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Abstract—in this paper, we consider a point-to-point wireless this aim at the physical layer, both channel coding and inter-
transmission where link layer ARQ is used to counteract channel |eaving are employed. In addition, ARQ techniques may be used

impairments. In particular, we refer, as an example, toa 3G cellular 5; the jink layer to reduce the residual error probability at the
system, where a dedicated channel is used between a mobile ter- f1h hvsical | AR uti . d
minal and its serving base station. Our aim is to find accurate and ©OUtPUt Of the physical layer. ARQ solutions use queueing an

fast heuristics for the characterization of link layer and higher level ~ retransmission of lost packets to combat channel errors. The ef-
(e.g., application level) packet delay. Existing methods to obtain fect of link-layer retransmissions is twofold. On the one hand,

such statistics are often based on recursive computations or large- they are able to reduce the residual packet error probability. On
sized matrix manipulations. For these reasons, they are too com- the other hand, they introduce a random delay on the delivery of

plex to be successfully applied in a mobile terminal due to memory, . . .
delay, and energy constraints. In this paper, we first presentan ana- link-layer packets that translates into a variable delay for the ap-

lytical framework to compute link-layer packet delivery delay sta- ~ plication layer flow. To better understand the importance and the
tistics as a function of the packet error rate; then we extend the jmplications derived from these additional delays, let us refer to
model in order to find the statistics related to higher level packets 5 video/audio streaming data transfer. In that case, packets ar-

(i.e., to aggregates of link layer packets). Both in-order and out-of- . . . .
order delivery of link-layer packets to higher levels are considered. riving too late at the receiver should be discarded, as they do

The goodness of the channel model considered in the analysis ishOt respect the timing constraints imposed by the streaming ap-
proved by means of accurate channel simulation results. The ob- plication running at higher layers. That is, due to the ARQ re-
tained statistics are then characterized by highlighting their prop-  transmissions process, the application streaming buffer at the re-
erties as a function of the round-trip time and the error rate at ceiver becomes empfpuffer starvation)which results in gaps

the link layer. Finally, fast and accurate heuristics are derived di- . he pl hi Its i dden d dati f
rectly from the analysis. These heuristics are very simple (piecewise N the playout process. This results in a sudden degradation o

linear functions), so they can be effectively used in a mobile ter- the user perceived performance. Therefore, when ARQ is em-
minal to obtain accurate delay statistics estimates with little com- ployed, the degree of satisfaction of the user is directly affected

putational effort. by the error/delay statistics at the link-layer output. In other
Index Terms—ARQ delay statistics, delay analysis, heuristics, words, the correct understanding of the delays involved in the
higher layer QoS, selective repeat ARQ protocols. ARQ retransmission process and their effect on higher layers
performance is a pivotal point to provide and maintain the user
desired QoS.

I. INTRODUCTION . . o
The focus of this paper is on the characterization of the

I N THIS paper, we focus on a third-generation (3G) celjelay statistics when ARQ is utilized at the link layer. The
lular system where wide-band code-division multiple agyndamental ARQ schemes can be classified into Stop-and-Wait
cess (W—CDMA) is used on the air interface as thg channel qSW), Go-back-N (GBN) and Selective Repeat (SR) ARQ [1],
cess technlque._ 3G systems are |nter_1ded_to prqwde global m9: SR-ARQ is widely used due to its superior throughput
bility support, with wide range of services including telephonyerformance. In ARQ schemes, the transmitter sends packets
paging, messaging, Internet, high-quality video, and broadbaghys) consisting of payload and error detection codes (a cyclic
data. To realize a certain network quality of service (Q0S),r@dundancy check field is inserted into each packet). At the
bearer service with clearly defined characteristics and functioRseiver side, based on the result of the error detection procedure,
alities has to be set up from the source to the destination. Ti&nowledgment messages are sent back to the transmitter (ACK
characteristics of this bearer service depend on the kind of trafjenACK, according to the result of error detection). The sender
complex systems is to counteract the errors due to the wirelesg, the presence of an ARQ protocol, we can subdivide the
medium (propagation phenomena) and to the interference. Wilierall PDU delay into three contributions [3]. The first contri-
butionis thequeueing delay in the source buffiez,, the time be-
Manuscript received January 29, 2003; revised April 16, 2003. This work Wgéleen t.he_PDU release by higher Ifiyers and the instant of its first
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VTC-Spring 2003, Jeju, Korea. o o behavior, the ARQ technique, and the PDU arrival process. The
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and the correct reception of the PDU. This term depends onThe main drawback of the analytical approaches presented
the channel behavior and on the ARQ retransmission technigse.far in the literature is their computational complexity that
The last contribution, referred to assequencing delays the makes their usage very difficult in a mobile terminal equip-
time spent in the receiver resequencing buffer. In more detailent (ME) due to energy, memory, and time constraints. These
even if the sender transmits packets in order, due to randomtechniques are time-consuming due either to the manipulation
rors and consequent retransmissions, they can be receivedadunatrices whose size quickly increases with the number of
of sequence. In that case, PDUs with higher identifiers mugik layer PDUs sent in a full link layer round-trip time: or
wait in the receiver resequencing buffer until all the PDUs wittp the presence of recursive formulations that are memory and
lower identifiers have been correctly received. By considerifiine-consuming as: increases. For instance, the complexity of
a tagged PDU, this last term depends on errors experiencediig algorithm proposed in [5] increases exponentially with the
all PDUs sent in the same round-trip in which the tagged ofieund-trip time value. Hence, a real-time fast and accurate esti-
has been transmitted for the first time. Tiesequencing delay mate of the delay statistics experienced both by link-layer PDUs
is nonzero whein-order deliveryis considered. Another pos-and higher layer packets (seen as an aggregate of link layer
sibility is to configure the link layer in theut-of-orderdelivery PDUS) still remains an open issue. These estimates can be useful
mode. In that case PDUs are passed to higher layers withiupbtaindelay-awarecost functions to be used, for example,
waiting for the correct reception of out of sequence packets affien delay-sensitive flows are transmitted over the channel to
the resequencing delay at the link layer is equal to zero. We refiétapt link and/or physical layer settings to the delay require-
asdelivery delayto the sum otransmissiorandresequencing Ments imposed by those flows. In real-time services, packets ar-
delay. riving too late are useless; as they are passed to the application
Several studies have been performed on the delay p@yer, they are discarded, and the system resources consumed for
formance of the SR-ARQ protocol over a wireless channBleir transmission (and possible retransmissions if a link layer
[3]-[12]. In [5], Konheim derived the exact single link-layerS considere_d) are Waste_d. Hence, the control of the maximum
PDU delay distribution considering a finite round-trip delayi€lay perceived by application layer packets (that translates in
and an independent (i.i.d.) error process. The independg?ﬁ con_trol of the maximum numbe_r of allowed retransmissions
channel has been considered by several other authors [6]-fi§jthe link layer) is a pivotal point in order to save system re-
[10]. Rosberg and Shacham in [7] derive the distribution GfoUrces while achieving a better quality (saved resources can be

the buffer occupancy and of the resequencing delay at t(ﬁ)éoloited to send new data instead of useless retransmissions of

receiver under a heavy traffic assumptidn give the network ©ld packets).

