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Abstract—in this paper, an inhibit sense multiple access—di- service to be provided. For example, in applications such as
rect sequence/code division multiple access (ISMA-DS/CDMA) voice, where users transmit continuous flows of information,
medium access control protocol for a packet transmission mobile the assignment of spreading codes on a per-user basis after an

radio network is presented. The main feature of this protocol . itial set b fficient strat H thi
is its ability to retain the inherent flexibility of random access inial SELp Process can be an eiicient strategy. FHOWevetr, tis

protocols while at the same time reducing to some extent the fixed assignment strategy lacks flexibility when dealing with
randomness in the access in order to increase the system capacitypacket-based applications that generate bursty traffic. In such
In this framework, the protocol is presented together with some cases, other random access policies become more suitable.
e o o ecamnce Y, One af the most commnl used random aceess profocols i
rate according to the channel load that is broadcast by the base SlOtt‘_ad ALOHA (S-ALOHA).Ina D_S/CDMA environment, aC'_
station. As a result, an adaptive bit rate algorithm is presented cording to this protocol when a given user needs to transmit a
that reaches a throughput value close to the theoretical maximum. packet, it randomly selects a code sequence from the available
Index Terms—Access protocols, code division multiaccess, Se:t O_f existiﬂg codes in the base .station "’_‘nd perf(_)rms the trans-
packet radio. mission. This protocol is very flexible for light traffic loads, but
as the load increases, the system becomes limited not only by
multiuser interference but also by a higher number of collisions
in the access. This limitation arises mainly from the fact that
ESEARCH into efficient medium access control (MACsers do not have knowledge as to whether or not there are other
protocols in a wireless environment gains added interassers transmitting with the selected code sequence.
in light of the fact that third-generation mobile communica- It is obvious that this type of protocol can be improved
tion systems will be focused on providing wireless access Iy reducing to some extent the randomness in the access.
different kinds of multimedia services, thus needing to handfeccording to this criterion, the inhibit sense multiple access
traffic sources of very different statistical nature with similar csdd SMA) protocol achieves this reduction by broadcasting in the
pabilities to those of the wired backbone network. In this coslownlink information about the uplink channel. Specifically,
text, direct sequence/code division multiple access (DS/CDM#)e base station indicates the statlmisy or free) of the
packet transmission networks play an important role thanks\arious available spreading code sequences. Hence, users have
their inherent statistical multiplexing capability. additional information before attempting to access the system.
The main objective of medium access protocols is to guaFhis protocol was originally designed on a time division
antee efficient access to a set of shared resources, which stromgiiitiple access (TDMA) basis as an adaptation of carrier sense
depend on the multiple access technique being used. This papsltiple access (CSMA) designed to overcome the drawbacks
will focus on the DS/CDMA technique, as it is emerging as thef the radio environment, such as the hidden terminal problem
predominant multiple access scheme to be used in propoddls [5]. Some adaptations of this protocol to DS/CDMA are
such as the radio interface defined for universal mobile telecopresented in [6]-[8].
munication system (UMTS) or cdma2000 (code division mul- The basic behavior of the ISMA-DS/CDMA protocol is
tiple access 2000) [1]-[3]. According to this access scheme,dhown in Fig. 1 according to the model presented in [7]. Users
which all the users share the same bandwidth and time slots, te@ain in anidle state while they have no information to be
resources to manage become the number of available spreadiagsmitted. Whenever the application layers of a given user
codes and also the power levels that can be used in order to lirgiguire a message to be sent, it is split into fixed lengrthit
the overall interference level. packets. Then, the broadcast channel is listened to in order to
For DS/CDMA networks, the most appropriate assignmegetermine the available code sequences (i.e., those which are
strategy to manage a set of code sequences will depend onrthebusy). After this process, one of these codes is randomly
selected and the first packet is transmitted. If a collision occurs
(i.e., another user has selected the same code sequence in
Manuscript received March 7, 2000; revised November 14, 2000. This wojke same time slot) or if the packet is corrupted by multiuser
was supported by CICYT Project TIC 98-684 and under a Grant from the .
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the selected code dmisy and it will be assigned to the userwith the access regulation and the adaptive selection of the ap-
until the end of its transmission. Then, no other users will @opriate bit rate could be adapted to a scheme like the CPCH
allowed to select that code, so access to that resource is sdidnnel.
to be inhibited However, having acquired a code does not The rest of the paper is organized as follows. In Section I,
guarantee success in subsequent packet transmissions, mafrdyproposed ISMA-DS/CDMA protocol is presented. In Sec-
due to multiuser interference. So if a received packet contaitian 111, the improvement of the protocol by means of adaptive
errors, the user will retain the code, but it will change to thaccess probabilities is considered. In Section IV, the adaptive
retransmissiorstate and again attempt to transmit the corruptathnsmission bit rate algorithms MS and ThMS are presented
packet in the next slot by applying a certain probabitity; . and compared in the ISMA-DS/CDMA context, resulting in a
According to this behavior, in [7] a Markov modeling is prebetter behavior for the latter. Finally, in Section V, the conclu-
sented to analyze the performance of the protocol in termssibns are summarized.
throughput and message delay, and is validated against simu-
lations. However, this modeling presents some simplifications
that are no longer valid when considering the protocol under II. ISMA-DS/CDMA PROTOCOL
a realistic frame structure. This paper stems from this basis : . .
and a new ISMA-DS/CDMA MAC protocol is proposed in the The lSMA'DS./CDMA protocol 'S de_5|gned to aII_ow agiven
L number ofV registered users working in packet-switched mode
context of an frequency division duplex (FDD) frame structure . : .
i : ) . t0 share a set & spreading codes in a base station thanks to the
together with some mechanisms that improve its performang atistical multiplexing provided by the traffic generation pat-
based on the knowledge that ISMA-DS/CDMA provides abo % b gp . y tratiic g P
. . ern. The considered spreading codes in this workZgrenil-
the system load. Particularly, some strategies are presented.re-

