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Abstract—We analyze the throughput and delay performance of the rad
link control/media access control (RLC/MAC) protocol laye's in General
Packet Radio Service (GPRS) networks. Several time-slotleuplink radio

frequency channels are shared by the mobiles onmequest —reservation
based multiple access scheme. Using the theory of Markov cima, we de-
rive expressions for the uplink throughput and delay performance of the
GPRS-MAC protocol. Further, we evaluate the performance ofthe RLC
(Acknowledged mode) layer using block level retransmissio (as defined
in the current GPRS) and compare it with that of using slot le\el retrans-
mission (which is in the proposal stage). We show that slot Vel retrans-
mission at the RLC layer performs better than block level reransmission,
particularly when the channel error rate is high.

|. INTRODUCTION

The RLC/MAC layers in the GPRS protocol stack essentially
are responsible for the way in which the GSM/GPRS radio re-
sources (frequency-time slot pairs) are shared by variostss m
bile users. The uplink (mobile-to-base station link) chelma-
sources are shared based aeqguest-reservation mechanism.

Performance of the GPRS RLC/MAC layers under various ra-
dio channel and traffic load conditions influence the overall
GPRS network performance. Several studies have investigat
the performance of the GPRS RLC/MAC layers, but mainly
through simulations [3],[4]. The performance of automagic
peat request (ARQ) mechanisms at the Logical Link Control
(LLC) and RLC layers in GPRS has been analysed in [5], but

General Packet Radio Service (GPRS) is a packet mode Wi\f\%t-hom considering the uplink reque_st-rgser\(ation dy'r_wm
less system that has been standardized to operate on GsSM nt-he MAC layer. Our new contribution in this paper is the

frastructure, by introducing new packet support nodes and
sociated protocol stacks [1]. A portion of the radio resesrc
(channel frequencies) in an existing GSM system may be det
dated for packet data services using GPRS. AlternativéhR &

and GSM services may dynamically share the same radio
sources. Thus, GSM voice services and GPRS data servi
can co-exist on the same GSM infrastructure. GPRS provicJ
IP connectivity to mobile users by adding new packet node
namely, Serving GPRS Support Node (SGSN) and Gate

GPRS Support Node (GGSN), to the existing GSM infrastru
ture [1]. The protocol stacks at the Mobile Station (MS), 8a:

odeling andanalytical evaluation of the performance of the
LC/MAC protocols in GPRS, considering thiplink request-
servation mechanism. Using theory of Markov chains, we
erive expressions for the uplink throughput and delayqrerf
ance of the GPRS MAC protocol. We also evaluate the per-
%&nance of the RLC (Acknowledged mode) layer using block
gel retransmission as defined in the current GPRS standard
e compare this performance with that of ussigt level re-
ansmission at RLC, which is being proposed as an alternate
\RQ scheme [6]. We show that slot level retransmission per-
orms better than block level retransmission, particylarhen

Station Subsystem (BSS), SGSN, and GGSN are shown in Ft@@ channel error rate is high.

ure 1. In this paper, we are concerned with Raglio Link Con-

The rest of the paper is organised as follows. In Section I,

trol/Media Access Control (RLC/MAC) layers, whose peers arewe describe the GPRS LLC/RLC/MAC protocol layers and the

at the MS and the BSS [2].
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Fig. 1. GPRS architecture

system model. Section Il provides the analysis of the thhgut-
delay performance of the GPRS-MAC protocol as well as the
RLC performance analysis for slot level retransmissiont- Pe
formance results and topics of future research are predgémte
Section IV.

II. LLC/RLC/MAC L AYERS INGPRS

The over-the-air communication between a mobile statio8YM
and the GPRS network is defined by the physical layer and the
data link layer functionalities. The physical layer fuiets in-
volve modulation, demodulation, channel encoding/deugdi
etc. The data link layer consists of two sublayers, namely,
Logical Link Control (LLC) layer, and the Radio Link Con-
trol/Media Access Control (RLC/MAC) layer. The LLC layer
operates between the MS and the SGSN, and provides a logi-
cal link between them. Packet data units (PDUs) from higher



layers are segmented into variable size LLC frames. A stomobile will then reschedule its request packet retrandoniss
and-wait ARQ mechanism is provided at the LLC layer to reattempt to a later time (typically, after a random backoffej.
transmit erroneous LLC frames.