designer some guidelines on the choice of the buffer capacity! '® Simplest measure for the quality perceived by the final

at the receiver. Rosberg and Sidi in [8] analyzed the joiHlser_ is the residual pacReerror probability at the putput of
distribution of transmitter and receiver buffer occupancies. FHe link Ia}yer(Ppkt%.. Howe\./er,. whenl delay-co?fgtralned flows
[13], the authors investigate the effect of forward/backwary© considered, t IS metrlq IS no fonger su |C|en'_[, because
channel memory on ARQ error strategies using rowgraﬂ?‘F‘CketS whose time deadline has expired (even if correctly

analysis; GBN- and SR-ARQ are compared in terms of thdgceived) are discarded and are a source of error as well as

throughput efficiency. In [9], Zorzi and Rao studied the aoc_orrupted packets. The presence of a link layer is able to reduce

equateness of two- and three-state Markov channel modté]g ;et&dgal errT:or ratté)l’ﬁt’ Sutéhe ?elt?]y erxes'j“?:c:dt bry thfeth
for predicting delay of ARQ/queueing systems in correlat CKELS becomes stochastic due 1o the rando ature of the
rrors affecting the wireless link. In this case, a more accurate

fading channels. In that work, they show that a three-state. . .
9 ’ y Stimate of the packet drop rate is needed. Such an estimate

Markov model, in many cases, can provide very accurate defd . . .
y P y aln be obtained accounting for the delay constraints as follows:

- ; C
predictions, whereas a simple two-state model can lead to gogd :
. o - rop = Poxt + (1 — Py )Prob{delay> dp,..}, i.€., a packet
P P p
mraligrl]:gl:]ttaecsctilrinn?/tsstib;:els :E:dseg?:;leoreﬂg?#:n% %3§¥s$1' considered erroneous either if it is corrupted or if the delay
. t 9 o P tRat it experiences during its transmission over the wireless link
time-varying channel [14]-[17] deriving the mean packet dela hceeds some delay CoNstraitit,... ), whered,... is intended

and the mean gueue length for both the zero and the f|n|ag the maximum delivery delay that (for instance) an IP packet

round-trip delay case. Some interesting results on how d'ﬁerec%tn tolerate when it is transmitted over the wireless link.

error Stfit'St'CS affect ARQ performange are reported by Lu an The chief aim of this paper is to derive analysis to characterize
Chang in [11]. In particular, they considered both itle-order he delivery delay statistics Prob{delayd,,...} for both the
I\:/Isarllzgwandc}rlannel error medel _and the gap ﬁrror rlnoi_el_. [H-orderand theout-of-order deliverycase. Moreover, from the
[3l. dlm _and | runz E(leCOUht kor f';‘ tlme-f\f/.arymg channel, a InIt?nanipulation of the analytical results, we directly derive simple
round-trip delay, and a Markovian traffic source. Here, a meap,j 500\ rate heuristics able to describe such statistics with min-

delivery delay distribution in the out-of-order delivery case hg§i, yhe characterization of ARQ delivery delay statistics, inves-
been studied in [12], where a general framework is presenigling o150 the delivery delay regarding higher layers packets
to obtain redundancy check failure, throughput efficiency, anfhk layer service data units (SDUs)], that in our analysis are
single PDU delivery delay performance.

2Here with the ternpacketwe mean the data packet unit assembled at the

1A new PDU to be sent over the channel is always available at the transmitbertput of the link layer that, in general, is composed by an aggregate of several
ARQ buffer. link layer PDUs.
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considered composed of an integer numb&En of link-layer TTI=80 ms r—o—

packets. Simple, fast, and accurate heuristics for the estin - | 80-th percentile » |
tion of SDU statistics are reported considering both in-order ai
out-of-order delivery of link-layer SDUs. These heuristicscoul ¢ [~ A S ‘ 1
be effectively used, for example, in channel adaptive algorithn I .
as an estimate of the delay perceived by packets belonging to
application layer data flofdelay utility functions). Q 4ar ] It
The remainder of this paper is organized as follows. | I
Section I, referring (as an example) to a Universal Mobil T
Telecommunications System (UMTS), we report some grap | x ; x
obtained by simulation to characterize the link-layer PDU errc T 1 H
process accounting for both interleaving and channel codir * T T !
Based on the reported measurements, we can affirm that ; i
channel model that we use in the rest of this paper to devel 0.0001 0.001 0.01 0.1
analysis and heuristics is accurate, i.e., it gives satisfactc p

results for typical physical layer settings. In Section Ill, we. _ )
. . . Fig. 1. DCH spreading factor 128 (RLC bit rate= 30 Kbps), code rate
present analysis for the evaluation of the delivery delay statlS®| /5 17| = 80 ms, RLC PDU length= 360 bits.

tics for a single PDU and for an aggregate of link-layer PDUs
considering in-order delivery of link-layer PDUs (Sectior ,
llI-A, C, and D). Some properties of such statistics are higt
lighted in Section IlI-B and C for the delivery and transmissiol TTI=40 ms o
.. . . . TTI=40 ms, 80-th percentile +
statistics, respectively. In Section IV, we approximate the SD s : iid errors
delivery delay statistics obtained in Section IlI-D by means ¢
simple and accurate heuristics. The out-of-order delivery del
statistics are investigated in Section V, where an approximes 6
but very accurate analysis is reported. Finally, in Section a <
some conclusions are given.

T
TTI=80 ms +——

9 TTI=80 ms, 80-th percentile X

4 -
II. DISCUSSION ON THECHANNEL MODEL 3r % +
In this section, as a sample scenario, we refertoa UMTS ¢ 2 af‘ %ﬁ
lular system where W-CDMA is used as the radio interface | | ¢ el 3 i
[18]-[20]) and we evaluate by simulation how the PDU errc 0.0001 0.001
process at the UMTS link layer (RLC [21]) is characterized il P

terms of burst lengtlib) and average PDU error ratg). Both . .
. . . . . Fig. 2. DCH spreading factee 32 (RLC bit rate= 120 Kbps), code rate=
channel coding (convolutional with rate 1/2) and interleaving> 17| ¢ {40, 80} ms, RLC PDU length= 360 bits.

are considered. The simulated scenario is composed of nine

hexagonal cells, where a base station (Node B) is placed at a%ei) dal interleaving depth (80 h i Fig. 2
center of each cell and a given number of users are conside s and a large interleaving depth (80 ms), whereas in Fig.

to be able of moving inside the coverage area (in the results H%? RLC bit rate is higher (120 Kbps) and a smaller (40 ms)

ported here we consider a population of 100 users with sp e transmission interval (TTI, i.e., the interleaving depth) is
uniformly distributed in {0, 7, 49} Km/h). The whole cell struc- considered. As a first observation, one can note that at low RLC

ture is wrapped around in order to avoid border effects. As QH rates, the error process tends to be independent (the i.i.d.

example scenario, we consider that each user is using a doWse 1S reported for comparison as a solid bold line in both fig-

link dedicated channel, where the traffic source is continuodér,es)' Hence, the independent PDU error assumption in this case

as can occur when either streaming flows or FTP file transf FEEMS FO be a good_approxmatlon. Instead, as the_ RLC IOg'C‘?‘I
are considered. The cell radius is 200 m, and a downlink de ft rate increases (Fig. 2), more PDUs can be sent in each radio

cated channel (DCH) is allocated for each user where the m frme and the PDU error process is likely affected by longer

ursts. It is worth noting that a larger TTI has a beneficial effect

imum and maximum powers a@dewnlink — _15 dBW and ,
Ppdownlink — _5 4BW, respectively. Path loss, shadowing angn system performance. The effect of a longer TTI is twofold:

multipath fading phenomena are considered as well. In Figsf)g the one side the RLC round-trip delay increases (negative
ect). On the other side, the interleaving is more effective in

and 2, the average PDU error burst len@ihis reported as a N 4 . "
function of the mean PDU error ratg). Vertical error bars are break!ngtrt]he error bErSts %;tlhgob't level t(pqsn:ve ?ﬁeit)' more—
reported to indicate the confidence interval (95%) of mean bu yer, in :tc'asg \IN e.rezzo T_f’ a ypica .\éa ue ort € |
length measurements, whereas plus and cross symbols are %L round-trip defay 1S MS. Hence, considering a typica

to plot the eightieth percentile of the burst lengthn the first b P?é'] sizé Off 3||62|?(|;ts wedh?_ve(;h?t %R7? PPUS can i
figure, we consider a link layer with a logiéabit rate of 30 € sent during a 1u round-rip delay. Referring again to
Fig. 2, we can note thdt < m = 75 and in that case (see

