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Abstract— This paper develops Common Radio Resource 
Management (CRRM) concepts, which allow exploiting trunking 
gains of heterogeneous cellular 3GPP-based networks through 
smart Radio Access Technology selection mechanisms. The 
presented framework covers the complete development cycle: 
firstly the theoretical conception of the algorithmic solution also 
supported by means of an analytical approach, secondly the 
performance assessment and finally, the algorithm 
implementation definition on real systems.  
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I. INTRODUCTION 
The framework considered in this paper is that of 

heterogeneous radio access networks (RANs), where different 
Radio Access Technologies (RATs) coexist and operate in a 
coordinated way. The complementary characteristics offered 
by the different RATs enable the exploitation of the trunking 
gain leading to a higher overall performance than the 
aggregated performances of the stand-alone networks. Clearly, 
this potential gain of heterogeneous systems can only turn into 
reality by means of a proper management of the available 
radio resources [1]. The RAT selection problem (i.e. the 
allocation of connections to specific RANs at session initiation 
and the capability to switch on-going connections from one 
RAN to another through vertical handover procedures) is the 
key enabler to properly manage the heterogeneous radio 
access network scenarios and becomes then a crucial Common 
Radio Resource Management functionality [2]. 

It is worth mentioning that CRRM has been identified as 
an important issue by the 3GPP [3], as well as by the research 
community. For example, literature has covered the effects of 
load balancing in inter-RAT handover procedures. In 
particular, in [4], the effect of tuning the load-based handover 
(HO) thresholds depending on the load of inter-system/inter-
layer/inter-frequency cells is studied. In [5], a force-based load 
balancing approach is proposed for initial RAT selection and 
vertical HO decision making. In turn, in [6] the authors 
compare the load balancing principles with respect to service-
based CRRM policies. Similarly, Lincke discusses the CRRM 
problem from a more general perspective in e.g. [7] and 
references therein, comparing several substitution policies and 
evaluating them by means of simulations. Also in [8] different 

RAT selection policies are presented considering service-
based and radio network-based criteria.  

This paper extends the previous works of the authors 
presented in [9][10] by including the analytical 
characterization of a smart RAT selection algorithm, denoted 
as NCCB (Network Controlled Cell Breathing), then gaining 
more insight into the general problem. Furthermore, this paper 
moves beyond the mere formulation of an algorithm and 
accurately defines how the algorithm should be implemented 
in real systems such as UTRAN (UMTS RAN) and GERAN 
(GSM/EDGE RAN). This allows raising prime important 
aspects to be considered when defining realistic solutions. 

In the above framework, this paper is organized as follows. 
Section II defines the considered RAT selection strategy with 
the aid of a mathematical formulation. Section III presents 
some performance evaluations by comparing the proposed 
solution to a classical load-balancing strategy. Then, Section 
IV discusses the implementation aspects. Finally, Section V 
summarizes the main conclusions. 

II. RAT SELECTION STRATEGY:  
CONCEPTION AND ANALYTICAL MODEL   

The RAT selection strategy considered in this paper 
intends to exploit the different sensitivity that diverse RATs 
may exhibit to interference. In particular, in TDMA-based 
access systems (e.g. GSM/GPRS/EDGE) there is no intra-cell 
interference. In turn, inter-cell interference is caused by a 
single user in every co-channel cell. In contrast, in CDMA-
based systems (e.g. the UTRAN FDD mode of UMTS) the 
intra-cell interference is caused by every single user 
transmitting in the cell. Furthermore, inter-cell interference is 
also originated by all simultaneous users in all neighboring 
cells, since a complete frequency reuse is considered. 
Consequently, CDMA systems are much more sensitive to 
multi-user interference than TDMA ones. Then, the 
underlying idea of the CRRM approach developed in this 
paper is to take advantage of the coverage overlap that several 
RANs using different access technologies may provide in a 
certain service area in order to improve the overall 
interference pattern generated in the scenario for the CDMA-
based systems and, consequently, improving the capacity of 
the overall heterogeneous scenario.  
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In more detail, the RAT selection strategy allocates users 
to RATs according to their propagation losses, so that users 
with low propagation loss will be allocated to the CDMA cells 
and users with high propagation loss will be allocated to the 
TDMA cells.  

