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~ Abstract—This paper presents and analyzes a new near-op- (AARA) [3] achieve the best delay and throughput performance
timum medium access control (MAC) protocol. The proposed (0.853 with only three control minislots). However, to reach

access scheme is suitable for a CDMA mobile communication ; . _
environment, and keeps under control and upper bounded the throughputs approaching unity, the AARA protocols need a the

number of simultaneous transmissions. It has a delay performance oretiqally infin_ite n_ur_nber of minislots, and this is ok_)viously im-
approaching that of an ideal optimum M/M/ K system, wherek is  Practical and inefficient because of the overhead introduced by
the number of spreading codes being used (maximum number of each minislot.

simultaneous transmissions). The protocol is a free random access  One widely studied medium access protocol based on con-

protocol when the traffic load is light, and switches smoothly and trol minislots is DQRUMA (distributed queue request update
automatically to a reservation protocol when traffic load becomes

heavier. It is based on distributed queues and a collision resolution multiple a_cc_:ess) [15]. This p_rotocol USES a certgln number of
a|gorithm. Moreover, a physica| receiver structure is proposed access m|n|S|0tS for reservation purposes. Term|na|s W|th data
and analyzed in order to preserve the robustness of the protocol to transmit send an access request in one of these minislots
in a wireless link. The results obtgined show that the protocol applying a slotted-ALOHA strategy. This request contains the
outperforms other well known medium access protocols in terms jqangification number of the terminal and the type and quality
of stability and delay, even when taking into account the loss . . - -
caused by channel propagation conditions. of the demanded service. The main advan_tage of using this cen-
tralized strategy is that it allows the designer to totally con-
trol the behavior of the system. It is possible to give priority
to terminals with strict quality requirements, such as tight delay
bounds, instead of simply maximizing the overall throughput.
|. INTRODUCTION However, high complexity algorithms, a great amount of sig-

N THE LAST few years, many research efforts have focuséﬁ‘“ng _a’_‘d feedback_ information, and accurate admission con-
ol policies are required for the system to work correctly. More-

on the design of medium access control (MAC) protocol| . .

In the future tr?ird-generation communicatiorg syst)erFl:s, mix&y €" sIotted-ALOHA sFrategy_|s used for accessing purposes,
services and different traffic patterns will have to share the sarﬂréd_thus th.e pptentlal instability problem is still present when
channel structure and resources. MAC techniques must prov []a?['nc load is high. . -
flexibility and efficiency to allow the existence of these types of n general, mer_el_y using control m|n|sl_ots makes _the s_ystem
systems with reasonable complexity and reliability. more gomplex as itis necessary to have time slot_s vy|th different

ALOHA and slotted-ALOHA techniques have been Wideli'me sizes. Nevertheless,. we observe that all existing tree pro-
used in the past as random access protocols. However, t %ﬁols that do not have minislots use data slots to resolve colli-

low throughput (0.18 and 0.36 maximum) and potential instSions, and thus lose the channel capacity of all the empty slots

bility at heavy traffic load have led to the appearance of collP’ collided packets. The suggested improvements to tree proto-

sion resolution algorithms (CRA), also called tree algorith %OIS seek o redu_ce_the number of coIIi_si(_)ns and empty S.IOtS'
[1], which have a higher performance (up to 0.568 based t they dp not gllml_nate this type of eficiency loss. Keepmg
ternary channel feedback [2]). Some protocols achieve hig tr:eze |deas_ n mm(;j, Xu and Camtpbelll p[;()pszid tZe ?s—
throughput by using control minislots for reservation purposeaI uted queueing random access protocol (DQ ) 4], [3],

Of all these, the announced arrival random access protoc cs)]' which seems to be one of the best-performing MAC pro-
tocols proposed to date. This protocol uses three control minis-

lots and is based on a tree-type collision resolution algorithm. It

) . ) i was initially designed for a TDMA environment, particularly for
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channel capacity. These near-optimum characteristics add todhso derived in this section. Section IV explains and analyzes the
appeal of using the rationale of this protocol in other transmiproposed scheme for the control minislot state detection. In this
sion environments such as packet radio systems. section, protocol algorithm modifications are also introduced to
On the other hand, direct-sequence code division multiplecover from errors in the minislot detection. Section V shows
access (DS-CDMA) is going to be adopted for third-generaemputer simulation results and comparisons to other protocols.
tion mobile telecommunication systems. Schemes based Finally, Appendix | and Appendix Il are devoted to the conclu-
wide-band CDMA (WCDMA) [6] have been chosen as radision.
interfaces by the standardization body in Japan (ARIB), and
also in Europe by the ETSI for the UMTS Terrestrial Radio
Access (UTRA) [7]. This access scheme is also being con-
sidered in the International Mobile Telecommunication 2000 Let us considerN data terminals which share a CDMA
(IMT-2000) [8] by the ITU. In this paper, we propose a randomhannel withk available spreading codes to communicate with
near-optimum medium access protocol that modifies amdbase station. The time axis is divided into slots, and each slot
extends DQRAP techniques for use in a CDMA environmehts two fields. The first field is the access field, which is further
such as those mentioned above. The operation mode of tided intom control minislots. The second field is the data
protocol may allow the use of random access channels (RACpYrt, where terminals will transmit their packets. We assume
or other packet transmission systems, in uplinks (reverse linki)at every station has perfect slot and minislot synchronization.
not only for accessing purposes but also to efficiently transnithe X spreading codes are put in order, and we will denote
data. K; for theith code. We consider that the terminals are able to
For this purpose, the idea of using a DQRAP engine for eachange the spreading code for data and request transmission on
one of the spreading codes is introduced. Then, as the protocd islot-by-slot basis. The messages generated by one terminal
based on two logical distributed queues (the collision resolutiane split into slot-duration packets and put into a buffer. Each
queue and the transmission queue), the queues correspongimgket will be sent with the same spreading code, but not all
to each spreading code are joined in only one queue for edbh packets pertaining to one message will necessarily be sent
group (resolution and transmission). We will show in this pap&vith the same spreading code.
that the DQRAP/CDMA protocol can be modeled as two con- The protocol uses two concatenated distributed queues: the
catenated M/MK systems, wher& is the number of available collision resolution queue and the data transmission queue.
spreading codes. Moreover, DQRAP/CDMA is provided withVhen a message arrives at the system, the corresponding ter-
a mechanism that reduces to a minimumijttier in the delay minal, following a certain set of rules described below, selects
of the packets corresponding to one message, and also becomepreading code and sends a request in one of the control
a new advantage for managing messages of more than one limtislots pertaining to this code. If it fails (i.e., the request col-
length. lides with one or more requests from other messages), it enters
The protocol is a free random access protocol when thige collision resolution queue. Collisions are then resolved in
traffic load is light, thus reducing the transmission delay, arttle order fixed by the queue discipline. In addition, the data
switches smoothly and automatically to a reservation protodchnsmission queue contains the messages that have succeeded
when traffic load becomes heavier, blocking the transmissioniaftheir request and are waiting to be transmitted to the base
newly arrived packets by putting them into a data transmissistation also following the order fixed by the corresponding
gueue. Then, given certain CDMA channel characteristics (i.gyeue discipline. Collision resolution and data transmission
spreading factor, bits per slot, fading and interference modptocesses work in parallel.
diversity, coding, ARQ strategy, etc.), DQRAP/CDMA allows All the terminals must have four integer counters, which rep-
an optimum number of simultaneous transmissions to be kepsent the two logical distributed queues. We will denote them as
in the system, avoiding collisions to a great extent (they onlyQ, RQ, pTQ, and pRQ. TQ is the number of messages waiting
could appear for light traffic conditions) and preventing the uder transmission in the distributed transmission queue. RQ is the
of more receiver resources than strictly needed. This behavimmber of collisions waiting for resolution in the distributed col-
is the key to its good delay and throughput performance.  lision resolution queue. pTQ is the position of a given terminal
In order to assess the DQRAP/CDMA scheme under reat-the data transmission queue, and pRQ is the position of that
istic conditions, a receiver scheme for the control minislot déerminal in the collision resolution queue. These values range
tection was proposed and analyzed. Expressions for the minigtoim 0, meaning that the terminal does not have any position in
state misdetection probabilities were derived, and various metle corresponding queue, to TQ or RQ (respectively), 1 being
anisms were introduced to keep the robustness of the protocdtia first position of the queue. TQ and RQ have the same value
a Rayleigh fading channel situation. Finally, a comparison wésr all the terminals in the system (i.e., they represhstributed
made to other MAC schemes extensively studied in the open liieues), while pTQ and pRQ have a specific value for each ter-
erature such as slotted-ALOHA/CDMA [9] and ISMA/CDMA minal. We assume both queues to be FIFO. All four values are
[14]. The results obtained show a significant improvement in thiitially set to zero and must be kept updated using the feedback
system delay and throughput performance. information sent by the base station, each slot, using a broadcast
The paper is organized as follows. The protocol descripti@mannel, and following a set of rules described below. It consists
is detailed in Section Il. In Section Ill, the analytical model i®f ternary state data for each control minislot of every spreading
presented and studied. Expressions for the total system delaya@rde, and also has to include a final-message-bit for each code.

