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Abstract— CDMA has been proven to be one of the
promising mainstream multiaccessing techniques in fu-
ture cellular mobile communication systems, It is offer-
ing attractions such as soft capacity, soft handoff, an-
timultipathing, and etc. In this paper a quality-based
birth-and-death queueing model is developed for the
purpose of evaluating the performance of a CDMA cel-
lular that supports two-rate transmissions.

I. INTRODUCTION

Mobile communication or wireless communication
has recently become one of the hottest research topics.
Cellular phones have closely linked with many people’s
daily lives. The subscription to mobile phone service
in many countries has increased drastically in recent
years. Predicition of business opportunities in wireless
communication has been overwhelmingly good. PCS
(Personal Communication Service) and PCN (Person-
al Communication Network) are two well understood
acronyms to many technical and business people.

The technology of wireless communication has ad-
vanced from the first generation of analog systems to
the new generation of digital systems. AMPS (Ad-
vanced Mobile Phone Service) [1] is a well known and
widely implemented analog cellular system and sup-
ports primarily voice communications. Analog sys-
tems have the problems such as capacity limitation,
less noise /interference immunity, security loophole, - - -.
Digital technology overcomes many of these problems.
It also has a very important selling point of being able
to easily support a wide variety of applications ranging
from the traditional voice to new applications such as
data, fax, message, video and etc. European GSM
(Global System for Mobile communications), North
American IS-54 and Japanese PDC (Personal Digital
Cellular) are three examples of digital cellular systems
[2]. They are also examples of TDMA (Time Division
Multiple Access) systems.

CDMA (Code Division Multiple Access) is another
mainstream and competing (access) technique in im-
plementing a digital cellular system, e.g. [3]. CDMA
is usually realized through spread spectrum (SS) tech-
niques [4], either direct sequence (DS) or frequency
hopping (FH), or a hybrid between DS and FH. CD-
MA has been reported to offer attractions such as more
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efficient spectral utilization, soft capacity, soft hand-
off, antimultipath fading [5]-[7]. It also has a unique
feature of offering the flexibility of letting CDMA user-
s share spectrum with some existing microwave users
without disrupting their service [8]-[9].

In cellular systems, each cell receives two types of
call : new calls and handoff calls. CDMA cellular is
no exception. So far there has been very limited s-
tudy done on the construction of appropriate queueing
model for evaluating the performance of a CDMA cel-
lular system. The purpose of our work is to establish
such queueing model. The model shall not only take
both types of call but also the soft capacity feature of
CDMA cellular into account. It is widely known that
the quality of CDMA system degrades gradually not
abruptly as more calls are admitted. Calls are rejected
only when the quality of service becomes untolerable.
In handling whether to admit or reject a call, priority
may be given to favor handoff calls in order to reduce
the drop rate. The model constructed in our paper
shall allow such flexibility.

Although CDMA is not the only solution to support
multirate service, it is indeed a good candidate tech-
nique. In the future CDMA system, a good variety of
narrow band and broad band applications is expected
to be supported. But at the early stage of deployment
it is quite possible that only voice and primitive type
of data are to be experimented. Because of this con-
sideration we shall in this paper concentrate on the
modeling of a dual rate CDMA system.

In CDMA environment, the quality of transmission
on the reverse, i.e. mobile to base station, link is sus-
ceptible to the well known near-far effect. The power
radiated from a base station may overflow into adja-
cent cells to interfere the forward, i.e. base station to
mobile, link transmission in these adjacent cells. Pow-
er control [5]-[6],[10] are exercised on both forward and
reverse link to reduce such effects. The work in this
paper is to be done under the assumption of perfect
power control.

Let 7; denote the distance between a mobile, say
4, and its base station. Let R denote the radius of a
general cell. We use P,.(r;) and P;(r;) to denote the
power transmitted from mobile j (to its base station)
and the power transmitted to mobile j (from its base
station), respectively. We also use Pr and PII. to de-



note the maximal power possibly transmitted from a
mobile at cell boundary and the maximal power possi-
bly transmitted to reach a mobile near cell boundary.
Under the assumption of perfect power control

P,(rj) = Pr()* M
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The purpose of power control is to let the base s-
tation receive equal carrier-to-interference ratio (C/I)
from all mobiles and vice versa. Eq. (2) is taken from

10].

[ S]uppose a cell currently contains a total of M mo-
biles. Like other studies we assume that these mobiles
are distributed uniformly in the cell. Let o denote the
user density, then

M
= — 3
= InR3 ()

Lee has in [5] derived the C/I on the forward link
for a CDMA cell under the assumption of perfect pow-
er control. But the power control law used by Lee is
slightly different from the one outlined in (2). In Lee’s
work, 0.55R is used, while 0.6R is used in (2). We
decide to adopt 0.6 R because it is obtained from sim-
ulation and somehow more emperical. Modify Lee’s
result to fit (2), we obtain

c 1
T~ 1.8695M — 1 (4)

Let us consider a CDMA system which uses BPSK
for modulation. Let R; denote the source’s bit rate
and W the bandwidth occupied by the CDMA system.
Using P, to denote bit error rate of the system, then
[11]

c/I

1
P¢ - Eerfc( Rb/W (5)
where erfc denotes the well-known complementary er-

ror function

erf(z) = %‘/ e~tdt

Use (4) and (5) and let W = 1.25MHz, Ry = 8.0
kbps we may conclude that a cell can accommodate
M = 17 R;-bps users if the required P, is set at 10~3
and M = 27 if P, is relaxed to 5.0 x 10~3. Notice
that in the capacity calculation here we exclude the
consideration of voice activity and sectorization.

