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Channel Allocation for GPRS

Phone Lin and Yi-Bing Lin Senior Member, IEEE

Abstract—Based on the GSM radio architecture, general packet K Maximum number of channels used
radio service (GPRS) provides users data connections with vari- to serve a GPRS packet.
able data rates and high bandwidth efficiency. In GPRS service, al- I Number of idle channels in a cell

location of physical channels is flexible, i.e., multiple channels can

be allocated to a user. In this paper, we propose four algorithms where0 < L < C.

for the GPRS radio resource allocation: fixed resource allocation £s, (£%,) Dropping probability for the GPRS
(FRA), dynamic resource allocation (DRA), fixed resource alloca- packet (the new call blocking proba-
tion with queue capability (FRAQ), and dynamic resource alloca- bility for the GSM voice call).

tion with queue capability (DRAQ). We develop analytic and sim- Force-termination probability for the

ulation models to evaluate the performance for these resource al- = 7*

location algorithms in terms of the acceptance rate of both GPRS GSM voice call.

packet data and GSM voice calls. Our study indicates that DRAQ £re, Probability that a GSM voice call
(queuing for both new and handoff calls) outperforms other algo- is not completed (either blocked or
rithms. forced to terminate).
Index Terms—Dynamic resource allocation, fixed resource allo- @ Maximum number of voice call re-
cation, general packet radio service, wireless data. quests buffered in the queue.
tep (tew) GPRS packet transmission time (the
%t Shape parameter of Gamma dis; voice call ho[dlng time). .
: o tm,; Residence time of an GSM voice
tributed packet transmission times. "

user at a celj.

a2 Shape parameter of Gamma dIS:UH Variance of Gamma distributed
tributed packet inter arrival times. 4 acket transmission times
s Shape parameter of Gamma dis- pac L
. . U Variance of Gamma distributed
tributed GSM voice user cell resi- » packet inter arrival times
dence “T"es- . Up Variance of Gamma distributed GSM
s GSM voice user mobility rate. v : ) )
. voice user cell residence times.
Ap(Au) GPRS packet arrival rate to a cell (th Average waiting time for the ac-
new GSM voice call arrival rate toa "~ **8 cepted voice call requests
cell). '
Avh Voice handoff call arrival rate to a
cell. . INTRODUCTION
1/pp (1/ o) Expected GPRS packet tfansmiSSioe'G eneral Packet Radio Service (GPRS) [6] is a new bearer
time if one channel is used to serv service for mobile networks [such as Global System for
the packet (the expected GSM voicqqpile communications (GSM) [13] and 1S-136 [8]], which
call holding time). _greatly improves and simplifies the wireless access to packet
pp (Pv) GPRS packet traffic (the GSM voice j515 networks (e.g., the Internet). In this paper, we assume that
traffic) to a cell. i _ the mobile network for GPRS is GSM. Compared with the pre-
Av =2 = Aun Net new/handoff voice call arrival ;o5 mobile data services (e.g., circuit-switched data [4] and
rate. _ short message service [2]), users of GPRS benefit from shorter
1My =1/ pw 1 Mean channel occupancy time of &,.cess times and higher data rates.
voice call. , Fig. 1 illustrates the GPRS architecture based on the GSM
¢ Number of channels in a cell. network [7]. In @ GSM network, a mobile station (MS) com-
“p Average number of channels for amnicates with a base station subsystem (BSS) through the air
served packet. interface. The BSS is connected to the mobile switching center

(MSC) for the mobile applications. The MSC communicates
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are introduced in GPRS. The SGSN is responsible for deliv
ering packets to the MSs. The GGSN acts as a gateway betwe Step 8. Final Block Ack/Nack
GPRS and the external data networks. Between different GSI
within the GPRS network, the GPRS tunneling protocol is usea
to tunnel user data and signaling message. Fig. 2. GPRS uplink packet transfer.
Based on the GSM architecture, the GPRS air interface [5]
has been implemented for communication between the MSI this paper, we propose four resource allocation algorithms:
and BSS. The GPRS physical channel dedicated to packet dfé%t(té]d Paper, we prop 9 :
k

traffic is called a packet data channel (PDCH). Different pac edresource allocation (FRA), f_ixed resource aIIO(_:ation with
data logical channels can camp on the same PDCH, which greue capability (FRAQ), dynamic resource allocation (DRA),

packet data traffic channels (PDTCHSs) used for data trans Pd dynamic resource allocation with queue capability (DRAQ)

packet common control channels (PCCCHs) used to con gl)'; schedullng_of the packeF data and voice calls. Then we
the GPRS common control signaling, and packet dedical®POS€ analytic and s_|mulat|on models_to _evaluate the perfo_r-
control channels (PDCCHSs) used to convey the GPRS contr fnce for these algorithms. O_ur_study |nd|ca_t§s that dynamic
signaling for a dedicated MS. Allocation of channels for GPR Qcat|on for paf:ke_t_ transmlssmn and waiting queue for
is flexible where one to eight channels can be allocated to' 3¢ calls may significantly improve the performance of the
user or one channel can be shared by several users. network.

Fig. 2illustrates the message flow for the GPRS uplink packet
trar_lsfer. Thg (_lewnlink packet transfer is similar a_lnd is npt 48l RESOURCEALLOCATION ALGORITHMS FORGPRS RCKET
scribed. To initiate packet transfgr, an MS negotiates Wlth the REQUESTS ANDGSM VOICE CALLS
network for the radio resource in the access and assignment
phase via PCCCH and possibly PDCCH (see Step 1 in Fig. 2).This section describes four resource allocation algorithms for
After this phase, the MS starts to transmit data blocks to the n&PRS packet requests and GSM voice calls. We assume that
work via PDTCH (see Step 2 in Fig. 2) according to the agreedGPRS data request specifi&s channels for transmission.
resource assignment. If the MS requires more PDCHs, it cBased on the negotiated QoS profile, a cell may allocate re-
specify the request through an assigned uplink block (see Ssgpirces on one or several physical channels to support the GPRS
3 in Fig. 2). The network and the MS then exchange the PBaffic, as described in Section |. We assume that the packets are
CCHs to reallocate the resources for uplink transmission (se@nsmitted at rate:, at a single channel. Consequentlykif
Steps 4 and 5 in Fig. 2). The amount of PDCHs for the requestannels are assigned to a GPRS data request, then this packet
will be recorded in the quality of service (QoS) profile of theequest will be delivered with ratey:,. Suppose that there are
user at the SGSN. When the MS completes the transmissidnfree channels at a cell when a GPRS data request or a GSM
it indicates the last data block (see Step 7 in Fig. 2). The nebice call request arrives. Algorithms FRA and FRAQ allocate
work then terminates the uplink transmission by returning thiee exact number of channels requested by the GPRS data re-
final block acknowledgment (see Step 8 in Fig. 2). Note that guests. On the other hand, algorithms DRA and DRAQ may al-
resource assignment (Step 1) and resource reassignment (8tegte partial resources. All four algorithms allocate one channel
4), there are two alternatives: fixed resource allocation and dgr a voice request. In FRA and DRA, if no channel is available,
namic resource allocation. In the fixed resource allocation, thiee voice request is rejected immediately. In FRAQ and DRAQ,
requested amount of PDCHs is allocated for the packet request.the other hand, the voice call requests can be buffered in a
The packet request is rejected if the BS does not have enowgditing queue if all channels at a cell are busy. The intuition
radio resources to accommodate the request. On the other héethind FRAQ and DRAQ is that packet transmission times are
the network allocates partial resources in dynamic resource tpically short. Thus, with the buffer mechanism, a voice request
location. can be served after a short waiting time (when GPRS completes
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Fig. 3. The timing diagram.