Il. PROTOCOLDESCRIPTION
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The three different states that the base station must be able to arrival criterion. On the other hand, if the request has
distinguish are: empty, success, and collision. A collision will collided, the terminal calculates its position among all
occur when more than one station transmits in the same min-  the present collisions and sets pRQ to the corresponding
islot of the same spreading code. The final-message-bit is the value at the end of RQ. If it has not sent any request, then
mark that all the data terminals must send when they are trans- pTQ and pRQ follow the same update rules as TQ and
mitting the last packet from one message. This flag bit must  RQ, respectively, but only if the initial values are other
be ON in the last packet of each message, and must be OFF in than zero.

all the other packets. This mechanism allows all packets from @) DTR (Data Transmission Rules):

message to be transmitted with a single request and minimizes .
. . a) If TQ < K, each station that has pT90, pRQ= 0 and
the delayjitter between these packets. Nevertheless, if propaga- . )
Y P propag data packets ready to be sent transmits the first packet of

tion delay in the system prevents the terminals from receiving its buff g th di dér This rule i

the feedback information about this final-message-bit before the IIS u Tlr gstlr?gf € sprea Ingl co -tQ—ﬁll IS “: €S d

next data slot begins, an empty slot loss is produced at the end of a sokc? ? b et ree ac_;:tezs_ rule, 3_5‘ It ? OV\;]S netw %/rarlnv%

each message. If messages are known to be short (for example, _pal_c r?tSHO € transmi fh. |mn|1e lately when ra”.'(.: oa

ATM cells), it should be possible and convenient to switch off IS Iight. HOWEVET, using this rule may cause a coflision n
the data part of a slot.

this mechanism and consider all messages formed by a singlg) If a station has pTQ> 0 and pTQ < K, the station

packet. t its the first packet of its buffer using th di
The protocol algorithm consists of three sets of rules that each ransmits the irSt packet ot 1ts butier using the spreading
code Ky,1q. If this packet is the last one of the current

data terminal has to follow at the end of each slot. They are, in the stati ts the final bit to ON
order of execution, the queueing discipline rules (QDR), the data message, the station s§§ € final-message-bit to ON.
transmission rules (DTR), and the request transmission rules3) RTR (Request Transmission Rules):

(RTR). a) If RQ < K, each station that has pRO0 and pTQ= 0
and data packets ready to be sent randomly selects one of
A. Algorithm Rules the control minislots of the spreading coflg:q+. and

_ _ _ transmits a request in it.
We will now describe the algorithm rules that each data ter- ) | 5 station has pR@ 0 and pRQ< K, the station ran-

minal has to execute at the end of each slot, assuming that, at domly selects one of the control minislots of the spreading
this time, the feedback information from the base station about code K, rq and transmits a request in it.

the state of the control minislots of the previous slot has already
been received by the terminal. They must be executed in the
order presented below. Some rules have initial conditions tf%\t
must be true to execute the corresponding actions. If the asserfhe example shown in Fig. 1 illustrates the operation of the
tion is not verified, then the algorithm simply jumps to the neXrotocol withK = 3, N = 4, andm = 3 starting from an idle
rule. When all the rules have been checked, the slot finishes &ydtem (all values are initially zero). All the messages generated
a new one starts. by the terminals are assumed to be of length one, so each data
1) QDR (Queueing Discipline Rules): slot has the final-message-bit set to ON.
a) Each station increments the value of TQ by one unit for In slotn = 0, three messages arrive at the system ka 1,
each control minislot in the success state, taking into aiiey try to send a request and also to transmit the data in the
count the feedback information from all the control minfirst spreading code (using rules RTR-1 and DTR-1). Only the
islots from any of thei{ spreading codes. request fromp2 succeeds and enablg3to enter the transmis-
b) Each station reduces the value of TQ by one unit feion queue. As the requestsdf andp3 collide, they enter the
each packet correctly received by the base station withllision resolution queue. All packets use the free access rule
the final-message-bit set to ON from any of the spreadif@TR-1), and then the data part also collides. In this slot, a mes-

Example

codes. sage frony4 arrives at the system.
c) If RQ > 0, each station reduces the value of RQ by Inn = 2, p2is the only packet in the transmission queue and
min(RQ, K) units. it is thus transmitted using the first spreading code (DTR-2).

d) Each station increments the value of RQ by one uritacketg1 andp3 resolve their collision (RTR-2) and enter the
for each control minislot in the collision state, takingransmission queue({ in the first position, as its request used
into account all the control minislots from any of thé a prior control minislot) (QDR-5). Howeveg4 transmits its
spreading codes. request and data using the second spreading code (RTR-1 and

e) Depending onits state, and the results of the control minBTR-1). As p4 is the only new packet arriving at the system,
lots, each station calculates the values for pTQ and pRifs data transmission succeeds, and therefore it does not need to
That is, if it has sent a request and this request has setter any queue. Two more packets arrive at this slot.
ceeded, it calculates its position among all the succeedingn n = 3, p1 andp3 are transmitted using the first and second
minislots and sets pTQ to the corresponding value at tepreading codes (DTR-2). The new packetandp4 send their
end of TQ. For this purpose, all the successes are sorteduests and collide. They enter the collision resolution queue.
using the order of the spreading code to which they bbt n = 4, requests fromp2 andp4 collide and the packets again
long, and within the same spreading code, using a tineater the collision resolution queue. The requests fpdrand
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time
Packet pi=packet of data terminat i [
arrivals
n=0 n=1 n=2 n=3 n=4 n=5
Pt p2 p3 pa P2 e p1 b2 e |
Spreading <minisiots b—— data—p-
Codes p1
1 p2 p2 pl
Kkt |P 2 2 11p3 2 1 2
p3 P 23 p1{p P p4 P pa p3 p4 [
K2 p4 p4 3 Pl 1|p3
p p3 p1|p
2
K3 P
p4
End of Slot:
Execution of
algorithm rules

DTi =i-th Data Terminal

Fig. 1. Example of DQRAP/CDMA protocol operation.