In order to provide insight in the potential of the proposed 
strategy, in the following an analytical model is presented for 
a single service case focusing on the uplink direction. Let 
assume a scenario with a circular cell with radius R (km). In 
the middle of the cell a CDMA and a TDMA base station are 
co-sited. The total propagation loss L(dB) at distance r(km) 
from the base station is given by: 

( )logoL L r Sγ= + +               (1) 

where Lo is a constant denoting the propagation losses at 1 
Km, γ is the path loss exponent depending on the specific 
environment (e.g. antenna heights, obstacles, etc.) and S(dB) is 
a Gaussian random variable with mean 0 dB and standard 
deviation σ(dB) accounting for the shadowing. Then, the 
propagation loss in the cell L(dB) is a random variable 
depending on the shadowing and the distribution of the 
distance r (i.e. the user spatial distribution). Specifically, 
assuming that the users are uniformly distributed in the cell, it 
can be shown that the Cumulative Distribution Function 
(CDF) of the propagation loss FL(x) is given by [11]: 
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and erfc(z) is the complementary error function.  

On the other hand, let assume that, for the considered 
service, the capacity (i.e. the maximum number of 
simultaneous users) of the TDMA base station is CT. This 
capacity is a hard limit posed by the amount of slots and 
carriers available in the cell. The bit rate of a user allocated in 
one slot of a given carrier is Rb. In turn, for the CDMA cell, 
the capacity is soft limited and therefore it depends on the 
maximum allowed interference. Particularly, assuming a 
single service and perfect power control, an upper bound for 
the maximum number of simultaneous users can be defined 
from the CDMA pole capacity according to [1]: 
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               (4) 

where x denotes the highest integer less than or equal to x 
and C* is the pole CDMA capacity. In turn, W is the 
transmission bandwidth after spreading, Rb the service bit rate 
and Eb/No the target quality requirements. It is worth 

mentioning that this capacity limit could in practice be 
reduced to values below the pole capacity in order to account 
for e.g. intercell interference or imperfections in the power 
control.  

Then, from the point of view of a Common Radio 
Resource Management strategy, the total amount of resources 
that should be distributed among the simultaneous users is: 

CTOT=CT + CC               (5) 

The purpose of the proposed RAT selection strategy is to 
make a smart distribution of users among the CDMA and the 
TDMA base stations, so that, on the one hand, the outage 
probability is minimised and, on the other hand, the total 
amount of resources CTOT can be fully utilized. 

In this context, let assume that there are a total of U≤ CTOT 
simultaneous users in the scenario. Depending on the RAT 
selection criterion, the U users will be distributed between the 
two technologies, so that nC≤ CC users will be allocated in 
CDMA and the remaining nT =U - nC ≤ CT will be allocated in 
TDMA.  

As described above, the proposed RAT selection is done 
according to the (radioelectrical) proximity to the base station, 
so that users up to a certain effective CDMA radius (i.e. in the 
so-called IN area of the cell) will be allocated in CDMA and 
users located further away (i.e. in the so-called OUT area of 
the cell) will be allocated in TDMA. Notice that, when 
considering the lognormal shadowing in the propagation 
losses, the effective CDMA radius and the IN/OUT areas are 
defined by a certain path loss threshold PLth, so that users in 
the IN area will be those having a propagation loss below PLth 
and users in the OUT area will be those having a propagation 
loss above PLth. 

