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Abstract—It is envisioned that small cells are going to play
an important role in future cellular networks. Due to limited
coverage areas of small cells and increased user mobility, a proper
analysis and evaluation of handoff traffic is of major importance.
In this paper, we propose a novel teletraffic model for the analysis
of handoff traffic in cellular CDMA networks. When the cell load
is above a predefined threshold, we allow the handoff calls to
reduce their bandwidth requirements in order to avoid blocking.
Our model also realistically assumes a finite number of traffic
sources in the cell and enables analytical determination of uplink
blocking probabilities for new and handoff calls. To this end, the
CDMA system has been described as a continuous-time Markov
chain in order to derive an efficient recursive formula for the
calculation of system state probabilities. The proposed analytical
model has been validated through simulation experiments, which
show good accuracy of the derived results.

I. INTRODUCTION

The family of Code-Division Multiple Access (CDMA)
techniques has been successfully used as radio link interface in
the current generation mobile networks. Furthermore, CDMA
techniques are expected to play an important role in future fifth
generation (5G) networks [1], [2]. According to the CDMA
radio communication, signals of different Mobile Users (MUs)
are distinguished by different codes. The codes used in practice
are non-orthogonal and, as a consequence, a new MU arriving
to a cell will cause interference to other MUs in the same and
neighbouring cells. Hence, in order to protect the Quality-of-
Service (QoS) of existing MUs, Call Admission Control (CAC)
is performed at the Base Station (BS) upon a call arrival. This
may cause blocking of a newly arriving call.

In this paper, we consider two types of call blocking: new-
call blocking and handoff-call blocking. The first type refers
to the call blocking upon the initial connection establishment.
The second type refers to the blocking of in-service calls when
they move from one cell to another. Handoff is the process of
moving between neighbouring cells, while a call is in progress.
In that case, the BS of the target cell takes the control from
the BS of the source cell. The CAC policy, used at the BSs, is
expected to guarantee that the handoff-call blocking probability
will be significantly lower than the new-call blocking.

A number of works study cellular CDMA systems and
derive new-call blocking probabilities. In [3], the calculation
of call blocking probabilities in the uplink of W-CDMA is

studied. The call arrival process is assumed to be Poisson
and calls have fixed bandwidth requirements. This work was
extended in [4], by modeling elastic and adaptive services, and
in [5], [6] by considering a finite number of traffic sources.
In [7], the authors propose and evaluate an efficient CAC
policy for CDMA networks. The system has been modeled as
a CTMC and a recurrent formula for calculation of system
state probabilities has been derived. The model of [5] has
been extended in [8] to incorporate elastic services and in [9],
[10] to enable interference cancellation. In [11], the blocking
performance in the downlink of CDMA is analysed, based on
Markov chain modelling. Some of the aforementioned models
have been extended for the analysis of handoff-call blocking
probabilities. In [12] and [13], teletraffic models for W-CDMA
networks with a soft handoff mechanism have been proposed.
In [14], the authors extend the model of [5] by incorporating
the calculation of handoff-call blocking probabilities. In [15],
the model of [3] has been enhanced with a CAC for handoff
traffic. In [16], a teletraffic model for CDMA supporting
batched Poisson call arrivals is proposed. In [17], an extensive
survey of handoff decision algorithms is presented.

In this paper, we model and analyse the uplink of cel-
lular CDMA systems including handoff traffic. We describe
call arrivals/departures as a Continuous-Time Markov Chain
(CTMC). Next, we propose an efficient and recurrent for-
mula for the calculation of system state probabilities, and
consequently, call blocking probabilities. In particular, we
extend the model of [15] by enabling two contingency state-
dependent bandwidth requirements for arriving handoff calls.
If the system is heavily loaded (above a predefined threshold),
then an arriving call will request less bandwidth compared
with the case of lightly loaded systems. This is based on
the single-threshold model [18] that has been proposed for
wired connection-oriented networks. We extend this model
by considering handoff traffic, state-dependent call bandwidth
requirements, soft network capacity, and other peculiarities of
CDMA cellular systems. Also, the infinite number of traffic
sources assumed in [15], is considered unrealistic, especially
in the environment of small cells. Therefore, we incorporate a
finite number of traffic sources in our proposed model.