3The available bit rate before coding, i.e., the useful data bit rate. Fig. 3, where we report the delivery delay distribution obtained
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and the instant where all the PDUs composing it have been re-
ceived correctly in-order. Instead, when the RLC is configured
to support theut-of-order deliveryf SDUs, a given SDU, say,
SDU 4, may be passed to higher layers when all the PDUs com-
posing it have been correctly received (or discarded), regard-
less of the transmission status (correctly received, delivered, in
flight) of other SDUSs. In this case the SDU delivery delay is
equal to the SDU transmission delay and corresponds to the time
elapsed between the instant in which the first PDU composing
a SDU is transmitted for the first time over the channel and the
instant where all the PDUs composing the SDU have been cor-
rectly received. In this case, the SDU can be passed to upper
Leos A AN N . Lk levels regardless of the status of previously transmitted SDUs.
o 50 100 1s0 =200 250 300 350 400 450 so0 Among other settings, another important parameter is the max-
x imum number of retransmission attempts permitted for each link
Fig.3. Link-layer SDU complementary cumulative delive_ry delay distributiotayer PDU (referred to a5k in this paper). In Section 1V, we first
as a_f“{f“"” of the burst lengttronsideringn € {10.40.75},p = 0.1,and  jhyestigate the delivery delay statistics considering in-order-de-
T livery of link-layer SDUs and limited retransmission attempts,
whereas in Section V the out-of-order delivery of link layer
for an aggregate o RLC PDUs (RLC SDU) considering a SDUs is considered.
two-state channel error model [14]-[17] for a fixed PDU error In the remainder of this paper, the following guantities are
ratep = 0.1), the delivery delay statistics of a RLC SDU, aftecomputed.
a few round-trip times, is quite close to the one achieved for 1) |n Section IlI-A, we compute the single PDU delivery
the independent case (the burst length observed in the simula-  delay distribution in the in-order delivery cagg[t].
tions is lower than three fg& = 0.1). In conclusion, the i.i.d. ~ 2) The transmission delay statistics regarding a link-layer
channel model for a UMTS system can be a good approxima-  SDU P, [K, ] is derived in Section IlI-CK is the (in-
tion for the link-layer error process. This is mainly due to the teger) number of PDUs composing a link layer SDU.
large interleaving value used at the physical layer and (at high3) In Section IlI-D, the link-layer SDU delivery delay sta-
bit rates) to the large value of the round-trip delay< m). tistics in the in-order delivery cask,[K,t] is reported.
Moreover, one can note from Fig. 3 that an approximation for ~ From P4[K, t], the SDU complementary cumulative de-
the bursty case can be achieved by a rigid rotation of the i.i.d.  livery delay distribution (ccdf(, #]) is obtained.
curve. This rough approximation, in many cases, should suffice4) Based on the analysis, an accurate approximation for the
as a heuristic to drive delay adaptive algorithms. For these rea- complementary cumulative distribution in the in-order
sons, in this paper we consider an independent link-layer packet  delivery case ccdf’, ¢] is derived in Section IV.
error process. This model, despite its simplicity, in many cases®) Finally, in Section V, a very accurate and simple approx-
gives a good approximation for the actual error process as seen imation for the SDU delivery delay in the out-of-order
at the link layer of a UMTS system. The extension to the corre- ~ d€livery case is reported.
lated case is being studied.

0.001

Prob{SDU delay>X}

0.0001

A. Single PDU Delivery Delay Statistics for In-Order Delivery
of RLC SDUs

In general, the link layer of a third-generation cellular syste@ The problem to be solved is to find the delivery delay distri-
(see, for instance, [21] for the UMTS case) can operate either |Ht|0n of an aggregate ot link layer PDUs! Following the

the unacknowledged mode (UM) or in the acknowledged mo rocedure discussed (and justified) later, in Section Il1I-D, this
(AM). Moreover i?] AM, higher layer packets (SDUs)gcan ei_s?atistics can be computed by means of a discrete-time convolu-

ther be releaseifi-order or out-of-orderto upper lavers. In the tion between two statistics: the single PDU delivery delay dis-
. : . Pperfayers. tribution (P,[t]) and theK PDU'’s transmission time distribu-
in-order deliverycase, a given SDU, say, SDU numbefs re- tion (P, [K,t]). P4[t] gives the probability that a given single
leased to higher levels only after all SDUs with lower identi= tel8,7]). Lalt] 9 P y Y 9

: . L i :
fier have been correctly received or discarded. An SDU is saIiDGDU Is delivered in-order in exactlyslots? whereas’, K, /]

to be discarded when one or more PDUs composing it reach'%(lfSEd to track the probability that new PDUS are transmitted
posing .over the channel in slots. BothP,[¢] and P,,.[ K, t] depend on

the maximum number of retransmission attempts without bei . . o
. . RTT andp, i.e., the maximum number of retransmissions
correctly received. In this last case, the SDU may be passe o
: . . allowed for each PDU, the round-trip time and the PDU error
the higher layer and is marked as erroneous. Inrth@der-de- . .
robability, respectively.

livery case, we refer to the PDU delivery delay as the tié In this section, we compute the delivery delay regarding a

elap_sed _between the instant where the PDU is transm|tted g?r%gle PDU, i.e., the time needed by a PDU transmitted attime
the first time over the channel and the instant where it can be [e-

. . : be correctly delivered atthe receiver side. We considerin-order
leased in-order to upper levels, i.e., no outstanding PDUs with y
lower |Qent|f|er are present. The_SDU dehvery dela_ly 1S deflned4Throughout this paper, we consider that an SDU is composed by an integer
as the time elapsed between the instant where the first PDU caiimber(K) of link layer PDUs.
posing the SDU is transmitted for the first time over the channelfThe slot duration corresponds to the packet transmission time.

