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SUMMARY CDMA unslotted ALOHA system with finite
size of queueing buffers is discussed in this paper. We intro-
duce an analytical model in which the system is divided into two
Markov chains; one is in the user part, and the other is in the
channel part. In the user part, we can model the queueing be-
havior of the user station as an M/G/1/B queue. In the channel
part, we can consider the number of simultaneously transmitted
packets as an My + M2 /D/co//K queue. We analyze the queue-
ing system by using this analytical model, and evaluate the effect
of buffer capacity in terms of the throughput, the rejection prob-
ability and the average delay. As a result, increase in the buffer
size brings about an improvement in the grade of service in terms
of higher throughput and lower rejection probability.

key words: CDMA unslotted ALOHA, finite buffer capaczty,
packet queueing, Markov chain

1. Introduction

Code-Division Multiple-Access (CDMA) ALOHA sys-
tems have drawn much attention for satellite and mobile
communications because of the features such as random
access capability, potentiality of high throughput per-
formance and low peak power transmission. Moreover,
CDMA unslotted ALOHA (CDMA U-ALOHA) sys-
tems have the advantage of no need to synchronize the
packet transmissions so that they initiate at the begin-
ning of a slot. Many works have been made so far
aiming at improving the system perforrnancc [1]-[5]-

If each user station is equipped with a certain size
of queueing buffers, it brings about not only the reduc-
tion of the rejection of the packet transmission but also
the possibility of the autonomous control of the packet
transmission. Therefore, we can expect an improvement
in the grade of service in terms of higher throughput and
lower rejection probability for the packet transmission.

- In this paper, we consider the CDMA U-ALOHA
System eqmpped with a certain size of queueing buffers
in order to improve the grade of service.

Incidentally, various approaches and approxima-
tions have been studied on conventional (unspread) slot-
ted ALOHA systems[6]-[12]. On the CDMA slotted
ALOHA (CDMA S-ALOHA) system, we have studied
the queueing analysis[13]. In all of previous discus-
sions, however, both CDMA and conventional unslot-
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ted ALOHA systems have never been studied in con-
sideration to the effect of packet queueing buffers. In
the CDMA U-ALOHA system, a packet is transmit-
ted asynchronously. Therefore, the number of simulta-
neously transmitted packets may change from moment
to moment. This makes the analysis more complicated
than that for the CDMA S-ALOHA system.

We analyze the performance of the CDMA U-
ALOHA system with finite size of queueing buffers by
using the Markov chain analysis. The packets arriving
at the user station with empty buffer are transmitted
immediately to reduce the delay time, while the other
arriving packets and unsuccessful packets queue at each
user’s buffer and are transmitted from the top of the
queue with a transmission rate p. In order to analyze the
system performance, we introduce the analytical model
in which the system is divided into two Markov chains;
one is in user part, and the other is in channel part. We
evaluate the system performance in terms of throughput,
average delay and rejection probability, and clarify the
effect of buffer capacity.

In Sect.2, we discuss the system model. In Sect. 3,
we analyze the performance of the CDMA U-ALOHA
system with finite buffer capacity. In Sect.4, we eval-
uate the system performance, and clarify the effect of
buffer capacity. ‘Finally a brief conclusion is described
in Sect. 5.

2. System Model

Figure 1 shows the system model of the CDMA U-
ALOHA with finite size of queueing buffers. The sys-
tem consists of a single hub station and symmetric K
user stations, each with a finite buffer capacity of B
packets. Every user station transmits a packet to the hub
station by one hop, and we consider only the packet ac-
cess on the up-link. Each packet has a fixed length of a
packet time duration T, = L/R, where R is a data rate,
and L [bit] is the length in bit.

 The packet flow at each user station is shown in
Fig.2. Every user station generates a packet following
the Poisson process with a birth rate A\. We define a busy
station as a station with a nonempty buffer, and an idle
station as a station with an empty buffer. If a packet
arrives at a user station with a full buffer, this packet
is rejected. Otherwise the packet arriving at a busy sta-
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Fig. 2 Schematic of packet flow at each user station.

tion is stored at its buffer, while the packet arriving at
an idle station is transmitted immediately to the chan-
nel to reduce the time delay and stored at its buffer
as well. After successful transmission, the packet is re-
moved from the buffer. Packets stored in a user station
are served on a first-in-first-out (FIFO) rule. Busy user
stations attempt to transmit the packet asynchronously
at the head of queue with a packet transmission rate p
(transmitting interval is exponentially distributed with
average 1/p). The packet transmission rate is identical
among the user stations. When the packet is transmitted
to the channel and fails to be received correctly by the
hub station, unsuccessful packet is retransmitted with a
rate p.