This paper is structured as follows. In Section II, we
describe our proposed model for cellular CDMA systems. In
Section III, we analyse the model using a CTMC and derive
equations for efficient calculation of new-call and handoff-



call uplink blocking probabilities. In Section IV, we evaluate
the accuracy of our proposed model by means of computer
simulations. Finally, we conclude in Section V.

II. SYSTEM DESCRIPTION

Consider a CDMA system that supports K independent
service-classes. We consider two different types of calls: new
and handoff. The first type refers to calls that originate inside
the reference cell. The second type includes calls that originate
in a neighbouring cell and are transferred to the reference cell
through the handoff process.

Each service-class k£ (k = 1,..., K) has a finite number
of new traffic sources, denoted by Sy n, and handoff traffic
sources, denoted by Sy . A traffic source may be either busy,
having a call in progress, or idle, waiting for the user to start
a call. The offered traffic-load per idle source of service-class
k new calls is denoted by aj n. In a similar way, the offered
traffic-load per idle source of service-class k handoff calls is
denoted by ay, m. In order to avoid repetitions, in some cases
we will collectively refer to the offered traffic-load of both
new and handoff calls as aj, ¢, where ¢ stands for fype and t €
{N, H}. Also, throughout the paper, we will use the indices
N and H to refer to new and handoff calls, respectively.

An in-service call alternates between transmitting (active)
and silent (passive) periods. To model this behaviour, we
define the activity factor, vy, of a service-class k call as the
percentage of the duration of active periods over the total
call duration. We also define the Block Error Rate (BER)
parameter, (E,/Ng)g, of service-class k as the signal energy
per bit divided by the noise spectral density, required to meet
a predefined BER. We also make the reasonable assumption
that the activity factor and the BER parameter are the same
for both new and handoff calls of a given service-class.

As it is known, the capacity of CDMA-based systems is
limited by the multiple access interference. To model this
characteristic, the cell load, n, which represents the total
occupied cell radio resource, has been introduced [3]. The cell
load consists of the intra-cell load, n;ptrq, (caused my MUs
of the reference cell) and the inter-cell load, ni,ter, (caused
my MUs of neighbouring cells).

For the service-class k new calls we assume that the trans-
mission bit rate, %y n, is fixed throughout the call duration.
However, the transmission bit rate of service-class k handoff
calls may take two different values, depending on the cell
load, n, at the moment of call arrival. In particular, if the
cell load is below a predefined threshold, n, g, then the call
requests its peak transmission rate, ;g p. On the other hand,
if n > ny, g, then the call requests a lower transmission rate,
Ry pr. Throughout the paper, we will use the indices P and
L to refer to peak and low transmission rates, respectively, for
handoff calls. Also, we will use the variable r (stands for rate)
to refer collectively to both peak and low transmission rates;
that is, r € {P, L}.

When a call (new or handoff) is accepted in the cell, it
increases the cell load by the so-called call load factor, Ly 4,
which is defined as follows and similarly to [15]:

Lio = (Ey/No)k Ry tr
W+ (Ep/No)k R tr

e))

where, as usual, t € {N,H}, r € {P, L}, and W is the chip
rate. A typical value in W-CDMA systems is W = 3.84 Mcps.

We consider the following CAC policy for the acceptance
of a service-class k, type ¢, rate r call:

Nintra T Ninter + Lk,tr < Nmax,t (2)

That is, the call is accepted if and only if, after the acceptance,
the cell load is not going to exceed the threshold 7,44,

Note that the rate threshold ny g is used to select the
requested transmission rate of handoff calls, whereas the CAC
threshold Ny, ¢+ is used to decide whether to block/accept a
new or a handoff call.