I1l. ANALYSIS
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delivery,i.e., the PDU is delivered in-order only if all PDUs withture so far (e.g., [3] is the most recent work using it). Here, we
lower identifier transmitted before ithave been correctly receivede it to characterize the delay performance of a 3G link-layer
or have beentransmittddt 1 times without any success. A givenscheme. Note that 3G retransmission schemes have been en-
PDU can be released to higher layers only when all PDUs witltthed by new timers and features with respect to traditional
lower identifier have been released. In the following analysis, W&RQ solutions. These additional features have been necessary
say that a PDU isesolvedn the slot where it is either correctly to ensure a fault-tolerant fully programmable and deadlock free
transmitted or discarded (due to the reaching of the maximwoheme that, however, basically remains a selective repeat al-
number of allowed transmissions, i.e., transmitledl times gorithm. Moreover, our idealized scheme can be seen as a best
without any success). We label a PDU wawesolvedf it has case for the delay performance achieved using a 3G compliant
been transmitted fewer thdm-1 times without success. link layer because in our model, packets are always acknowl-
We consider a pair of nodes that are exchanging packetiged in the shortest possible time-{1 slots), so the time
through a noisy wireless link where the link layer is configuregpent between their previous transmission and the following re-
in the AM mode. The time is slotted, and the slot time corréransmission is also minimized. As a consequence, the delivery
sponds to the single PDU transmission time. Moreover, PDUdslay for a given link-layer packet is the shortest as well. The
are transmitted continuously, i.e., there are no empty slaisly configuration where this is not true is when the link layer
(heavy traffic assumptiorsee [7] and [3]). This assumptionis programmed to transmit multiple copies of the same packetin
can be justified in the case where an FTP file transfer ortlae same round-trip. However, this is an energy-inefficient, re-
video/audio streaming flow is considered. In these cases, in facurce-inefficient, and particular case designed to decrease de-
data are likely sent back-to-back without idle times in order torery delay at the cost of a degraded throughput performance.
respect the timing imposed by the video/audio data flow and levertheless, our results are still valid as a best case estimate
avoid underutilization of the assigned resources. These are vérgt is useful to obtain delay evaluations (that is the aim of this
important classes of service for which we expect such kind p&per). Extensions of the model to better describe a 3G link layer
behavior. Nevertheless, in the cases where this is not true, tedhavior are being studied. However, it is worth noting that the
heavy traffic assumption, at least for the in-order delivery delapsights derived in this paper are general and still hold in a more
is surely a worst case delay analysis. This can be explainedr@alistic scenario.
follows: in the in-order delivery case, a tagged packet has toln the following, we compute the delivery delay statistics for
wait for the correct reception of all (and only) the other packethe tagged PDU. With the term PDU delivery delay, we indicate
sent in the same round in which it has been transmitted fitre number of slots elapsed between the instant in which the
the first time (see later in this section for a justification of thisagged packet is transmitted for the first time over the channel
fact). In the heavy traffic case, we always have that the numtserd the slot in which this PDU is finally released in-order to
of packets sent in a round is at its maximum value (i.e., thegher layers, i.e., the slot where both the tagged PDU and all the
number of packets that can be transmitted in one round trip)—1 blocking PDUs have been resolved. Moreover, we com-
Hence, we also have the highest probability that at least opeate such statistics at the sender side, i.e., we say that the tagged
packet is corrupted in that round, i.e., that the tagged paclkdDU can be released in-order in the slot where the last unre-
will have to wait for out-of-order packets. solved PDU (comprising the tagged packet itself) is transmitted
Moreover, letn be the (integer) number of PDUs transmitte@nd resolved at the sender side. Note that this statistics differs
in a full RLC RTT. We consider that an acknowledgment mesvith respect to the statistics at the receiver side by a constant
sage indicating the delivery status of a given PDU transmittéekm (the sum of the single path propagation delay and phys-
in the generic slot is available at the sender at the beginningal layer processin@;). In order to proceed with the analysis,
of slottz + m. Now consider a tagged PDU transmitted in glot let us subdivide the time in rounds of slots. In particular, we
Moreover, consider all PDUs transmitted in sfot-m +1,¢ —  refer to round 0 as the one including the PDUs transmitted in
m+2,...,t—1},i.e, thelastn—1 PDUs transmitted before theslots{t —m+1,t —m+2, ..., ¢}, wheret is the slot in which
tagged one (we say that these PDUs are the packets transmitiedagged PDU has been transmitted for the first time over the
in the same window in which the tagged PDU has been trardtannel. Without loss of generality, in the following we will as-
mitted for the first time; in the analysis we refer to these PDUsume that the tagged packet is transmitted in positiar round
asblocking PDUS. Then, we refer astarting windowthe setof 0, i.e.,t = m.
the tagged PDU plus these—1 packets. Note that these—1 To perform an exact analysis of the PDU delay statistics,
PDUs are the only ones that the tagged PDU must eventudtlys necessary to keep track of the number of retransmission
wait for after its correct delivery, i.e., the only PDUs with loweattempts performed for each PDU transmitted in the starting
identifier. In fact, a PDU sent for the first time in window posiwindow and of its delivery status (resolved or unresolved).
tion+ is resent in the same window position until success or unkilence, to describe the probabilistic evolution of the tagged
L+1 transmission failures. In any case, only from this point dADU delivery process, we would build a chain characterized
can a new PDU be transmitted over the channel using the sdoyeat least{2 x (L + 1))™ states. However, for large values of
window position occupied by such PDU. Given this transmisr, this would lead to such a large state space as to make the
sion/retransmission behavior and that PDU identifiers are incrgoblem very difficult to solve. To avoid this, in the following
mented sequentially in increasing order, it is clear that each PRWalysis, we limit the amount of information to be tracked. In
must eventually wait for the resolution (intended either as caguarticular, at any time, we only track the full state (transmission
rect reception or thel(+1)st transmission failure) only of the attempts and delivery status) of the tagged PDU and the number
PDUs contained in its starting window. This simple but effectivef unresolved blocking packets. The resulting analysis is not
model to characterize ARQ has been widely used in the literaxact but will be shown to be very accurate.
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Moreover, we use the probabiliti’[errof = p to decide Moreover, the probability of having, at the end of round:
whether a PDU in a given slot is erroneous or not. Note thamresolved packets among positiqas- 1)m+1 through(: —
given that a PDU is transmitted in error in a slot, the probability)m 4+ m — 1 and the tagged PDU in stat€®[n, i, 0]) is com-
that it has reached its maximum number of transmission atdited as the probability of having € {n,...,m — 1} unre-
tempts is equal to the probability that the PDU has been alreashjived blocking PDUs (termt[k, i — 1, 1]q + ¢[k,7 — 1,0]) in
transmitted forL times without any success before the considhe previous roun¢i — 1) and that exactly — » of these PDUs
ered slot(P[Lprev. errors = pl). So, the probability that a are resolved in round(termo(k,n)). The termy[k,i — 1, 1] is
PDU is discarded in a slot, i.e., the PDU has been transmitteultiplied by ¢ to account for the case where the tagged packet
in error for L+1 consecutive times, is equal f¢[discard = s resolved at the end of rouridA similar reasoning is made in
Plerroi P[Lprev. errors= p*+1. Hence, a PDU in a given slot the computation of)[n, i, 1]. In this case the term[k,i — 1, 0]
is transmitted successfully with probabiligy= 1 — p, is dis- is absent because a resolved PDU can never be marked as un-
carded with probabilityp; = pL*+!, and remains unresolvedresolved. In this case the terpik, i — 1, 1] is multiplied byp
without being discarded with probability-g—p; = p(1—p”).  to reflect that the tagged packet is still unresolved at the end of
Letu € {0,1} be a Boolean variable indicating the taggedound:.
PDU resolving state, i.e., whenever the tagged packet has beefihe delivery delay statistics, indicated@gt = {m+ul], £ >
resolved or not. In particular, we use the notation= 0 and 0,u € {0,1,...,m— 1}, i.e., the probability to have a delivery
u = 1 for resolution and no-resolution, respectively. Using thidelay for the single PDU equal toslots is approximated by
notation, we define)[n, i, u] as the joint probability that, at the means of the) function
end of roundi, 7 > 0 there aren unresolved PDUs among

positions(: — 1)m+1 through(i — 1)m + m—1 and the state Z[_Ol 0,0], t=0
of the tagged PDW¥is w. In particular, the probability to have, Y[k, & —1,1]¢C(k), n=0,t€D
at the end of rqunq & blocking PDUs and the tagged packeyod[t = tm—4n) ={ k=0
state equal ta, is given by Z’ D[k, €,00C(k) P, n£0.teD
k=1
D[n,0,u] = <mTZ ; i 1) 0, elsewhere(4)
m—ne1 whereD = {1,2,...,Lm},n € {0,1,...,m—1},and{ > 0.
% Z Km —]ZL - 1) C(k—) is the probability to resolvé PDUs in any order and is
o given by
x grppnTit ECOEN L
x (1=q-pa)"p"d' ] @) Ck)y =3 (l > ari ()
1=0