garding the use of adaptive access probabilities and adap {\slgcond segments of Gold codes, and each data bit, assuming

transmission bit rate algorithms depending on the number gpary phase shift keying (BPSK) modulation, is spread with a

busycode sequences. In this framework, the thresholds mobri]umber of chips qual to the spreadmg fackgr The period
of these sequences is then very much higher than the number of

station (MS) algorithm (ThMS algorithm) is proposed to vary, . ) T . )
adaptively the transmission bit rate by taking into account tr@'ps per bit, and this high period guarantees the existence of a

. : : . . igh number of code sequences that can be assigned to the dif-
information provided by the base station as an estimate of . ; -

. . . . : rent base stations of the system for the uplink transmission.
overall interference. This algorithm arises from an evolution 9%

Fig. 1. ISMA-DS/CDMA model.

the MS-controlied algoritm (MS algorih), presented in (9 TR, o (AN DAREE (ERE PG ot
for an S-ALOHA-DS/CDMA system, by taking advantage o inale code seauence y 9
the inherent characteristics of the ISMA-DS/CDMA protocof’ 9 q ' . .
i . ... On the other hand, due to the different propagation delays,
Thanks to this feature, ThMS reveals a better reaction capablhpl : : ) o
there will not exist bit level synchronization between the

in the face of changes in the overall system load and also a lower . . . .
N . . received signals at the base station coming from the different
standard deviation in the applied bit rate.

It should be stated that the field of DS/CDMA packet tran users. Consequently, an asynchronous DS/CDMA system will

mission strategies has been recently covered in the definit??)% assumed in this work.

of the UMTS terrestrial radio access (UTRA) radio interface b

third generation partnership project (3GPP) with proposals su%h ISMA-DS/CDMA Rules

as the common packet channel (CPCH) or the random acces§he rules that define the proposed ISMA-DS/CDMA pro-
channel (RACH) [10], [11]. As a matter of fact, there exist som@col are presented in the following, according to Fig. 2 and the
similarities between the proposed ISMA-DS/CDMA protocdpasic behavior that has been described in Section I.

and the CPCH scheme. Consequently, it should be mentionedL) All the registered users are synchronized with the frame
that the adaptive mechanisms proposed in this paper dealing structure of the target base station. It consistg’emil-
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Fig. 2.

2)

3) Users generate messages that are divided into packets of 8)

4)
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Frame structure and procedure of the ISMA-DS/CDMA protocol.

lisecond frames which are in turn subdivided idfptime
slots, each of them corresponding to a power control pe-
riod. All the spreading codes of the base station follow
the same frame structure.

The base station broadcasts on a frame-by-frame basis
a channel that contains the status of &S different
spreading codes. It requires a single bit per code, where a
1 indicates that the code Bisyand a0 indicates that the
code isfree For this analysis, no errors will be assumed
in the transmission of this information.

fixed integer number of bits depending on the spreading
factor to be used, so that each packet contains the number
of bits to be transmitted in each frame. This process must
ensure that there is always an integer number of packets
per message, by adding zeros if necessary to complete the
required number of bits. The generated packets are put
into a buffer waiting for transmission.

