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Abstract

We propose an analytic traffic model for CDMA cellular mobile communication networks in
which the number of available channels for each cell depends on the number of conversations in
progress in neighboring cells. We assume that mobiles move probabilistically across cell boundaries.
The transition of state for the number of calls in each cell then forms a birth-and-death process.
The generation rates of hand-over calls are determined numerically by other traffic parameters. We
evaluate the probabilities of call loss, forced termination and call completion, and compare with
those for FDMA networks in which the number of available channels is fixed. We have observed
that the capacity of CDMA scheme is larger than that of FDMA. Our analysis results agree with
those by simulation.
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1 Introduction

The code division multiple access (CDMA) scheme has drawn much attention among the next gener-
ation cellular phone systems. The CDMA is one of the basic multiple access schemes. It is generally
said that CDMA is better than the existing frequency division multiple access (FDMA) and the time
division multiple access (TDMA) in terms of quality of communication and rate of transmission under
given radio propagation condition. The CDMA technique was developed in military communications
due to its security and anti-jamming capability. So far the technique has been mainly used in satellite
communications and in wireless LANs.

The CDMA scheme developed by QUALCOMM Incorporated was standardized as IS-95 in the U.S.
in 1993. Thereafter CDMA was formally applied to cellular phone systems. The practical services
of cdmaOne with IS-95 began in Hong Kong and in Korea. In Japan the DDI Cellular group and
IDO Corporation started ‘cdmaOne’ service in July 1998. However there occur some difficulties in
applying CDMA to commercial systems. Examples are the power control in the near-far effect and the
hidden terminal problem owing to the straight propagation property of high frequency electromagnetic
wave [1].

We evaluate the probabilities of call loss, forced termination and call completion for CDMA cellular
mobile communication networks. Several Markovian models have been proposed for traffic character-
istics in FDMA cellular mobile communication networks. In [2], the hand-over rate is computed from
the probabilistic analysis of the movement of a mobile, and the loss probability is calculated for the
models in which hand-over calls have priority over new calls in channel access and they can wait in the
hand-over area. In [3], it is shown that the channel usage time in a cell has exponential distribution
by analysis and simulation. These and other studies [4]-[6] are based on the assumption that all cells
are statistically identical. A hierarchical model is given in [7], but the movement of users from cell to
cell is not considered. Surveys of traffic models of cellular networks are given in [8]-[10]. Queueing
network models are proposed in [11] and [12]. In [13], analysis and simulation for probabilities of call
loss and forced termination are shown for the models in which hand-over calls probabilistically move
between two cells. In [14], the performance is compared with respect to the size of a hand-over area
in CDMA cellular mobile communication network in which the soft hand-over is taken into account.
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Figure 1: State transition rate diagram for cell .

In the past study by the authors’ group, the hand-over rate is approximately calculated through
the solution to a set of nonlinear equations given other parameters for FDMA cellular communication
networks with arbitrary traffic load. The network is composed of cells to which are allocated a fixed
number of channels in advance. The performance evaluation for the entire network is conducted by
matching the hand-over rate that is approximately calculated. In this paper, we conduct the perfor-
mance evaluation for the entire network with CDMA in which the number of available channels in
each cell depends on the number of ongoing calls in the neighboring cells.

In order to precisely evaluate the performance of a network that is composed of multiple cells, we
may consider a multi-dimensional Markovian process model in which the state is the number of calls
for every cell in the network. However, the more cells the network has, the more difficult it becomes
to calculate the performance. In [15], a one-dimensional Markovian process is considered in which
the state is the number of calls for each cell. A method is presented in which the multi-dimensional
Markovian process is reduced to a set of one-dimensional Markovian processes by assuming that the
movement of hand-over calls simply forms a Poisson process. In this paper we present a similar entire
network model which consists of one-dimensional Markovian process models for individual cells.

The rest of this paper is organized as follows. In Section 2, we give a traffic model for a CDMA
cellular communication network. In Section 3, we present a method of evaluating probabilities of
call loss. In Section 4, we numerically calculate and simulate performance measures for two concrete
network examples and compare with those for the FDMA cellular network. We conclude in Section 5
with a summary of the present study.

2 TRAFFIC MODEL

In this section, we present our traffic model for each cell of which a network consists, and show an
algorithm to calculate the hand-over rate.