; ; : e Collision Resolution Data Transmission
p3 also collide and enter this latter queue in the next position, | Subsystem | Subsyster |

they have used a higher-in-order spreading code. +a 5, all I i
the packets attempt to resolve their collisions and succeed,
tering the transmission queue. This process continues endles

C. Practical Considerations
At this point, we are going to outline some practical consic—'(;,ML’m

erations for real implementation purposes. First of all, we a g7 RQ

considering that the feedback information about the states
the control minislots is broadcasted to the terminals and arriv One server for eachll L
before the next time slot begins. This is a feasible feature as ' spreading code (K servers) .- data slots
system has the data slot duration for performing this transmis-

sion. Fig. 2. Model of DQRAP/CDMA protocol.

Moreover, it is assumed that the base station also broadcasts . . . . . .
the values of TQ and RQ periodically in the control downliniService t|m_e will thus be a uniformly distributed random vari-
in order to allow new users to join the system and recover fronple m_the interval (Q’ 1). Both s_ubsystems have as many servers
possible losses of the counters. This information consists of o§; available spreading codes (i.E).
two integer values that occupy a few bits. Another practical pos- 1 N€ €léments in the system are the messages generated by the
sibility is to transmit this number to the mobile terminals only!SE'S: although they only use the control minislots for accessing
when needed to join the system or recover from errors. purposes in the collision resolution subsystem. The feedback

line in this subsystem represents that the messages that collide

in their requests must enter the queue again until they succeed.

Ill. PROTOCOLMODEL AND ANALYSIS A. Delay Analysis

The DQRAP/CDMA protocol can be modeled as shown in The total delay for a messager) can be broken down into
Fig. 2. We have two queue subsystems: the collision resolutifiur terms: the service time of the ETdr1r), the total delay
subsystem and the transmission subsystem. The enable trafishe collision resolution subsysteftrq ), the total delay of
mission interval (ETI) service time represents the time eatie data transmission subsystémg ), and the delay caused by
message has to wait from when it arrives at the system until tthee collision of a data packet in a data glat). This latter term
next time slot starts. Normalizing the time axis in slot units, thisppears when more than one terminal transmits its packet using
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rule 1 of the DTR (the free access rule) in the same slot. Thishle, as they fit this model very well. Then, with this assump-
the expected value of the total delay of the system is tion, we can write its probability density functigrlf as

. 1
SEEE (1 P(V) ln<1_—P()\)>. )

We will now describe the expression of the terms in (1). Firg{e can thus see that the service time of the collision resolution

of all, E[terr] equals 0.5 because the arrival of messages is ilipsystem is a Poisson-distributed random variable with mean
dependent of the slot timing and, as noted abeéyeg; is a uni-

formly distributed random variable in the interval (0, 1). 1 1 -1
= (=)

1) Total Delay of the Collision Resolution Subsystelnet R P

Eltr] = Elteri] + Eltrg] + E[tc] + E[t1q]. 1) frq(t) =

(6)
P()\) be the probability that a message will find a free control
minislot to access when it arrives at the system, wheiethe \We can therefore model the system as an MiMFollowing

total message input rate to the system (with Poisson distriRfe analysis in [10], adding the waiting time in the queue plus

tion). We may note that, according to RTR, all newly arriveghe service time, we can write the total delay for the collision
messages use the same spreading code to send their requgsdlution subsystem
In addition, the arrival process is memoryless, and the protocol

uses a tree algorithm for collision resolution, that is, all packets _ 1
gor sion ; Eltrql =
that have collided in a certain minislot use an exclusive code to I 1
resolve their contention. Then, if we hawecontrol minislots 1 1 — e—A/m
per code, it results in P
+ . KRQ (7)
- Kln(—) (1 - prq)
1— e—)\/rn
P(\) = P(free minislot |k = n)P(k=n)  (2)
n=0 where
whereP(free minislot |k = n) is the probability of randomly A
choosing an empty minislot whenpackets have arrived at the PRQ = Kurg (®)
system in a given slot, anft(k = n) is the probability that 54
n packets arrive at the system in that slot. Therefore, it can be (K pra) ™
written that m
Prrq =577 —- )
n K
g 1 1\" Z (KPRQ) + (KPRQ)
PN =Pk=0 Pk = — 1= — ] 1 —
0 =Pt=0)+ 3 Pt =mm (1) (1) 2 T TR )
oy i )\_" (1 1 " Thj§ last expression is the Erlang C formula for the delay prob-
— n! m ability.
Y ’;_1 2) Total Delay of the Data Transmission Subsysteks:
=e WM™, 3)

both arrival and service time processes are Poisson-distributed,
the collision resolution subsystem output traffic pattern will

All the messages in the collision resolution subsystem (iysq pe poisson-distributed and, as shown in [11], with the
cluding both the messages waiting in the queue and the newlyne rate as the input traffic This output traffic is directly

arrived ones) have a probability(A) of succeeding in their e jnot traffic of the data transmission subsystem.

request. Thu;, the service Flme fqr t_he CO||I§I0n resolution y the terminals generate messages of exponentially dis-

supsystem will be a geometrlcal_ly distributed d_|screte rar_“_jot’iributed length with mear(1/;). Then, assuming that the

vgnqble_[t] (Wherg[-] denotes the integer part), with prObab'“tysystem uses a Stop & Wait ARQ strategy to retransmit each

distribution function (PDF): packet containing one or more error bits, the service time of
the data transmission subsystem will also be exponentially

Fro([t]) =1 - (1 — PO))H. (4) distributed. The mean value of this service time will be the

mean length of the messagés$,/.), multiplied by the mean

At this point, if we use the exact discrete service time distriransmission time for each packet of the messdgeCalling

bution, the system is an M/@& and, as pointed out in [10], p the probability that a packet has at least one error bit, we can

this type of system is analytically unmanageable and only loogite the value forl; as

bound expressions exist for them. However, in our case, we can -

approxmgte t_he_geo_metrlcal dlstrl_butlon by th_e co_rrespo_ndlng T =(1-p) Z npt = 1 (10)

exponential distribution for a continuous service timas, in 1-—

fact, the geometrical distribution values are only the sampling

of the exponential one. Computer simulation results, as will biewe discard and retransmit any packet having at least one er-

shown in Section IV, will confirm that this approximation is featoneous bitp is the block error ratioBLER so we can finally

n=1
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write the mean service time for the data transmission subsystem + { 1 L Prrg
(1/p1q) as #(1—BLER) ' Ku(1— BLER)(I - prq)
K—1 "
11 1 3 (Kprq)
e i 0T (1-BLER) () —~ ol
¢ e X (1= (L+N).
— n 44
Again, both the input traffic and the service time of the data Z (Kprq) + (Kprq)
transmission subsystem are exponentially distributed, and we = nl K'(1 - prq)