There is concern that data is error sensitive and 102
is not enough for data transmission. Forward error
correction plus retransmission must be used to achieve
the bit error rate requirement for data users. This also

partially tells why our data transmission is assumed to
take up a bandwidth b times of a voice communication.

Consider no more than a total of 18 interferring
neighboring cells, We have obtained for the reverse
link?2

I

R

(6)
«(M-1)Pr | aMPzr[6£(+/3) + 6£(3) + 65(2v/3)]

where o is the constant of proportionality in the 40
dB/dec propagation path loss model and

4z? — 3% 2 1
Let P, denote the power received by a base station
from a mobile, say j, at distance r;, then under the
assumption of perfect power control

P = aPT(%)4 1)

Thus on the reverse link

c P,

1 I
1

ML+ 6F(/3) + 6F3) + 1A — 10

From (5) and (8) we obtain for the reverse link when
P, is desired at 10~3 the system can support M = 18
users transmitting at the speed R; bps and if P, is
relaxed to 5.0 x 10~2 the channel capacity can be in-
creased to 29. Compare with forward link, we observe
that reverse link gives slightly better capacity. This
difference is also observed in Lee’s work [5]. In Lee’s
reverse link capacity analysis, interference from neigh-
boring cells is not included in the evaluation of C/I.
Here, we take the interference from neighboring cells
into consideration.

The rest of this paper is organized as follows. In
Section II we establish a birth-death queueing model
for the derivation of call blocking rate. The birth-and-
death queueing model was also used in [13] to solve
a different problem. Numerical examples and discus-

sions are given in Section III. Conclusions are made in
Section IV.

II. PERFORMANCE ANALYSIS VIA QUALITY-BASED
BIRTH-DEATH QUEUEING MODEL

Base on the preparation done in Section I, we shall in
this section develop a birth-and death queueing model
to evaluate the performance of a CDMA cellular sys-
tem which supports both voice and data applications.
In determining whether to admit a new/handoff call,

2A similar result has been derived in [12]. In our case cell with

circumcircle is used in considering the area of a cell while Kim uses
cell with incircle.
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the criterion is whether the link capacity developed in
Section I would be violated.

Let each data application need a bandwidth b times
bigger than a voice call. In other words, suppose we
say a voice call consumes one channel, then to admit a
data call would require the availability of a chunk of
channels. In other words, data applications considered
in this paper can be of wideband if b is large enough.

We have in Section I divided calls into new and hand-
off calls. A call can be either voice or data. Let us as-
sume that within a cell voice and data calls constitute
a Poisson process with mean rate A, and A4, respec-
tively. Let A = Ay + Aq and B = Ag/A. Voice arrivals
can be further divided into two constituent Poisson
processes with mean rate A, , and A, to represent
newly lauched and handoff calls, respectively. Sim-
ilarly, data arrivals are divided into two constituent
Poisson processes with mean rate Ay, and Ags. Let
Yo = Aup/Aun and ¥a = Agn/Agn. It is practically
resonable to assume that v, = y4 = 7.

We use (my,mq) to denote the state of a cell which
represents the number of voice and data calls that are
currently supported by the cell. Since a data call con-
sumes b R;-bps channels, the total amount of chan-
nel consumption corresponding to (my,mg) is k =
m, + bmg. In our earlier calculation of link capaci-
ty w= discover that for example on the forward link, a
cell can support upto 17 channels when BER is set at
10—3 and this number can be pushed to 27 when BER
is relaxed to 5.0 x 10~3. These two numbers 17 and 27
are sort of bounds of the capacity region. We shall use
K; and K, to denote these two bounds of the capacity
region. : ,

We said earlier that one striking feature of a CDMA
system is its soft capacity. That is, admitting addi-
tional calls when link has been running at full capac-
ity will degrade the quality of service only gradually,
not abruptly. This does not occur in FDMA or TD-
MA system where a call definitely gets rejected when
no frequency or time slot can be found available. This
scenario can be modeled by shortening the remaining
residence or dwell time of each individual call in a cell
when the system is running beyond its link capacity.
In other words, after detecting worsening quality of
service, users will become impatient and tend to ter-
minate their calls sooner.

The residence/dwell time of a mobile in a cell is tak-
en to be exponential by some researchers, e.g. [14]-
[15]. In this paper we shall follow their footsteps. Let

1__ be the mean dwell time of a call when a cell is
Hmy,my

running at the state (my,ma). Then

mpy, 0<k<LK;

mu(l+e4=EL), K <k<K, )

Pmy,meg = {

Where m = m, + mg, k has been defined to be m, +
bmyg, 1/ is the normal mean dwell time when the cell is

running under k¥ < K, and £ is an empirical weighting
factor. Larger ¢ yields shorter dwell time. Shortening
of call dwell time is reflected in the factor 1 + £(k —
K;)/(Ky — K;). Notice that a feasible state (my,ma)
must satisfy 0 < my, + bmg < K. .