a packet transmission) instead of being rejected immediately atVe assume that the GSM voice call arrivals and GPRS
its arrival. The four algorithms are described below. packet requests to a cell form Poisson streams with rates
Algorithm FRA  For a data request df channels, the BS and A, respectively. Let. , (f.,) be the voice call holding
assigngs channels to the GPRS packet refime (GPRS packet transmission time), which is assumed
quest if X < L. Otherwise, the GPRS t0 be exponentially distributed with the density function
packet request is rejected. few(tew) = poetor (fop(tep) = ppe™'»'=r) and the
Algorithm DRA  For a data request df channels, DRA al- Mean voice call holding time (packet transmission time)

locates at mosk channels to the request.Elte,o] = 1/ (Eltep] = 1/py)-
Depending on the current available radio !nthe GSM (GPRS) network, if an MS moves to another cell

resources, the network shall negotiate witduring the conversation, then the radio link to the old BS is dis-
the GPRS MS for the QoS profile at the beconnected and a radio link to the new BS is required to continue
ginning of GPRS data transfer. Specificallythe conversation. This process is called *handoff” [3]. If the new
if L > K,thenk channels are allocated toBS does not have any idle channel, the handoff call is “forced
the rgquest_ 10 < L < K, thenL channels to terminate.” In the analytic models, we consider the mobility
are allocated to the request.zif= 0, then ©Of voice users but ignore the effect of mobility (handoff) on
the request is rejected. the GPRS packet transmission. Our assumption is justified as
Algorithm FRAQ FRAQ handles GPRS data requests in tigllows. Although a GPRS session can be elapsed for a long
same way as FRA. For GSM voice callPeriod, the individual packet transmission times are short, and
requests, FRAQ provides a queue to holéhe handoff procedure can be initiated after the current packet
GSM voice call requests when all chaniransmissionis completed. On the other hand, voice call holding
nels are busy. These queued GSM requedigies are long enough so that handoffs may occur during the
are served immediately when idle chanconversation. Thus the handoff effects of voice calls must be
nels are available. FRAQ may selectivelyconsidered.
gueue the new calls only, the handoff calls
only, or both, and the corresponding mechA. Analytic Model for FRA

anisms are called FRAQ _N (for new calls ) ) . .
only), FRAQ_H (for handoff calls only), This section proposes an analytic model for algorithm FRA.

and FRAQ_NH (for both new calls and WVe first describe the handoff traffic model for voice users. Then
handoff caIITs) respectively. we use the Zachary—Kelly model [15], [10] together with an

Algorithm DRAQ DRAQ assigns channels to a GPRS da{'(tfrative algorithm to derive the voice blocking probability and

request in the same way as DRA and adata dropping probability. o

signs channels to GSM voice call requests Cons@er the timing d|agram in Fig. 3. .Letw» be‘the res-

in the same way as FRAQ. Thus, therddence time of a GSM voice user at a cgal(wherej. > Q).

are also three DRAQ variations: DRAQ NWe assume that,,, ;(j 2 0) are independent and_ identically

(for new calls only), DRAQ_H (for handoff dl_strlbuted random variables Wg? a general function(¢,.. ;)

calls only), and DRAQ_NH (for both new With mean ¥u,. Let f7,(s) = [, _o fon(tm j)e™ "o dbm; -

calls and handoff calls), respectively. be the Laplace transform of the cell residence time distribution.
In the GSM voice call channel assignment of FRA, the handoff
calls and the new calls are not distinguishable. Thus the new call

lll. ANALYTIC MODELS blocking probability?,  and the handoff call force-termination

robability P;, are the same (i.ef},, = Py, ). Let A, 5 be the

Several analytic models for circuit-switched-type channel {bice handoff call arrival rate to a cell ard,.. be the voice

location of mobile networks are described in [1] and [9] and re all incompletion probability (i.e., the probability that a voice

erences therein. We propose analytic models to investigate I:I&‘ﬁ is blocked as a new call attempt or forced to terminate as a
performance of algorithms FRA, DRA, and FRAQ and validat

. . . Connected call). From [12},, ;, can be expressed as
these models by simulation experiments. The output measures ’
of these models are the dropping probability for the GPRS
packets and the GSM voice call incompletion probabifty.,

(i.e., the probability that a voice call is blocked or forced to ter-

minate).

771‘(1 — va)[l — ’:;l(l’bl/)])\l/
poll = (1= Pr ) fr(pa)]

)\'v,h = (1)
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The GSM voice call traffig,, to a cell is no free channel is available at the cell. Thatis+ Kn, = C
when the GSM voice call arrives. Thus

N {1 _ B + (Br = P ) fr )l — f;;(uru)]} nc {(nymp)lny+Kn,=C, 0<n, <C, 0<n,<|C/K]} )

po[1 = (1= Py, ) [, (1) o , -
Similarly, when a GPRS packet request arrives at a cell, it is
dropped if the number of idle channels is smaller tliafti.e.,
C— K <n,+ Kn, <C).(See (7) at the bottom of the page.)
With (2), (2), (3), (6), and (7), the following iterative algorithm
Aot [12] computes\, 1., Py, , and P, .
Poc, =5, + <)\—> Py, The lterative Algorithm for FRA