wheren € {0,1,...,m—1},u € {0,1},q = 1—p, pq = p**?!,
andp is the PDU error probability. In the equation above, wi : . - B
compute the probability that out of them—1 PDUs trans- fran}s)mgtiggp%?;ggz fcg‘”rgxg.dg, wheren € {1,2,...,m

mitted (in round 0) are unsuccessful, but they have been tranéi K '

whereP, is the probability that the last of tHhePDUs in error is

mitted less tharl.+1 times (term(1 — ¢ — p4)”, in this case n—1
they must be retransmitted in the next round and in the same <k _ 1)
position), that the remaining. — 1 — n PDUs are resolved ei- P = >—%. (6)
ther due to their correct transmission (teyf) or to their discard (mk_ 1 >
(termpji"_"‘l‘k), and that the tagged PDU is in statéwhere
u = 0 means correctly transmitted). In (4), the wayP,[t] is computed depends on the valuejofn
The functiom)(n, i, u], for i > 0, is evaluated recursively in more detail, if the tagged packet is released in-order at a given
the following way: time ém + (n = 0), this means that it is released in the slot in

1 which it resolved. Given that, all blocking packets are neces-
- L L sarily resolved up to and including the end of roundVhen
Vln. 4, 0] = Z (Wlk,i =1, 1]g +lk,i = 1,0]) o (k, n) n # 0, instead, at the time in which the tagged packet is re-
1 solved, there is at least one blocking packet to be resolved. In
T N T X this caseP,[t] is evaluated summing ovér< k < n the prob-
1] = k,i—1,1 k, 2 d
bl 1] kz_; Vlk, i =1, 1pe(k,n) @ ability (¢[k, £, 0]) thatk blocking packets are unresolved at the
- end of round and that these packets are all resolved (t&f#r))
whereyp(k, n) is the probability to resolve (correctly receive oiin the current round (roung+1). Moreover, given that PDU
discard)k — n PDUs overk in any order and is computed aserrors are described by means of an i.i.d. process, the position
follows: of the last resolved blocking packet is distributed in a uniform
o manner [7]. We then evaluate the probability of resolving the
N k k=nY\ o knrq _ \n last blocking PDU in positiom using (6).P,[t] is reported in
p(k,n) = Z <n> < T > 4 Pa (1=g=pa)" () Fig. 4 and compared against the one computed by simulation for

m = 40, p = 0.1, andL = 3.
SFollowing our definition of round, this PDU is always transmitted in the last
slot of each round, i.e., in this case in position. "Remember that the tagged PDU is always sent at the end of each round.

k=n

r=0
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Fig. 4. Single PDU delay statistids; [t]. Comparison between analysis andFig. 5. Asymptotic behavior aP,[¢] obtained by analysisp = 40,p = 0.1
simulation form = 40,p = 0.1, andL = 3. andL = 7.

B. Statistical Properties aP,[{] tween the probability to resolve the tagged packet in the first

. . . . . - slot and at the end of a given roufd > 0
In this section, we investigate the main characteristics of the g > 0)

function P,[t]. In what follows, for the sake of simplicity, we Py[(s — 1)m + 1] — Py[sm]

refer to the case wheteis unlimited. The obtained results hold m—1

also in the limited case. - W[k,0,1]p""1(1 — p)A[s, k] (10
As above, let round 0 be the one where the tagged packet kZ:O /! (L= p)Als k- (10)

is transmitted for the first time. Moreover, express the delivery

delay asi = ém+n,£ > 0,9 € {0,1,...,m—1}. The proba- WhereA[s, k| = P.[s]* — Pe[s— 1]*. At this point, by rewriting

_bility that an erroneous PI_DU in round O is transmitted correctlpc[s]k as(l — p*)F = lezo ") (=p°)i, itis easy to verify

inaround up to and including roumds given byP.[r] = 1—p". AN ) )

The probability that the tagged packet is resolved in position that A[s, k] tends to zero as increases. In practice, this con-

of rounds, s > 0, i.e., at timed; = sm, is given by vergence is very fast and, as a consequenégt], after a short

transient phase, becomes almost constant inside each round (see

Figs. 4 and 5). These considerations allow us to assert that the
Pyldy = sm] = Y[k, 0,1)P.[s]"p* (1 —p) (7) asymptotic behavior of the delivery delay statistics is described
k=0 by the following equation:

[y

m—

where we compute the probability to hakévlocking packets, ylt] = p(%)' (11)

that all of them are resolved before sfgt(term P.[s]*), and that ’

the tagged packet is resolved exactly in slp(termp*~'(1 — In more detail, (9) and the fact that, after a first transient
p)). Now, let us compute the probability to resolve the tagggshase, all points in a round have the same value allow us to con-
PDU attimed, = sm + 1, i.e., in the first slot of the following clude that, in the logarithmic domain, and after a transient phase,

round: the values of the delivery delay probability in the first (last) slot
1 of each round are placed over a straight line. This observation
Pild, = 11 = k.0, 1P, [s]Fp*(1 — p). g) allowsustofind, after a short transient phase, the exact behavior
aldz = sm +1] — Ik 0, 1] PelsT (1 = p) ® of P,4[t] simply using (11). Givenn andp, the only parameter

that needs to be computed is the valugthat can be found
In this case)[k,0, u] must be viewed as the probability thaby solving equatior;[sm] = y[sm] for s sufficiently large?
the PDU occupying position 1 in round 0 was in erfar= 1) In Fig. 5, we reportP;[t] and the straight lines indicating
and that exactly: packets out of the remaining—1 are erro- the asymptotic behavior by varyingconsideringn = 40 and
neousP.[s]* is the probability that PDU in sId2, 3, ... ,m}is L = T.
transmitted correctly up to and including rousydandp® (1 — p) . o o
represents the probability that the PDU transmitted in the first Link-Layer SDU Transmission Delay Statistics
position of round 0 is resolved in slds. Observing (7) and (8),  In this section, we compute the transmission delay statistics
itis clear that the following relation holds: of an aggregate ok PDUs (link-layer SDU), i.e., the statis-

tics of the time elapsed between the instant in which the first
Pysm+1] = Pylsm]p s> 0. 9)
8This is ensured by the fact th&, [¢] is nondecreasing inside each round,

.. . . . i8., Py[s 1] < Pyls 2] < ... < P, , + m], s > 0. This can be
This is a general result that will be very useful in order to flnberiﬁeid[sf':;nf(‘ﬁ).— dom 2] < - < Falsm +m), 5 2 0. Thi

very fas_t and accurate appro>_<imations of S_UCh Stati_StiCS- Moresnote that forp values up to and including 0., = 1 suffices to derive a
over, using again these equations, we can find the difference ta@y accurate approximation fa.
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PDU composing an SDU is transmitted over the channel and

the slot in which thel'th PDU (the last composing the SDU) is T !

transmitted for the first time over the channel. First of all, note 0-1§~ Tl

that a new PDU is sent over the channel in the generictslot Q\'é’*ﬁ

if and only if a PDU had been resolved slots earlier (in slot %% T

t—m). In fact, each PDU at the time of its first transmission oc- R m\;%

cupies a given position in its starting window. Such PDU isthen 5, °-*** f Y
transmitted every slots in the same window position until suc- \Q\ .
cess or untilZ.+1 transmission failures have occurred. In other ~ °-°%°* _Simulelﬂti?n =10 ‘ oo 3
words, a given window position is occupied for transmission by e os | siiﬁaﬁ;i L=2 ©

a single PDU up to and including the slot where it is finally re- gionalysis n=2 7

solved. Only from this point, can the slot be assigned to a new Le_og L analysis L=3 ~p-- . . .
PDU 10 Hence, the number of PDUs resolved in a generic time 14 16 18 20 22 24 26 28
interval, say|t,t + N], is exactly equal to the number of new t