The binary-phase-shift keying (BPSK) is assumed
as the modulation scheme. Every packet is spectrum-
spread with a uniquely assigned random signature se-
quence. The number of codes is assumed to be more
than or equal to the number of user stations so as to
simplify the analytical model. We expect that the ana-
lytical method proposed in this paper will be available
even if the number of codes is less than the number of
user stations. We assume that all packets are received
with the equal power and all data bit errors are caused
by the effect of multiple access interference (MAI) and
additive white Gaussian noise (AWGN). The bit error
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probability P,(k) is expressed as [14],

9 k N, —0.5
Py (k) ~ 5@{(-?3 + z‘E%) }

1 Q[(k.w/ux/ﬁo- L Mo )“”}

s NE 2,

1 k-N/3—+30 Nog\ *°
'%QK*”W—’+@J }

=]

0

e (L E=Ty L k-1y
360 20 36 20 36

with

where N is the nuinber of chip per bit, k is the number
of interfering packets, Fy, is the bit energy of the signal,
Np/2 is two-sided spectral density of AWGN, and

1 [ . :
T| = —— exp(—u*/2) du. 3
Qlel = 7= [ exp(-u/2) ®
3. Queueing.Analysis
3.1 Two Markov Chains

The packet success probability depends on the birth rate
for actually transmitted packets. This birth rate is de-
termined by the ratio of the number of the idle user
stations to the number of all users. In other words, it
is determined by the steady state probability of having
no packets at each user station. The behavior of the
user station depends on the elapsed time from transmit-
ting a packet for the first time until receiving the packet
correctly at the hub station. This elapsed time is deter-
mined by the packet success probability and the packet
transmission rate p. '

Let P; be the steady state probability of having j
packets at a certain user station. We assume that the
system condition changes slowly enough to regard the
steady state probability P; and the packet success prob-
ability Qs as constant. This assumption allows us t0
construct the analytical model in which the system is
divided into two parts; one is in the user part, and the
other is in the channel part, as shown in Fig.1.

In the user part, we can consider only a certain
user’s behavior because of symmetry of the system. In
the user station, packets are generated according to the
Poisson process, the number of outgoing channel is I,
and the number of stored packets which include a packet
on service is B. Thus, we model the queueing behavior
of the user station as an M/G/1/B queue taking ac
count of the influence from other stations through the
service time distribution. '

In the channel part, birth interval is exponentially
distributed with average 1/ at the idle user station OI
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with average 1/p at the busy user station, service time
(= packet length) is fixed, and the number of simul-
taneously transmitted packets is not limited. Thus, we
can regard the number of simultaneously transmitted
packets as an M; +My/D/co//K queue.

The discussion for each part is described in the fol-
lowing.

3.2 User Part

At first, we calculate the probability density function

(pdf) of service time for transmitting the packets. The

user station- which is initially in the idle mode trans-
mits the newly packet as soon as it arrives, while the
user station which is initially in the busy mode trans-
mits the stored packet with a birth rate p’. Thus, the
pdf of service time for the idle user station is different
from that of the busy user station, as shown in Fig. 3.

' For the case of the user station which is initially in
the idle mode, new arriving packet is transmitted imme-
diately. Let d;(t) be the pdf of service time for this case.
If the packet is transmitted successfully at the first time,
the elapsed time is 7}, and its probability becomes Qs.
Otherwise user station retransmits the packet until the
packet transmission succeeds. After being transmitted
a total of m + 1 times, the elapsed time is (m + 1)T;,
plus sum of m exponentially distributed transmitting
intervals, and its probability is (1 — Qg)™Qs. The dis-
tribution of the sum of & exponentially distributions
is k-Erlangian distribution. Therefore, the pdf of the
service time is

dg(®) V
= Qg - 5(1; — Tp)
(1= Qs)"Qs - Em(t — (m+1)Ty;p/m)

C))
where .6(¢) is a delta function, Ey(t;v) is the pdf of

k-Erlangian distribution with -an average 1 /v, defined
as,

% Idle mode:

Busy mode

Second

‘ First
 —EXponential / E.xponenfial
[ distribution Packef / distribution Packet:
—_— 7 t

Flg 3 Elapsed time between packets when the retransmission
is required.
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By averaging d;(¢), the average service time 1/p; is de-
rived as