_ s Step 1) Select an initial value fov, ;..
:va + { 771‘8: _ gbv_)[;) ) Zl((ul‘))]] } P v " (3) Step 2) )"U,h,old — )\'v,h-
o Fo) I Step 3) Computé’,, andP,, by using (2) and (4)—(7).
To derive the new call blocking probabilif,, for GSM voice ~ Step 4) Compute,,, 5, by using (1).
calls and the dropping probabilit, for the GPRS packets, Step5) If[Aun — Avno| > 6A,n then go to Step 2).
we consider a stochastic process with state (n.,, n,), where Otherwise, go to Step 6). Note thais a predefined
n, andn,, represent the number of outstanding voice calls and threshold set to 10
GPRS packets at a cell, respectively. Suppose that thei@ are Step 6) The valuesfoy, ., F,, andF;, converge. Compute
channels at a cell. Since the network assiffichannels to every Prc, by using (3).
GPRS packet request in FRA, the following constraints must beall cases considered in this paper, the above algorithm always
satisfied: converges. The simulation experiments indicate that the algo-
rithm converges to the correct values (see Section I11-D).

@)

andp,., is

C
Ny + Knp < Ca 0 Sn, < Ca ando < np < \‘_J .
K B. Analytic Model for DRA

Thus the state spa&-ra Of the stochastic process is This section proposes an analytic model for DRA. To simplify
our discussion, the cell residence time for a GSM voice user is

assumed to be exponentially distributed with medn,land

SFrA :{(n'm np) | nw+ Knp SC, 0<n, <C, Laplace transform

C
< < | = . * T
and0 < n, < {KJ } fi(s)= e (8)
According to the Zachary—Kelly model, the stationary proldn the real world, the cell residence time distribution may not
ability p(n) of the staten = (n,,, n,,) can be computed as be exponential. By using exponential assumptions, our analytic
model serves for two purposes. First, exponential distribution
p(n) = G <£> <pgp> (4) Provides the mean value analysis, which indicates the perfor-
np! mance trend of DRA. Second, the analytic model is used to val-
idate the simulation model that we use to study the performance

!

wherep, = Ap/uip, po is obtained from (2) and¥ is of DRA with a general cell residence time distribution.
n - Algorithm DRA is modeled by a(K + 1)-state
Q= Z K””?) <PL'>} . (5) Markov  process. In this  process, a state
n€Spra LNV Tip! (P Mpre s Popre1s Popre 2 Mpre_54 - - - - My ) denotes that a cell

is occupied byn, voice calls,n,, GPRS packets (each
The second and third terms of the right-hand side in (4) are tabocatedK channels)s,,, , GPRS packets (each allocated
weights contributed by the GSM voice call traffic and GPRE — 1 channels)r,,._, GPRS packets (each allocat&d— 2
packet traffic, respectively. The normalized factdrin (5) is channels),..., and n,, GPRS packets (each allocated one
used to ensure that | g p(n) = 1. channel), respectively. For the illustration purpose, we consider
With the above stochastic process modgl, is computed as K = 3 in our discussion. In this Markov process, a state is
follows. When a GSM voice call arrives at a cell, it is blocked ifepresented by, j, k, 1), wherei = n,,, j = n,,,, k = n,, and

Pb,, = Z p(n) . (7)

nC{(n. np)|C—Kn,+Kn,<C, 0<n,<C, 0<n,<|C/K]}
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! = n,, . Based on DRA described in the previous section, it i
clear that the state spaBgr 4 for this Markov process is

SDRAz{(i,y‘,k,n|0sfi+3j+2k+zsc,
C
osfisc,osy'sM,
C
0<k<|Z| ando<i<Cy.

Let; , x: be the steady-state probability for statej, &, [). By
conventionm; ; . ; = 0 if state(¢, 7, k,1) ¢ Spra. For all legal
states(4, j,k,1) € Spra, wWe have

Fig. 4. The state transition diagram for DRA.
> mgm =1

(2,4,k,)€ESpRrA
4) Atstate(é, 5 — 1,k,1) € Spra, Wherei +3(j — 1) +
Fig. 4 illustrates the state transition diagram for DRA. The tran- 2k 47 < ¢ — 3, if a GPRS data request arrives, then three
sitions of the Markov process are described as follows. If state  channels are allocated. Defifig as
(,4,k,1) € Spra, the following transitions should be consid-

ered. LetA, = X\, + A, be the net new/handoff voice call 1, ife+3(J-1)+2k+1<C-3and
arrival rate to a cell. LeM,, = pu, +7,. Then ¥M, isthemean 03 = (¢,7 = 1,k,1) € Spra (11)
channel occupancy time of a voice call at a cell. 0, otherwise.

1) At state(: — 1,4,k,1) € Spra, if a new voice call or
handoff call arrives, the process moves from state
1,7,k,1) to (¢, 4, k, 1) with rate A,,. The process moves
from state(s, 5, k,1) to (i — 1, 4, k, 1) with rate<M,, for
a voice call completion (or when the voice user moves tlohe ¢
another cell).

2) If a GPRS request arrives when the process is at st
(¢,4,k,1—1) € Spra Wherei+3j+2k+(1—1) = C—1,
then one channel is allocated. Defifieas

The process moves from stdtej — 1, k,1) to (¢, 5, k,1)

with rateés\,,. The process moves from stdie j, k, )

to (¢, 7 — 1, k,1) with rate3;,, when the transmission is
completed for a GPRS data request with three channels.
ransitions betweeft, 5, &, 1) and (¢ + 1,4, k,1), (4,5 +
&té“’l)' (6, 4,k + 1,1), (¢,5,k,1 + 1) are similar to that be-
tween(ivjv ka l) and(i_ 1,4, ka l)' (ivj_ 1, k? l)’ (ivjv k— 1, l)’

(i, 4, k,I—1). The balance equations for the Markov process are
expressed as

1, ifi+3j+2k+(1—-1)=C—1and (67N +iMy, + 3jpap + kg + Ly
b = (¢,5,k,1 = 1) € Spra 9) + 65 Ap 4 83 Ap + 83 A7 ke
0, otherwise. = Ay 1kt 63T 1t
Then the process moves from stdtej, k,I — 1) to + 02 AT k1,0 + OL AT k11
(4,7, k,1) with rateé; \,. The process moves from state + (i 4+ DMumigrjrg + 30 + DppTi g1
(4,4,k,01) to (4,4, k,1 — 1) with rately,, when the trans- +2(k + V) ppmi s+ +Dppmijrarr (12)
mission is completed for a GPRS data request utilizing
one channel. whereéy, 62, andés are obtained from (9), (10), and (11), re-

3) If a GPRS request arrives when the process is at stajgectively, and
(4,7,k—1,1) € Spra,wWherei+3;j+2(k—1)+1 = C-2,

then two channels are allocated. Defieas 1, ifi+3j+2k+l<C-1and
6+ = (Z+1777k71) S SDRA
0, otherwise

1, ifi+3j+2k—-1)+1=C-2and
(52 = (L,],k‘ — 1,[) c SDRA (10) 61" =
0, otherwise.

