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Abstract—Next-generation cellular networks are expected to
support a wide range of communication technologies and user
devices. Under such conditions, proper modelling of user traffic
and system performance evaluation is of major importance. In
this paper, we employ mathematical modelling techniques to anal-
yse the performance of a single CDMA cell under the presence
of user-generated multirate Poisson traffic. We also explicitly
consider different traffic priority classes in the system. The
proposed model enables us to determine the resource occupancy
of the cellular system at different system states and to accurately
calculate call blocking probabilities for different services. In
particular, we describe the CDMA system as a continuous-time
Markov chain and derive formulas for system state probabilities.
We also perform thorough simulation experiments to validate the
accuracy of the derived equations.

I. INTRODUCTION

Due to heterogeneous nature of next-generation cellular
systems, proper evaluation of radio resource management
techniques is of major importance [1]. Analytical modelling
and evaluation of such systems is a challenging task, especially
under the presence of user-generated multirate traffic. In this
work, we focus on a well-known family of Code Division Mul-
tiple Access (CDMA) techniques [2]. CDMA-based schemes
have been successfully used in previous and current generation
cellular networks. They offer efficient spectrum utilization,
improved signal quality and security, just to name a few. For
these reasons, they are also expected to play a significant role
in the under development, next generation cellular technologies
[3], [4], [5].

As far as the traditional cellular model is concerned, the
geographical area is divided into a number of cells, with each
cell being controlled by a Base Station (BS). Communication
between BSs is performed via the core network, using either
wired or wireless backhaul [6]. On the other hand, in future-
generation networks the introduction of intelligent BSs would
enable direct communication among them even for user traffic
delivery [7]. Furthermore, recent advances in Software Defined
Radio Access Network (SD-RAN) [8] enable cooperation
among neighbouring BSs for user mobility support, without
relying on the mobile core network [9].

Traditionally, Mobile Users (MUs), communicate with each
other via the corresponding BSs. However, recent enhance-
ments in Device-to-Device (D2D) techniques, can greatly
reduce the role of BSs both for signalling and user traffic [10].
For practical reasons, CDMA codes are non-orthogonal. Due
to this reason, each new MU in a cell causes interference to
other MUs, both of the same and of neighbouring cells. Hence,

to preserve the Quality-of-Service (QoS) of existing MUs at
an acceptable level, Call Admission Control (CAC) is usually
applied for incoming calls [11]. As a consequence, some of
the calls may be blocked or accepted at a lower transmission
rate.

In this paper, we develop a mathematical model for a
CDMA cell, which uses a continuous-time Markov chain
(CTMC) to describe the process of call arrivals and departures.
We consider Poisson arriving calls, which however, are distin-
guished into different priority classes. That is, when the cell
is congested, the low priority calls may be blocked according
to a set of predefined thresholds. Our analysis is based on the
classical Kaufman-Roberts (K-R) recursion [12], [13]. These
solutions, which have been developed for wired connection-
oriented networks, are extended in our work to incorporate
the peculiarities of priority-based cellular systems.

This paper is structured as follows. In Section II, we
describe our considered model of a CDMA cell. In Section III,
we analyse the model using a CTMC. Also, equations for effi-
cient calculation of system state probabilities and call blocking
probabilities are derived. In Section IV, we present numerical
examples for the evaluation of the proposed approach. Both
analytical and simulation results are presented. In Section V,
we briefly discuss the relevant works. We conclude and discuss
our future work in Section VI.

II. SYSTEM DESCRIPTION AND ASSUMPTIONS

We consider a multirate CDMA system that accommodates
K independent services. Calls of each service k (k = 1, ...,K)
require a fixed data transmission rate Rk. Our considered
system consists of a reference cell surrounded by neighbouring
cells. We focus on the uplink direction only, i.e., calls from
MUs to BS. Some notable models for the downlink of CDMA
are [14], [15].

Below we present our assumptions on the traffic generated
by MUs. Call inter-arrival times are exponentially distributed,
forming Poisson traffic. The mean arrival rate for service k
calls is denoted by λk. The requested service times are also
assumed exponentially distributed. The mean service rate for
a service k call is denoted by µk.