The RLC/MAC layers, on the other hand, are primarily respof® System Model
sible for the efficient sharing of common radio resources t% : . .
onsider a single cell GPRS system with, M/ > 2 uplink

several MSs. The.RLC/MAC peers are atthe MS and the BS& )annels andV mobile users. Each channel corresponds to
Each LLC frame is segmented into several RLC data bloc S . o . ; .

; ) N a.frequency-time slot pair in the mobile-to-base staticedi
of fixed size. Each RLC data block occupies fixed number % Out of M channelsL, 1 < L < M, channels are used
slots, dependipg on the type of channel codin.g scheme usaeg?p.)acket random access’chz;nnels (PI,?ACH) and the remain-
The RLC function in Acknowledged mode provides for the seI:r-lg M — L channels are used as packet data’ traffic channels
lective retransmission of erroneous RLC data blocks. (PDTCH). Typically, slot TS0 in all GSM TDMA frames on a
The MAC operates on a slotted-ALOHA based reservation prgiven frequency can form a PRACH. Likewise, on a given fre-
tocol. The MAC layer requests/reserves resources in numigfency, slot TS1 in all GSM TDMA frames can form PDTCH-
of data slots. The MAC function provides arbitration betweel | slot TS2 can form PDTCH-2, and so on.
multiple mobiles attempting to transmit simultaneouslyda

C C

provides collision detection and recovery procedures. [s1 53 e 53

PRACH-1
Thus, in terms of error recovery at different layeag, MAC E B
attempts to resolve collision of request packétsRLC at- PRACH:2
tempts to recover RLC data block errors through a selective ¢ c
repeat ARQ mechanism, anflLLC attempts recovery of LLC pracs K] E B
frames through a stop-and-wait ARQ mechanism. Link errors ~Prop. & Proc. Delay

unresolved at LLC layer are passed on to higher layers (e.g., eorcha \ Data slots for S1 \
transport layer) to resolve.

PDTCH-2 ‘ Data slots for S2 ‘ ‘ Data slots for S5

A. GPRSMAC Protocol PDTCH-3 Data slots for S3

The GPRS MAC protocol is responsible for the way in which

the GSM/GPRS radio frequency-time slot pairs are shared by

the mobile users. The uplink channel resources are shared o """
a request-reservation basis. Two types of uplink chanrrels a S Request Packet Success

defined in GPRS. They are Packet Random Access CHannel C: Request Packet Loss (due to collision/channel erfor)
(PRACH) and Packet Data Traffic CHannel (PDTCH). PRACH
is used by all the mobiles, on a contention basis, for theqaep

of sending resource request packets. Typically, TSO slat inye consider thaingle slot operation, where only one slot per
GSM frame of 8 slots is used as PRACH. All mobiles are alsgn TDMA frame is assigned to a user on PDTCH. For ex-
lowed to transmit on PRACH slots, following sIotted-ALOHAamp'e TS1 slots in consecutive frames: + 1,....2 + K being

protocol [7]. Depending on the system load, the number gLgjoned to a mobile for data transfer is a typical illugraof
PRACHSs can be increased. PDTCHs, on the other hand, als:

gle slot operation.

used for the transfer of data packets. Resource requests are = i ) .

made by the mobiles in terms of number of uplink PDTCH slofs@nsidering single slot operation, all' uplink channels can
required. Based on these requests, PDTCH slots are dynapimodelled as synchronized slotted channels as shown-in Fig
cally assigned to the mobiles by the base station. Allopati§™® 2. One request packet is one slot in size. One network

can be done on a one time slot per GSM TDMA frame badRyer packet data u'nit (PDV), including LLC/RLC headers and
(calledsingle slot operation) or multiple time slots per GSM ¢hecksums, occupies several slots. Between the succtasiiH