, fi4+3j+2k+1=C—-1and
{ (4,7,k,14+1) € Spra
0, otherwise

1, ifi+3j+2k+1=C—-2and
The process moves from stdtej, k — 1,1) to (¢, 5, &k, 1) 5§ = { (i,5,k+1,1) € Spra
with rateé,\,. The process moves from stdie j, k, 1) 0, otherwise

to (¢, 4, k — 1,1) with rate2k., when the transmission is 1, ifi+3j+2k+1<C—3and
completed for a GPRS data request occupying two chan- 5§ = { (i,5+1,k,1) € Spra

nels. otherwise
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In (12), the state probability, ; .« = 0 if state(a, b, ¢, d) ¢
Spra. The new voice call blocking probability’,,, handoff
voice call force-termination probabiliti;, for voice calls, and
dropping probabilityF, for the GPRS packet are derived as
follows. A new voice call is blocked, a handoff call is forced
to terminate, or a packet request is dropped if no free channel
is available when the request arrives. [Et be the set of the
states where no free channel is available. Then

E, I{(i,j’k,1)|i+3j+2k+l:q
0<i<C 0<j< {%J
C
0<k< 5 ,ando<i<C
andp; , P, andPy, can be expressed as

Pbp = Pbu = Pfu = Z T4,5,k,1- (13)
(¢,5,k,DEE

By substituting (8) and (13) into (1), we obtaly ;. The voice
callincompletion probability?,., can be obtained by using (3).
The probabilitiesr; ; x.;, Pre,, andF;,, can be computed by an
iterative algorithm similar to the one described in Section IlI-A,
wherer; ; . ; are computed by (12) ani,,, Py, and P, are
computed by (13).

(C-Ky)M A (x+1-C+Ky)n,
+1)Ku,

C. Analytic Model for FRAQ

This section proposes an analytic model for FRAQ_N. Asin
Section I1I-B, we assume that the cell residence time for a GSM (b)
voice user is exponentially distributed. Algorithm FRAQ_N
can be modeled by a two-dimensional Markov process. A state
in this process is defined ds,y), wherez is the number of
voice calls (either being served on the channels or bufferec
in the queue) at the cell andis the number of packets being
transmitted on the channels. L@tdenote the size of the finite
gueuing mechanism (i.e., at magtrequests can be buffered
in the queue). Based on the description of FRAQ N in the
previous section, it is clear that the state splegaq_~ for

this Markov process is (C-Ky)My+(x-C+Ky)n,

(C-Ky)M +(x+1-C+Ky)n,
o+DKp,

SFrRAQ.N I{(%y) |0<z+ Ky <CH+Q,

o<o<crosye |2}

()
Let Ty denote the steady-state probability for Stéiey), Fig. 5. The state transition diagram for FRAQ_N. (a) Cage< « + K, <

: . x+ K, =C. C<r+ K, <C+Q.
wherer, , = 0 if state(x,y) ¢ Srraq_~. For all legal states €. (0) Casellr + Ky = C. (0) Case llC < v + Ky <O+

(#,Y) € SFRAQN' 2 (2 ) eSemaq_y Tov = 1- Fig. 5illustrates
the transition diagram for FRAQ_N. The transitions of the Case1)0 < = 4+ Ky < C [Fig. 5(a)]. In this case, free

process are described as follows. For statey) € Srraq_n, If channels are available at the cell and no voice call

stategz,y—1), (z,y+1),(z—1,1), (x+1) € Srrag.~, the requests are buffered in the queue. If a GPRS request
transitions betweetr, y) and(x,y — 1), (z,y+ 1), (z — 1,9), arrives when the process is at stétey — 1), then

and (z 4+ 1,y) are considered, respectively. Otherwise, for a K channels are allocated. The process moves from
state(a,b) ¢ Srraq_n, the transitions between state, y) state(z,y — 1) to (z,y) with rate \,,. For a GPRS

and(a, b) do not exist. We consider the following cases. data request witlk” channels, when the transmission
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is completed at stater, i), the process moves from
state(x, y) to (z,y — 1) with ratey K p,,.
If a GPRS request arrives at stdte i) and0 <

z + Ky < C — K, thenK channels are allocated.

Define &t as

381

At state(x — 1,y), if a new voice call request ar-

rives, it is buffered in the queue. The process moves

from state(z — 1, y) to (z, y) with rate A,,. When the
transmission for a GPRS data request wittchan-
nels is completed at stafe, v), the process moves

from state(x, y) to (z,y — 1) with ratey K p,,. The
transition betweefi, ) and(xz+1, ) and the tran-
sition betweer{z, y) and(x, y + 1) are the same as
The process moves from state, ) to (z,y + 1) thatin Case 2). _ _
with rates:\,. At state(z, y+1), if the transmission From the above state transitions, we write the balance equations
for a K -channel GPRS data request is completed, tRéd compute the probability,, , by using the same iterative
process moves from state, y+1) to (z, ) with rate  @lgorithm described in Section IlI-B.
(y+ 1)K pp. At state(z — 1, y), ifanew or handoff ~ The new voice call blocking probability;, , the handoff
voice call arrives, then one channel is allocated to tf@ice call force-termination probabilityy, , and the dropping
voice call. In this case, the process moves from stagobability £, for the GPRS packet are derived as follows.
(z — 1,y) to (z,y) with rateA,,. At state(z, y), ifa A Packet request is dropped if the number of free channels is
voice callis completed or the GSM voice user move¥naller thani’. Let E; be
to another cell, the process moves from statey)
to (z — 1,y) with ratexM,,. At state(z + 1,y), if
a voice call is completed or the voice user moves to
another cell, the process moves from state- 1, )
to (x,y) with rate (x 4+ 1)M,,. The process moves
from state(z, ) to (x + 1, y) with rateA,, foranew Then P, can be expressed as
or handoff voice call arrival.
Case 2)z + Ky = C [Fig. 5(b)]. In this case, no free chan- P,= Y Tuy (14)
nels are available at the cell. If a new voice call re- (w,y)EE,

quest arrives, it will be buffered in the queue. On_, .
the other hand, if a handoff call or packet reques§|nce FRAQ_N queues the new calls only, the new voice calls

arrives, it will be dropped. Thus the process move%nd the handoff voice calls are distinguishable, Znd# P, .
from sfate(a:, y) 10 (z + 1, ) with rate),. At state From [14], 5, can be expressed as shown in (15) at the bottom