2.1 Traffic model for each cell

Assume that there are N cells in the network. Calls are placed in cell i when new calls are placed in
cell 7 and hand-over calls enter cell 7 from adjacent cells. We assume that they are placed in a Poisson

process at rate /\gi) and )\gi), respectively. The call holding time and the residence time of a call in

cell ¢ are exponentially distributed with rate ,ugz) and ,ug), respectively [3]. We assume that hand-over
calls can wait for a new channel from the cell that they are entering by continuing to use the channel
of the cell that they are leaving while they reside in the boundary of the two cells called a hand-over
area. The residence time of a call in a hand-over area is also exponentially distributed with rate ,u,gi).

Now, according to a model for the number of channels in CDMA [8], the maximum number L) of



the available channels in cell ¢ is given by

N

LW =c-Y L0k (1)

7=1

where C is the initial number of channels given to each cell, LU) is the average number of ongoing calls
in cell j, and k;; is the interference factor between cell j and cell i (kj = 0 in the case of FDMA). We
should note that C' is also the number of channels available in the entire system due to the availability
of the same bandwidth for all cells in CDMA. Though the number of ongoing calls at a point in time
chosen at random is a random variable [8], we simplify the model by assuming that the effect from
adjacent cells is represented by the average number of ongoing calls in the cells to enable numerical
calculation. In practice, k;; is a random variable depending on the propagation loss between cells, the
variation of power control in up- and down-link, the position of a handset, and so on [16]. However,
we here assume that kj; is constant as in [8] for simplicity (the same assumption is made in [17] and
18]).
| If the number of ongoing calls in cell 7 is less than L), both a new call and a hand-over call are
allocated a channel at the arrival time. If it is more than or equal to L®), a new call is blocked and
a hand-over call waits for an available channel in cell ¢ while it resides in the hand-over area. In the
meantime the hand-over call is actually continuing to use a channel of the previous cell. If such a call
passes the hand-over area before it obtains a channel from the new cell, it is forcibly terminated.
Based on the above assumption, we find that the state transition for each cell forms a one-
dimensional birth-and-death process. The state transition diagram for this process is shown in Figure
1. If we denote by P(k)(® the steady-state probability that there are k calls in progress in cell 7, a set
of local balance equations is given by

k() + uPe)® = 00 4+ APk — 1)@ 1<k<L®
e S I T
The solution to these equations is given by
() ar 00 1< k<O
P(k)® = f)(:{j\(')+/\('))L(’) (A@)p-L " (3)
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where P(0)® is determined from the normalization condition Y, P(k)® = 1.

2.2 Algorithm for calculating the hand-over generation rates

Note that the rate )\gi)* of hand-over calls going out of cell i clearly depends on other parameters
of the traffic model for each cell. If the number k of calls in cell i is less than or equal to L), the
number of hand-over calls going out of cell i per unit time is kugi). If it is more than L, the number
of hand-over calls going out of cell i per unit time is L(i) (o , because cell ¢ accommodates at most
L® calls and k — L9 calls use the adjacent cells’ channels That is, when there are k calls in cell 1,
min(k, L(’)) @ calls go out the cell per unit time. Hence, we have

Z P(k)® min(k, L(’)),u (4)



In addition, we assume that a call from cell ¢ moves to cell j with probability 7ij, and that the call
is then placed in cell j as a hand-over call. If the call moves outside the service area with probability
Yie, the following relation is held :
N
D Mitve=1 =0 1<i<N (5)
j=1
In view of the above argument, we employ the fixed-point method to determine the value of the
hand-over generation rate /\g> for cell ¢ by the following procedure in which each step is executed for
all ¢ :
1. Let AY) =0, ® =0, and L) = C as initial values.
2. Compute L® by equation (1).
3. Compute P(k)®;k =0,1,2,--- by equation (3).
4.

Compute
LY = S kP(k)® (6)
k=1
5. Compute )\(21')* by equation (4).
6. Compute
() _ g~ 0
/\2 = Z)\Q 'Vji (7)
j=1

7. Repeat steps 2—-6 until /\g) converges.

Note that the rates )\gj ) for all adjacent cells of cell ¢ must converge at the same time in order that the
iteration for the rate )\g) converges. At present, this convergence has not been proved mathematically,
but it has been obtained as a result of numerical computation.

3 PERFORMANCE EVALUATION

In this section, we show a method of evaluating the performance measures such as call loss prob-
ability, forced termination probability, and call completion probability, for homogeneous as well as
non-homogeneous cells of which a network is composed.