Hence, the offered traffic load in Erlangs (erl) for service
k is calculated as follows [16]:

ak =
λk
µk

(1)



We assume perfect power control at the BS. Therefore, the
received power from each call of a particular service is the
same. The received at the BS power from a service k call is
denoted by Pk. Due to Multiple-Access Interference (MAI) of
CDMA systems [17], signals generated by different MUs cause
interference to each other. This is true for calls that reside in
the same cell, as well as for calls that reside in neighbouring
cells. Hence, we distinguish the intra-cell interference, Iintra,
and the inter-cell interference, Iinter. In addition to that, the
total interference, Itotal, at the BS also includes the thermal
noise, whose power is denoted as Pnoise:

Itotal = Iintra + Iinter + Pnoise (2)

We also assume that some of the in-service calls may not
be active throughout the whole call duration. That is, a call
may alternate between active (transmitting) and passive (idle)
periods. To model this behaviour, we introduce the activity
factor vk (0 < vk ≤ 1) for each service k. The activity factor
is defined as the ratio of the total duration of active periods
over the whole call duration.

All calls in the system are distinguished into two following
priority classes: high priority and low priority. The probability
that a new call of service k is of high priority is denoted by
pk.

The priority class of a call is taken into account by the
BS for the CAC decision upon the call arrival, as it will be
discussed later. In typical CDMA systems, the CAC is per-
formed by measuring the noise rise, NR, which is defined as
in (3), and evaluating it against the predefined CAC threshold,
NRmax, as in (4).

NR =
Itotal
Pnoise

(3)

{
if NR ≤ NRmax, accept the call
if NR > NRmax, block the call

(4)

Note that in (4) the total interference, Itotal, (implicitly
included via NR) also includes the power, Pk, of the new
call.

Also, note that, according to (2) and (3), NR takes values
from NRlower = 1 to NRhigher = inf . In the first case,
Itotal = Pnoise, which effectively means that the system is
empty. In the second case, Itotal >> Pnoise, which effectively
means that the interference from MUs is extremely high. Of
course, when the CAC of (4) is applied, we have NRhigher ≤
NRmax.

From the above, it is clear that the noise rise is not a
suitable quantity to represent the CDMA system resources.
Instead, the cell load, CL, defined in (5), is often used for
such purposes [18].

CL =
Itotal − Pnoise

Itotal
(5)

where 0 ≤ CL ≤ 1. Although, the theoretical upper bound
for the cell load is 1 (when Pnoise → 0), in practice a typical
upper bound is less than 1 and is, e.g., nmax = 0.8 [19].

By manipulating (3) and (5) we derive the following
relation between the cell load and the noise rise:

CL =
NR− 1

NR
(6)

Having adopted the cell load as the shared system resource,
we now need to determine the resource requirements of a
particular in-service call. One such suitable quantity is the
call's load factor, defined in (7) for service k, which depends
on the transmission rate, Rk, signal-to-noise ratio, SNRk, and
the carrier's chip rate, W .

LFk =
RkSNRk

RkSNRk +W
(7)

As it was discussed earlier, the distinction between priority
classes is made during the CAC. To enable this, we define
individual CAC thresholds for each class and also base the
CAC decisions on the cell load, rather than on the noise rise,
as in (4).

In particular, a service k high priority call is accepted if
and only if the following CAC condition is satisfied:

LFk + CL ≤ CLHP
max (8)

where CLHP
max is the CAC threshold for high priority calls.

Similarly, a service k low priority call is accepted if and
only if the following CAC condition is satisfied:

LFk + CL ≤ CLLP
max (9)

where CLLP
max is the CAC threshold for low priority calls.

Generally, CLLP
max ≤ CLHP

max = CLmax.

III. CALCULATING CALL BLOCKING PROBABILITIES

A. Local Blocking Probabilities

Some part of total cell load, CL, is due to intra-cell MUs,
denoted as CLintra, whereas the rest is due to inter-cell MUs,
denoted as CLinter. That is:

CL = CLintra + CLinter (10)

The intra-cell load can be easily determined by the BS,
taking into account the number of MUs of each service and
their corresponding load factors:

CLintra =

K∑
k=1

UkLFk (11)

where Uk is the number of service k MUs within the cell at
a given time.