Ei(t;v) = (5)

Ty gl/p(l-czs) ©)

For the case of the user station which is initially
in the busy mode, the packet is transmitted with a birth
rate p. Let dg(t) be the pdf of service time for this case.
Each packet transmission occurs after exponentially dis-
tributed transmitting interval. After being transmitted
a total of m times, the elapsed time is mT}, plus sum of
m exponentially distributed transmitting intervals for
m transmissions, and its probability is (1 - Qs)™ 1 Qs.
Thus, the pdf of the service time is

1/pr =15+

dp(t) = > (1 - Qs)™ ' Qs - Em(t — mTp;p/m)

m=1
(N
and the average service time 1/up is derived as
Tp+1
Vg = 2F 1P, ®)
Qs

To calculate the steady state probability of having
J packets at the user station, we refer to the analytical
method of a steady state probability for an M/G/1/B
queue[16]. Let D;(s) and Dpg(s) be the Laplace-
Stieljes Transform (I.ST) of the d;(¢) and dg(t), respec-
tively. These are obtained as,

Dis) = /D " st (1)t

= Z(l—Qs MQs-e (m+1)Ts(s+p)m

m=0
o
Di(s) = D_ (1= Qs)" Qs e ()"
m=1
(10)

Let pr; be the probability that j packets are arriv-
ing at the user station which is initially in the idle mode
during the service time. Because the packets are gener-
ated according to the Poisson process, this probability
is derived as,

pis = /O .(AJ,L!)Je—»dI(t)dt. (11)

The probability generating function of ij is

h(z) ZJPIJ / ()\t

= D, ([1 = 2]). (12)

e (t)ds

In [13], both idle and busy user station transmit the
packet with a birth rate p to simplify the analysis.
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By the inversion formula, pr; is obtained as,
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Similarly, the probability that j packets are arriving at
the user station which is initially in the busy mode dur-
ing the service time is

1 @ p [1—z]A)
j!z—>082:j B( Z}

-5

SO e

Nz

p m-+n
—— . 14
)\+p> (14)

From (13) and (14), the probability of having j
packets at a certain user station immediately after com-
pletion of the packet transmission is derived as the
asymptotical equation:

PBj =

_ Qs)m—lQSe—m’I‘pA

I = (1L ijHO - Z PBj—m+11lm)Ppp
m=1

and the normalized condition:

B-1
dom=1 (16)
i=0

In (15), we set C; = II;/IIp, and obtain the following
asymptotical equations:

j
Cit1=(Cj —p1; — Z PBj-m+1Cm)P 50
m==1
(]=0,1,,B——2) (173)
Co=1 (17b)
‘We also set
B-1
C=1+) C; (18)
j=1

The steady state probability P; is expressed in terms of
IT; [16] as the following equations:

IEICE TRANS. FUNDAMENTALS, VOL. E81-A, NO. 10 OCTOBER 1993

1L
(j=0,1,~-,B~1)
1_II +a G=5) -

where a is the traffic intensity at the user station, ex-
pressed as

a=Ap (20)
with .
1/p=To/ur+ (1 —1o)/uz. 21
From (17)—(21), we obtain the following equations':, '
C; .
’ - (]:0717aB_'1) !
“T3ec U=P |
where aC is expressed as
A A ¥
aC = —+ — - (C —1). 23
=t ( ) (23)
By setting j = 0 in (22), the ratio of the number of
the idle user stations to the number of all users is
Co 1 ‘
B=1raCc =T340 (24)

3.3""Channel Part

In the channel part, we can regard the number of simul-
taneously transmitted packets as an M; +M;/D/c0//K
queue. The steady state probability of an M; +
M,y /D/co//K queue is equal to that of an M/M/oo//K
queue[16]. We analyze the packet success probability
by using the analytical method of CDMA U-ALOHA
system with fixed packet length and finite population
assumptions[5].