Whenever a message is to be transmitted, the terminal
listens to the broadcast channel and determines those
spreading codes that are not being used at present. Then,
it randomly selects one of them and transmits an initial
T, («T;) millisecond preamble A by applying an
open-loop power control. In addition to other informa-
tion, a random number is transmitted in this preamble. A
certain cyclic redundancy check (CRC) is considered in
the transmitted information in order to detect the correct
reception of the preamble. In the event of the preamble
being correctly received, the base station acknowledges
it in the corresponding downlink of the selected code
during the nextZ;,, millisecond period and replies with

the detected random number together with power control
indications. The purpose of this random number is
to avoid a situation in which two or more users have
selected the same code but, due to capture effects, one of
the packets has been correctly received. In such a case,
only the user whose number corresponds to the number
replied by the base station will have acquired the code.
This mechanism is similar to the one employed by the
global system for mobile communications (GSM) system
in the random access procedure [12].
After having transmitted the preamble, the mobile ter-
minal listens to the corresponding downlink of the se-
lected code and waits for the base station reply R. To this
extent, an error-free return channel will be assumed. If
this reply indicates that the code has been correctly ac-
quired (i.e., no collision against another user has occurred
and multiuser interference has not degraded the transmis-
sion) it continues the transmission for the rest of the frame
and the successive frames, while the base station broad-
casts the status of the codetasy On the other hand, if
no reply is received, or if the random number does not
correspond to the transmitted one, the mobile terminal
changes to théackloggedstate, and will again attempt
access, with probability,., in the subsequent frames.
Suitable values for this probability will be discussed later.
The main advantage of this scheme is that it allows de-
tection of a collision just after the first preamble trans-
mission and, consequently, collided users only generate
interference to other users at the beginning of a frame, as
they abort their transmissions if they do not receive the
reply R.
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Note in Fig. 2 that the base station can start the broatthe throughput can be computed as the average number of suc-
cast of the spreading codes statmsgyor fre€) only after cessfully received packets per frame (or equivalently, the mean
all the preambles A have been received and thus the basenber of successfully received bits, neglecting the payload in-
station has been able to determine the new users that hireeluced by the error detecting code). On the other hand, the
successfully acquired a code. Obviously, this conditiomelay for a given message can be computed as the difference
does not apply to the rest of system information that cdretween the time when the message transmission has been com-
be broadcast in the same channel. pleted (i.e., when all the packets of this message have been suc-

Note also that the packet transmission in the first franmessfully received by the base station) and the time when the
is slightly shorter than the subsequent transmissions. Thigssage arrived into the transmitter buffer.
does not pose any problem in the protocol behavior and
just has an implication on how the messages to be tram@- Maximum Theoretical Throughput Bound of a
mitted are divided into packets. DS/CDMA Protocol

6) During the successive frames, the remaining packets ar%, order to evaluate the behavior of a given DS/CDMA MAC

transmitted, and ideal closed-loop power control will b ) o :
assumed thanks to the dedicated downlink channel agré)tocol, such as the proposed ISMA-DS/CDMA, itis possible

the N trol period ket or f establish a maximum theoretical bound and then see how far
€ Vs POWET CONtrol Periods per packet or irame. is the protocol performance from this maximum. To this ex-

[
7) The agknovyledgmenj[ procedure assumes that a pact% , let us assume an asynchronous DS/CDMA system with
transmitted in frame, is acknowledged by the base sta-

tion in f 1 i Ket i i i . da spreading factof; (i.e., the ratio of the bit period to the
lon nframen +. - I @ packet Is not correctly receive chip period) andL bit packets. Additionally, let us consider
due to multiuser interference it will be retransmitted in th

. - . at no channel-correcting code is being used and that an ideal
subsequent frames with probability.;, but meanwhile 9 9

i de will busy N idered in th closed-loop power control technique is applied in a single-cell
€ code witremalibusy TNO errors are Consideredinin€s o qrig_if the code management performed by the MAC pro-
acknowledgment transmitted by the base station.

N : . tocol were ideal, no collisions would occur in the code acquisi-

8) Abitindicates in each transm_ltted packet whet.her orngbn process and thus the system would be limited only by the
there are other packets w;:utmg for transmission in tr’f%ultiuser interference, which poses a bound for the maximum
butfer. _Th_en the_ base station knqws when the mess mber of successful simultaneous transmissions inherent to the
transmission f|n|shes_ and W.h.en it has to bro_aq_cast t %/CDMAtechnique being used. Particularly, and according to
code status aisee again. Ad(_jlt_|onz_;1||y, the possibility of the considered spreading sequences, the Gaussian approxima-
a user failing before transmitting its last packet has to n can be applied to model interference and to determine the

takehn Into acctc;]unt, fgr 3\)/<ar? dplre riﬁi;oliosrisnd cover:aigne. it error probabilityp, () when there are simultaneous trans-
such a case, the code would re yduring a certain . 005 114], 115

number of[y,,,.. frames without receiving any informa-
1 3S;
= — erf — 1
. pl) 2< 2<x—1>> @
B. System Model Description