can thus model this subsystem as an MVdueue system. Its T | hi , dto k h | fth
total delay expression thus has the same terms as the one fpevaluate this expression, we need to know the value of the

the collision resolution subsystem but changing the service tirﬁédER' ”; we ra:ssm;fme afpﬁrfect Ip)ower control for a s:]eaéjy staFe
rateing by the new valugizq, that is, and neglect the effect of thermal noise, we may use the Gaussian

hypothesis for the interferences. Then, as we discard and re-

1 Prrq transmit all the packets containing one or more errors, we can

Eltrql = + write [12]
u(1 —BLER) ' Kpu(1 — BLER)(1 — prq)
(12) ) o5 L
_ _ BLER=1- [1— -erfc| /I — (15)
where the expression fgirq is also the same as fairg but 2 2(k—1)
substituting the value girq with the new valug.rq. That s,
where
A 13 Sy spreading factor;
prQ = Kurq' (13) k number of simultaneous data transmissions;
L number of bits contained in the packets sent during a

Note thatPxrq is the Erlang C formula with servers and time slot.
with this new valugorq. Note thatk is not constant with time. For analytical evaluation

3) Data Collision Delay: According to the algorithm rules purposes, we will usgé = K, as this is the worst case value.
of the protocol, the only possible situation where a data colli- However, this perfect power control is not available in the ini-
sion can occur is when the system has fewer thamessages tial transient state when minislots are used to access the media.
waiting in the data transmission subsystem, and more than onferefore, a Rayleigh fading model can approach the commu-

packet arrives at the system in the same slot. The mean del@ation channel better, as is shown in the following.
caused by this event will be its probability, since if a data colli-

sion occurs, the message will enter any of the two subsystemd$ofDetection of Access Requests in Control Minislots
the model (depending on whether its request has succeeded @ne of the main problems for the practical implementation
collided) and will no longer collide. We can evaluate this prokys protocols using minislots for accessing purposes is the com-

ability as plexity they entail in the physical layer. In normal conditions,
. the only difference between these control minislots and the data
K-1 y
o )\ke—)\ . . . . . . .
E[t.] = Z J Z slots is their length, measured in bits or in time units. Unfor-
— s k! tunately, regardless of the actual length of a slot, special sym-
K1 bols such as bit training patterns must be transmitted at the be-
K n
Z Hpra)" ginning of each slot for channel synchronization, equalization,
0 n! a and power control. The number of these symbols required de-
= (1—eM1+N) - e
K—1 (K prg)” (K pra)X pends on the characteristics of the radio link. The performance
Z ,Q + Zalel < improvement of the minislots is thus impaired when taking into
— (1= pra) account this physical layer overhead. Moreover, mixed slot sizes

(14)  complicate the hardware design of the radio interface.

However, DQRAP/CDMA has a critical advantage for tack-
wherep, is the probability that the system hasunits, taking  |ing this problem. Control minislots are simply a burst of chips
into account the ones in the queue and the ones being serveghat a terminal has to send inside a certain window of time for

4) Total System DelayThe average total delay for a mesthe pase station to detect its access demand. The only require-
sage will be ment is that it must be possible for the base station to distinguish
between three different states: 1) empty, that is, no energy is re-
1 ceived; 2) success, that is, a single burst flamy terminal has
- been detected; and 3) collision, when tatomorebursts have
1H<;> been detected.

1—e 2/m The receiver structure for this access scheme could be as fol-
lows: each station has two different assigned access sequences,

Prrq and no other terminal will have the same pair of sequences.

Kln < 1 ) (1= pro) _\Nher_1 a t_erminal has to transmit an access burstin a control min-
1 — e—Mm RQ islot, it will send both sequences simultaneously. The detection

1
E[tT] - 5 +

+
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than 2 peaks)
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Fig. 3. Structure of the minislot receiver at the base station.

of more than two access sequences will allow the base statioMNote thatV andVx depend on the number of simultaneous
to detect collisions without any need to have one matched filtgser transmissions that cause interference in the system, that
for each user. Fig. 3 shows the structure of the receiver at iBgon the value ofj,. In our practical case, the transmitted se-
base station. This receiver consists of a bank of matched filtegisiences are used for access request detection (and possible col-
one for each different sequence. A matched filter will outpuisions) in the control minislots. This number of simultaneous
a peak whenever it detects that any terminal has transmitted fgsmissions thus matches the number of access request se-
corresponding sequence. Then, the decision block only needg{@nces sent in the same considered minislot, using any of the
count the number of correlation peaks at the output of the bagisjlable spreading codes. Moreover, this value will depend on
of filters. Ideally, if two peaks are detected, it means that onjye traffic load offered to the system, measured in terms of the
one terminal has sentits request. A greater number of peaks Wilinher of messages trying to access the channel per time unit
denote the presence of a collision. The absence of peaks S'”Ieléfubled). We must choose a value fofthe number of simul-
reveals the absence of access requests. Note that if we use a %@%us access requests), which we will call design simply
of IF f||t§rs,twe can adﬂres@(f —1)/2 dlfffetLent USErs. d 71, and select the false alarm probability we wish for this spe-
N orderto assess the periormance ot the proposed TeCeigh. |5 e, Indeed, if we neglect the effect of the thermal noise
scheme in terms of the probability of minislot state misdetec- o : .
. . . interference limited system), and denotingf3s, the design
tion, we first must calculate the detection and false alarm prop- . I
0 C . aHse alarm probability, the value for the decision threshold can
abilities at the output of each detection filter, that is, the match%e explicitly written forD — 1 (no diversity)
filter with the square power and threshold decision blocks. plcity o y

C. Analysis of the Minislot State Detection Scheme

Using an optimal receiver scheme, with antenna and postde-
tection diversity of ordelD (see Appendix Il), the false alarm
probability Py and the detection probabilit¥, for each detec- Therefore, the detection probability is
tion filter are given by

9:_%(7>D—1)MECIHPJCD. (20)

00 D-1 2(rp —1)ME.In P
—o/v g/vm — 3\'D e LD
Py = / po(zyiz =0y O /n,) (16) Ffu= eXP<N (Z(rp - VE, + MEC)>
n=0 '
(2(rp—1)/2(rp—1)+3M)
oo D-1 n =P . (21)
- fD
Py = / pi(2)dZ = etV w 17)
/] =0 .
. o Fig. 4 shows the values for the false alarm and detection prob-
wheref is the decision threshold, and abilities as a function of the parametes for a sequence of
lengthM = 256.
_ _ 2 .
V=Ml = M(NO + 5 Be(r — 1)) (18) However, the real false alarm and detection probabilities in
and the system will not be as presented in this figure. Indeed, once
Ve =M(Ip+ ME.). (19) the threshold for the decisor has been chosen, these probabili-

ties still depend on the number of simultaneous access requests
M is the number of chipdy, is the total interference level), is  transmitted in each minislot, that is, the total interference level,
the energy per chip, andis the number of simultaneous acceswhich will not always be the design omg . In general, we will
request transmissions. actually have a certain value ferdifferent froms .
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Fig. 4. Detection and false alarm probabilities in a Rayleigh fading environment without diversity.