The exact determination of the inter-cell load, on the other
hand, is not easy, as the BS is generally not aware about
the number of MUs at the neighbouring cells and about their
services. However, as it has been shown by previous studies,



the inter-cell load can be very well modelled as a log-normal
random variable with mean µ = E[CLinter] and variance
σ2 = V AR[CLinter] [20]. The cumulative distribution func-
tion (CDF) of CLinter with the aid of the well-known error
function, erf(), is given by:

F (x) =
1

2
(1 + erf(

lnx− µ
σ
√
(2)

)) (12)

As it was discussed in Section II, the CAC at BS is based on
(8), (9), and may block some of the arriving calls. In practice,
however, the BS is explicitly aware of CLintra, but not of
CL or of CLinter. Therefore, we express the probability of a
call being blocked, as a function of CLintra. This probability
is called Local Blocking Probability (LBP) and is defined as
follows, for high and low priority classes, respectively:

LBPHP
k (CLintra) = Pr[CLintra + CLinter

+ LFk > CLHP
max]

(13)

LBPLP
k (CLintra) = Pr[CLintra + CLinter

+ LFk > CLLP
max]

(14)

By performing some manipulations with (12), (13), and
(14), we derive analytical expressions for LBPs in (15) and
(16), below.

LBPHP
k (CLintra) =

{
1− F (x), for x ≥ 0

1, for x < 0
(15)

where x = CLHP
max − CLintra − LFk .

LBPLP
k (CLintra) =

{
1− F (x), for x ≥ 0

1, for x < 0
(16)

where x = CLLP
max − CLintra − LFk .

B. State Probabilities

As it was mentioned before, we consider the cell load as
a shared system resource and the call's load factor as the
resource requirement of a call. This approach enables us to
describe the process of call arrivals and departures as a CTMC
and to modify the K-R recursion for the calculation of state
probabilities in CDTM systems.

Below we present the steps required for this modification.
The discretization of CLmax and LFk, required for the CTMC
modelling, is performed with the use of the basic unit, g:

C =
CLmax

g
, bk =

LFk

g
(17)

where C is the system capacity and bk is the bandwidth
requirement of a service k call, in the corresponding K-R
recursion.

Fig. 1. Recursive calculation of the Resource Occupancy.

Let us denote by c the total number of occupied resources
in the cell and by j the total number of resources occupied
by active MUs. In the following, the parameter j will be
considered as the system state. Let us also denote by q(j)
the probability of the state j.

The resource occupancy, RO(c|j), is defined as the con-
ditional probability that c resources are occupied in state j:

RO(c|j) =
K∑

k=1

RSk(j)[vkRO(c− bk|j − bk)

+ (1− vk)RO(c|j − bk)]
(18)

for j = 1, ..., jmax and c ≤ j, with RO(0|0) = 1 and
RO(c|j) = 0 for c > j, where vk is the activity factor of
service k calls and RSk(j) is the resource share of service k
in a state j (which is defined in (20), below).

The basic concept behind the above recursive calculation
of RO(c|j) is given in Fig. 1. Assume that an active service
k call arrives in the system. Recall that this will happen with
probability vk (since vk is the activity factor). If at that time,
c−bk resources are occupied in state j−bk (upper left circle),
then both c − bk and j − bk will be increased by bk. Hence,
we will have the transition shown with the solid line. Assume
now that a passive service k call arrives in the system. This
will happen with probability 1−vk. If at that time c resources
are occupied in state j − bk (upper right circle), then only j
will be increased by bk. Hence, we will have the transition
shown with the dashed line.

Due to the inter-cell interference of CDMA systems,
blocking of call may theoretically happen at any state j. In
the following, the probability of such call blocking is called
State Blocking Factor (SBF). The SBF of service k in state j,
can be calculated by summing LBPs over c and by multiplying
with the corresponding ROs:

SBFk(j) =

j∑
c=0

LBPk(c)RO(c|j) (19)

where LBPk(c) = LBPk(CLintra) for c = CLintra

g .

