time were set
to 2 Erlangs and8 ms, respectively. As shown in Fig. 1, the
probability of having packet delays greater than the awerag
delay is very small. However, our approach is approximate
and such estimations will not affect its performance sdyere
Consider packetl; from previous subsection. We are
interested in finding the average delay &f denoted by
E[W;] under the condition thai; will not hand off before
transmission. Let; denote the time required for the packet
population to decrease froginto j — 1 (m < j < m + by).
Hence, the delay ofi; is T; = E;:m t;, wheret; is
exponentially distributed with rat& (), thereforeE[t;] =
1/677 (). Consequently, we have

E[T; andW; < R]

EW;] = E[T;|W; < R] = (16)

where

o (m) ; .

] < — ( 2N ? m .

LT, andw, < 1) = (k0 ) S s ). )
Substituting (17) in (16) givess[W;] = S0_ 1/57(j).
Finally, the steady-state average packet defeyV;"] is
expressed as

EW) =St g i) Y, 1/0 ()

E. Handoff Arrival Rate

We use an iterative algorithm to find the voice call and data
packet handoff arrival rates into each dekls follows.

1) Woice Call Handoff Rate: In cell j, the probability that
a voice call will attempt to hand off B (j) = n¥ /(1% +n?),
hence the handoff rate of voice calls out of geié given by

N+ (19)

(18)

— B;) Py (j)-

Using the routing probabilities;;,, the handoff rate of voice
calls into cellk is given by

(k) = 5 mi [An () + ()] [1

Starting with an initial value ok} (k), iteration can be used
to obtain the steady-state value)df(k).

2) Data Packet Handoff Rate:  Following the same ap-
proach for the handoff voice calls, the handoff rate of data
packets moving into celt can thus be derived as

YTk [N (R)(5) + A (k) ()] P ()

where P& (j) is the probability that a waiting data packet

— B;] Py (7). (20)

(k) = (21)

As expressed in (14), packet delay is exponentially deceasin a cell wil attempt to hand off and is given b (j) =
ing with time, hence, an average value may be a sufficiently >>7"% " (1 — Bi)a; (i).



F. Approximate System Behavior The first set of simulations depicted in Fig. 2 represents

The approximate system behavior is obtained by the aggre-th_e GPRS performance for different mobility factors over a
gation of short term behavior with respect to the long term Wide range of GPRS offered loadsy(= 1,2,3,4). Three
behavior. Letfy,, E[W,] and L, denote the packet delay mob!l!ty profiles, namely, high mobl!@yc( = 5.0), moderate
density function, average packet delay and loss probgbilit Mobility (= 1.8) and low mobility @ = 0.2) have

respectively, in celk. We may write peen considered (Table Mobility). As shown in these
figures, both packet loss and average packet delay decrease
E[W,] = ffi:dk 7 (m) E[W}"] (22) by increasing the mobility factor. This is due to the factttha
IS m 23 the buffer occupancy times increase as the mobility deesgas
k= 2m—d, Tk(m)L (23) resulting in the associated increases in packet loss pilikab
fwi (1) = 20k, m(m) fwn (1) (24)  and delay.
where fy», Li* and E[W}"] are given by (15), (6) and (18). 0150

—6— Simulation
04125 - - % - -Analysis
IV. NUMERICAL RESULTS

0.100

An event-driven simulation was developed to verify the
accuracy of this analysis. The simulation considered a two-

Packet loss probability

0.075 a=18
dimensional GSM/GPRS network, in which the coverage area
is partitioned into seven cells. Opposite sides wrap-attoun 0050 @=02
to eliminate the finite size effect. We assumed that mobile -
users move along the cell areas according to a uniform rutin uoso
table, i.e. all cells are equally chosen for handoff, altjiothe 0000 :
simulation can accommodate general cases. To simplify our ! ?  opnsioad ¢
results, only the exponential cell residency and trangomss (a) Packet loss probability.
times were considered. Besides, for ease of illustratimg th 107!

results, we assumed that for any dell

AL(R) A M(k) _ Aa
p,U = v = — s pd = d = —
M Ho M Hd (25)

Y >
c=ck, d=di, b=by, a=aj. 107g

Packet delay (s)

where p,(ps) indicates the offered voice (data) load. In
this case, all the cells in the network exhibit the same

—©— Simulation

performance. We assumed that there is one frequency carrier - - % - -Analysis

(or seven channels) per cell, i.e.= 7. Furthermore, in all P 2 . .
the cases that have been simulajgds= 3, 1/, = 180s and GPRS load

— 104 i (b) Packet delay.
1a/wy, = 10*%. This set of parameters ensures an acceptable
level of call blocking for voice calls£ 5%). Table 1 Fig. 2. Mobility effect.
shows the simulated configurations and their corresponding
voice call blocking probability computed through analysis

. . ) : . The second set of simulations in Fig. 3 shows the effect
and simulation (wit5% confidence intervals). 9

of data buffer size on GPRS performance for the moderate

Table 1 mobility configuration (Table 1Buffer size). Observed from
Voice call blocking probability. Fig. 3(a), the packet loss probability is almost insensity
the buffer size for the simulated range of loads. In contrast
Profile = average packet delay significantly increases by increasing
Effect Parameter| Simulation | Analysis the buffer size as shown in Fig. 3(b). Notice that in these
a=0.2 0.045+0.005| 0.051 simulations, there is only one dedicated data channel, thus
Mobility a=18 | 0.041+0.004| 0.041 the GPRS load of; = 4.0 is relatively a high load.

(b=20,d=1) a=25.0 0.031+ 0.002 | 0.032

o 0.04L0.004 1 0.041 The third set of simulations in Fig. 4 shows the effect

Buffer size b— 50 0.041+ 0004 | 0041 of dedicated data channels on GPRS performance for the

(a=18,d=1) |b=100 | 0.041+0.004| 0.041 moderate mobility and small buffer size configuration (Ta-
d=0 0.022+0.002| 0.019 ble 1, Dedicated channels). As expected, increasing the

Dedicated channels d = 1 0.041+ 0.004 | 0.041 number of dedicated channels significantly improves tha dat

(@=180b=20) |d=2 0.077:£0.005] 0.079 performance. The interesting part of these figures is the cas
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Fig. 3. Buffer size effect.

of d = 0 which shows that, in fact, GPRS service can utilize
the GSM wireless resources while providing an acceptable

data service for delay-tolerant applications.

Finally, as observed form all the presented simulation 3
results, the approximate analysis provides rather aceurat
results for packet loss probability. However, its accuracy
for average packet delay depends on the offered GPRS load
Increasing the offered load decreases the accuracy of th

presented approximate analysis.

V. CONCLUSION

In this paper, we analyzed the performance of GPRS
data service with buffering and dedicated channels for data
traffic while considering the effect of reneging data pasket
due to the corresponding user handoff. Through analysis[6]
and simulation we showed that the impact of handoff on
GPRS performance is not negligible in contrast to what is
usually assumed in literature. For future work, we consider
extending the presented analysis to more general caseasuch [7]

non-exponential cell residence times and more realistikgta

arrival processes such as Markov modulated Poisson process
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