tion from the user and, afterwards, it would be released.
The evaluation of the proposed scheme has been performed€n; the maximum throughput (i.e., the maximum number
by means of system level computer simulations. These sinff-successful simultaneous transmissions) that could be reached
lations consider a given number of registered users in a sinGi! Pe calculated by maximizing the following expression

cell, each of them generating messages according to a Pois¥@eS denotes throughput

arrival process. Message length follows an exponential distri- ) )

bution. Both the arrival rate and the mean message length aré = z’[correct packgt simultaneous transmitted pacKets
input parameters of the simulator. Each user follows the trans- = z(1 — py(x))". 2
mission rules that have been previously defined for the protocol,

by considering an ideal closed loop power control capable ofUnder this ideal DS/CDMA MAC protocol assumption, the
mitigating the channel fading and thus obtaining the same meaximization of function (2) corresponds to the maximum
ceived power for all the users. However, this is no longer trakroughput value that any protocol could reach under the same
for the transmission of preamble A, in which only an open loopssumptions regardin§l; and L. Hence, it can be used as an
power control can be applied and consequently only the shagbper bound to measure the performance of ISMA-DS/CDMA
owing fading can be mitigated. This point has been simulatadd determining how far is the behavior of the protocol from
by considering a Rayleigh variation in the received preamblethe optimum.

For each frame, depending on the number of simultaneousAlthough it can be argued that, for a low number of simul-
transmissions and, consequently, on the overall interference, ttueeous users, the Gaussian approximation is a weak assump-
simulation computes the number of packets that are successftittyy in a DS/CDMA scenario, this is only true for very low
received. To this extent, and taking into account that in sorbé error rates, which do not have a strong impact on the prob-
instants there exists a mixture of users that apply closed-loability of successfully receiving a packet. Actually, when the
power control with other users that apply an open-loop poweumber of simultaneous users is small, the bit error rate (BER)
control, the model presented in [13] has been considered. Thisralso very small and the probability of successfully receiving a



1358

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 6, NOVEMBER 2001

r ! K=90 codes, N=200 users
\ S;=64, =600 bits/frame
80 - ! Mean message length=4000 bits
\ S-ALOHA - DS/CDMA
- ----- ISMA-DS/CDMA
S 60 | \
E v
S \
9 \
S 40} !
[ \
()] v
(] L
/2] r v
[%2] 3
] \
= 20 L \\
0 \ 1 . i . L . 1 ) ]
0 2000 4000

6000 8000 10000
Throughput (bits/frame)

Fig. 3. Comparison between ISMA and S-ALOHA in terms of the throughput versus message delay response.

packet is close to one, regardless of how low the BER is. Consa&d an average message length of 4000 bits. We take as a refer-
guently, the assumption of considering the Gaussian approxineace the frame structure defined in the UTRA FDD proposal,
tion should not greatly influence the throughput behavior [15hnd thus we assunig; = 10 ms, chip rate of 3.84 Mchips/s

(38400 chips per frame)y, = 15 time slots per packet or
D. Comparison With S-ALOHA-DS/CDMA frame with slot duration of 2/3 ms, aritl, = 4/3 ms (i.e.,

the duration of two time slots), together with spreading factor
In order to show the good behavior of the ISMA-DS/CDMAS ; = 64 and packet lengtti = 600 bits, corresponding to one

protocol in a packet transmission environment, the corofthe defined bit rates in this proposal [10]. For both protocols,
parison between this protocol and the widely usetransmission of packets that collided is performed with
S-ALOHA-DS/CDMA protocol is presented in the fol-probabilityp, = 0.3 in the next frame. For ISMA-DS/CDMA,
lowing. For the simulation of S-ALOHA-DS/CDMA, userspacket retransmissions once the code has been acquired are
generate messages according to the same traffic model asgerformed with probability,.; = 0.5. It can be observed that
been considered in the ISMA-DS/CDMA case. Then, whdSMA-DS/CDMA highly outperforms S-ALOHA-DS/CDMA
they require to access the system they just select one of theerms of both throughput and message delay. This is due to
availableK spreading codes and they transmit a packet on fhe fact that ISMA-DS/CDMA provides users with knowledge
the packet duration being equal to one frame. Once they hasout the system status and avoids collisions once a code has
successfully transmitted the first packet, they will make udseen acquired, while in S-ALOHA-DS/CDMA collisions can
of the same code for the remaining packets of the messagecur in any packet of the message and thus the number of
However, as there is no broadcast regarding the codes whigtransmissions and the delay increase.
are being used, a collision with another user that selects theDn the other hand, the maximization of expression (2)
same spreading code can occur in any of the packets of fbe Sy = 64 and L = 600 bits gives a maximum theoret-
message. An ideal error-free channel will be assumed fieal throughput of 14.5 packets/frame or equivalently 8700
indicating the acknowledgment of the transmitted packetsits/frame, while, by looking at Fig. 3, the maximum throughput
When a packet is not successfully received, a new access willdghieved by the ISMA-DS/CDMA protocol with the specified
tried again in the next frame by applying a certain probabilityalues for probabilitie®, andp,.; is around 6000 bits/frame.
p-. Open-loop power control is assumed at the beginning Bhis corresponds to an efficiency of around 69% with respect
each packet transmission (i.e., during the first time slot of the the maximum theoretical bound due to the randomness of
frame), while closed-loop power control is considered duringye protocol in terms of the nonzero collision probability and
the rest of the packet. On the other hand, the throughput ahé effect of probabilitieg, and p..; which have not been