TDMA frame basis (callednulti-slot operation). mission of a request packet on a PRACH slot and the corre-

o ) sponding data transmission on the assigned PDTCH slotg som
When MAC at the mobile side receives RLC data blocks igie time gets elapsed because of the propagation andszoce

be t.ransfer_red to the b_ase station, it sends a request pmklelhg delays involved. This delay is typically of the order déa
the immediately following PRACH slot. The request packet i

dicatesK, the number of PDTCH slots required. If the base
station receives the request packet without collision anctel
errors, and if PDTCH slots are available to honor the request
the base station |.nforms.the reservation mformanqn tc_nlicne In order to carry out the performance analysis, we assume the
bile on the downlink paging channel. The reservation inf@rmfo|iowing:

tion include the PDTCH frequency-time slots that can be usgd The network layer PDU arrival process (hence the new re-
by the m0b||e for da.ta transfer. The mOblle' then SendS datad[]est packet generation process) iS Bernou”i with armab_
thoseK reserved slots. On the other hand, if the request packgiility A in each slot. A new network layer PDU is accepted

is lost (due to collision or channel errors) or if PDTCH slate  only after the completion of the transfer of the previousty a
not available, then the mobile will not get the reservatidhe cepted PDU.

Data slots for S4

Fig. 2. GPRS-MAC Protocol Operation

IIl. THROUGHPUFDELAY ANALYSIS



2. The length of the PDU (including LLC/RLC headers and <
checksums), measured in number of slots, is geometric with b
paramateg,, 0 < gq < 1. b
3. Loss of request packets on PRACH is only due to collision : <S
4. Retransmission attempts of request packets following-a ¢ <

lision on PRACH (or non-availability of PDTCH) is geometri- )an “hi(1 — ga)
cally delayed with parameter., 0 < g, < 1. bi
5. Propagation and processing delays are assumed to be negli b; (1= P)fpbit
gible. fs s
Cs 8j PCs—8;
As per the GPRS MAC model described above, the mobile can ' <s,> (1= PP f(es,m, L),

be in any one of the following states, namétie state,back-

logged state data-tx success state, andiata-tx failure state. See wherea = m — k + ¢,, n is the number of requests sent,
Figure 3. Inidle state, a mobile remains idle with probabilityis the number of successful requests in tteslot, bj = jo —
(1-A) and generates a PDU with probability If n requests s; — f; + sy, b; = ia — cs + 85 — 8§ + fs, fs < bi, 8§ < by,
come in a slot, then at most one request is received correctlyis the average probabilty of slot error, and

(capture) with probabilitgap(n, 1). The remaining: —1 mo- L% ¢s,n, ) = Probg, successes given thatrequests are sent

biles go tabacklogged state. If a mobile’s request succeeds, b d PRACH:s are available). Then,

there are no available PDTCHs to serve the request, then als
the mobile goes to thbacklogged state. On the other hand, if n n 1 1\
there are available PDTCHs to serve a request, then the enobif (¢;, n, x) Z Z ( > (—) <1 - —) 2
goes to thadata-tx success state ordata-tx failure state, where c T

it sends data on the assigned PDTCH slots. ~eap(lye).f(es —e,n — 1,z — 1),

data failure

wherecap(l, ¢) is the probability of capturing out of! collid-
ing request packets.

data failure data success

DATA_TX DATA_TX
FAILURE SUCCESS
STATE STATE

data success

Eqn. (2) is terminated by fixing (¢, n, 1) = cap(n, ¢). We set

cap(0,1) = 0, cap(1,1) = 1, cap(2,1) = 0.7, cap(3,1) =

cuccessiuk request 0.5, cap(4,1) = 0.2, cap(5,1) = 0.1, cap(n,1) = 0 forn >
retransmission 5, andcap(n,0) = 1 — cap(n, 1).

i i
i

new reques
success

data tx
complete

new request

success

successful
request

ret The above analysis assumes a large number of PDTCHSs, so
that a successful request always gets an assignment. If the
number of PDTCHSs is small compared to the number of users

N, (i.e., M — L. < N), then a successful request may not get

data tx
complete

BACKLOGGED!
STATE

new request failure/
all PDTCHs busy

k old request

no new failure an assignment as all the PDTCHs may be busy. This event
reauest occurs itM — L — (L —1) < (i + 1) < M — L and
Fig. 3. Mobile Station State Transition Diagram M—L—-(L-1) < (iz + j2) < (i1 + j1). For thosez

andz» satisfying the above condition, compute the probability
Let {Dg;t € {1,2,3,...}} represent the number of m0b||espz17z2 and add it to the correspondirfg, ., term calculated
in data-tx failure state at the beginning of slot {Ds;t € using Eqn. (1).
{1,2,3,...}} b.e the number of mgbllehs in titﬁbta-txfwcc?}s Letz =M — L — (iy + j1), y = (i1 + j1) — (i2 + j») and
state, and{Be;t € {1,2,3,...}} be the number of mo €S |, = ky —ky. Therefore, the probability?., ., for the transition