Let P} be the ratio of the number of the users which
transmit the packet with rate A to the number of all
users. We define the initially on-transmitting user as
the user which is on transmitting the packet for the first
time when it was initially in an idle mode. The user
station which transmits the packet with rate A is both
idle user station and initially on-transmitting user sta-
tion. The ratio of the number of the idle user stations is
P,. We assume that the probability of having j packets
at the user station is independent of time. Under this
assumption, the probability of having more than one
packet at user station when it was initially in an idle
mode is (1 — Py)Py. The ratio of transmitting time for
the first attempt to the time spent in transmitting the
packet successfully is

Tp
= T_pQS +

Tp
Tyt @+ 1/8)

TP m
+ T, +m(Tp+1/p) (1-Qs)" Qs +

= T
N - m 25
mzzo Tp+ m(Tpp +1/p) (1-Qs)"Qs. (29

1"QS)QS+""
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The ratio of the number of the initially on-transmitting
user stations is (1 — Fy)Py - b. Thus, P§ is derived as

PE=PFP+(1—P)P-b. O (28)

The birth rate for actually transmitted packets A, is ex-
pressed as

Ae = AP} +p(l—FY). @7

Let Gys be the average number of packets trans-
mitted to the channel. From the steady state probability
of an M/M/co//K queue[15], we obtain Gy, as

Gsys = m=0m (1 T /\c/ﬂc)I{ ) l + GC/K
where pc = 1/T, and G. = K - A - Ty,

. Inthe CDMA U-ALOHA system, the number of si-
multaneously transmitted packets may change from mo-
ment to moment. This makes the analysis complicated,
so we assume that the number of simultaneously trans-
mitted packets is constant over a short period At, where
we set At a bit interval., Moreover, because -of expo-
nentially distributed birth interval, two or more packets
hardly arrive 31mu1taneously We assume that the num-
ber of simultaneously transmitted packets changes by
£1 at most between adjacent At’s.

Let Pg(k,i) be the probability that the packet is
transmitted successfully from the first bit to the (i—1)th
bit, and the number of interfering packets on the ith bit
is k.

(28)

Casei=1;
By using the steady state probability of an M/M/co//K
queue, we obtain Pg(k,?) as,

Out (551)

PS(kwi): (1+/\c//1'c)K_l Jif k<K
0 ' ; otherwise
' (29)
Case i > 1; |
We obtain Pg(k,7) as the followmg
@Ak<K~1

Ps(k,i) = Ps(k,i—1) - ,
A1 = kpcAt — (K — 1 — k)AAt} - {1 — Py(k)}
+ Ps(k+1,i—1) - (k+ L)pcAt- {1 — Py(k+1)}
+ Ps(k—1,i—1)- (K — E)A\At- {1 — Py(k — 1)}
(30a)
by k=K—1 ,
Ps(k,i) = Ps(k,i—1) - {1 — kpcAt} - {1~ Py(k)}
+ Ps(k — 1,5 — 1) - (K — k)AAt- {1 — Py(k—1)}
, ' . (30b)
(C,)kk >K—1 ,
C Ps(k,i) =0 o (30c)
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" By using Ps(k, i), the throughput, which is defined
as the mean number of successful packets in a packet
time duration, is derived as,

S =Gays Y Ps(k,L)- (1 — Py(k)). (31)
k=0

Accordingly, the packet success probablhty Qs is
obtained as,

Qs = 5/G.. L (32)

3.4 Combination of the User Part and the Channel
Part

We solve the simultaneous equations (24) and (32) de-
rived in the user part and channel part, respectively. If
the packet success probability Qg is 0, the steady state
probability of having no packets at a user station Py
will become 0 because all packets are not transmitted
successfully and not removed from each user’s buffer.
If Qs is 1, Py will come close to 1 because all packets
are transmitted successfully and not stored at each user’s
buffer. Accordingly, Egs. (24) and (32) must have one
or more solutions. If the equations have more than one
solution, we use the solution with the smallest value
of the throughput by the analytical tool called Equi-
librium Point Analysis (EPA)[17]. In such case, the
system exhibits the bistable behavior[4] and the perfor-
mance curves change discontinuously.

We substitute (24) into (32), and solve the equation
by the appropriate algorithm, such as the bisection. By
using this solution, we can obtain the system perfor-
mance. The throughput is derived as (31). Rejection
probability Qg, which is the probability that a new
packet arriving at a user station is rejected bécause its
buffer is full, is expressed as

C
1+aC’

By Little’s formula, the average delay, which is the
elapsed time from generating a packet at the user station
to receiving it correctly at the hub station, is derived as

Qr=Pp=1-—

(33)

Q
D=2 34
P=g5% (34)
where Q is the average queue length, derived as
B ‘ :
Q=> j-P;. (35)

=1

4. Numerical Examples

Figures 4-6 show the throughput, the rejection prob-
ability, and the average delay versus offered load with
the parameters of N =60, E,/Np = 10[dB], K = 100,
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L = 500[bits], and B = 3. Offered load G is de-
fined as the average number of packets arriving in the
system during one packet time duration, expressed as
G = K - A\-T,. The packet time duration 7}, is nor-
malized to 1. Simulated results are also plotted in these
figures. We carry out the simulations. to show the va-
lidity of our analysis. In the simulations, based on the

IEICE TRANS. FUNDAMENTALS, VOL. E81-A, NO. 10 OCTOBER 1993

system model described in Sect.2, K user stations gen-
erate the packets. Those are stored at their own bufferg
and transmitted to the channel. We can find that ana.
lytical results almost agree with simulated results.