the message delay are computed in the same way as in ¢p@mized yet. Other aspects, such as the lack of perfect power
ISMA-DS/CDMA case.

control at the transmission of preambles, also contribute to the
Taking into account these considerations, Fig. 3 shows ttiference with the maximum bound. In any case, this efficiency
throughput-message delay response for both protocols whem be increased by making use of the broadcast information

consideringV- = 200 users sharingg = 90 code sequencesregarding the number abusy codes to adaptively vary the
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different probabilities or even the bit rate, as will be discussedLinear variation:
in the following two sections. As a matter of fact, the use of

. X
this information to improve the protocol behavior is another Function1:  p,1(z)=1— e )
advantage of ISMA-DS/CDMA over S-ALOHA-DS/CDMA. max
Quadratic variation:
Ill. A CCESSREGULATION 22
Function 2: " =1—— 4
Until now, it has been assumed that all the users attempting to Pr,2(7) K2, . “)
enter the system simply select one available code and transmit (@ — Kon)?
on it, while users who fail to gain access try again with some Function3:  p, 3(z) = /e max (5)
fixed probabilityp,.. The purpose of this probability is to regu- max

late to some extent the access into the system when it becomes| of these functions are defined only for valuesdietween
congested and thus avoid high interference situations. Howexgand K ..., being0 in all other cases.
this differentiation introduces a degree of unfairness, as newThe maximum number of allowed simultaneous ugers,.
users will gain access more easily than users whose attemgéds to be calculated in order to limit the overall multiuser
to gain access was not successful, thus punishing the latteiniterference present in the system. A possible criterion arises
terms of delay. In order to cope with this problem, in this sectidnom the maximization of (2) which gives the maximum
some strategies to regulate the access fairly, and accordingly,albbievable throughput in an ideal DS/CDMA system and also
overall interference level, are presented. the number of simultaneous transmissiang, that provides
First of all, fairness can be provided by forcing probabilitghis maximum throughput. Consequently, it is possible to set
p, to be applied not only bpackloggedusers but also bidle  Kmax = Zmax in order that no new accesses are allowed when-
users before entering the system. The main point here, therg\ér the number of simultaneous users equals:, as a higher
to determine the most suitable value for this probability. Parumber of simultaneous users would cause the throughput
ticularly, it should be noted that low values pf will tend to to decrease. Particularly, for the caSg = 64 and L = 600
reduce the number of simultaneous users in the system, thusRits, the maximum of (2) is found to b#,.x = 14.5 correct
creasing the collision probability but increasing the delay, whikackets/frame, which corresponds to a number of simultaneous
high values will tend to facilitate the access, thus reducing d€ansmissions:m.. = 16. Other possible criteria would be to
cess delay but also reducing the throughput as the numbef%f/max depending on a maximum allowable block error rate
simultaneous users will be higher. Hence, a suitable stratdgAted to a particular quality of service to be provided.

seems to be the selection of an adaptive value depending ofl! F19- 4, the throughput-message delay response is presented
the number of simultaneous users (ilBusycodes) broadcast f_or the three considered functions. As it can be observed, Func-

by the base station. Accordingly, when there are few simultion 3 presents a poorer performance because it hinders access
hen the number of simultaneous users is clos&tg,. by

neous users, high values pf may be suitable, whereas Wher¥V _ : babilitv that introd hiah
the number of simultaneous users increases, itis advisabletofél(—:'ngoa v?hry Otvr\: acr(]:es(sj pro adl'l Y tha introduces ab Itg er
duce or even inhibit new accesses by means ohlues close to elay. Un the ofher hand, regarding the comparison between