III. CALCULATING BLOCKING PROBABILITIES
A. Local Blocking Probabilities

Due to the CAC of (2), some of the arriving calls in the
cell may be blocked by the BS. The probability that a call of
service-class k, type t, and rate r is blocked when arriving at
an instant with intra-cell load, n;nrq, 1s called Local Blocking
Probability (LBP) and defined as:

Bk,tr (nintra> = Pr[nintra + Ninter + Lk@tr > nmam7t] (3)

Following similar calculations as in [15], we get:
/Bk,t’r(nintra) =1—-CDF, (513)7 for = Z 0 (4)

Ninter
where © = Nynep,t — Nintra — Lk and CDF, () is the

Ninter
cumulative distribution function of n;,te

B. State Transition Diagram

In this subsection, we describe the call arrival and depar-
ture process as a CTMC and derive the corresponding state
transition diagram. The first step is to discretize the cell load,
the intra-cell load, the call load factor, and the rate threshold
with the aid of the basic discretization unit, g, as follows:

. n Nintra n
j=|=]e=1 gt |, bpr = g’J,Jk,H:L BA

9
&)
where the floor function |z | gives the largest integer less than
or equal to z.

The physical meaning of the aforementioned parameters
can be explained with the aid of a simple example. Assume
that a cell has three MUs and all of them are in the middle
of a voice conversation, which requires 1 resource unit (RU)
(equivalent e.g. to a 64 Kbps data rate). The number of required
RUs by a call, corresponds to the parameter by . At a given
moment, some MUs may be active (i.e. transmitting), whereas
other will be passive (i.e. receiving or idle). The parameter
J, considered as the system state, represents the number of
RUs occupied in the cell, assuming that all MUs are active.
Therefore, in this example j = 3by . = 3. The parameter
¢, defined as the resource occupancy, represents the actual
number of occupied RUs (i.e., takes into account only active
users). In this example, ¢ = 0 if all MUs are passive, ¢ = 1
if one MU is active and two MUs are passive, etc. It is clear
from the above that j depends on the number of MUs and the
services they are using, whereas c also depends on the user
activity. Also note that 0 < ¢ < 5. When all MUs are passive,



we have ¢ = 0; when all MUs are active, we have ¢ = j. It
is also clear that, as MUs arrive and leave, the system state j
will change. Due to the CAC of (2), there will be a maximum
system state, denoted as jqz-

Our goal is to describe the CDMA system as a CTMC and
to derive an efficient formula for the calculation of system
state probabilities. Based on them, we will then be able to
determine the new-call and handoff-call blocking probabilities.
To understand the CTMC modeling approach, let us consider a
CDMA system that supports K = 2 service-classes. Assume
that j,qee = 4 and, therefore, the system has the following
five possible states j = 0,1,2,3, and 4. The call load factors
of the first service-class are L; y = 0.003, L gp = 0.002,
and L; gp = 0.001, for new calls, peak-rate handoff calls,
and low-rate handoff calls, respectively. Similarly, the cor-
responding call load factors of the second service-class are
Loy = 0.002, Ly gp = 0.002 and Ly g7, = 0.001. Recall
that call load factors can be calculated from (1). Also assume
that the rate thresholds are nq y = 0.003 and no i = 0.002 for
the first and the second service-class, respectively. By selecting
g = 0.001, we get the following resource requirements: b; y =
3,bi,up =2,b1,ur =1, bo 8 =bomp =2, by g = 1. Also,
we get the following rate thresholds: Jy g = 3, Jo g = 2.

The state transition diagrams of the CTMC for the first
and the second service-classes are shown in Figures 1 and 2,
respectively. Some transitions are due to a single type of calls;
green arrows for new calls and blue arrows for handoff calls.
Some other transitions, depicted by dashed red lines, are due
to both types.

In Figures 1 and 2 we use the following notation:

o A, n(j): effective transition rate of service-class k
new calls from state (j) to state (j + by )

o )\ m(j): effective transition rate of of service-class k
handoff calls from state (j) to state (j + by mp) if
J < Jg,m, orto state (j + by gr) if § > Jim

e up4: service rate of service-class k, type t (t €
{N, H}) calls

e Y} (j): mean number of service-class k, type t, rate
r calls in state j

For example, in Figure 1 we observe that the transitions
caused by new calls are always in steps of b; xy = 3. On the
other hand, the transitions caused by handoff calls are more
complicated, due to existence of the rate threshold J; g = 3.
Transitions from states j < J; g to higher states are in steps
of by, gp = 2; transitions from states j > J; g to higher states
are in steps of by g, = 1. Furthermore, we observe that states
J > Jmaxz —b1,n = 5—3 = 2 are blocking states for new calls,
due to the fact that in these states the available RUs are less
than required. As a consequence, transitions from states j > 2
to higher states are not possible for new calls. Similarly, there
is one blocking state, 7 = 4, for handoff calls.