Given the threshold value defined in (20), the expressions fbhe false alarm and detection probabilities are thus
the probabilities in the system will be

- —1 n
oy D1 <’7(7‘D - ))
Py=e Py=gGOp-b/mr-D N X 1T (25)
2(rp —1)ME.In Psp 1 /el — n!
— ex 3 f _ P( n—1/ ) (22) n=0
= €Xp 2., —4fD n
3(r—1ME, < 2v(rp — 1) )
. D=1\ =~ 5+~
Py=c/Vr Py =~ Crtro=0p26-nan 3 A2 =D +3M )
B 2(rp —1)ME.In Psp — n!
~ P\ 2 - 1)ME. + M?E, (26)
:PJEQD(TD—l)/Q(r—l)JrgM) 23)

Note that all the expressions presented assume a perfect min-
'%ot synchronization, that is, all the access requests arrive at the

wherer is the actual number of access requests. As an exam . . S
. . ... __base station simultaneously. In fact, this situation is a worst case
Figs. 5 and 6 show the false alarm and detection probabilitiesas -~ . . ;
. T3 . scenario, as all the access requests suffer the maximum possible
a function ofr for a Pyp = 10~ and withrp = 20.

L : interference level. However, this situation keeps the size of the
We can observe that the variation of the detection probability. ~. -

. . ... Minislots to a minimum and, as they represent an access over-
is very small withr. Furthermore, the false alarm probability,

: head that is not useful for data transmission, maximizes the data
also increases smoothly fer > rp and decreases abruptly

whenr < rp. These properties match our practical applicatiotr.qroughpm efficiency. It would be possible to fulfill this condi-

well: when traffic load is higher than the design rate, the proggn using mobile location techniques [13]. If they are not avail-

abilities are only slightly worse than decided; and when traﬁ%ble’ the minislot size is lower bounded by the maximum prop-

; . ation delay in the system. In a macrocell environment, this
load becomes lighter, the false alarm probability decreases dra- oo .
. . . value may be significantly greater than the access request size,
matically, improving the system performance.

Using antenna diversitgD > 1), it is not possible to write and the detection probability will be enforced, as not all the re-

the explicit expression of the threshold as a function of the falgglved requests will be simultaneous in time. For this case, the

o . ' expression presented in (26) will represent a lower bound for
alarm probability. Let us usefor the(6/V') relation that fulfills the detection probability.

D1 Note also that the values presented in Fig. 6 for the detection

Prp = eV DZI (9/"/)" _ ey fy_’l’ (24) Probability of the receiver filter seem to be low, but they repre-
— ! = n! sent a worst-case situation. We are sending a chip sequence in
a Rayleigh fading channel using no diversity and only average
where, again, open loop power control. For example, using antenna diversity
P;p design false alarm probability; of orderD = 2, and forP;p = 1072 andr = 20 we have
rp  humber of simultaneous access requests used for dg-= 0.93.
sign; It is proved in [4], [5], and [19] that with only three control

r number of actual simultaneous access requests.  minislots, the average number of slots in whighpackets
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Fig. 5. False alarm probability as a function of the number of access requests.
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Fig. 6. Detection probability as a function of the number of access requests.
resolve their contention is lower than and thus the system  Number of users State misdetection

throughput is only limited by the data transmission channeédccessing the minislot

rate. Therefore, using only three control minislots, the protocc
achieves its best performance, keeping the access overhe =0 P(S\k=03% Success
loss very small. Henceforth we will always use = 3 for all B | P(Clk=0)—__, —
analytical and simulation purposes. Even more, if messages « —=| Collision
long (they consist in more than one transmission packet), it c¢
be seen that with onlyn = 2 minislots, it could be enough to Ek—ﬂ% Empty
reach the maximum throughput performance [18]. We will als k=1 PEK
show this feature in Section IV. S o
: —= | Collision

D. Probability of Minislot State Misdetection

. . I - Empty

According to the false alarm and detection probabilities de k>1 pElY)

scribed above, there will be a certain probability of the base st TP S s ) e,
: o i : —=| Success
tion failing to detect the state of each control minislot. We will

now describe the expressions of this probability, for all six dif-

ferent error situations possible. We will ukto represent the Fi9- 7. Possible misdetection situations.

postdetection empty statg for the postdetection success state,

andcC for the postdetection collision state. Fig. 7 shows all theSﬂ]erePf is the false alarm probability of each detection filter

error situations. and I is the total number of detection filters. This expression
First of all, the probability of detecting one or two correlationmplicitly assumes that the system decides that there has been

peaks (the base station detects a successful access), when irgfagihgle access request transmission when only one correla-

no user has transmitted its access sequence, is tion peak is detected. This assumption is made supposing that

the false alarm probability is much lower than the no-detection

probability, which is a reasonable assumption as the false alarm

. _ F 2 F-2 F-1
P(S]k =0) = <2>Pf(1_Pf) +EP(1-Py) 27) probability is a design parameter.
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Second, the probability of detecting a collision (more thawhere F,(a|b) is the probability thab users have generated
two correlation peaks at the detection filter bank output), whexeaks at thenputof the bank of matched filters. This probability

no transmission has occurred, is can be written as
a F K F—k r B F
PClk=0)=>" <k>Pf(1 —Pp)"™ P,(alb) = ( 2 ) <G>Fa(b). (34)
k=3 b

=1-(1-P)" - P(EIk=0). (28) _ _ . -
In this expressionF, (b) is the number of combinations &f
The probability of detecting no peaks, when a single user hasers that are able to generate a peaks. If the number of users
transmitted its sequences, is simply is the maximum available for the filters, this function can be
explicitly expressed in a recursive formula (see Appendix I):

P(Elk=1)=(1- P)*(1 - PpF? (29)
F a—3
wherePd_ig the detection probability of _each mat.ched filter. Fu(b) = <2> B Z <a> Fo (D) (35)
In addition, the probability of detecting a collision, when a i —\n
single user has transmitted, is
with the initial values
P(Clk=1) o 0 b1
_ 2 . F—k—2 1 b=1 )3 b=2
(1- Py Z( ) rta-ry po={, 127 BO={7Z @
k=3
o 0 b>3.
+2Py(1 - Py) Z < )Pf (1— Ppf=+=2 Finally, by using (33), we can write the probability of de-
k=2 tectingp peaks at the output of the bank of matched filters, when
) F—2\ , - n users have transmitted their sequences, as
+sz< . )Pf(1—Pf) k=2 (30)
k=1

F p
. . _ P(plk =n) = < ) p) pripl
This expression has three terms that represent, respectively, the (v ») < 2 ) Z <f ¢ /

o . . n =0
probability that both transmitted sequences from the active user Fep d

have not been detected, and then three or more false alarms have ] Z p—f+m F

occurred; the probability that only one of the transmitted se- = m p—f+m
uences has been detected, and then two or more false alarms . m —p—m