I(rllD?taCIk)lotg%e?) siatee.{ ngeSthre}i idslrgel\;:rcl)(r(])?/l CF;:;(;‘]G{&C;SGZ] = (B,J1 k) 1022 = (@2, 2, k) transition is given by,

of the assumptions made above. The one-step state transitio ks L ia o
probability, P., .,, that the system moves from stalg = chz2 = Z Z Z Z 3)
71 = (11,_]1,k1) at timet, to StateZt+1 = Zp = (iz,j27k2), =0 cs=y+xz+1 s;=0 f,=0
0<ii<M-L0<j <M-L—i;,0<k <N—ij—j, N—i—i—k o

- - - - - - N 1 iy — 1 —ky—
0<iy<M-L0<jo<M-Lis,0< k< N—ip—j, ( ) )A”(l—A)N B

at timet + 1is given by

N—i1—j1 io—cCs+58; Jo—8;

L T b o S SERNC E
(
(

cs=0 s;=0 s5=0 fs=0

) (N_“ = _k1>/\a(1 _ /\)N*zﬁ*]ﬁ*/ﬁ*a

a

k —a —n-r+a
. ( 1 >g7«n ,(1 o gr)kl ~+a

n—a



_ <b1> (1= PPy s +6, L), ARQ mechanism. Each RLC plqck (?onsists'of four slots. Itis
fs noted that slot level retransmission in RLC is proposed as an
) ) alternative to block level retransmission [6]. Here, we sider
whereb; = jo — fs + 57,0 = ia — sy + fs, fs <biv s < i g glot level retransmission mechanism by which a slot inrerro
Thus, is repeatedly retransmitted until it succeeds. In this satign,
N . we derive the throughput-delay performance when the slet le
Pz = Pooy+ Poyp (4)  retransmission is used at the RLC.

Let the random variablg" represent the number of slots per
PDU and the random variablé represent the number of trans-
mission attempts aft” slot until success. Thus, the total num-
ber of slots required for successfully transmittiigslots is

The Markov chain{Z¢;t € {1,2,3,...}} has a finite number
of states and is positive recurrent [8] Hence, it has astaty
steady state distribution and is found by solving

=P, (5) given by, .,
wherell = [r;;4],0 < i < M~ L,0<j<M~-L—i,0< X:ZYi- (11)
k < N —1i — j, is the steady state probability vector. The total S o =l
system throughput, is defined as The distribution ofX is given by,
Pr(X=c) = ga(1 — P,)[1 — ga(1 — P)]" ",z =1,2,3...
M—IL M-—IL—i N—i—j (12)
n = Z Z ITijk- (6) Now, in order to obtain the throughput and delay for the RLC
i=0 =0 k=0 (Acknowledged mode) with slot level retransmission, wecthee
to just change the parameigrto g,(1 — Ps) in Egn. (1) and
The per channel throughput,, is then given by Eqn. (3).
ne =n/M. @ IV. RESULTS ANDDISCUSSIONS

Next, we derive the mean PDU transfer delay performanda.Figure 4, numerical results for the average per chanmelth-
The mean PDU transfer delay, D, is defined as the the avput of the GPRS MAC protocol, obtained from Eqgn. (7), for
age number of slots elapsed from the slot where a PDU arrivd@10, M=10, L=1, g, = 0.1, andg, = 0.1 are plotted as a

to the slot where the PDU transmission is complete. The nufanction of request arrival probabilityy. The effect of slot er-

ber of users in the nofdie state (i.e. data-tx failure, data-tx  rors with/without RLC slot level retransmission is alsotpéal.
success, andbacklogged) contribute to the mean delay. Therelhese results are compared with the corresponding RLC block
arev = (i + j + k) nonidle users in the system and averaginégvel retransmission obtained through simulation. As the a

it over steady state distribution gives

0.55

M—-L M—-L—i N—i—j N=10,M=10,L=1,g,=01,g,=0.1

Z Z Z i+ j+ k)mij. (8) il
7=0

0.451-

0.4

There areNV — i — j — k idle users each will generate requests
with probability A in each slot. The average arrival rate to the
system is given by