(z + 1,y), there areC’ — Ky voice calls served on of the next page.A handoff voice call is forced to terminate if no
the chénn,els and+ 1 — C + Ky voice call requests free channel is available when the handoff request arrives. Thus

buffered in the queue. A served voice call releasegfv can be expressed as

the channel with raté/,, and the voice user of a |C/K] [C+Q—Ky

queued request leaves the cell with rateThus the Py, = Z Z Ty | - (16)

process moves from stafe + 1,y) to (z,y) with S o

rate(C — Ky)M, + (z +1— C + Ky)n,. At state

(z,y+1), if the transmission for & -channel GPRS From (1), (8), (15), and (16), we can obtaip,.. The voice call

data request is completed, the process moves frdigompletion probability?,., can be obtained from (3). The

state(z, y 4 1) to (x, y) with rate(y + 1) K j1,,. The ~ probabilitiesP’,., and P, can be computed by an iterative al-

transition betweefiz, y — 1) and(z, y) and the tran- gorithm similar to the one in Section IlI-A.The analytic model

sition betweer{z — 1, ) and(x, y) in this case are for FRAQ_H is similar to the one for FRAQ N except that the

the same as that in Case 1). handoff calls can be buffered instead of the new calls. The de-
Case3)C < z + Ky < C + Q [Fig. 5(c)]. In this case, tails are not presented.

no free channels are available at the céll— Ky

voice calls are served and— C + Ky voice call

requests are buffered in the queue. At statey), a The analytic models are validated by simulation experi-

served voice call releases the channel with fdte  ments. Furthermore, algorithms such as FRAQ_NH, DRAQ N,

and the voice user of a queued request leaves the &@RAQ_H, and DRAQ_NH are evaluated by simulation

with rater,,. The process moves from stdte ) to  experiments without analytic modeling. In the simulation

(z—1,y)withrate(C— Ky)M,+(x—C+ Ky)n,. experiments, we consider a66 wrapped mesh cell structure.

& =

p

1, f0Lz+Ky<O -k
0, otherwise.

B2 ={ ()| O~ K <o+ Ky C+Q

05x50+Q,05y5§J}.

D. Simulation Validation

(aj +1-— C+Ky)77'v7rac,y
C—-—KyM,+(x+1-C+ Ky)n,

(15)

P=2.0 2

lc/K] (crQ- Ky [
y=0 r2=C—Ky (
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TABLE |
COMPARISON OF THE ANALYTIC AND THE
SIMULATION RESULTS FORFRA (A, = fty; ftp = 100p,; 15 = 0.2p1,;

C=T7K=23)

Ap (units: u,) | Analytic | Simulation | Error
B, 1 0.450694% | 0.458499% | 1.7023%
Pre, 1 0.0150834% | 0.0158931% 5%
By, 10 1.2326% 1.23912% | 0.526%
Pre, 10 0.0914728% | 0.0957999% | 4.5%
By, 25 2.56993% 2.58131% 0.44%
Prc, 25 0.290101% | 0.2919% | 0.61% OO A e & 4 5

K K
The model follows the discrete event simulation approach in @

[11]. Table I lists P, and P,., values for both analytic and 100

simulation models for FRA. The details of the parameter sett Zg:
in this table will be described in the following section. In this 70
table, the errors between simulation and analytic models ¢ 60 -

below 1% in most cases and are always less than 5%. T 50
table indicates that the analytic results match closely wi(%) 40 -

the simulation data. Similar results for DRA, FRAQ_N, ant 30
FRAQ_H are observed and are not presented. 20 |
10

D T T

1 2 3

IV. PERFORMANCE EVALUATION

This section investigates the performance of the resource al- (© (d)
location algorithms. In our study, the input parametersA;, Fig. 6. Impact of GPRS data transmission for FR& (= 7). (@) j1, =
7., andp, are normalized by:,,. For example, if the expected100u.; Ay = po; 10 = 020, (0) ptp = 1043 Ay = po; 1o = 0.2,
GSM voice call holding time id /., = 3 min, then\, = i, (©#» :_1200/”? Ao = By e = 020, () pp = 100005 Ay =
means that the expected inter voice call arrival time for GSMat’ " =
a cell is 3 min. We assume that there is one frequency carrier
(or seven channels) per cell, i.€!, = 7. For the cases where

C > 7_, si_milar results are observed and are not presented. Qluéystem (packet dropping probability) becomes worse as the
study indicates that for the GPRS data acceptance rate andgheyet arrival becomes bursty since each packet requests more

GSM voice call completion, DRAQ_NH outperforms other alghannels. We also observe an intuitive result #atincreases
gorithms in most cases. This high acceptance rate is achieyed ¥
P

i S increases.
by reasonably slowing down the packet transmission. 2) The Base CaseConsider Fig. 6(a) where the packet size
is small ¢, = 100.,,). In this case, the offered load of GPRS
A. Performance of FRA packets is small fok, < 25u,, and it is not likely that multiple

hi . . . h ; GPRS packets will arrive and be processed at the same time.
In this section, we use FRA to investigate the performance gf, ; is, the packets do not compete among themselves. Instead,

GPRS data transmission and GSM voice call completion. Si'?'ﬁ'ey compete with voice requests. For a lafgit is more dif-
ilar results are observed in other algorithms and are not Pigs i for packets to compete channels with the voice requests.
sented. o ThusP,, increases a increases.

1) Performance of GPRS Data Transmissidfig. 6 plots 3 Egacts of Packet Sizein Fig. 6(b), the average packet
13, as afunction of and \,, whereC’ = 7. Fig. 6(a) and ;. ¢ is ten times of that in Fig. 6(a). In this case, the packet
(b) ShOW,S the effects of packet SIzes, Wh%e: 10042, (small traffic is large and the arrival packets compete with each other
packetsize) and_J;Q,. (Ia_rge packetsize). Fig. 6(a) and (c) _showas well as the voice requests for the radio channels. The figure
the effects of voice arrival rates, wheke = 4., (small arrval i, jicates that the increase, is very significantin two cases:

rate) and ., (large arrival rate). Fig. 6(a) and (d) shows th¢,on k- increases from three to four and from six to seven. This
effects of GSM voice user mobility rates, whejg = 0.2/, phenomenon is described as follows.