PDUs transmitted in the time intervgl+ m,t +m + N]. In o o ' '
particular thenew transmission proce"&ssimply theenabling Fig. 6. Transmission delay statisti€s, K, t]; comparison between analysis
’ S . . and simulation forn = 40, K = 14, andp = 0.1.
procesdeterministically right shifted byn slots.
In the following analysis, we adopt the same assumptions ) o
made in SectiongIII—B i)./e. we do noFi track the exact stgte fro fort < K and_t > t‘.“.ax‘ The first case is trivial, whereas
each PDU but we decide whenever a PDU is successfully tra e second case is justified as follows. In the worst case, the

mitted, still unresolved, or discarded using the probabilijies g:f:hzl?eLJn:Zi;:inférznItie)dpg)bghaer2§|tsgﬂzr:2 n?it\tlél(rjl(;;lg;/\; r:/\G/}hﬁerrset
1—q — p4, andp,, respectively. g —

In this section, we refer to th8DU transmission timas the time. Moreover, in the very worst case all these PDUs are re-

number of slots elapsed between the time in which the firstPE}[?nsmitted repeatedly fak times in each of the following.

composing the SDU is transmitted for the first time and the sl ?unds. Or_1ly fr(_)m th|s_ point on can the remainiig-1 PDUS
where the last (thd(th) PDU is transmitted for the first time € t_ran§m|tte_d in position 1 throughi—1. No_te that th'? rea-
over the channel. Hence, the probability that a full SDU is trangon N9 1S valid as long a& — 1 < " but it can easily be
mitted in exactlyt slots, say, in the time interval, i +¢], 7 > 0, extended to the more general case in which-1 > m. In

corresponds to the probability that—1 new PDUs are taken this paper, we focus on the case whéfe- 1 < m because

from the input queue and transmitted for the first time over t E'S a very common §|tuat|on under.typl_cal Iog_lcal channel_set-
channel in slof+1 throughi + ¢ giver that the first PDU com- Ings in UMTS. For instance, considering a link-layer logical

. ' . - - bit rate of B = 120 Kbps, a typical PDU size of 360 bits, and a
posing the SDU packet is transmitted for the first time in slot L
We refer to this probability a®;.[K, t]. Moreover, recall that link-layer round-trip time of RT== 220 ms, we have that about

a packet resolution in a given slot implies the transmission ofy.g PDUs are transm|tt_ed In afu_II rou_nd-nﬂm ~ 75). In addi-

new packetn slots apart; this probability is the same as that &On' asDU of 1 Kbyte is transmltted in 23 PDUSs. Mor?o"ef' for

resolvingK —1 packets iri—1 slots, sayli —m + 1, +t —m], a flxed RTT,m increases \{VIUB. However, our gnaly3|s, with

where the last packet must be resolved in thel{st slot (siot N changes (it is sufficient to changg..), still holds also

i + t — m) given that we have the first resolution in siot m. " the case wherd& — 1 > m. _ _
Hence, a good approximation of the transmission delay s In Fig. 6, we compare the results obtained from (12) with

tistics P,,.[ K, t] can be obtained using (12) at the bottom of th OS? %Ch;ﬁ\/??hby flrputl_atlo dn. By gbsgrvmgzth!s figure, WSI can
page, wheré,.. — m(L + 1) + K — 1. In (12), we compute conclude that the statistics derived using (12) is reasonably ac-

the probability to havek —2 PDU resolutions over—2 slots in curate for small. values, and it tends very quickly to the exact

o, .. statistics ad. increases.
any order (termg’; andg™—2-") and that the PDU transmitted . .
in the last (thetth) slot is also resolved (term + p,;). Note Next, we compute the asymptotic behaviorRg[K, ¢]. In

that the statistics above is conditioned on having the resoluti rtllc(ulfar, v;e ;re [gwtfrisstes ;Snzr:;ﬁoor}lpué:ﬂgoer;v?; tht?]artat'o
of the first PDU (ofK) in the first slot. MoreoverP,,.[K, t] is talK,t + 1]/ Pu[K 1] ” 9

1 + 1 i1 1 . . .

= ( )(j.),z>j,wecanrewr|td)m[K,t+1]

i i+1—j
10we say, in this case, that the resolution of a given Rididbleghe trans-  a! J
mission of a new PDU over the channelslots apart, i.e., in the same window 1
position of the next round. In the sequel, this process will be referredeo-as — o —
abling process Pra[Kt 1] =(1-q pd)t +1-K
1where the last K'th) PDU must be transmitted for the first time in slot .
i + t, whereas the remainini§ — 2 PDUs (excluding the first and théth) can .that hF"dS for any such thatk' < ¢ < tiax. From (13), it
be transmitted in any order in slots-1 throughi + t—1. is straightforward to note tha.[K, ¢ + 1]/ P..[K, ] for large

PolK.t]  (13)

T T
0, elsewhere

K—2[t—2 t—2—1r K9 _
P[K 1] = (q‘|'pd)zr:0< )(K—2— )pqu 2211 — g —pa)t K, K <t < tyax 12)
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Fig. 7. P4 K,t]form =40, K =28,L = 3,andp = 0.1. Fig. 8. P4[K,t]; comparison betweei’ = 7 and X’ = 28 for m = 40,

L = 3,andp = 0.1.

values oft tending to the constant valgé— ¢ —p,). In this case o .
P;.[K,t] can be very well approximated by a straight line (in theb-.I;.Te trﬂotstt#seSfLE)lgu(?r:Flty IS Ehe cedf B [é(’ tl, 1.€., the probb- f
logarithmic domain). These results will be used in Section IV(&I Ity that the elivery ime exceeds a given number o

derive fast and accurate approximations of SDU delay statisti ots, formally
t
D. SDU Delivery Delay Statistics for In-Order Delivery Case cedf[K,t) =1 — Z PyK, z]. (15)
Here we derive the delivery delay statistics of a link-layer r=0

SDU, i.e., the number of slots elapsed between the instant whgfgreover, recall that our analysis is not inclusive of the single
time over the channel and the instant in which the full SDU ispy (Section I1I-A). The complementary delivery delay statis-

received and can be passed in-order to higher layers. To fifigk comprehensive b, is computed as follows:
such statistics, we subdivide the SDU delivery time in two con-

tributions, where the first one is given by the time elapsed be-

0 t< D,
tween the first transmission of the first PDU composing the SDU Prob{SDU delay> t} = {

ccdf[K,t — Dg], t> Dg"

and the slot where the laskth) PDU is transmitted over the (16)
channel. To track this delay, we use the transmission statistics

Computed in (12) From this point on, we use the single PDU de- IV. A CCURATE APPROXIMATION OF THE SDU

“Very delay StatistiCS in (4) to traCk the t|me needed fOI‘ PEU COMPLEMENTARY CUMULAT|VE D|STR|BUT|ON FUNCT|ON
to be delivered in-order. Note that the slot where this last PDU ccdf K, 1]

can be delivered in-order to higher layers is the same slot where _ o )
the whole SDU can be delivered in-order. This is justified by the We believe that the ccdf statistics would be very useful if
fact that the PDUs that eventually block the delivery of figh ~ available at any user terminal. It can be used, for example, to
packet at the instant of its first transmission are only those wigiiedict in advance performance metrics, or used directly in some
an identifier lower than the one assigned to that PDU. In conclkind of cost function.