N (L= P (L= P T i ()

have occurred; and finally the probability that both sequences
have been detected, and one or more false alarms have occurr@gs expression is explained as follows. If we havpeaks at
Now, we must evaluate the probability of no peak detectiafe output, they may be generated by detected real peaks or false
when more than one user has transmitted (i.e., it has bean aflarms. In the expressioffi,is the number of false alarms gen-
priori collision). This probability is erated, and then we have the sum frgm= 0to f = p.p — f
N is the number of detected peaks.is then the number of peaks
P(Ek>1)= Z P(E|k =n)P(k =n|k >1) (31) attheinputofthe bank of matched filters that have not been
detected. Finallyf" — p — m will be the number of filters that
must not have a false alarm to get the tgtaumber of output
peaks. The other sum im sweeps all the possible values for
this number. The probability for each situation is obtained by

n=2

whereN is the total number of users in the system.
In this expression, we first know that

AT multiplying the convenient power of the probabilities of detec-
Pk =nlk>1) = € _ A" (32) tion and false alarm, and the probability of having- f + m
> N\ . nlled —A—1) peaks at the input of the bank of matched filters.
Z g1 ¢ Last, the probability of detecting a success access request
=2 when more than one user has transmitted its sequences is
where we have assumed that the access requests generated by M
the users are Poisson-distributed with a total arrival kate P(S|k > 1) = Z [P(p=1lk =n)+ P(p = 2|k = n)|
On the other hand, the probability of detectingpeaks at o
the output of the bank of matched filters, wherusers have Pk =nlk > 1) (37)

transmitted their access sequences, is
which is the probability of detecting one or two peaks at the

P(plk =n) output when more than one user has transmitted its pair of se-
b
P p—f+m guences. _ N _
)Pp fPf Z < m )(1 - P)" As an example, Figs. 8 and 9 show the minislot state mis-
= detection probabilities as a function of the receiver filter false
-(1- ) PPy (p — f +m|n) (33) alarm and detection probabilities, respectively. The presented

m=0
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Fig. 9. Minislot state misdetection probabilities as a functiodpf

values are for &y ranging from 107 to 1, and with the cor- must analyze the necessary protocol adaptations to avoid dead-
responding®,; values forM = 256, kp = 10, F = 16, A = 10, lock situations in a normal data-transmission complete-system
and antenna diversity of ordér = 2. steady-state run. The six different error scenarios shown in
Note that these probabilities are divided into two maikig. 7 are analyzed, and the specific protocol modifications
groups: those that increase wifh and P;, and those that needed are proposed. These modifications will simply consist
decrease whe®; and P; increase. It is shown that it is notof corrections and additions to the three sets of rules described
possible to decrease all the misdetection state probabilitiesSection II-A, together with changes in the criteria for the
at the same time. This behavior leads to a design decisionbse station when sending the broadcast information to the
choose the value faP; p that makes the protocol perform bestusers.
In the following section we will analyze the effect of all the 1) Success Minislot Detection/No User Transmission
possible error situations on the protocol performance in ordgf|k = 0): When this error occurs, all the users, according to
to ascertain this value. rule QDR-1, increment their value for TQ by one extra unit,
compared to the one that will be correct. This will represent
an “empty” position in the data transmission queue as no user
Taking into consideration the nonzero probability of the bageéll have its pTQ pointing to this last position. Then, when this
station failing in the detection of the control minislot states, wempty queue slot reaches one of the IAStpositions, as no

E. Protocol Modifications for Error Recovery
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user will transmit with the corresponding spreading code, thmations. If more than one user transmits an access request and
base station will not detect any valid data packet for this codleey receive success state information from the base station, all
and will detect the error event. At this point, it must set thef them will believe that their own request has succeeded. They
final-message-bit to 1 for this code. This action will free thwvill thus set their pTQ pointers to the same position in the data
gueue position and spreading code. transmission queue. When they start the data transmission, all

It is also possible that the base station will not detect a valide packets will collide and the data transfer will become im-
data packet because of the fading channel propagation or flossible.
collision of two or more data packets (see Section 1I-A-2), so it We present a possible mechanism to prevent such users from
will be necessary to establish a certain number of consecutyetting into an endless collision situation. This mechanism will
emptydata slots to consider that this error has occurred. Freeimgeserve the performance of the users that have not been affected
the data transmission queue position when a user is transmittiryghe state detection error, so they will maintain the same trans-
in it may cause data collision. Unfortunately, we cannot set thisission characteristics. Only the affected users will suffer from
number as high as we would like in order to minimize the prolextra delay in their messages.
ability of this event, because when the erf§yk = 0) occurs,  The idea is as follows: any time a user detects a certain
this number will be the quantity of wasted slots. It would seemumber of consecutive erroneous data transmissions, it will
to be a matter of a tradeoff between efficiency and the probenter a specidbackloggedstate. In this state, instead of trans-
bility of a data collision occurring. mitting its data packets with probability one, it will do so with

2) Collision Detection/No User Transmissiof”’|k = a certain probability?,. This will make it possible to share
0): In this case, all users, according to rule QDR-4, incremetife same spreading code within the group of colliding users.
their value for RQ by one extra unit, which will also generatgccording to this probability, when the base station detects
an empty position in the collision resolution queue. This evegtcertain number of consecutive empty slots after receiving
will not cause any critical problem. It will simply mean thatwo or more packets with the final-message-bit set to one,
no terminal will use one specific spreading code for collisiof will assume that all the users involved have finished their
resolutipn ina cerltain slot. This fapt causes very little loss ?rfansmission and free the data transmission queue position
contention resolution speed, and in addition does not requif® | the spreading code). There will be a nonzero probability

any special mechanism to recover from possible deadlogkihe pase station freeing the spreading code before all the

atgaﬂgns. Minislot D on/Sinale U T .. users have finished their message transmission, but we can
B ])$ _rT119ty| tr']n's (')tt i etectul)nthlng € thsirh retmsm|s_st;o ake this probability as small as we like by increasing the
(E|k =1): In this situation, only the user that has transmitte umber of empty slots the base station has to encounter before

its access request is affected. The other users_wnl only reeing the code. This number is in fact the same as defined in
what they are supposed to. The affected one will know tha

its request has not been detected and will again try to en§urbsect|on 1 above, and must be greater than the number of

the system. Once more, no critical or deadlock situations ma, tst_to enter thé)actI;]Io%geds.tatlet.hE;/in |n_tthe event of th|§.
appear, only little delay loss is caused, and thus no algorit pation c.)ccurr'llrllgh, € terminal that has 1ts mes;age pending
modifications are needed. transmission will have to reset its connection after a certain