Further, let assume that, at a given moment, ni users are 
located in the IN area and the rest no=U- ni are located in the 
OUT area. Then, the allocation of users to the two 
technologies will be: 

( ) ( )( )min max 0, ,C i i i T Cn n n U n C C= + − −             (6) 

( ) ( )T i C in n U n n= −                (7) 

Notice that this allocation assumes that, if not all the users 
in the OUT area can be allocated in TDMA due to lack of 
capacity (i.e. no=U-ni>CT) the remaining users U-ni-CT will be 
allocated in CDMA. Similarly, if not all the users in the IN 
area can be allocated in CDMA (i.e. ni>CC), the remaining 
users will be allocated in TDMA.  

Assuming a uniform user distribution in the cell, the 
probability of having ni users in the IN area is given by: 

( ) ( )1 ii
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              (8) 

where pi is the probability of being in the IN area for a single 
user, that is: 
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( )i Lp F PLth=                 (9) 

Consequently, the total outage in the cell is given by: 
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where θC(ni) and θT(ni) are the outage of the CDMA and the 
TDMA users, respectively. Particularly, θC(ni) can be 
computed by considering the outage of the CDMA users in the 
IN area θC,IN(ni) and the outage of the CDMA users in the 
OUT area θC,OUT(ni) as follows: 

( ) ( ) ( )
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In order to derive θC,IN(ni) and θC,OUT(ni), let consider the 
outage condition in a CDMA cell, which, assuming nC 
simultaneous transmissions, it depends on the maximum 
transmit power constraints, the background noise, the load 
factor and the path loss distribution. Particularly, the required 
transmit power in dBm is given by [1]:  
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          (12) 

where PN,C(dBm) is the background noise power at the 
receiver. Consequently, a user will be in outage whenever the 
required transmit power is above the maximum available level 
Pmax,C(dBm). This condition can be translated into a maximum 
path loss for CDMA users given by: 

( ) ( )max, max, , 10 log 1C i C N C C i
b
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       (13) 

Consequently, the outage probability for CDMA users in 
the IN area can be computed from the path loss distribution as: 

( )
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Similarly, the outage probability for CDMA users in the 
OUT area is given by: 

( )
( )( )( )max,

,

1 max ,

1
L C i

C OUT i
i

F L n PLth
n

p
θ

−
=

−
                        (15) 

With respect to the outage in TDMA, it is computed as: 

( ) ( ) ( )
( )

( )
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T i T IN T OUT
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The outage condition in TDMA only depends on the 
sensitivity requirements of the receiver and the maximum 

power limitations, but not on the number of users allocated in 
TDMA. Specifically, a user will be in outage whenever its 
path loss is above the following limit: 

max, max, ,T T S TL P P= −                           (17) 

where Pmax,T(dBm) is the maximum power of a mobile 
operating in TDMA and PS,T (dBm) is the sensitivity of the 
receiver, which in turn would be related to a certain 
background noise and signal-to-noise requirement. 

Then, the outage probability of TDMA users in the IN area 
will be given by: 
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and the outage probability of TDMA users in the OUT area 
will be given by: 
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III. RAT SELECTION STRATEGY:  
PERFORMANCE EVALUATION  

As a reference, the proposed RAT selection strategy will 
be compared against a classical load balancing (LB) strategy 
for distributing the users. The load balancing principle appears 
in the literature in a wide variety of contexts. In single-RAT 
wireless cellular networks load balancing algorithms have 
been considered to improve the performance among cells. In 
turn, for multi-RAT wireless access networks load balancing 
has also been used in [4][5][6] dealing with vertical handover. 
According to this principle, the distribution of users is such 
that the utilisation (i.e. the load) of both systems is kept as 
even as possible. This is achieved by keeping the equality: 

CT

T C

nn
C C

=                (20) 

Clearly, there are some situations in which the above 
equality cannot be satisfied because it would yield either to 
nT>CT or nC>CC. In such a situation the remaining users in one 
technology are moved to the other one, so that the number of 
users in CDMA would be: 

min max 0, ,C T
C T C

T C T C

C Cn U U C C
C C C C

  
= + −   + +  

            (21) 

and the rest of the users U-nC would be allocated in TDMA.  