sion, by using a discrete-time convolution product of these two The main drawback of the analysis presented in Section Ill is
contributions, we are able to obtain the delay statisfigd(, f] that itis computationally too complex to be effectively used in a

of a full SDU mobile terminal, since the involved computations would be time
and energy consuming. Moreover, unless the time spent for the
_Jo, t< K computation of the statistics is small with respect to the period
Py[K,t] = t (14) S . . .
Yor=i Pra[K 7] Palt — 7], t > K. of time in which the channel behavigs) remains constant, then

it results to be useless. For this reason, in addition to energy re-
irements, we have computation delay requirements dictated

}'fthe stationarity period characterizing the PDU error process.

error probabilities of the order gf~ 10~>. For lower values of or these reasons, here, after inves_tiggtin_g the majgr properties

p, the statistics cannot be obtained due to the rare occurren%@e complementgry cumulative d|§tr'|but|on, we will propose

of the corresponding events. In Fig. 8, instead, we report sifhYery low-complexity and fast heuristic able to accurately ap-

ulation and analytical results by varying the number of PDU¥OXimate such statistics.

composing one SDYK). As can be observed from these fig- In Fig. 9, the cumulative complementary distribution

ures, analysis and simulation points are in very good agreemé®df K, ¢] is plotted by varyingL for m = 40 andp = 0.1.

Note also that’;[K, t] is zero fort > (L +1)m+ K —1,i.e., First of all, we note that this statistics presents a cyclic

whereP,.|K, ] is zero. behavior, where the cycle length is equal a2 Moreover,

In Fig. 7 we compare the SDU delivery delay statistics obtain
by simulation against the one obtained analytically using (1
Here, we note that simulation points can be estimated only u
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Fig. 9. ccdfK, ] by varyingL andp for ' = 14, m = 40. Fig. 10. ccdfK,t]; comparison between analysis and fitting fir = 14,

m = 40, L unlimited.

the property expres_sed by (11) St_i” .hOIdS’ .e., in the Iog%én approximate the behavior of ccdf between these points by
rithmic scale the points at the beginning of each round (sIQis. . 1< of a line whose extremes gik] andy([t; 1]. In practice,

K + sm 4+ 1, s > 0) are aligned on a straight line (solid df b I imated by the following function:
bold line in Fig. 9), described again by (11) (appropriatelg"/C can be well approximated by the foflowing function:

setting the parameteg). Moreover, for a given value df, the 1, te0,K —1]
statistics follows the behavior of the one whdrés unlimited , 1 —[0,0,0]¢" 1, =K
approximately untilt = K + Lm; whereas from this point 'K t] = [t:] + (yltica)—ylt:])(t—t:) t € [tirtiv1)
on (in the last round where the ccdf is greater than zero, i.e., Yt m Ty SllJ7C/|’Z]—:|1’1<'3’Ii > 1

int € (K+ Lm,K + (L 4+ 1)m — 2]12) ccdf K, ] starts (18)
decreasing very quickly. It is very interesting to note that the Fig. 10, we compare the cumulative distribution obtained an-
slope concerning this last part appears to be the same asdly#ically against the one derived using (18). As can be observed
one characterizing the SDU delivery delay statistiBg[K,¢]) from that figure, the approximation is very accurate for any

and the SDU transmission delay statistid3.[K,t]), both Now, we investigate how to approximate clddft] whenL is
reported for comparison in Fig. 9. Therefore, in this last patifnited. For this purpose, we consider the approximation given
the statistics follows a straight line (in the logarithmic domairf)y (18) fort € [0, K + Lm], whereas, to fit the tail of the ccdf
whose behavior at timeis characterized by (13). To obtain a(t € (K + Lm, K + (L + 1)m — 2]), we use the functiop; t].
good approximation of this last part, we can simply use (18prmally

by taking the limit slope, i.e., the one reached whemows to

infinity. In conclusion, fort > K + Lm, the complementary 'K, t], te[0,K + Lm]
cumulative distribution can be well approximated by fIK Lit] =S yelt],  te€(K+Lm, K+ (L+1)m—2]
0, t> K+ (L+1)m -2
, (19)
yrltl = (1 =g —pa)' ™" (17) the parametet) in y;[t] can be computed by requiring that

y[K + Lm + 1] = y;[K + Lm + 1], i.e., that the first point of

. . -
Now, in order to find a heuristic able to entirely describe suéﬁ[t] match withy[t] in the last round. Hence; is found as

statistics, we need to generate the first part, i.e., the one observed log(ult
for 0 < t < K + Lm. This is quite simple using (11) to find the th=tpiq — M, (20)
ccdf values at the beginning of each round and by noting that, log(1 — ¢ = pa)

in the linear domain, the points inside each round are alignﬁgth_ it t0 obtain th lete statistics 19) th |
on a straight line. In conclusion, the behavior of ¢édft], for Is point, to obtain the complete statistics from (19), the only

: . ._parameter that needs to be specifiet)ig11)]. This parameter,
0 << K+ Lm, can be well approximated by a pleceW|s$O a given K, can be accurately fitted and stored in a lookup

linear fu.nct.ion,' whereas we can use (17) to approximate the @ble as a function gb. This can be achieved obtaining the an-
of Ithehdlstrlbutlon(lf_( +Lm< thg fK+ .(L + 1)73 - ?_)' h lytic curves and fittingy[t;] with ccdfi K, ¢;] for a sufficiently

n, t_ € ner>]<t, w.e |rs|F rgport the unc::or]l usel tof|t the CCd1argez' (in order to capture the asymptotic behavior of the statis-
statistics wherL is unlimited. Let; be the first slot of round, e/ the logarithmic domain). Moreover, the number of points

i > 1, thent; = K + (i — 1)m + 1. As discussed above, We, pe stored in such a table could be limited by exploiting some
can use the functioplt] to find the probability corresponding properties oft, as a function o, i.e., observing that the be-

to the points at the beginning of each rounpdMoreover, we hayior oft, as a function op is linear forp > 0.004 and that,

12p, K 1] is zero fort > (L + 1)ym + K — 1, so ccdf is zero for > 107 p < 0.001, itis linear in thelog p domain. Fig. 10 has been
(L+1)ym+ K —2. obtained using this first method.
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1 easily implemented on terminals with constrained resources, so
0.01 that delay-driven algorithms can be implemented on handsets.
0.0001 | In Section V, we find the statistics of such an aggregati of
1e-06 | link-layer PDUs in the out-of-order delivery case.
Y le-08 f :
¥ 10l L V. SDU DELIVERY DELAY STATISTICS IN THE OUT-OFORDER
! AL DELIVERY CASE
g le-12 i
le-14 [ analysis, p=0.1 --==== . In the out-of-order delivery case, each link-layer SDU can be
to-16 [ anatveia S BT0t 2 i it passed to higher layers when all the PDUs composing it have
fitting, p=0.01 -o-- A% been correctly received regardless of the delivery status of other
le-18 ranalysis, p=0.001 -~ 34
fitting, p=0.001 -~ . KR SDUs.
te-20 50 100 150 200 In the following, we compute the delivery delay distribu-
t tion regarding a single SDU. As in Sections -1V, we proceed
_ _ ) ) starting from the slot where the first PDU composing that SDU
Fig. 11, Comparison between cfffl. ] and f[K. L.#] for & = 14, m = s transmitted for the first time over the channel. Without loss of

generality, we assume that such PDU is transmitted in position
1 in its transmission round (referred to as round 1). We refer
tot = 1 as the slot where this transmission occurs. Note that,
for the reasons discussed in Sections II-1V, we are sure that in
slot 1-m, a successful transmission occurred. Hence, the whole
statistics is conditioned on the fact that a correct transmission
occurred in slot £m. Once again, we assunté to be the (in-
i teger) number of link-layer PDUs composing one SDU.
log(1 — 9[0,0, 0]‘11‘71)_ (21) Next, we present an approximate approach that is able to fit
log p very accurately the SDU delivery statistics whEn < m or

In Fig. 11, we compare the distribution obtained analyticallif < m andp < 1. This analysis is valid as long & <
against the one derived from (19), and using this last methodrito However, note that in UMTS, due to the large link-layer
evaluatety. At low p values,t, is approximated very well and round-trip time (up to 220 ms), this condition is likely verified.
the statistics is fitted accurately. Howeveraimicreasesy{ = In the computation of the out-of-order delivery delay statistics
0.1 in that figure), the assumptions made in the computation We relax the hypothesis of having a finite i.e., we assume an
to are less accurate (the fitting, in this case, is less accurate tapfinite number of retransmission attempts.