4) Collision Detection/Single User Transmissiorpumber of consecutive erroneous data transmissions.
(C|k = 1): According to rule QDR-4, all the users will Furthermore, probability?, can be dynamically adjusted to

increase their value for RQ by one extra error unit. The onfj}@ximize the throughput of theackloggedisers as in a normal
user that has transmitted its access request will believe thag@ptive slotted-ALOHA procedure. The mechanism must re-
has collided with another accessing user, and will set its valflgce P, when errors are frequent, and incred3ewhen data
for pRQ to the last position in the queue. When its turn tdackets are received correctly.
resolve the hypothetical collision comes round, it will again
send an access request that will certainly not collide again, as
no other user has the same position in the collision resolution
queue. This situation will cause an extra delay in the messagddearing all the ideas presented in mind, computer simulations
involved in the detection error, but will not cause any deadloskere carried out to validate the protocol operation. First of all,
situation nor entail the need for any protocol modification.  to validate the analytical model presented in Section IlI-A, we
5) Empty Minislot Detection/Multiple User Transmissiorassumed a perfect minislot state detection. Fig. 10 shows the
(Elk > 1): This case is similar to the one presented abowemparison between the analytical evaluation and the simula-
under subsection 3, but with more than one user involved. Aibn results of the total delay for a system with = 100 data
the users that have transmitted an access request know that tieeminals, average message length of 6400 bits, CDMA channel
sequences have not been detected, and then they will agsith X = 16 spreading codes (simultaneous transmissions),
try to enter the system. The rest of the users are not affectattl a spreading factdf; = 64. The slots are of. = 640 bits
as they do not change any of their counter values. Again, wad haven, = 3 access minislots. We have assumed a perfect
have no efficiency loss other than the extra delay suffered bipsed-loop power control, a single-cell operation environment,
the messages of the affected users, and no deadlock erraarid used the Gaussian hypothesis for the interference power
possible. evaluation in the calculation of the BLER.
6) Success Minislot Detection/Multiple User Transmission The choice for the number of maximum simultaneous trans-
(S|k > 1): This is the most critical of the possible error sitmissions allowed in the system is not arbitrary. Indeed, with the

IV. SIMULATION RESULTS AND COMPARISONS
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Fig. 10. Analytical and simulation delay results for the DQRAP/CDMA.
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Fig. 11. Standard deviation of the message delay in DQRAP/CDMA.

above channel assumptions, for a numbeof simultaneous These figures show two very important features of the protocol.
transmissions, the average number of bits effectively sebjt The maximum stable throughput achieved by the system is

through the channel,, is near the optimum (about 13.5its/slot for a channel capacity
L =kL(1 - BLER) of 14.3L bits/slot), also maintaining a small mean delay for of-
L fered traffic up to this maximum value. 2) The standard devia-
1 35, tion of the delay is bounded by its mean value, which implies
=kL{1-|1- <1 ) erfc< 2(k — 1) )) that the distribution of the particular delays of each message has

a limited range.
1 35 L Subsequently, we supposed that all the access requests suffer
=kL <1 - = erfc< _F )) . (38) aRayleigh fading propagation (the terminals are only able to use
2 2(k - 1) an open loop power control) and applied all the protocol mod-
This number gives the average number of bits per slot tranfications proposed in Section IlI-E. Fig. 13 shows the delay
mitted without errors, that is, bits that will not need to be resomparison between the ideal and the nonideal situation with
transmitted. For a given set of channel parameters, we can #tp» = 10~2 andk = 20 and using antenna diversity of order
merically find the optimum number fok that maximizesL. D = 2. We can notice the small loss caused by the misdetection
In particular, for the proposed channel parametgrs; 16 is in the control minislots and thus the robustness of the protocol.
the optimal choice and the maximum achievable throughput isLet us note that for heavy traffic conditions, for example, 13
about 14.2 bits/slot. This value is therefore used for obtainingffered packets per slot, the average number of simultaneous
the results shown in Fig. 10. access requests is about 2, and this represéftsal0o—2* =~ 0
The results shown in Fig. 10 fit the analytical model correctlgnd ar; = 0.93.
Fig. 11 shows the standard deviation of the message delay, obNext, we carried out a comparison to other medium
tained by simulations, while Fig. 12 shows the throughput efccess protocols designed for a CDMA environment.
the system versus the offered traffic load, also from simulatiorSlotted-ALOHA/CDMA [9] has been extensively used as
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Fig. 13. DQRAP/CDMA delay. Ideal versus possible minislot state misdetection.

an access scheme. With this scheme, whenever a terminal $table throughput maintaining good delay characteristics. It
data to send, it makes the transmission immediately. A mazan manage heavier traffic load without entering an instability
sophisticated access scheme proposed to date is ISMA (inhileigion and keeping the same low delay for light traffic load.
sense multiple access) [14]. In this protocol, the base stationFig. 15 illustrates the fact that, when messages are long in
informs the users about the occupied spreading codes usieigns of number of data packets needed to send per message,
a feedback information channel. This avoids data collisiotise number of total access requests decreases remarkably, and
except for the first access packets of each user. it should be possible to use only = 2 control minislots and

In order to have a performance reference of DQRAP/CDMAchieve a very close performance result. This feature is shown
with respect to these other well known protocols, Fig. 14 showsy the little performance difference between= 3 andm = 2
the delay comparison between a slotted-ALOHA/CDMAases when messages have an average length of 10 packets.
system withV = 100 users that have an assigned spreadingIn order to show the inherent capacity of DQRAP/CDMA to
code, an ISMA system with the same number of users hutainage mixed traffic sources, we considered a mixed voice-data
using only K = 32 simultaneous spreading codes, and taffic scenario. The scenario consists of a variable number of
system using DQRAP/CDMA protocol using onfy = 16 voice ON-OFF stations with an activity factor of 0.45, gener-
available spreading codes. Channel and traffic conditions ating bursts of 16 kbits/s with a maximum allowed packet delay
the same for all three systems (spreading fadter = 64, of 20 ms and a maximum packet loss ratio of 1%, together with
slots of lengthL = 640 bits, and Poisson-generated messagéata stations (using a representative IP traffic model) generating
of exponentially distributed length with mean 6400 bits). Wpackets with Poisson arrival rate= 0.05 packets/s and mes-
can see that DQRAP/CDMA using only 16 spreading codssges sizes defined by théf shown in Fig. 16. The number
(receivers) for all the users outperforms the other protoca$é maximum simultaneous transmissions has been maintained
using a greater number of codes, in terms of the maximum16 (the optimum one when only data packets of 640 bits are
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Fig. 14. Delay comparison between protocols.
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Fig. 15. Performance variation with the number of minislots.

4 far as the number of voice users increases. This fact outlines the
inherent adaptation of the protocol, without modifications, to a
mixed traffic source situation.

At this point, we will summarize the main advantages of
DQRAP/CDMA with respect to other MAC protocols designed
for CDMA environments. DQRAP/CDMA avoids the typical

0.25 instability problems of ALOHA-based protocols, putting all

0 T 0.3 the exceeding load in queues and maintaining the optimum

&

Probahility

004 g2 interference level in the system. Due to the lower number of

ARV T L spreading codes required to achieve a given performance, the

L number of simultaneous transmissions is kept under control and
Packet size inbytes upper bounded, and therefore DQRAP/CDMA performs better
than other ALOHA-based protocols in terms of both a lower
number of retransmissions (saving energy) and a lower inter-
ference generation in cellular CDMA-based systems. On the
transmitted). Fig. 17 shows the message delay performancedtiter hand, as pointed before, it is based on distributed queues,
the described scenario. The curves in this figure are drawn ford then it is inherently adapted for supporting mixed-type
data traffic loads that maintain the voice packet loss ratio up ti@ffic sources. Moreover, in that respect, the application of
the maximum allowed. It can be noticed that the behavior of tlagpropriate scheduling policies to the queues of the protocol
data packet delay performance is in practice the same for difiould allow the system to support services with a certain
ferent combinations of heterogeneous traffic sources. Actualfjyaranteed QoS, which should be operative in the future
the near-flat operative region of each curve simply decreaseslisd-generation mobile communication systems.

Fig. 16. IP data packefsdf.
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Fig. 17. IP message delay with mixed IP-voice traffic sources.