. Function 1 and Function 2, differences are small but in general
zero so that the number of simultaneous users and the overallin- "~ .
. . unction 2 allows a lower delay at the expense of a slightly re-
terference level is kept below a maximum. As a resgulshould

duced maximum throughput. This is due to the fact that Function

: %Spresents a higher access probability than the linear Function
from0 to & givenK'un (<K ) whose value depends onthe maxi_ Therefore, for low and medium load levels, the access delay

imum interference allowed in the system as will be discusseddgln be lower with Function 2. Nevertheless. when the number
the foIIovv_lng. . . _ of simultaneous users is closeiq,., the higher access prob-
According to these constraints, there exist a lot of pOSS'bé\‘i')ility of Function 2 is reflected on a higher interference level

functions for specifying the variation af,. in terms of the that reduces the maximum achievable throughput.

number of busy codes in a given frame. Therefore, this  ajhough the access is inhibited when there Aig... simul-
work will be focused only on verifying the benefits of theianeous users, as the regulation is performed only in a proba-
proposed mechanism for a specific set of functions each gfistic manner, in certain situations it could be possible to have
them corresponding to a different general trend of fhe more thank,,,., users having acquired a code. Note that if there
variation, but without attempting to perform an exhaustiVgre |ess that,,.. busy codes in the system and thys> 0,
search to determine the optimum function. Accordingly, thregs the number of codes should be higher thaf ;.. to re-
possible trends to consider for this variation can be the Iine@mce collisions in the code acquisition process [7]’ there is a
dependence, a variation in whiph(x) decreases smoothly for nonzero probability that several users succeed in gaining access
low and medium values of and abruptly wher is close to and hence that there are more tHég.. simultaneous users in
Knax [i.e., the second derivative @f.(z) is p;/(z) < 0], and the system. Therefore, if no additional actions are taken to over-
finally the opposite variation wherg,.(x) decreases abruptly come this issue and limit the number of simultaneous transmis-
when g is low and then it smoothly decreases until reachingions, a reduction in the throughput could occur.

Kpax [in this casep!/(z) > 0]. Then, three representative In order to deal with this problem, a linear backoff strategy
functions for these trends would be, respectively: can be applied to control the retransmission probability so
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Fig. 4. Throughput versus message delay response for the different variatipna®f function of the number of busy codes.
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Fig. 5. Throughput versus message delay response of the ISMA-DS/CDMA protocol when using the different adaptive mechanisms.

that users whose packets have not been successfully receivegphieme for botidle andbackloggedisers with quadratic Func-

off retransmissions and thus the number of users that are sintidn 2. A significantimprovement can be observed when making

taneously transmitting is reduced [16]. Probability; would use of this scheme thanks to the adaptive regulation over the in-
be decreased as a function of the number of retransmissionsesference level. Likewise, the maximum throughput achieved

a given packet according to the following relationship: by the proposed adaptive protocol is around 7800 bits/frame.

Then, when comparing it with the maximum theoretical bound
of 8700 bits/frame calculated by the maximization of (2), an
efficiency in terms of throughput of around 90% is achieved,

higher than in the case of fixed probabilities. Additionally, by
Fig. 5 presents the results regarding throughput and messhkgeking at the curves in which only one of the probabilities (ei-

delay for ISMA-DS/CDMA when considering fixed- andp,.;  therp,. orp..) is adapted while the other remains constant, it can
probabilities and when applying the proposed adaptive accéssobserved how the major benefit of the adaptive mechanism

L. 1
Pret (ith retransmission= -. (6)
(2



PEREZ-ROMERGCet al: AN ADAPTIVE ISMA-DS/CDMA MAC PROTOCOL 1361

TABLE |
CONSIDEREDBIT RATES
Bitrate | S, |/ (bits/frame)| x,u(users) | S.ad{packets/frame) Smax(bits/frame)
v 256 150 86 705 10575
2y 128 300 37 314 9420
4y 64 600 16 14.5 8700
8v 32 1200 8 7.0 8400
16v 16 2400 4 37 8880

comes from the adaptation pf rather than from the adaptationcombined with other measurements, such as the number of er-
of pret. roneous and successful transmissions to adaptively decide the

On the other hand, further simulations that we have pesuitable transmission bit rate.
formed, not shown for the sake of brevity, reveal that the higherlIn this section, two different adaptive bit rate algorithms for
the number of code sequencks the higher the benefit that isthe ISMA-DS/CDMA protocol are addressed. First, the earlier
obtained by means of the adaptive mechanism when compaké8-controlled algorithm (MS algorithm) proposed in [9] is con-
to the case of fixed probabilities. The reason relays on the faitlered. Then, the ThMS algorithm is proposed as an improved
that if there are a lot of codes, the probability of collision isersion of MS in an ISMA-DS/CDMA context that takes advan-
highly reduced, so that, when fixed probabilities are appliethge of the information about the numberfsycodes.
the system can easily reach a situation where a high number oRegarding the system model to evaluate the proposed algo-
users have acquired a code depending on the particular valrigsns, without loss of generality, five of the rates defined in
of p,. and p,.t. Consequently, if no regulation of the numbetJTRA FDD are considered in this analysis. They are specified
of transmissions is carried out, the achieved throughput carTable | in terms of spreading factors and packet lengths. The
become very low. Instead, the adaptive mechanism is leasmber of simultaneous transmissians,, that maximizes (2)
sensitive to the number of available cod&s as long as this is given for each bit rate together with the corresponding max-
number is higher thark,,.,, because this maximum valueimum S,,... On the other hand, the target received power fol-
actually limits the number of users that have acquired a codews the criterion of having the same energy per bit for all the
independent of how higl is. users, assuming that all of them belong to the same service class.