The resource share, RSk(j), mentioned in (18) above, of
service k in a state j is defined as follows:

RSk(j) =
ak(1− SBFk(j − bk))bkq(j − bk)

jq(j)
(20)



This equation essentially shows the ratio of resources occupied
by a particular service k over the total number of occupied
resources in a given state j.

The un-normalized state probabilities can be calculated by
extending the K-R recursion with LBFs for both high and low
priority calls:

q̂(j) =
1

j

K∑
k=1

[pkak(1− LBFHP
k (j − bk)bkq̂(j − bk))

+ (1− pk)ak(1− LBFLP
k (j − bk)bkq̂(j − bk))]

(21)

for j = 1, ..., jmax and q̂(j) = 0 for j < 0.

Finally, the normalized state probabilities are determined
as follows:

q(j) =
q̂(j)∑jmax

j=0 q̂(j)
(22)

C. Call Blocking Probabilities

The blocking probabilities of service k high priority calls
can be calculated by adding all the state probabilities multi-
plied by the corresponding LBFs:

BHP
k =

jmax∑
j=0

q(j)LBFHP
k (j) (23)

Similarly, the blocking probabilities of service k low pri-
ority calls can be calculated as follows:

BLP
k =

jmax∑
j=0

q(j)LBFLP
k (j) (24)

IV. NUMERICAL EXAMPLES

In this section, the analytical versus simulation results are
compared in respect of blocking probabilities for both high
and low priority calls. The simulation of the CDMA system
has been performed using the Simscript III simulation tool
[21]. Our aim is to evaluate two different services with the
parameters as shown in Table I.

To obtain the simulation results, we generate 1M calls of
the two services for both high and low priority classes. The
CAC at the BS decides whether to accept or to block a new
call according to the predefined CAC thresholds, as it was
explained in Section II. We record the number of blocked calls
and determine the call blocking probabilities. The presented
simulation results are mean values of 8 repetitions with a
confidence interval of 95%. In the figures, we present only
the mean values, since the resultant reliability ranges are very
small.

The presented analytical results are based on the formulae
derived in Section III. The call blocking probabilities are
eventually calculated from (23) and (24), for high and low
priority calls, respectively. Recall, that in the aforementioned

TABLE I. SERVICE PARAMETERS

1st Service 2nd Service
Data Rate R1 = 144 Kbps R2 = 384 Kbps
Activity Factor v1 = 0.7 v2 = 0.6
Signal-to-Noise Ratio SNR1 = 3 dB SNR2 = 4 dB
High Priority Calls Ratio p1 = 1/6 p2 = 1/3

formulae, the incorporation of LBPs introduces some approx-
imation errors. Hence, in order to estimate the impact of
these approximations, comparison with simulation results is
performed.

For the first service we initially generate traffic of 0.6 erl
and then increase it up to 6 erl in steps of 0.6 erl (x-axis of
Fig. 2). The high priority calls ratio for the first service is
chosen to be p1 = 1/6 (as it is also indicated in Table I). This
effectively means that when the total traffic for the first service
is 0.6 erl, then 0.1 erl corresponds to high priority calls. The
remaining 0.5 erl corresponds to the low priority calls.

For the second service we initially generate traffic of 0.15
erl and then increase it up to 1.5 erl in steps of 0.15 erl (x-axis
of Fig. 3). The high priority calls ratio for the second service
is chosen to be p2 = 1/3. That is, when the total traffic for the
second service is 0.15 erl, then 0.05 erl corresponds to high
priority calls, etc.

In Figs. 2 and 3, we present the analytical and simulation
call blocking probabilities for the first and the second service,
respectively. We observe that the accuracy of the proposed
model is very good, since the analytical results are very close
to simulation results in all cases. We also observe that, for
both services, the blocking probabilities of high priority calls
(denoted by HP in the figures) are significantly lower than the
blocking probabilities of low priority calls (denoted by LP in
the figures). This can be explained by different CAC thresholds
used for high and low priority calls. In these experiments we
used CLHP

max = CLmax = 0.8 and CLLP
max = 0.7.