3.1 Performance measures for each cell

We first consider the probability Pb(®) that a new call generated in cell 4 is blocked, and the probability
PR that a hand-over call entering cell ¢ is terminated. According to the Poisson Arrivals See Time
Averages (PASTA) property because of the assumption that new calls and hand-over calls are placed
as Poisson processes, we can regard the probability of the steady state of the cell as the probability of
the cell state just before a call generation in equations (8) and (9).

Recall that a new call in cell i is blocked if there are L) or more calls in cell i when it is placed in
that cell. Thus

oo
P = 3™ P(k)® (8)
k=L®
The probability Ph(®) is the fraction of the hand-over calls that cannot get a channel of cell ¢ before
going out of the hand-over area over all the hand-over calls entering cell i. Therefore

D o PRk - L)
PR = 3 0) ki (9)
k=L 41 A2




3.2 Performance measures for the entire network
3.2.1 Identical treatment of all cells in a network

Consider the case in which hand-over calls never go out of the service area. If the probability of the
steady state and the parameters are identical for every cell, we can equally handle all the cells in
the network. Recall that the number of available channels depends on the number of ongoing calls
in adjacent cells for CDMA. Hence, the model is limited for hand-over calls not going out of the
service area. We cannot equally handle the cells if the number of adjacent cells is different even if the
probability of the state is equal for each cell, i.e., the average number of ongoing calls is equal for each
cell.

Since we handle each cell equally, the probability Pb that a new call is blocked in the entire network
is equal to the probability Pb().

Pb = Pb® (10)

A call that has started with probability (1 — Pb) in some cell completes in that cell with probability
p1/(p1 + p2), or moves to an adjacent cell by hand-over with probability u2/(u1 + p2). Then the
hand-over fails with probability Ph = Ph(®), or succeeds with probability (1 — Ph).

Hence, a call passes through k cells without forced termination and it is terminated in the k + 1st
cell with probability (1 — Pb)[{pe/(p1 + u2)}(1 — Ph)]k - po/(p1 + p2) - Ph. The probability that the
call completes in the k + 1st cell is (1 — Pb)[{u2/(u1 + pu2) (1 — Ph)]]c - p1/(p1 + p2). Summing up
over all k, the probability Pf that a hand-over call is forcibly terminated and the probability Pc that
a call completes are respectively given by

o k
K2 p2 (1 — Pb)uaPh ‘
F=t )Ic2=:0 .Ul-l-uz( ) M1+ p2 ©1 + pe Ph (11)
00 k
K2 1 (1“Pb)lu,1
Pc=(1-Pb —l—Ph] = =1-Pb-P 12
( )2)[“1’*”“2( ) p1+p2  p1+ poPh f (12)

3.2.2 Different treatment of cells in a network

Let us now calculate the probabilities Pb, Pf, and Pc for a general network in which the parameters
and the probabilities are different for each cell. .
A call that has started in cell ¢ with probability (1 — Pb(z)) successfully completes in that cell w1th

probability " /(ut +15),

7Yij, or goes out of the service area with probability ,Lt(z)/ (N(z) + ,u( )) “Yie- The hand-over procedure
by which the call enters cell j fails with probability Ph(), or succeeds with probability (1 — Pr)).

Therefore, a call that has started in cell ¢ successfully completes in that cell with the probability Pe(i),
and the hand-over procedure from cell i to cell j succeeds with probability Pj(z), where

or moves to adjacent cell j by hand-over with probability ps ) / (,u,(l) )

PO = __H (13)
€ Ngz) + ugl)
(4) .Uvgi) )
PP = — ()%3(1—th) (14)
pit+

Moreover, the probability m; that a call which has started in cell ¢ successfully completes somewhere
in the network satisfies the following recursive equation

N
= Pe(i) + Z ijﬂ'j (15)
=1



On the other hand a call which has started in cell 7 is forcibly terminated with probability (1 — ;).
Thus we present the following three probabilities of a call destiny.

call loss probability Py®
forced termination probability (1 — Pb@)(1 — )
successful completion probability (1 — Pb(i))m

Taking the average of the call loss probability with the weight of the new call generation rate in
each cell, we obtain
N )\gz) @
Pb=% —=Pb" 16
i; A (16)

where A; = YV, )\gi) is the generation rate of new calls in the entire network. Similarly, we can obtain
the average of the forced termination probability and the successful completion probability of a call
with the same weight as follows :

N )\gi) @
Pf = 1- P (1 —-m 1
f Z—;Al( (1 —m) (17)
N )\(i) '
Pc= AL(l—Pb(’))mzl—Pb—Pf (18)
1

i=1
If we consider the special case of identical treatment of all cells in the entire network in these equations,
they reduce to the equations (11) and (12) in 3.2.1.