0.35
0.3r

0.25

A= AN - E(»)). 9)

Average Per Channel Throughput

0.2

From Little’s theorem, the average time an user spends in the
system is given by the ratio between the number of users in the °*°|
system to the average arrival rate. Hence, o1l

=10% No retx
=10% Slot level retx
=10% Block level retx

0.05 L
E(V) 10?2 10™ 10°
A . (10) New Request Arrival Probability

D=1+

Fig. 4. Average per channel throughpgt, versus new request arrival proba-
Note that one is added to ensure that there is one slot delay fo bility, \. N =10, M =10, L = 1, g» = 0.1, g4 = 0.1.

the mobiles to enter into than-idle state.

rival rate increases the fraction of time the system spends i
A. RLC Acknowledged Mode idle state decreases, and this results in increased throughput.

When there are no slot errors (i.62, = 0%), all the slots
Note that the above analysis corresponds to the MAC prowarrying data traffic are successful, which represents #st b
col operation with RLC in the Un-Acknowledged mode (i.epossible performance. As the slot error rate increases {gsay
there is no ARQ at the RLC). In Acknowledged mode, howt0%), the fraction of successful slots decreases, and tibace
ever, RLC retransmits erroneous blocks using a selectpeate throughputdecreases. On the other hand, for the same siot er



rate (of 10%), slot level retransmission improves the tigtou
put performance. This is because, the fraction of time tlameh
nel is leftidle is reduced due to the retransmission attempts,
and as long as the channel error rakg)(is reasonably good,
this would result in increased throughput. Another obsgoma
in Figure 4 is that the throughput achieved with block leeel r
transmission is much lower than the slot level retransroissi
This is because, in block level retransmission, even if doke s
in a block is in error, the entire block (of 4 slots) will be re-
transmitted, and this considerably reduces the throughne
degradation is more severe as the slot error rate gets I@ger
Figure 7).

Average Per Channel Throughput

The mean PDU transfer delay performance of the GPRS MAC
protocol is evaluated using Eqn. (10) for the same set ofpara
eters and plotted in Figure 5. In the case of no retransnmissio

24

N=10,M=10,L=1,9,20.1,9,=0.1 e
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Fig. 5. Mean PDU transfer delay (in number of slots), versew mequest
arrival probability,\. N =10, M =10, =1, g, = 0.1, g4 = 0.1.
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Fig. 6. Average per channel throughput, versus number of channeld/.
N=10,L.=1,A=1,g, = 0.1, g4 = 0.1.
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. . Fig. 7. Average per channel throughput,versus slot error ratel)s. N = 10,
(i.e., RLC Un-Acknowledged mode), it takes the same number a7 = 10, L =1, A =1, g, = 0.1, g4 = 0.1.

of slots to carry the traffic as in the no error case. Hence the
delay is the same for both no error case as well as error case

with no retransmission. The delay for slot level retransiois  (3) @nd (5) in the analysis. Also, the performance analysis o
increases as it takes more slots to successfully delieeatata GPRS-MAC in conjunction with ARQs at both RLC as well as

slots. In block level transmission, since the entire bloeksg LLC layers is also under investigation.

retransmitted, even if one slot in a block is in error, theagel
performance is worse than slot level retransmission. 0]
The effect of the number of channel®/, on the throughput
characteristics of the GPRS MAC protocol is shown in the Fig-
ure 6, forv=10,L =1,g, =0.1,94 = 0.1, and forA = 1. From 2]
Figure 6, we observe the following. The per channel through-
put increases a&/ increases, upto a certain a valueidf, be-
yond which the throughput decreases. This is because, at low
M, requests aréacklogged due to unavailability of PDTCHs, [3]
and at hight/, PDTCHs arédle most of the time. 4]

The effect of slot error rate on the throughput performarsce i
shown in Fig. 7. As expected, throughput decreases as gipt
error rate increases. We observe that, as we move ffpm

10% to P; = 30%, there is a steep fall in throughput in the cadél
of block level retransmission (0.461 to 0.204), whereadalie [7]

is less for slot level retransmission (0.5265 to 0.468). -
Further investigations are going on to release the assongpti
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