(low mobility rate) andn, = 2u., (high mobility rate). Since

the packet transmission ratefi§.,,, the traffic becomes bursty 1) Whenk < 3, the GPRS network may accommodate two
whenkK increases (i.e., a data transmission occupies more radio  or more packets simultaneously (because the total number
channels with shorter transmission time). A general phenom-  of channels i€ = 7). WhenK = 4, the GPRS can at
enon in Fig. 6 is that’,, increases a¥ increases. This phe- most accommodate one packet at a time. Thus, wkien
nomenon reflects the well-known result that the performance of  increases from three to fouf,, significantly increases.
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2) WhenK = 7, a packet arrival is dropped if some radic
channels are already occupied by voice requests or ¢
other packet. Since.,, = ., the probability that the
system is serving one voice request is high. On the oth
hand, the probability of serving more than one voice ca’r
is relative low. Thus, | significantly increases whelR (%)
increases from six to seven. This phenomenon is also ¢
served in Fig. 6(a).

WhenK increases from four to fivey,, only insignificantly in-
creases (fon, < 10pu,) or even decreases (faf, = 254,,). In
this case, the effect of short data transmission time (i.e., the d
transmission time decreases by 20% whé€rincreases from
four to five) has balanced against the effect that more channels
are occupied to accommodate a packet arrival. This effect (
minishes ag( continues to increase.

4) Effects of Voice Call Arrival Rateln Fig. 6(c), the voice
traffic is five times that in Fig. 6(a). In this case, the voice traffic
is large and the arrival packets become less competitive co Prc,
pared with the voice requests. The consequence is that the bu '™
data effect occurs whel§ is smaller than that in Fig. 6(a). That
is, B, increases quickly and then slowly &S increases. On
the other hand, when the voice traffic is small, the bursty da
effect occurs wherk is large. Thus, in Fig. 6(a)f%, curves
are concave (i.e  increases slowly and then quickly &5
increases).

5) Effects of Voice User Mobilityin Fig. 6(d), the GSM

voice user mobility is ten times of that in Fig. 6(a). With a higheFig. 7.
= 100p,;
e = 0.2p.. (C) pp

mobility, handoffs are more likely to occur in a voice call. How#'»
ever, Fig. 6(a) and (d) indicates that the mobility of voice useﬁé’:
does not affect the GPRS data transmission. When the voice user
mobility raten, increases, the voice users are more likely to

383

1
15
14—’% e@
134
12 4 X Ay = phy
11 - ® A, =5u,
10+ * (A, = 104,
~ © Ay = 250,
84
7_
6_
5 T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7
K K

(©

(d)

Impact of voice call completion for FRAC(

= 7). @
10p,; Ay
Ny = 0.2u,. (d

Ay e = 0.2, (b) i
100p.; Ao Sty

100p0; Ay = pos Mo = 2p,.

=

move to another cell during the conversation, and two eﬁe&grival is dropped if any radio channel is occupied by a voice

are observed.

request or another packet. Thus voice requests have a better

chance to be served, and the packets are likely to be blocked

Effect 1)  The channel occupancy times for voice calls bgg g
come shorter. ask
Effect2)  The voice call handoff arrival rate at a cell be- g)

increases from six to seven. Consequently, decreases
increases from six to seven.
Effects of Packet Sizein Fig. 7(b), the average packet

comes higher. size is ten times of that in Fig. 7(a). In this case, the offered load
Effect 1) allows GPRS packets to have a better chance to @eGPRS packets becomes larger, and voice requests are likely
served. Effect 2) results in more voice calls to compete radi® compete with more than one packet request at the same time.
channels with packets. These two conflicting effects baland&e figure indicates that the decrease™yf, is very significant

against each other. Thus, we observe that voice user mobiifyfwo cases: whelk increases from three to four and from six

has no apparent effect an,, .

6) Performance of Voice Call CompletiorFig. 7 plotsF,..,
as a function ofK’ and A,, whereC' = 7. Like Fig. 6, Fig. 7
shows the effects of various packet sizes, voice call arrival rates,
and GSM voice user mobility rates. A general phenomenon in
Fig. 7 is thatP,., increases a3, increases. This result also  2)
reflects the bursty data effect as observed in Fig. 6.

7) The Base CaseConsider Fig. 7(a), where the packet size
is small {1, = 100x,) and the voice traffic is lowX, = u.).

This figure indicates thaf’,., increases ag( increases for

1 < K < 6. Inthis case, since voice traffic is low, itis less likely
that multiple voice calls will arrive and be processed at the same
time. That is, the voice calls do not compete among themselves.
Instead, they compete with packet requests. For a ldtgehe
packet traffic becomes more bursty. Therefore, it is more diffi-
cult for voice requests to be accepted. WHén= 7, a packet

1)

to seven.

Since P, increases significantly a&" increases from
three to four [Fig. 6(b)], the voice requests have a better
chance to be served. Thd3,., decreases significantly.
This effect is pronounced whex, is large.

We observe local minimum in the curves of Fig. 7(b). The
phenomenon is explained as follows. Kor= 7, when

K = 4, the system can at most accommodate one packet
transmission at a time. In this case, at most three chan-
nels are available for voice call requests. Similarly, for
K > 4, 7—K channels can be used for voice calls when a
packet is in transmission. Compared with the cases where
K =5,6,0r7, more channels are available to serve voice
call requests for the case wh&h= 4. For the case where

K = 3, more than one packet can be processed at a time,
and fewer channels are likely to be available for the voice
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Fig. 8. ComparingP,, for the resource allocation algorithms,( = 54.; Flg 9 Comparing?,.,, for the resource allocation algorlthmls};( = Sfty;

C=7Q0="7.@u =100pu; Ay = po; 70 = 020, ) pp, = C =7,Q = 7). @pp = 100ps; Ay = po; 90 = 020, (0) 1, =
10p,; Ay = pos Mo = 0.2p0,,. (€) ptp = 100p,; Ay = Bty 1, = 0.2, IUp,U, A = fo; Mo = 0.2p04. (€) ptp = 100p,; Ay = Bty 1, = 0.2,
(d) pep = 100003 Ay = po; M0 = 20t (d) prp = 100003 Ay = fo; Mo = 20y

call requests as compared with the case whi¢re= 4. gorithms (i.e., DRA, DRAQ_N, DRAQ_H, and DRAQ_NH). In
Thus a local minimum can be observedfat = 4 for  our study, the buffer size of the waiting queugjis= 7.
every P, curve in Fig. 7(b). This phenomenon is ob- 1) Effects of Dynamic and Fixed Allocation&igs. 8 and 9

served when packet size is large (i/,,= 10z.,). plot P, and P,., as functions of. The parameter setups in
3) Following the same reasoning in Fig. 7(B).., decreases these two figures are the same as in Fig. 6. Fig. 8 indicates that in
asK increases from six to seven. terms of theP, | performance, DRA algorithms (with or without