4 NUMERICAL ANALYSIS

In this section, we compare the performance of CDMA with that of FDMA by using both analytic
and simulation models for two simple networks.

4.1 Network models

(a) Model 1 (b) Model 2

Figure 2: Models of cellular networks.

We have considered two network models that are covered with hexagonal cells as shown in Figure
2 in order to calculate the performance numerically.
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Figure 3: Performance of model 1 (- :simulation).

Model 1 in Figure 2(a) is a network in which a part of calls may go out of the service area. We
assume that calls that go out of the service area are always terminated. By this model, we have
reflected the situation near the boundary of the service area. We assume in this model that each cell
is statistically identical and the movement of handsets is homogeneous in direction. For example, a
call goes out of cell 2 as a hand-over call to cell 1, 3, 7 with probability 1/6, respectively, or out of the
service area to be terminated with probability 1/2.

Model 2 in Figure 2(b) is a network with an irregular topology. Calls going outside the service area
are forcibly terminated. We assume that traffic parameters for each cell are different as given in Table
1. The different values for /,Lg) imply the different sizes of cells. We also assume that the movement
of handsets may not be homogeneous in direction as given in Table 2. By this model, we verify that
our analytic model can be applied to the service area with an arbitrary topology and an arbitrary set
of parameters.

4.2 Conditions for comparison between CDMA and FDMA

In the radio frequency usage in Japan, the carrier band of 1.25 MHz is needed for a CDMA channel
(in cdmaOne) and that of 6.25 kHz is needed for an FDMA channel (in analog cellular phone). Thus a
CDMA channel uses two hundred times as broad as an FDMA channel does. But the channel capacity
for FDMA scheme is not necessarily two hundred times as large as that for CDMA scheme. Although
the same frequency cannot be used in adjacent cells for FDMA, the same frequency is reused over
all cells for CDMA. For example, in a seven-cell reuse system in which each cell is initially given 20
channels, the FDMA system must contain 20x7=140 channels. On the other hand ,the CDMA system
just contains 20 channels over the entire system.



Also, for CDMA we have to take account of the reduction of the number of available channels by
the interferences in adjacent cells. Assume that the initial number of channels in a cell is chosen
such that 20 channels are available in the cell when each adjacent cell has 20 ongoing calls. Then
the initial number of channels in the entire system is 20x1.6=32, where the factor 1.6 comes from
the assumption that the inter-cell interference factor is x;;=0.1 and that each cell is surrounded by
six cells (8], [17]. In comparison of the bandwidth, the 140x6.25 kHz=8.75 kHz band is used in the
FDMA system, while the 1.25 MHz band is used in the CDMA system.

4.3 Performance of model 1

Table 1: Parameters for model 2.

Celli |1 2 3 4 5 6 7 8 9 10
ADAD 1 1 9/3 172 2/3 2/3 3/4 172 3/4 2/3
A9 1111111111
g2 02 0101 1 1 1 1 1 1
p |10 10 10 10 10 10 10 10 10 10

Table 2: Matrix of probabilities for the movement of mobiles.

Nl 1 2 3 4 5 6 7 8 9 10 e
110 14 0 o0 1/6 1/6 1/6 1/12 1/6 0 0
2 |12 0 1/6 1/12 1/12 0 0 0 1/12 1/12 0
30 12 0o 13 0o 0 0 0 0 1/12 1/12
410 1/31/12 0 12 0o 0 0 0 0 1/12
511/3 1/3 0o 1/12 0 1/12 0 0 0 0 1/6
6 1/3 0 0 O 1/4 0 1/4 0o 0 0 1/6
7112 0 o o0 0 1/4 0 1/6 0 0 1/12
8114 o 0o 0 0 0 1/3 0 1/4 0 1/6
9 {1/)31/5s 0 0 0 0O 0 2/15 0 2/15 1/5
10/0 1/3 1/4 0o 0 0 0 O 1/4 0 1/6

Model 1 in which parameters for each cell are identical and calls can go outside the service area
appears in Figure 2(a). In this model, we use numerical values pu; = 1, uy = 2, and u3 = 10. These
parameters correspond to the situation where the mean duration of a call is 1 minute, handsets are
on the cars that pass microcells of radius 250 m with the speed of 60 km/h, and the radius of the
hand-over area is 25 m. It is assumed here that the movement and the interference from the first
tier, i.e., only the adjacent cells, are considered. Those from the second and higher order tiers are
neglected, that is, v;; = 0 and kj; = 0 for j # 7. We assume that the maximum value of the state k
is 50, that is, 50 calls can exist in a cell including those in the hand-over area. We conduct numerical
computations by varying the call generation rate A\;. We compare the performance of the CDMA
system with that of the FDMA system under the condition that each cell first gets 32 channels for
CDMA, and 20 channels for FDMA.