Figure 1 plots the outage probability for the NCCB 
strategy for different numbers of users in the scenario U as a 
function of the path loss threshold PLth. The scenario 
parameters are listed in Table I. Clearly, an optimum in the 
value of PLth minimizing the outage probability for each 
number of users is observed. Notice that, for low PLth, users 
are mostly allocated in TDMA, while increasing PLth tends to 
increase the number of users allocated in CDMA, which at the 
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same time perceive higher path losses than with low PLth. 
Notice that the degradation for values above the optimum is 
very high because large values of PLth increase the path loss 
in CDMA as well as the interference.  

Figure 2 plots the comparison in terms of outage 
probability between LB and NCCB for the case U=60. It can 
be clearly noticed how, by a proper setting of PLth significant 
outage probability reductions are observed with respect to the 
LB approach. Notice also that, if the value PLth is not 
properly set, e.g. for very high PLth values, the load balancing 
approach can lead to a lower outage probability. The reason is 
that a high value of PLth can increase the interference in 
CDMA above the level of the load balancing case. 

TABLE I  CDMA AND TDMA PARAMETERS 
Cell radius: R 1154 m 

Propagation loss at 1 km: Lo 128.1 dB 
Path loss exponent: γ 37.6 

Shadowing standard deviation: σ 10 dB 
Maximum power in TDMA: Pmax,T 33 dBm 

Sensitivity in TDMA: PS,T -108 dBm 
TDMA Capacity: CT 23 

CDMA bandwidth: W 3.84Mc/s 
Service bit rate: Rb 12.2 kb/s 

Eb/No target in CDMA 9 dB 
Maximum power in CDMA: Pmax,C 21 dBm 

Noise power in CDMA: PN,C -104 dBm 
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Figure 1.  Outage probability for different numbers of users U and for 

different values of PLth 
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Figure 2. Outage probability for the NCCB and LB strategies with U=60. 

IV. RAT SELECTION STRATEGY:  
PRACTICAL IMPLEMENTATION 

This section describes how a practical implementation of 
the proposed RAT allocation strategy can be deployed in a 
heterogeneous UTRAN/GERAN network by leveraging some 
of the already standardised capabilities aimed at enabling the 
coordination of both types of access technologies. 

Basically, the allocation of a user equipment (UE) to the 
most suitable cell according to a given RAT selection 
algorithm can be achieved through one or a combination of the 
following two sets of mechanisms: (1) cell selection and re-
selection when the UE is in idle1 mode and (2) inter-system 
handover and directed retry when the UE is in connected2 
mode. In idle mode, cell selection and reselection mechanisms 
[12][13] make the UE to decide the proper cell and RAT to 
camp on, attending to radio measurements along with specific 
information broadcast in pilot channels intended to “guide” 
UE decisions. In connected mode, the inter-system handover 
procedure [14][15] allows the network to change the serving 
cell of an on-going connection to one of a different RAT. A 
special case of inter-system handover is also supported at the 
moment of radio access bearer (RAB) establishment, that is, 
when no dedicated radio resources to support the requested 
service have been activated yet in the cell where the UE has 
initiated the service invocation. This special case belongs to 
the directed retry capability [16]. 

The RAT allocation strategy described in this paper can be 
implemented by relying exclusively in connected mode 
procedures, that is, inter-system handover and directed retry 
mechanisms. Hence, at service invocation, the UE enters in 
connected mode and can be moved to the proper RAT via the 
directed retry mechanism. Then, during session’s lifetime, 
decisions of the handover algorithm will guarantee that the UE 
remains in the proper RAT.  