Finally, we may note that even the conceptual complexity of Let1, 2, 3, ..., a be the firstz integer numbers. That is, we

DQRAP/CDMA seems to be rather considerable, the protoaaimber the received peaks from 1do

algorithm is quite simple to implement, and the computational Let «(a — 1)/2 be the different possible pairs we can create.

load added is minimum (only integer simple operations are réach pair represents one user. Let this be all the possible groups

quired). Moreover, it would simplify, to some extent, the basef pairs of numbers, that is, all the possible groups of users

station complexity, as it reduces the number of total receiveraving 1 toa(a — 1)/2 users per group. We must evaluate, for

needed to manage a certain number of mobile terminals.  anyb from 1 toa(a — 1)/2, which of these groups contain at
least once all the numbers from 1dpbeing able to repeat the
numbers as many times as desired, and how many users there

V. CONCLUSION are in each group.

Calling this numbef, (b), we will suppose that we know the

A proposal for a near-optimum random access protocol Q56 of 7, __ (k) for any value: > 0, and with these values we
a CDMA environment suitable for the future third generatio;;; eyaluate the function for = 0 (the target value).

mobile communication systems has been presented. An analyip e calculate all the different groups biisers we can make
ical model has been introduced, and the results obtained m the totala(a — 1)/2 possible users, and then we subtract

the ones obtained by computer simulations well. It has beg,qe that do not have all the numbers from &.tavhich groups
shown that the protocol has good delay and stability charags ot fyifill this condition? First of all, those that leave one
teristics, maintaining the standard deviation of the messaggigmper unselected, which will be the number of pairs that gen-
delay bounded by its mean value and achieving a nearly QQate, — 1 peaks multiplied by the a positions where we can
timum maximum stable throughput, for given channel charag;cate the blank. Then, we must subtract the pairs that leave two
teristics. Itis therefore a suitable proposal for improving the U$g sajected numbers multiplied by the number of combinations

of the capacmes of random access c_hannels in a reverse I'n'feaving two blanks of a number, and so on. The result is thus
A receiver scheme for the detection of access requests has

been proposed and analyzed, and the misdetection state prob- a
abilities have been derived. The protocol’s sensitivity to errors  F, (b) = <2) - K )Fal(b) + < )FGQ((;)
in the detection of the state of the control minislots has been b 1 2
studied. Protocol modifications have been introduced to manage a
the possible error scenarios, showing great robustness and little +oot <a B 3> Fz(b)}
efficiency loss in realistic channel conditions.
It has been shown that the protocol outperforms other widely <a) 2 /a
used multiple access schemes in terms of the maximum stable - i - 221 <n> Fan(b)-

throughput and the delay characteristics.

We have explicitly eliminated the terms for< 2 anda < 4
because they are zero. We only need the initial values to evaluate

APPENDIX | the recursive expression. These are
We are to find the expression of the number of combinations 0 b=1
of b users that are able to generate a peaks if they are assigned 1 b=1 3 b=2
a unique pair of sequences betwdelifferent available ones. 2(b) = {0 b1 F3(b) = 1 b=3
We must make an abstraction of the problem as follows. 0 b>3.



ALONSO et al: NEAR-OPTIMUM MAC PROTOCOL BASED ON DQRAP 1717

N2E, Y x,a,ht=nT, Joos(2afyt +9) YO (k ; Y9 (k)
\ <> ? 2
e H( ) 2 ()
__carrier n=l
2 cosl2rf, (1 —7)] ' . X Z(k) R
sampling int,+nT, a’ (kK
& 0 O o —

N2sin[2af, (£ - )]
o 0 4

Fig. 18. Receiver structure for each receiver filter.
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APPENDIX I channel conditions. We will consider a Rayleigh fading environ-

Itis shown in [16] that the optimum receiver scheme for a sgent.

S T isi i = [y (D)2 (@12
guence detection filter is the one shown in Fig. 18. Each branch\Ot® that the deasmn_vanableﬂ; - [.Y ] + [Y ] -t
of the receiver presented in Fig. 3 has this structure. can be proved that the diagram shown in Fig. 18 is optimal for

. : : : ; signals with unknown phase, according to either the Bayes or
follpaivzr;ﬁ\évgxlgr:ahsiig%l(ltr)e ,:for g Eglzllf)ngsi tk(]:);npztlit) ; Eglial the Newman—Pearson optimality criteria [17]. Using the latter,
nTL) cos(2r fot + ), WhereE reSresentz: thne enenrgy per Chilothe system design consists in fixing the decision threshold value
h(tc) is the im?aulsekrésponse cof the channel. apds the infor- b to obtain a certain allowable false alarm probability. The cri-

- terion guarantees that the chosen value is that which maximizes
mation that modulates the code sequenceNe chose,, (k) = . o .
d (k) ﬁle detection probability for that false alarm probability value.

1 for all n, that is, we send a single bit, without modulatin - . . ; 2
a, (k). With these assumptions, the expected value of the ¢ fese probabilities are obtained from integrating two likelihood
i ’ flunctions of Z, depending on the initial possible hypothesis:

relation between the input signal and the local copy of the ; . !
uence, for the in-phase and quadrature sequén@es has the po(Z) under the assumption th.at no signal has been transmitted,
d P q quanges andp(Z) under the assumption that the target sequence has

following expression [16]: been transmitted. Using antenna and postdetection diversity of

E [Y(I)(/f)} =M/ Ec(k)(cos dr) B(7) orderD, that is (similarly to the time postdetection integration
o B . used in [16]), adding the contributions bfindependeng sig-
E [Y( )(k)} =M/ E.(k)(sin ¢n)R(7) (39 nals coming from the same number of different antennas and
where receivers, these functions are given by
0o ZD—1,-Z/V
Rry= [P eos@rfnd @0) P(2) = (p—pym (44)
. ~ . . ZD—1G(—Z/V+5202)
and}/ is the number of chipsin the sequence (if they correspond p(Z) = 5 (45)
to one bhit, this value will be equal to the spreading factor). The (D= DUV + 5202)

matched filter output peak correspondsrte: 0, which implies  whereV is twice the variance of each compongftands? is

that R(7) = 1 for any input filter|[H(f)|. As bothY" signals the mean square, which is obtained as the sum of the squares of
are squared and added, the phase tggnbecomes irrelevant, the in-phase and quadrature component means. Defifing
always supposing that this value remains constant during th&(fo + M E..), the likelihood functions are finally

M -chip transmission time. ZP-1,-2/V ZD-1,-2/Vr
On the other hand, the variance of both components is [16] po(%) = (D—1)1VD n(Z) = (D-1)WVP " (46)
Var(YU)) — Var(y(Q)) _ M (41) The false alarm and detection probabilities are obtained by
2 evaluating the integral of the corresponding function from the
where threshold valué to infinity, thus giving
_ o[ ! o D1 gy
I = No +; E.(j) / A @) Pr= /6 pozyaz =" Y O )
k=0

Iy represents the thermal noi$g), plus the total interference b1

e , 8/Vi)k
caused by the rest of users. For a time-limited filter, the value =~ £ = / p(2)dz = eV Y % (48)
of the integral in (42) is 2/3. Thus, assuming a power control ¢ k=0
that maintains the samg, for all users, the variance of both
in-phase and quadrature components is REFERENCES
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