The heuristic expressions given in (17)—(21) make it possibleOur analysis is based on the consideration that, wiier<
to accurately approximate the delay statistics of aggregatesmfand/orp < 1, with almost probability 1, all theX PDUs
K link-layer packets by means of a piecewise linear functioapmposing the tagged SDU are transmitted for the first time
The parameters needed for this computation are the round-ifipound 1. Where this hypothesis holds, the delay statistics,
time (expressed in number of packets transmitted, i.e., normis¢., the probability that a tagged SDU is released in slot
ized and rounded up to the packet transmission time), and7ag {1,2,...,m}, of round¢, £ > 0, given that the first PDU
estimate of the link-layer packet error probabilityFrom these composing it is transmitted for the first time in slot 1, can be
values, it is easy to computg[0, 0, 0](g(g + ps)™ ') and to found with great accuracy using (22) at the bottom of the page,
find f/[K,t] andf[K, L, t]. These functions are then used to eswhere¢ > 0,7 € {1,2,...,m}. The functionsf, f, andP
timate the delay ccdf from (11) and (17) based on the estimatease
the parametet, as given in (21). As the number of parameters _9
to be estimated and stored is small and the approximate analyt- fi(z,y) = (x ) p"Ygu! (23)

Another very effective way to estimatg is to consider the
probability ccdf[K, K] = 1 — 4[0,0,0]¢% 1, i.e., the proba-
bility to deliver the SDU in more thai slots. Now, supposing
that ccdfK, t; = K + 1] is well approximated by y[t;], and
taking ccdfK, K] as an estimate of this quantity, we can figd
as follows:

t0:K+1—m><

. . . . . . -2
ical expressions are simple, this approximate technique can be 31/ .
Tr =
13Note that (11), after a transient phase, gives the exact value dfccd, fa (:1:7 y) = { fi (J;, y) z>1 (24)
¢ > 1. Moreover, the length of this phase for smaNalues tends to zero and S
the following approximation holds: ccdt, #,] = y[t4]. P(K, k1,&) =(1 — p&)E-k(1 —psthki=1pt, (25)
0, ) &m+n< K
P o fl(rg?K)qR? 5207772}( 22
além 4l =4 S ST Uil =+ LK = by D), k)P 6], €30, < K 22)

Sy fi(n k) P(E kL €), £>0,n>K
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In particular, in (22), forém +n € {K,...,m}, i.e.,,§ = "o, simulation o
0 andn € {1,2,...,m}, we compute the probability that, in Sose, ooolio'sigﬁiﬁii N
round O, there ard{ successés in slot 1 throughn and that *assssaniyg 000, analysis
the last (thei(th) success is in position (term f; (1, K)), i.e., \ 3 L
all the SDU is transmitted during the first round and the last
PDU composing it (thé(th) is transmitted in position. Then,
we multiply this probability by the probability that all thege
PDUs are transmitted successfully in round 1 (teff).

For&m + n > m, we subdivide the case where< K from
the case wherg > K. In the first case, we compute the prob-
ability (term f5(n, k1)) of transmittingk; PDUs in round 1 (or
equivalently of having:; successes in round 0) in slot 1 through
7, where the last successful PDU (thgh) is transmitted in slot
7. Moreover, with the ternf,(: — n+ 1, K — k; + 1), we ac-
count fo_r the remaining( — Ky transmiSSic_ms (Of the PDUs Fig. 12. ccdfX,t]: comparison between in-order (i0) and out-of-order (000)
composing the tagged SDU) to be placed in slptd through delivery cases considering = 14, p = 0.1, andm = 40.
m of the first round (wheré is the number of slots needed to
transmit theK PDUs, i.e., the position where tléth PDU is
transmitted). After that, we use tife function to compute the
probability that thek; —1 PDUs transmitted in slgt, j1 < 7,
are correctly received up to rouge-1 (term(1 — p&+i)ki—1),
that the PDU in position is transmitted correctly in sl@im +n
(termpfq) and that thek — k; PDUs in positionsjs, jo > 7

ccdf [K, t]

0.001

0.0001 i i i i I i P i
0 20 40 60 80 100 120 140 160

t

VI. CONCLUSION

In this paper, we considered a point-to-point wireless link
where selective repeat ARQ is used to counteract channel
impairments. An analytical framework is developed first to
find accurate statistics of both link-layer and an aggregate
are successfully transmitted up to and including gtet(term  Of link-layer packets. Then, based on the properties of the
(1 — p&)K—h), statistics obtained by analysis, we derived heuristics for its

Whenn > K, instead’ we first Compute the probab”r[y thaﬁ.ppl’OXimaﬂon. Both the in-order and the out-of-order delivery
k, PDUs are transmitted in positions {1,2,,n} (in the first ©f link-layer packets is considered. The merit of the paper is
round) and that the last (thgth) of these PDUs is transmittedt0 give accurate, simple, and computationally fast heuristics
exactly in position (term fi(n, k1)). Then, using the func- for the characterization of delivery delay statistics of higher
tion P, we account for the probability that the PDUs in slottayer packets when ARQ retransmission techniques are used at
{1'2,. . _/77_]_} are Correcﬂy transmitted up to and inc|udinghe link Iayer. These heuristics could be effectively used, for
roundé+1, that thek;th PDU is transmitted correctly in posi-€xample, in channel adaptive algorithms as an estimate of the

tion n of round¢+1, and that all the remaining PDUK (— k1,

delay perceived by packets belonging to the application layer

that are transmitted in positiohe {n+1,...,
cessfully transmitted up to and including roufid
In Fig. 12, we report the comparison of the ccdf between

the in-order andout-of-orderdelivery cases. As expected, the [
out-of-order case is characterized by the lowest delivery delay;
for some values of, in this case, the cumulative delivery delay
probability is reduced by a factor of three with respect to the [3
in-order delivery case. This could be very useful in the pres-
ence of delay constrained flows. It is worth noting that also ,
in this case, the delivery delay statistics are characterized by
a cyclic behavior that can be captured using (11) by appropri-
ately tuning thety parameter. In this case, the statistics can be
accurately fitted noting that the first part of each round is char-[6]
acterized by a constant value, whereas after this phase the dis-
tribution starts decreasing until the beginning of the following 7]
round. Hence, by using twice (11), i.e., to track the starting point
of each round and the ending point of the corresponding con—8]
stant phase, and using again straight lines to approximate th[e
decreasing behavior after constant periods, it is straightforward
to obtain accurate and fast heuristics also for the out-of-order®!
delivery case. These heuristics are not shown here due to space
constraints but can be obtained based on what was explained in
Section Il 1

14as noted above, these successes will en&bleew PDU transmissions in
the following round.

(11]

m}) are suc- data flow(delay utility functions).
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