An alternative representation of cell state is the num-
ber of channels occupied by voice and data calls, i.e.
(ky,k4) in which ky = m, and kg = bmy. Using
(kyska), (9) has to be changed to

I“kvvkd (10)
(k'u+£5‘)“: fo<k< K
(ko + 5)u(1 + €0 ), K<k <K,

The transition between adjacent states is governed
by Auns Av,hs Adyns Ad,n and g, x, defined in (10). Clear-
ly (ky, k4) behaves in accordance with a two dimension-
al birth-and-death process.

Let 1, denote the state probability of a cell at
statistical equilibrium. g, ;, can Le obtained from
the state-transition rate diagram via matrix inversion
subject to

Ty ke = L.

)>

0<ky,+ki< K,
kqg=25,2b,---

Let #m,,m, denote the steady state probability of
(my,mq). Obviously, ®pm, m, can be obtained from
Tk, ke Via the relation mg = ka/b.

We use B, and By to denote the blocking probability
of a voice and data call, respectively. For each type, we
further divide it into two categories : new and handoff.
By, By, Bagn, Ban are used for such purpose. For
example B, denotes the blocking probability when
the call is a handoff voice.

In this paper we use the following strategy to de-
termine whether to admit a call. New calls are ad-
missible only when k, + k4 + = < K; where = denotes
the bandwidth required in accepting the new call, i.e.
z = 1 or b . Handoff calls are admissible as long as
ky +ka+z< K,y

Following the above strategy, various blocking prob-
abilities can be obtained as follows.

Bv,n = Z Tkyska (11)
ky+ka2 Ky

Bup = ), Thyks (12)
kytka=K,

de" = Tkinkd (13)

Ki—b+1<ky+ka<Ky

(14)

deh = Z “kvykd
Ku—b+1<ky+ka<Ke

Another measure of interest is channel utilization.
Let 7 denote the average number of busy channels in
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a cell. Similar to the break-up of B into B, and B; we
have 7, and 74 for 1. Then

Ny = Z kv"rk.,kd

N4 = Z LFLTI (16)

III. NuMERICAL EXAMPLES AND DISCUSSIONS

(15)

In addition to the call admission policy treated in
Sec. II, two other alternatives are considered for com-
parision. For convenience let us call the previous scheme
soft admission (SA). The new schemes for comparision
are sort of hard schemes. One of them works as follow.
A call is always rejected whenever ky, + kg + = exceeds
K; even if it were a handoff call. This scheme will be
called hard admission (HA). The other scheme works
exactly like hard admission except that handoff calls
are given priority treatment by having certain amount
of guard channels. We call this last scheme hard ad-
mission with guard channels (HAG). We shall use n,
to denote the number of guard channels.

Fig. 1 plots handoff blocking probabilities B, and
Bj versus aggregate traffic intensity p = A/p = (A, +
Ad)/p under K, =27, K; =17,b=2,8= Ag/) = 0.2.
Fig. 1(a) does it for v = Ay p /Ao n = Agn/Aan = 0.2
while v = 0.4 in Fig. 1(b). In Fig. 1, B, and Ba
are represented by dotted and solid line, respectively.
Three different values of £, 0.0, 0.3 and 1.0 are consid-
ered for illustrative purpose. Because the soft admis-
sion strategy has the intention to accept more calls,
we observe that SA offers considerably better handoff
blocking probability although HAG does give handoff
calls priority treatment. We also observe that By,
blocking probability of data calls, appears to be high-
er than By 5. This is due to the fact that a data call
consumes more bandwidth. Compare Fig. 1(a) and
Fig. 1(b) we notice that due to the inclusion of more
handoff traffics blocking probabilities By ; and Bap in
Fig. 1(b) are higher. Larger v can be found in system
with smaller cells, e.g. microcells.

Fig. 2 plots new call blocking probability for the
same configuration considered in Fig. 1. Compare HA
and HAG we observe that HA offers better new call
blocking probability for both voice and data calls than
HAG since HA does not reserve channels solely for
handoff calls. When p is small, SA and HA have close
performance in new call blocking probability. Fig. 3
shows channel utilization n = n, + 74 versus p. Also
plotted in Fig. 3 is the number of busy users occupy-
ing the channels. We indeed observe that SA yields the
highest utilization. Fig. 4 examines the effect of b on
blocking probabilities. We observe that both handoff
and new call blocking probability are worsened by the
increase in b which is reasonable.

IV. CONCLUSIONS

We have in this paper addressed the soft capacity
aspect of a CDMA cellular system. Our major con-
iribution is to obtain key performance measures such
as blocking probability and channel utilization. The
soft capacity aspect is reflected in a birth-and-death
model. We have also conducted extensive numerical
experiments using the results we derived and observed
interesting but reasonable outcomes. Our results can
be used in analyzing the performance of a practical
system.
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