Hence, the received power for a user transmittingabits per
IV. ADAPTIVE TRANSMISSIONBIT RATE ALGORITHMS IN second should ba times the received power for a user trans-
ISMA-DS/CDMA mitting at the slowest rate bits per second.

One of the keys for the flexibility of DS/CDMA is the fact Another as_sumptlo_n d_eals with _the message generation
e . . .- process. Particularly, it will be considered that the generated
that the transmission bit rat®, can be varied together with . .
. . . S essages are divided into packets of length equal to the
the spreading factds (i.e., the protection against interference

without modifying the total bandwidti . This comes from the . inimum number of .b'ts that can b.e transmitted in a fra'."”e
relationshipW’ = R, - S, which means that the bit rate ca (i.e., the number of bits corresponding to the lowest possible

be increased by a factor of if the spreading factor is in turnrblt rate). Again, zeros are added if necessary to have an integer

reduced byx. Hence, a further improvement can be achieve%umber of packets.
in the ISMA-DS/CDMA access protocol when applying mech- i )
anisms to adapt the transmission rate to channel characterisﬂ“cs.MS'Coer”ed Algorithm (MS Algorithm)
Accordingly, under low-load conditions, users can make use ofThe MS-controlled algorithm (MS algorithm), proposed in
reduced spreading factors to obtain high bit rates and redud¢@pfor its use together with S-ALOHA-DS/CDMA, is based on
delays. On the other hand, when the offered load increases, iasying the bit rate according to the number of consecutive suc-
better to reduce the bit rate and thus obtain a higher spreadaggsful or erroneous transmissions for a given packet. The main
factor that allows more capacity at the expense of toleratingparameters of this algorithm am€n,,,. andmax;,. Specifically,
longer transmission delay. aftermin,,. consecutive successful transmissions and if the bit
In the context of S-ALOHA-DS/CDMA, different algorithms rate is below the maximum one, the rate is multiplied by two
have been proposed that deal with the bit rate adaptation ds-the interference level is assumed to be low enough. On the
pending on the number of erroneous and successful transnaither hand, aftemax,, consecutive erroneous transmissions of
sions perceived by a given user, which allows an estimation @fyiven packet and if the bit rate is above the minimum one, a
the channel load [9]. At this point, it should be stated that a behigh interference level is assumed to be in the system and thus
efit of the ISMA-DS/CDMA centralized operation mode is thehe bit rate is divided by two in order to obtain the higher pro-
intrinsic knowledge that it provides about the channel load lgction provided by the higher spreading factor. This scheme is
means of the broadcast channel. Hence, this knowledge cardivectly applicable to the proposed ISMA-DS/CDMA protocol
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Fig. 6. Throughput versus message delay responses when fixed bit rates are applied and when ThMS algorithm is used.

simply by performing rate adaptations both when the code hiasorder to specify these thresholds, the maximum number of
been acquired and when the acquisition is being attempted. Nallewed users for each bit rate shown in Table | and derived
that this scheme is completely decentralized and each mobjilem the maximization of (2) can be applied. Taking these values
terminal selects the corresponding bit rate on its own. The deeuld mean that, whenever there are more simultaneous users
tection of the selected bit rate can be achieved in the base statltan the maximum allowed for a given bit rate, a reduction in the
either by blind detection mechanisms or by indicating it explignitial bit rate would be performed so that in all the cases the bit
itly in a specific field of the transmitted packet. rate is adapted to the overall interference present in the system.
It should be noted that, since this algorithm was initially deAccordingly, the thresholds are specifiedqas= 4, v3 = 8,
signed for a purely decentralized random access protocol sugh= 16, v; = 37.
as S-ALOHA, it does not take advantage of the broadcast in-Similarly, note that according to the access regulation method
formation to determine the most appropriate bit rate to be usgéscribed in Section Ill, access is forbidden whenever there are
depending on the number biisycodes. As a result, whenevermore thank,,,,, busy codes, wher& ., is the number of si-
a user starts a message transmission, it will make use of therhiiltaneous users in the system that maximizes the throughput
rate that was applied in its last transmitted message, or, in {fie., 86 according to Table I, corresponding to the case when
case of the first access into the system, the lowest bit rate will &k the users apply the lowest bit rate). This leads to define
applied, with a cautious approach. Therefore, the initial channgl = K., = 86.
load estimation based on previous transmissions can lead to e®nce the transmission has started with the bit rate provided
roneous estimations if message interarrival time is high or if thg the thresholds, users will dynamically change their bit rate

overall offered load varies with time. according to the MS algorithm with parametersn,,. and
_ _ max;, depending on the number of consecutive successful and
B. Threshold-Based MS Algorithm (ThMS Algorithm) erroneous packet transmissions in the subsequent frames. This