The effective transition rate, A +(j ), depends on the num-
ber of idle sources, Sk — Yy (7). the call arrival rate per idle
source, A+, and the blocking probability in state j, denoted
as state blocking factor, Fy, .(j):

Myt () = (Skt = Yioor (5)) At (1 = Fre (7)) (6)

waY1,up(2)

wnYim4)

waYin3)

Fig. 1. CTMC for a simple example. First service-class.
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Fig. 2. CTMC for a simple example. Second service-class.

In the following subsection, we calculate the factors Fy, ;(5)
and, consequently, the state probabilities, ¢(j),7 =0, ..., jmaz-

Returning back to the example of Figures 1 and 2, we
observe that some transitions to higher states (e.g. A1 ##(0))
are accompanied by corresponding transitions to lower states
(t1,5Y1,mp(2)). For cases like that, we can assume the
following local balance between to corresponding states:

Mt (1)0(5) = 1kt Yao,tr (5 + brotr)q (G + i) @)
for ] = 07 ~~~ajmar - bk,tr

In the figures, we also observe that some transitions to
lower states due to handoff calls (e.g. p1,mY1 (1)) have
no corresponding transitions to higher states. For cases like
that, we will assume that these rates are negligible, because
Y1 m1(1) — 0. In general, we assume the following:

Yk,HL(j) =0 ifj < Jk,H
Yiap(j) =0if j > Ji g
Assumptions (7) and (8) introduce some approximation errors.

In Section IV, we evaluate the impact of these approximations
on the accuracy of the derived results.

®

C. Local Blocking Factors

In this subsection, we derive formulas for the calculation of
factors Fj, (7). First, we define the resource share, Py . (j),
of service-class k, type ¢, rate r calls in a state j as follows:

_ Yk,tr(j)bk,tr

Pk,t'f’ (.]) - ] (9)



with t € {N,H} and r € {P, L}. This equation essentially
shows the ratio of RUs occupied by a particular call category
over the total number of occupied RUs in a given state j.

Next, we define the resource occupancy probability,
A(c|j), as the conditional probability that ¢ RUs are occupied
in state j. The calculation of A(c|j) is given as follows:

A(clj) = Zzzpktr

+(1- Uk) (C|J - bk,tr)]
y Jmaz and ¢ < j, with A(0]0) = 1 and A(c|j) =0

[V A(c = br,tr|j — bitr)

10)

forj=1,...
forc>j .

Given the above, we now can determine the state blocking
factors as follows:

Fr Zﬁk wr(€)A(cl5) (11)

where Sy 1r(c)

D. State Probabilities and Call Blocking Probabilities

= Bk,tr(nintra) for ¢ = L%J

Having determined the factors Fj ;(j) in the previous
subsection, we can now solve the local balance equations of
(7) and derive the state probabilities:

ZZZ Skt thr )+1)akt(]‘ (12)

Fk: tr(.j - bk tr)bk trék tT( ) (] - bk: tr))]

Jmazx
-7jmax and Q(]) =0 fOI'j < O’ where Z =1
7=0

forj=1,..

The parameters 0y .-(j) are used in (12) to impose the
approximations of (8) and are defined as follows:

Sen(j) =1

. 1, ifj < Jim
5 =93 ’
k1P (J) {0, otherwise (13)
1, ifj> Jin

Ok, rr(j) = {

0, otherwise

The parameters Y; ¢ (), used in (12), can be approximated
based on the method of [19]. According to this method, the
average number of service-class k calls in state j can be well
approximated assuming infinite number of traffic sources for
each service-class. Hence we have:

. a — b ) (1 — Fpr( —
Yk,tr(]) ~ th( k,t )(q(]) k.t (J

bk,tr))