The key aspect of the proposed algorithm implementation 
is the availability of measurements of the path losses to 
candidate UTRAN cells at the decision-making points3 in 
charge of triggering inter-system HO/directed retry 
executions. From such measurements, selection of UTRAN 
cells can be favoured or penalised attending to the path loss 
threshold (PLth). On the one hand, when the UE is connected 
to a UTRAN cell, the UE can be commanded to report CPICH 
RSCP4 measurements [14] so that the path loss value can be 
directly calculated from reported information and the 
knowledge of NodeB transmitted power in the CPICH 
channel. Along with UTRAN cell measurements, 
measurements of GSM cells might need also to be reported 
when the terminal is connected through UTRAN to know 

                                                
1 The UE is registered in the service network but no dedicated radio resources 
are assigned in the radio access network.  
2 The UE has an active context in the radio access network and dedicated 
radio resources may have been assigned to it. 
3 RNC in UTRAN and BSC in GERAN, or, potentially, an external CRRM 
entity 
4 The CPICH RSCP [18] is the received power on one code measured on the 
Primary Common Pilot Channel at the UE antenna connector. 
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about potential GSM candidate cells. In such a case, to allow 
the UE to perform measurements, UTRAN shall command the 
UE to enter in compressed mode (CM), depending on the UE 
capabilities5. During CM, the terminal stops transmission 
during periodic intervals and exploits these transmission gaps 
to perform the measurements of the GSM pilot channels. 
Similarly, when the UE is connected to GERAN, 
measurements and reporting of best UTRAN cells in the 
neighbour cell list can be controlled through certain network 
configuration parameters either broadcast on pilot channels or 
individually signalled to mobile terminals [17]. In particular, 
the CPICH RSCP of UTRAN cells can be reported by the 
terminal while connected to a GERAN cell.  

Attending to the above considerations, a specific 
realisation of the proposed algorithm is explained hereafter by 
analysing the main steps arisen during a session establishment 
that ends with the UE connection being activated in the proper 
RAT. Clearly, four cases arise depending on the RAT (i.e. 
UTRAN or GERAN) the user is camping prior to service 
invocation and whether the execution of RAT selection 
algorithm results in switching the user or not. From these four 
alternatives, we focus on the situation where the user is 
initially camping on a UTRAN cell and further on, as a 
consequence of algorithm execution, it should be connected to 
GERAN. Notice that the other two situations where the 
connection would be finally enforced through the RAT where 
the terminal is initially camping on correspond to normal 
connection establishment procedures. In turn, the fourth case 
where the user is camping on GERAN and, as a result of the 
algorithm invocation, it should be moved to UTRAN, is 
similar to the presented one. 

Figure 3 illustrates the different phases of the connection 
establishment in the considered situation. Regarding mobile 
network elements, separated 2G/3G equipment in the CN as 
well as the existence of A/Gb mode BSCs is assumed without 
loss of generality. The main steps enumerated in the figure are 
discussed in the following: 

(1) The UE is in idle mode and camping on a UTRAN cell.  

(2) When the user tries to activate a service, a RRC connection 
[14] to UTRAN is triggered.  

(3) At this point, the UE can be configured to report required 
UTRAN measurements along with GSM measurements (i.e. 
CM is configured in the UE). UTRAN may control specific 
measurements in the UE by transmitting a measurement 
control message [14]. Related to GSM measurements, in order 
to avoid an excessive usage of the CM, it is possible to 
configure the terminal for reporting to the network a 
measurement event (i.e.2D event, see [14]) indicating that the 
UTRAN pilot channel of the serving cell has fallen below a 
given threshold and so there is a risk of exceeding the 
maximum path loss allowed to remain in UTRAN. Upon 

                                                
5 UE capabilities define whether a UE requires compressed mode in order to 
monitor cells on other FDD frequencies and ther radio access technologies. 

receiving this event, the RNC can configure the terminal to 
work in CM and report GSM measurements. 
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Figure 3.  Connection establishment where the execution of the NCCB 
algorithm makes a UE camping on UTRAN to he switched to GERAN.  

(4, 5) The UE provides measurements results to the RNC for 
UTRAN and, if it is the case, for GSM cells as well. 