9) Effects of Voice Call Arrival Rateln Fig. 7(c), the voice queuing) always outperform FRA algorithms (with or without
traffic is five times of that in Fig. 7(a). In this case, the voicgueuing). This result is explained as follows. By partially al-
traffic is large and the arrival packets become less competititating resources to packet transmissions, dynamic allocation
compared with the voice requests. Thus packet requests hgyg accommodate more packet requests than fixed allocation
less chance to be served Asincreases, and,,., decreases as does. Fig. 9 indicates that in termsf., the results are oppo-

K increases. site to that in Fig. 8. Itis interesting to note that FRAQ_NH and
10) Effects of Voice User Mobilityin Fig. 7(d), the GSM DRAQ_NH have simila®,., performance that is much better
voice user mobility is ten times that in Fig. 7(a). With a highethan other algorithms. Since both new calls and handoff calls
mobility, handoffs are more likely to occur in a voice call. Thugsan be buffered and have better opportunity to survive, small

P, for high mobility [Fig. 7(d)] is larger than that for low p,. for both FRAQ_NH and DRAQ_NH are expected.
mobility [Fig. 7(a)]. 2) Effects of the Queuing Mechanismiig. 9 indicates that

Itis interesting to note a general trend that bbth andF..,  queuing mechanisms may significantly affect the., perfor-
increase ag( increases. Thus the operators should think cargrance. When voice user mobility is low [i.es, = 0.2, in
fully if they would provide quick GPRS transmission service atig. 9(a)—(c)], theP,.., performance for fixed allocation from
the cost of increasing packet and voice call blocking/droppinge best to the worst are FRAQ_NH, FRAQ_N, FRAQ H, and

rates. FRA. When the voice user mobility is high (i.e,, = 2u,, in
) . Fig. 9(d)), theP,., performance from the best to the worst are
B. Comparison for the FRA and DRA Algorithms FRAQ_NH, FRAQ_H, FRAQ N, and FRA. With smajl, it is

This section compares the performance for FRA algorithnnsore effective to buffer new calls, and FRAQ_N outperforms
(i.e., FRA, FRAQ_N, FRAQ H, and FRAQ _NH) and DRA al-FRAQ_H. On the other hand, whep is large, FRAQ_H out-
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performs FRAQ_N. Same results are observed for dynamic 30 I ST; o, = 1/(422)
location algorithms. Fig. 8(a), (b), and (d) indicate that when tt 28 g—t—" 4« :v”: =1/p ”
voice call arrival rate is small (i.e\, = i), F;, isnotaffected B, 26 — 1)) Po, 330 =M
by the queuing mechanisms. When the voice call arrival rate(%) 24+ L %) 24
large [\, = 5p,, in Fig. 8(c)], theP,, performance fromthe best 9o "™~ Vs 14
to the worst are FRA (DRA), FRAQ_H (DRAQ_H), FRAQ_N 20 *”*:r :I“/“% - 0 -
(DRAQ_N), and FRAQ_NH (DRAQ_NH). This order is oppo- 1 2 3 4 5 6 7 1 2 3 4 5 6 7
site to the results observed in Fig. 9(c). K K

Figs. 8 and 9 indicate that DRAQ_NH outperforms other al- ) (b)

gorithms in terms of?,, and P, performance.

50 5
o, = 1/(4/\2)
457 490wy, = 1/2
C. Effects of the Variations of the Distributions for Input 5, 40 ey, =1/(4X Pre, 30%%p =H%
Parameters (%) 35 *in, =113 (%) 24
30 - * 1wy, =4/X2 14
This section studies the effects of the variances of the dist 95 e 0 B
butions for packet transmission times, packet interarrival tim 1 2 3 45 6 7 1 2 3 4 5 6 7
and cell residence times for GSM voice users. We consic K K
DRAQ_NH in this section. Results for other algorithms are © @
similar and are omitted. We assume that packet transmission , o
. . . . . inter arrival times
times, packet interval times, and cell residence times for GS 40 e P y 7P
voice users have Gamma distributions with mehfs,, 1/, 324 s oo o3 90 s . = 1/ '
and1/n, ang variances,,, = 1/(upar), va, = 1/(Apaz),and g 94 ] T Py, 1577 =Ym
vy, = 1/(m,a3), respectively, wherev, az, andas > O are (g 1517 e (%) 10 Attt
the shape parameters. Gamma distributions are considered em =1/ 5]
cause they can be used to approximate many other distributir 0 *w, = 4/ 0= i —
1 1 1 T T T T T T
as well as measured.data from GSM field trials. Fig. 10 plo 1 2 3 4 5 6 7 1 2 3 4 5 6 1
Py, and P, as functions ofK, where), = 5/, Ay, = 5jts, K X

pp = 1004, m, = 0.2y, , C = 7, and( = 7. To investigate
the variance of the distribution for one input parameter, the © ®
distributions for the other two parameters are set to exponenffigl 10. Effects of the variances of packet transmission times, packet
(i.e., the shape parameters are set to one). For examplexﬁi‘r?ﬁi;tﬁei %r;ldﬁiM:"cygﬁﬂLis;icil ﬁfﬁnge :t'm;SQ(Dng—NH’
Fig. 10(a), the distribution for the packet transmission times (§ Gamma distributed packet transmission times. (b) Gamma distributed
Gamma, and the distributions for the packet interarrival tim@gcket transmission times. (c) Gamma distributed packet interarrival times.
. . . - Gamma distributed packet interarrival times. (e) Gamma distributed GSM

and voice user cell residence times are exponentlal. We n fee-user cell residence times. (f) Gamma distributed GSM voice-user cell
that the data packet transmission times are often modeledr&ydence times.
Pareto distributions. In terms of variance impact, both Pareto
and Gamma show the same trend. To be consistent, we use
Gamma distributions for the three input parameters.