For p < 0.1, the throughput, the rejection probabil-
ity and the average delay gradually and monotonously
increase. The larger the transmission rate p becomes,
the better the performance is. But, for p > 0.1, the
throughput curves are in the shape of a convex cap,
and the rejection probability and the average delay are
small for the region of small offered load and rapidly
increased over the value of the offered load at which
throughput takes the maximum value. These tend to
be more remarkable for larger p. The reason is as fol-
lows. The throughput depends on the birth rate for ac-
tually transmitted packets A. in the channel part. The
throughput curve as a function of A; is in the shape
of a convex cap[5], i.e. there is the maximum value of
the throughput S;,.;. In this condition, Smaz = 5.6
when A\, = 0.096. From (27), A. varies from A to p with
P decreasing. We also expect that Py will decrease
from 1 to 0 with G increasing because large offered
load brings about the degradation of the packet success
probability. Thus, A, comes close to p with the offered
load increasing. Within the region p £ 0.096, packets
are more rapidly processed for larger p, because A, will
be less than 0.096 and the throughput will not be more
than S;,4:. Within the region p > 0.096, however, be-
cause user stations attempt to transmit packets over the
channel capacity, the number of retransmitted packets is
increasing and system performance is rapidly degraded.

For the case of p = 0.20 in Figs.4-6, the per-
formance caves change discontinuously at G ~ 5 be-
cause of bistable behavior. The range of exhibiting the
bistable behavior (i.e. having more than one solution)
is 5 < G < 6. The error of analytical results will be
large within this range because the analysis does not
consider the fluctuation between the solutions.

Let us see the throughput performance from the
other point of view. Figure 7 shows the throughput
as a function of packet transmission rate and offered
load. We find that the packet transmission rate giving
the maximum throughput depends on the offered load.
This value is changing asymptotically from 1 to 0.096
by increasing the offered load.

Figures 8—10 show the throughput, the rejection
probability and the average delay versus offered load
with a buffer size of B = 1-5, and transmission rate
p = 0.1. The larger buffer size a user station has, the
more rapidly the throughput increases for the region of
small offered load. For the case p = 0.1, if many user
stations become in the busy mode, A, will come close
to 0.1, and throughput will come near to the maximum
value. The number of busy stations increases by increas-
ing the buffer size, because each user station can keep
more packets. We can, therefore, find the throughput
curves as shown in Fig.8. It can be seen from Fig.9
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that the rejection probability is improved by increasing
Fhe buffer size. From Fig. 10, large buffer size causes an
Increase of the average delay. It is, however, not seri-
ous because the average delay increases in compensation
for reduction of the rejection probability of the packet
transmission.
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5. Conclusions

CDMA U-ALOHA system with finite size of queueing
buffers has been discussed. We introduced the analytical
model in which the system was divided into two Markov
chains and analyzed the system performance. Based on
these results, we clarified the effect of buffer capacity
in terms of the throughput, the average delay and the
rejection probability. As compared with the simulated
results, we found that analytical results almost agreed
with simulated results.

Asa result of the analysis, we found as the follow-
ing. As the offered load becomes larger, the packet
transmission rate at which the throughput takes the
maximum value is asymptotically smaller. When we set
the transmission rate so that the throughput takes the
maximum value at large offered load, increase in the
buffer size brings about an improvement in the grade of
service in terms of higher throughput and lower rejec-
tion probability. Large buffer size causes an increase of
the average delay. It is, however, not serious because the
average delay increases in compensation for reduction
of the rejection probability of the packet transmission.

~In this paper, the performance of the queueing
system was analyzed by means of the Markov chain.
This method is easy to implement because we can use
the queueing theory that has ever been studied ex-
tensively [15],[16]. For example, the packetized voice
and data traffic is modeled as the Markov modulated
Poisson process (MMPP)[18]. In this case, we can
model the user part as an MMPP/G/1 queue.
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