(6) The service request is sent to the 3G-MSC using Initial 
Transfer capabilities in RRC and RANAP [16]. 

(7) After UE-CN signalling, 3G-MSC tries to activate a RAB 
in the RNC where the user has the RRC connection. 

(8) At this point, the RNC knows the kind of service and 
requested QoS parameters from the RAB Assignment Request 
message [16]. It is important to remark here that the RAT 
selection policy can be selectively applied to specific types of 
service. Furthermore, the RNC has also collected the UTRAN 
path loss information from the measurement reporting process, 
as well as the suitability of potential GSM cells. Thus, by 
comparing UTRAN path loss information to the path loss 
threshold, a decision about remaining on the current cell or 
moving to a valid GSM cell is carried out. At this point, if the 
decided RAT is UTRAN and RNC admission control accepts 
the connection, the service activation will proceed normally in 
UTRAN. However, if target RAT is GERAN, two different 
situations can be distinguished depending on whether the 
serving RNC has the capability to know in advance whether 
the connection would be accepted or refused at the GERAN 
target cell (e.g. due to a congested status). On the one hand, if 
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no information is available at the RNC about GSM load status, 
there is a certain risk to transfer the session to a congested 
GSM cell so that the inter-system handover would fail. This 
situation may lead to an increased delay before starting the 
session because of successive inter-RAT attempts to potential 
GSM cells. On the other hand, if GERAN cells load status is 
available at the RNC, an admission decision for the selected 
GERAN cell can be done before definitively deciding to 
transfer the call. From 3GPP release 4, all the necessary 
procedures have been developed over the Iur interface to allow 
a RNC obtaining cell load measurements on cells controlled 
by other RNCs. Likewise, the measurements between the BSC 
and RNC could be transferred in different ways: via Iur-g 
interface, if existing, or via the Iu and the A interfaces (using 
transparent container information elements in the exchanged 
messages for handover or relocation purposes). In our case, 
the minimum information to be included in the measurements 
would be an indication of the use of the resources in the 
referred cell (e.g. the relative amount of resources used/free). 
This, amongst other parameters, has been chosen in Release 4 
for the common measurements over the Iur interface [19]. In 
case that the session transfer to GERAN was not allowed, the 
session activation would try to proceed in UTRAN although 
the path loss criterion was not met. 

(9) Assuming that the algorithm output indicates that the 
session should be handled in GERAN, the “Directed Retry” 
feature is used to answer the RAB Assignment Request. The 
RNC shall terminate the RAB Assignment procedure 
indicating unsuccessful RAB configuration modification of 
that RAB with the cause “Directed retry”.  

(10) The RNC shall invoke relocation by sending a relocation 
required [16] message to the active CN node, with the cause 
“Directed Retry”. This results in an inter-system handover 
from UTRAN to GERAN that finally leads to the UE to be 
connected to the proper RAT. 

Once the connection has been established through the 
proper RAT thanks to the directed retry mechanism, the 
algorithm can be checked periodically, or in an event-triggered 
basis, according to the reception of some specific 
measurement reports, to decide if a new inter-system handover 
is required to keep satisfying the path loss criterion. In that 
case, the signalling for the inter-system handover algorithm 
would practically resemble to the one illustrated in Figure 3 
from the point where the relocation is requested (see step 10). 

V. CONCLUSIONS 
This paper has presented the development cycle of a 

specific CRRM algorithm for heterogeneous CDMA and 
TDMA systems. It relays on the different sensitivity to 
interference of these two technologies to distribute users 
depending on the path loss, so that low path loss users are 
allocated in CDMA and high path loss users in TDMA. First, a 
theoretical conception of the algorithm has been presented, 
followed by a performance evaluation, revealing the better 
behaviour compared with other approaches, like the classical 
load balancing. Then, the procedures and signalling 

mechanisms for the algorithm implementation in a real 
UTRAN/GERAN network have been described.  
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