1) Variance of Packet Transmission Timest Fig. 10(a) Phenomenon 1) indicates that with a larger variangce more
and (b), packet transmission times have Gamma distributicssall packet interarrival times are observed. Thus more packets
with variancesv,, = 1/(4u2), 1/p2, and4/u2, respectively. arrive in a short period, and the packet traffic becomes more
The two figures indicate thaF, and P,., are insensitive to bursty. Phenomenon 2) states that the bursty effect due to the
the variance of packet transmission times. As proven by tirerease ofil’ becomes insignificant when the variangg is
Zachary—Kelly model [15], [10], for FRA, when the voice callsmall.
and packet arrivals are Poisson streams, the packet dropping) Variance of Cell Residence Times for GSM Voice
probability and the voice blocking probability are not affectetdsers: In Fig. 10(e) and (f), GSM voice user cell residence
by the distributions of the packet sizes and call holding tim¢isnes are Gamma distributed with varianegs = 1/(4n2),
and are only affected by the means of the packet sizes and = 1/72, andv,, = 4/n2, respectively. These figures
call holding times. Our simulation experiments indicated th#&ndicate that:
DRAQ_NH and other algorithms also preserve this property. l) Pbpdecreases as,, increases;

2) Variance of Packet Interarrival Timesln Fig. 10(c) and 2) P,., increases as,, increases.
(d), the packet interarrival times are Gamma distributed wi
variancesuy, = 1/(4X2), vz, = 1/X2, anduy, = 4/X2, re-
spectively. Fig. 10(d) indicates tha,., is not affected by, .
In Fig. 10(c), we observe the following.

fhe above results indicate that with a larggr, more short

cell residence times for GSM voice users are observed. Thus
voice calls are more likely to hand off to another cell, and voice
handoff traffic becomes more bursty. Consequently, voice calls
1) B, increases as,, increases. become less likely to be completed. On the other hand, packet
2) Whenuy, > 1/)\3, P,, increases a& increases. data requests have better chance to be accepted in this case.
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Cp Waug
(107%/ )
7 7 Fig. 12. The average waiting time for the accepted voice call requests in
X 1Ay = iy X Ay = [y DRAQ_NH (i, = 100p4; Ay = pro; o = 0.2, C =7;Q = 7).
6-1®: 2, = Sy 6 -1®: X, =5y,
* Ay = 104, * 1Ay = 104,
oA, = 254, 50 A, = 254, . .
> PR ? P M compete with a large number of voice calls, and pgor
e 4 . 44 performance is observed far, < 254,,.
P
3 3
- X 5 E. The Average ¥iting Time for the Accepted Voice Call
" Requests
19 14 . . . :
The buffering mechanism for voice calls can effectively re-
0 . é ;':, 411 }, é 1 0 i 5 é 4|1 T duceF,., . In this section, we evaluate the average waiting time
567 W, for the accepted voice call requests in DRAQ_NH. Fig. 12
K K

plots W, as a function ofK" with the same input parameter
© (d) values for the experiments in Fig. 8. We observe the following.
Fig. 11; The al/erage number Vof channels foraserveq packet in DRAQ_NH 1) For most cases in Fig. 12, tWavg values are below
g% =7 Q_: f)' (a)_up = 100p,; 3 = s e = U?urv. @) Hyp 10~*/pu,, which implies that the accepted voice calls
Loy Av = fo; Mo = 0.2, (C) ptp = 100p4; Ay = Bty e = 0.2p,. . oL . .
(d) iy = 100p: Ay = pro3 N = 2400, are served with short waiting times. Thus, the buffering
mechanism effectively improves the voice system per-
formance by slightly increasing the waiting time.
When),, is small (i.e. A, = u,, andA, = 5, in Fig. 12),
the packet data traffic is low and the effect &f (i.e.,
burstness of traffic) is not significant. In this ca$k,,,

D. The Averagé&Number of Channels Assigned to Packet

o 2)
Transmission

By allocating partial resources to packet transmissions, dy-

namic allocation accommodates more packet requests. How-, )
ever, the number of channels allocated to a packet data reques:‘t,'
may be smaller thakl. Consequently, a packet data is trans-

is only slightly affected by the change &f.

When A, becomes large (i.e), = 10u, and A, =
254,,), Wave increases ad( increases. That is, when
packet data traffic becomes high, the effect of bursty data

mitted at a slower rate than that in fixed allocation. In this sec-
tion, we evaluate the average numbgof channels for a served
packet in DRAQ_NH. Fig. 11 plots, as a function off{ with

the same input parameter setups of the experiments in Fig. 8.
We observe the following.

1) In Fig. 11(a), (b), and (d), the voice call arrival rate This paper studied the impact of GPRS service on the GSM
(A = ) is small andc, decreases aj, increases. network. Specifically, we proposed analytic and simulation
With a small call arrival rate, when,, increases, it is models to investigate the performance for GPRS and GSM
more likely that the BS processes multiple packets at tinetworks. We considered fixed and dynamic GPRS resource
same time, and thus the channels of the BS are shareddlpcation algorithms as specified in the GPRS standard. We
multiple packets. This phenomenon is pronounced whaiso proposed to include a waiting queue that buffers the voice
the packet transmission times become large, as shownréguests when no radio channel is available. Our study indicated
Fig. 11(b). that dynamic allocation effectively increases the GPRS packet

2) In Fig. 11(c), the voice call arrival rate\{ = 5u,) is acceptance rate, and the queuing mechanism significantly
large. In this casey, is not significantly affected by an in- reduces the voice call incompletion probability. By integrating
creasingh,,. This phenomenon indicates that when voicboth mechanisms, the best packet/voice call acceptance is
call arrival rate is large, the voice call requests are moexpected. Our study also indicated that if too many channels
likely to be buffered before being served, and thus trere allocated to a packet transmission, both packet and voice
voice traffic becomes more bursty. In this case, packetall droppings will increase. Thus the operator should think

traffic becomes significant, an®.., is an increasing
function of K.

V. CONCLUSION
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carefully if he would provide quick GPRS transmission service{14] W.-Z. Yang, M.-F. Chang, and Y.-B. Lin, “Priority call service for PCS

at the cost of decreasing packet/voice call acceptance rates.

In terms of GPRS data performance, this paper studied thﬁ
packet dropping effect, that is, performance of radio resource
allocation at GPRS MAC layer. Our study can be extended to in-
vestigate the management of GPRS session at higher layer pro-
tocols (i.e., session management layer and TCP), where certain
average bandwidth may be guaranteed for GPRS data transt
sion.

3, 1999.
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