We have also conducted simulation. Each run is stopped at the point when one million calls are
generated. The difference between the simulation model and the analytic model is as follows. In the
simulation model, we create two events; one is a call that completes in cell 4, and the other is a call



that goes out of cell <. The durations of these events are exponentially distributed with average 1/ ugi)

and 1/ ,ug), respectively. If the latter occurs before the former, the hand-over procedure of a call to
cell j occurs with probability ;;. In our analytic model, we assume that a hand-over call is placed
as a Poisson process by aggregating the generation rates of all hand-over calls coming from adjacent
cells. Furthermore, in the simulation model we have handled all cells at the same time and determined
the number of available channels at each point of time in response to the instantaneous number of
ongoing calls in the adjacent cells.

The results of numerical computation and simulation for model 1 are shown in Figure 3. In this
model, since most of the forcibly terminated calls those are inevitably terminated by moving outside
the service area, the probability of forced termination over the entire network is dominated by such
calls. As the probability us/(p1 + p2) of hand-over is constant and the number of channels is finite,
the number of hand-over calls is constant when there are more calls than channels in a cell. Moreover,
we also find that the number of calls that are terminated by going outside the service area is constant
since the probability «y;e is constant when there are more calls than channels in a cell. We observe that
the probability Pf decreases more rapidly for CDMA than for FDMA as the rate A; increases. It is
found that there are idle channels for CDMA even when the channel capacity is saturated for FDMA.
As a result, the number of calls terminated inevitably by moving outside the service area increases
until the channel capacity is saturated for CDMA. In conclusion, the channel capacity of the CDMA
system is larger than that of the FDMA system. We additionally find that the blocking probability
starts increasing after the traffic intensity A1/p; of new calls exceeds the number of channels given to
each cell.

Bullets represent the results of simulation in Figure 3. As they are almost consistent with results
of numerical computation, it seems reasonable to assume that hand-over calls are placed as a Poisson
process and the average number of calls in adjacent cells is representative of the effect from the adjacent
cells in equation (1).

4.4 Performance of model 2

Model 2 in which parameters are arbitrarily chosen and the service area is irregular is shown in Figure
2(b). Numerical examples of parameters are indicated in Table 1 and Table 2. Here, the difference of
po represents the difference in the cell size that a base station covers. For example, the diameter of
cell 1 and cell 2 is half of the others. Hand-over calls always move to adjacent cells and cannot move
to non-adjacent cells. Thus calls which reside in non-boundary cells of the service area cannot move
outside the service area.

We have shown the results of numerical computation and simulation for model 2 in Figure 4. This
model also indicates that calls can move outside the service area. We offer here a reason why the
probability of forced termination increases as A;. Because fewer calls move outside the service area in
comparison with model 1, such calls have less effect on the probability of forced termination. Therefore
we can say that the calls which fail in hand-over determine the probability Pf. The CDMA system
also outperforms the FDMA system in this model. In addition, the blocking probability begins to
increase when the traffic intensity A1/p; is a little smaller than the number of given channels (20)
for each cell. This is why calls that remain within the service area reduce the number of available
channels in adjacent cells due to the smaller probability P. in comparison with model 1.

Bullets in Figure 2(b) are the results of simulation. As they almost agree with results of numerical
computation, the approximation in this paper holds for an arbitrary cell configuration and an arbitrary
set of parameters.
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5 CONCLUSION

In this paper, we have proposed a method to calculate the blocking probability, the probability of
forced termination and the probability of successful completion of a call based on the traffic model for
the CDMA cellular communication network. Compared with the FDMA system for those probabilities,
we have observed that the CDMA system has a larger channel capacity than the FDMA system. In
terms of the band occupancy, the CDMA system (1.25 MHz) occupies much broader band than the
FDMA system (0.875 MHz) does. Hence, although the FDMA system excels with respect to the
channel capacity per band occupancy, it is concluded that the CDMA system can support more users
as a whole.
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