(14)

Finally, we can calculate the new-call and handoff-call
blocking probabilities by adding all the state probabilities
multiplied by the corresponding state blocking factors:

le(l"l?
Bin =Y q(j)Fen(j) (15)
§=0
Biw= Y ¢\ Feur()+ Y al)Fiuc(i) (16
Jj=0 J=Jk.H

TABLE 1. TRAFFIC PARAMETERS

2™ service-class
Ry n = 384 Kbps
RQ,HP = 384 KbpS
R2 HL — 320 Kbps
N2 H = 0.4

1% service-class
R, n = 144 Kbps
RI,HP =144 Kbps
R1 HL — 120 Kbps
Ni1,H = 0.4

Bit rate

Rate threshold

Activity factor v, = 0.67 v =1

BER parameter (Ey/No)1 = 3 dB (Ey,/Ng)2 = 4 dB
New sources Ni n = 100 N n = 50
Handoff sources Ny g =20 Ny g =10

TABLE II. OFFERED TRAFFIC LOAD (ERL)
1% service-class 2™ service-class
traffic point ai, N ai, g as N az H
1 0.10 0.02 0.05 0.01
2 0.20 0.04 0.10 0.02
3 0.30 0.06 0.15 0.03
4 0.40 0.08 0.20 0.04
5 0.50 0.10 0.25 0.05
6 0.60 0.12 0.30 0.06
7 0.70 0.14 0.35 0.07
8 0.80 0.16 0.40 0.08

IV. PERFORMANCE EVALUATION

In this section, we evaluate the accuracy of our proposed
model. We have developed an event-driven simulator using
the SIMSCRIPT III simulation tool [20]. We simulated call
arrival/departure events to/from the CDMA system according
to the description of Section II. After each event, the BS
estimates the cell load and possibly blocks an arriving call
according to the CAC condition of (2). Next, we implemented
the analytical model of Section III. The calculation of blocking
probabilities is based on (15) and (16). These calculations are
very fast, due to recursive and efficient determination of state
probabilities in (12).

We consider K = 2 independent service-classes with the
parameters shown in Table I. Note that, in both service-classes,
new and peak-rate handoff calls request the same data rate.
In the case of the first service-class, handoff calls request
120 Kbps if the cell load is greater than or equal to the rate
threshold (n > n; g). Similarly handoff calls of the second
service-class request 320 Kbps if n > no g. We use the
following CAC thresholds: 7,4, v = 0.8 and npq0,7 = 0.7,
for new and handoff calls, respectively. The offered traffic load
per idle source of the two service-classes is shown in Table II.

We compare the analytical versus simulation blocking
probabilities for both new and handoff calls. These blocking
probabilities versus the offered traffic-load are shown in Figs.
3 and 4. Simulation results are mean values of 10 runs with
95% confidence interval. The resultant reliability ranges of the
simulation measurements are very small and, therefore, we
present only mean values. We observe that the accuracy of
the proposed analytical model is satisfactory, as the analytical
results are very close to simulation results. We also observe
that, as expected, the blocking probabilities of handoff calls
are lower than the blocking probabilities of new calls. This
is due to the fact that we used a higher CAC threshold for
the handoff calls in comparison with the CAC thresholds for
new calls. In our experiments, we have also considered other
scenarios, with a larger number of service-classes, different
data rates, and rate thresholds. Due to space limitations, these
results are not presented. However, in all cases the accuracy
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of the proposed model is as in Figs. 3 and 4.

V. CONCLUSION

In this paper, we have present a novel modelling approach
for handoff traffic in cellular CDMA systems. When the system
is overloaded, handoff calls may request for less bandwidth,
according to a predefined threshold. The applied admission
policy ensures that the handoff-call blocking probability can
be significantly reduced. We also consider a finite number
of traffic sources for each service-class. Our model is de-
scribed by a continuous-time Markov chain and results in an
approximate but recurrent and efficient formula for system
state probabilities. Our simulation experiments show that the
accuracy of the proposed model is satisfactory. In our future
work, we plan to investigate the applicability of the proposed
approach in the downlink of CDMA and in systems with hard
capacity.
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