Next, we performed some experiments by varying the CAC
thresholds of low priority calls and observe the impact on the
blocking probabilities of high priority calls. The results for four
different CAC thresholds of the first service are presented in
Fig. 4. We observe, that when the offered traffic is low (e.g.,
up to 3 erl), varying the CAC thresholds of low priority calls
would have very negligible impact on the performance of high
priority calls. On the other hand, when the offered traffic is
high (especially if over 5 erl) and the probability of congestion
is quite high, then by lowering the CAC thresholds (e.g., from
0.75 to 0.6) would significantly reduce the blocking probability
of high priority calls.

V. RELEVANT WORKS

A number of teletraffic models have been proposed for
the calculation of cell capacity and call blocking probabilities
in cellular CDMA networks. In [18], the calculation of call
blocking probabilities in W-CDMA systems is based on an ex-
tension of the K-R recursion. The authors consider Poisson call
arrival process in the uplink direction and fixed cell resource
requirements. The accuracy of the introduced approximations
is verified via simulations. This work was extended in [22]
and [19] by incorporating into the model the quasi-random call



Fig. 2. Call blocking probabilities vs offered traffic for the 1st service.

Fig. 3. Call blocking probabilities vs offered traffic for the 2nd service.

Fig. 4. Blocking probablity of high priority calls vs offered traffic, for
different CAC thresholds of low priority calls (1st service).

arrival process. This assumption is more realistic, especially in
the case of small cells.

The aforementioned works consider only unicast connec-
tions. An analytical model for multi-service cellular networks
servicing multicast connections has been proposed in [23] and
has been extended further with traffic engineering mechanisms
in [24]. The model of [19] has been extended in [25] to
incorporate elastic and adaptive services, where arriving calls
may request for less bandwidth if the cell is congested.
Another extension that considers batched Poisson input traffic
in CDMA networks is proposed in [26].

There have also been efforts to analytically model interfer-
ence cancellation schemes in CDMA systems [27], [28], [29].
In [30], the performance of W-CDMA networks supporting
different QoS requirements has been evaluated. The authors
derive accurate approximations for 3G systems and beyond.
In [31], an accurate system model for a W-CDMA cell with
finite number of channels and quasi-random traffic input is
proposed.

Some of the aforementioned models have been extended
to explicitly incorporate the handoff traffic. An analytic model
for W-CDMA networks with soft handoff mechanisms has
been proposed in [32]. The proposed model is based on
the fixed point methodology and dynamic reservation, under
the assumption that some part of the cell resources will
be dedicated for servicing handoff traffic. In [33], the soft
handover is modelled by constructing the so-called active set
of cells that participate in the handoff process having the best
signal-to-noise ratio. In [34], the model considering handoff
blocking probabilities and finite source population is proposed
and evaluated. The model assumes a multi-service CDMA
system and determines local blocking probabilities of arriving
calls at different system states.

Regarding the priority-based CAC in cellular systems, there
have been a few notable works. In [35], a balanced radio
resource allocation scheme for OFDMA systems is proposed.
The authors use adaptive priority thresholds to enhance sys-
tem's throughput and to provide QoS guarantee to MUs. In
[36], a distributed priority-based CAC is proposed for cellular
networks. The distinction into high and low priority users is
based on the target SNRs. Also, the simulation experiments
confirm good adaptation properties of the proposed algorithm
in highly dynamic scenarios and under the presence of user
mobility. However, none of the aforementioned works consid-
ers the peculiarities of CDMA systems when modelling the
priority traffic classes.

VI. CONCLUSION AND FUTURE WORK

In this paper, we propose a novel modelling approach for
priority-based cellular CDMA systems. We assume Poisson
arriving calls and multirate traffic. We explicitly model differ-
ent calls' priority classes, which impact the call admission
control decisions at the base station. The proposed model
results in efficient and recursive formula for the calculation
of system state probabilities. Which, in the end, enables us to
determine the call blocking probabilities of different services
and of different priority classes. Since the modelling approach
is based on a number of approximations, we verify its accuracy
via simulation experiments. We also study the impact of



different call admission control thresholds on the blocking
probabilities of high priority calls.

In our future work, we plan to investigate other, non-
Poisson call arrival processes, such as the quasi-random pro-
cess. We also plan to incorporate into our model the notion
of elastic traffic, where calls compress/expand their required
bandwidth depending on the traffic conditions in the reference
cell as well as in neighbouring cells.
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