For the purpose of overcoming the disadvantages of the Nf#chanism improves the MS algorithm by complementing
algorithm, the information provided by the base station can Bewith a good initial estimation and thus it avoids the slow
exploited in order to decide the most appropriate bit rate to st&f@rting process to reach the correct bit rate.
amessage transmission. This decision could be taken dependirl§ order to study the behavior of these algorithms in an ISMA-
on the number obusycodesz, and according to some specificPS/CDMA framework, results have been obtained through sim-
thresholds so that for small values ofhigh bit rates can be ulations when consideringy = 200 registered users sharing a
applied and as increases the bit rate can be decreased accof@tal number ofK” = 90 code sequences. Messages are gener-
ingly. Let define a set of monotonically decreasing threshol@ed according to a Poisson statistic and their length is expo-
vi,i=0,1,2 3,4, 5with v5 = 0. Then, the initial bit rate nentially distributed with a mean 4000 bits. For both ThMS and
R, would be chosen as a function of the number of busy cod¥s algorithms we have considerathx;, = 1 andming,c = 7,

z and the slowest bit rate according to the following relation: Which are the most suitable values according to [9].
Fig. 6 presents the throughput versus message delay response

Ry, = 2'v, ifvipr <z <vyfori=0,1,23,4. (7) ofthe ThMS algorithm. The corresponding curves for the dif-
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Fig. 8. Comparison between the reaction capability of MS and ThMS algorithms in the face of a change in the overall system load introduced inidine simulat
between frames 10000 and 13 000.

ferent fixed bit rates are also presented. Regarding these curpesmyrer behavior of MS is mainly due to the rough estimation in
they make use of the adaptive access probability regulationtbé initial bit rate, which causes the algorithm to evolve until it
Section lll, with the corresponding valuesiéf, .. derived from reaches the appropriate bit rate, thus leading to a reduced mean
Table | for each bit rate. A good performance in terms of deldyjt rate and an increased mean delay. In addition to this, the
and throughput for both high and low loads can be realized asthndard deviation of the MS algorithm is also higher, which
the response of the ThMS algorithm approximately follows theveals that, in practice, there may be users in the system not
enveloping of the response for the different fixed bit rates alomgining benefit from the algorithm.
the whole margin of considered offered loads, as it is supposedror high loads, both algorithms behave quite similarly in
to happen with an adaptive bit rate algorithm. terms of mean delay and throughput. As it can be observed
Aiming to compare both algorithms, Fig. 7 shows the mean Fig. 6, the maximum achieved throughput depends on the
and the standard deviation of the bit rate applied by each adnsidered bit rate, so that reduced bit rates allow a higher
them as the number of simultaneous users increases. The Thiw8rall system throughput at the expense of tolerating a higher
algorithm outperforms the MS algorithm for low loads, with dransmission delay. This aspect reflects the importance of an
higher mean bit rate that leads to a shorter message delay. @lgorithm, such as ThMS, that is able to select adaptively the
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most appropriate bit rate for each load situation. Note also tHf8#ALOHA-DS/CDMA has been compared with the proposed
the maximum throughput achieved by the algorithm is arouddhMS algorithm, that applies a threshold-based strategy to
10000 bits/frame, while the maximum theoretical throughpdiecide the initial bit rate for a message transmission depending
that can be achieved according to the maximization of () the number of busy codes broadcast by the base station. This
for the slowest bit rate corresponds to 10575 hits/frame (s@chanism allows a higher reaction capability in the face of
Table 1). Consequently, the efficiency of the adaptive protocdfriations in the system load and also reflects a lower standard
in terms of throughput is around 94%. deviation of the bit rate. Consequently, ThMS claims for a
Finally, another important matter to highlight regardin@etter overall behavior when compared with MS. The adaptive
ThMS relays on its faster reaction capability in front of changd§MA-DS/CDMA with ThMS has revealed an efficiency in
in the overall system load, when compared to the MS algorithi§rms of the maximum theoretical throughput of around 94%.
Actually, this is one of the most important features of ThMS,
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