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Abstract This paper proposes an Integrated Common Radio Resource Management
(iCRRM). The iCRRM performs classic CRRM functionalities jointly with Spectrum Aggre-
gation (SA), being able to switch users between non-contiguous frequency bands. The SA
scheduling is obtained with an optimised General Multi-Band Scheduling algorithm with
the aim of cell throughput maximisation. In particular, we investigate the dependence of the
throughput on the cell coverage distance for the allocation of users over the 2 and 5 GHz
bands for a single operator scenario under a constant average Signal to Interference-plus-
Noise Ratio. For the performed evaluation, the same type of Radio Access Technology is
considered for both frequency bands. The operator has the availability of a non-shared 2 GHz
band and has access to part (or all) of a shared frequency band at 5 GHz. The performance
gain, analysed in terms of data throughput, depends on the channel quality for each user in
the considered bands which, in turn, is a function of the path loss, interference, noise, and
the distance from the Base Station. An almost constant gain near 30% was obtained with the
proposed optimal solution compared to a system where users are first allocated in one of the
two bands and later not able to handover between the bands.
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ACK Acknowledgement
AMC Adaptive Modulation and Coding
BC Bandwidth Constraint
BS Base Station
CA Carrier Aggregation
CPICH Common Pilot Channel
CQI Channel Quality Indicator
CRRM Common RRM
DL Downlink
GAP General Assignment Problem
GMBS General Multi-Band Scheduling
H-ARQ Hybrid Automatic Repeat Request
HSDPA High Speed Downlink Packet Access
HS-DPCCS High-Speed Dedicated Physical Control Channel
IMT-A International Mobile Telecommunications-Advanced
IP Integer Programming
LTE Long Term Evolution
LTE-A Long Term Evolution-Advanced
MBS Multi-Band Scheduling
MCS Modulation and Coding Scheme
MO-GAP Multiple Objectives GAP
MPDU MAC Packet Data Unit
MS Mobile Station
NRTV Near Real Time Video
PER Packet Error Rate
PF Profit Function
PHY Physical Layer
QoE Quality of Experience
QoS Quality of Service
RA Resource Allocation
RAN Radio Access Network
RNC Radio Network Controller
RR Round Robin
RRM Radio Resource Management
SA Spectrum Aggregation
SINR Signal to Interference-plus-Noise Ratio
SIR Signal-to-Interference Ratio
SO-GAP Single Objective General Assignment Problem
ST Service Throughput
TTI Time Transmission Interval
WCDMA Wideband Code Division Multiple Access
iCRRM Integrated CRRM
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1 Introduction

A key challenge for International Mobile Telecommunications-Advanced (IMT-A) infra-
structures is the ability to operate in the preferred frequency bands, as announced in
WRC-07 [1], while maximising network performance and maintaining intra-systems com-
patibility. The current problem of spectrum fragmentation requires a different approach to
enable the bandwidth required by IMT-A systems. Spectrum and Carrier Aggregation are two
enabling techniques proposed for Long Term Evolution-Advanced (LTE-A) [2] and IMT-A
[3,4] for achieving the advanced technical requirements identified for those systems. The
physical layer aspects of LTE-A have been discussed in [5–7].

Spectrum Aggregation (SA) consists in aggregating several (and possibly) fragmented
bands. The concept of spectrum aggregation consists of exploiting multiple small spectrum
fragments simultaneously (aggregation) to yield to a (virtual) single larger band and ulti-
mately deliver a wider band service (i.e., not otherwise achievable when using a single
spectrum fragment). Further, SA allows that new high data rate wireless communication
systems can coexist while reusing the spectrum of legacy systems.

There are two possible scenarios for SA: aggregation of contiguous bands and aggrega-
tion of non-contiguous bands. The non-contiguous approach may provide larger flexibility
as well as diversity, but on the other hand is more difficult to achieve in integrated devices.

The possibility to benefit from SA increases the freedom and the complexity in the Radio
Resource Management (RRM) strategy. Some of the key features of LTE-A, Release 9, are the
simple protocol architecture and moving the network intelligence down to the Base Station
(BS) level [5]. The added functionalities should enable the mobile operators to provide ser-
vices in a more effective manner, as well as to improve the Quality of Experience (QoE). The
proposed shared channel gives instantaneous access to high rate, the envisioned scheduler
exploits the channel both in time and in frequency, and there would be a very high number
of “always-on” users.

SA requires modifications, both at the Mobile Station (MS) side, namely, in the trans-
ceiver, and at the network side. For example, it has been proposed for LTE-A and IMT-A,
that the BSs have the capability to autonomously manage the radio resource allocation. This
requires that novel approaches to benefit from the SA feature must be defined. As a result, SA
could be investigated at least from these two perspectives: at the lower layer to solve imple-
mentation issues, and at the upper layers to derive advanced resource management schemes
to fully benefit from SA.

There are several SA studies that have been described in the literature [8–10] and [11].
The modelling and simulation aspects of SA in the context of LTE-A have been addressed in
[8], including different scheduling strategies. A summary of the Carrier Aggregation (CA)
types and the technical challenges in terms of various LTE-A system functionalities, such as
control signalling, handover control, guard band settings, can be found in [9]. In [10], the
authors analyse in more detail the load balancing aspects and related scheduling solutions
under various traffic conditions in a LTE-A system utilizing CA. The work in [11] further
extends the studies in [10] by addressing the feedback schemes needed for channel aware
scheduling over multiple component carriers. The studies in [6] and [7] are the main baseline
for the L1-L2 radio resource management.

The best choice of a frequency band for a mobile communications system depends on
many different factors. Once the spectrum has been obtained, there is still the remaining
problem of managing the shared band, which implies proper allocation mechanisms for allo-
cating users based on the specific user requirements and radio channel quality. In general,
the lower frequency bands are better suited to longer range, higher mobility, lower capacity

123



O. Cabral et al.

systems, while higher frequency bands are better suited to shorter range, lower mobility, and
higher capacity systems. Therefore, for any given network the optimum frequency would
vary depending on the required range, mobility and capacity [12].

The scheduling of users over multiple frequency bands can be modelled in its most general
form as a General Multi-Band Scheduling (GMBS) problem [13]. A multi-band scheduler
to manage the balance between the data pipe and the obtained extra source of spectrum was
proposed in [14]. When the bandwidth from the shared band becomes available, the sched-
uler must be capable of realizing such a change in the spectrum pipe and shift some of the
traffic load from the dedicated band to the shared band or vice versa. The scheduler must
also be capable of further load balancing by actively monitoring the forthcoming changes in
the spectrum and traffic data in order to shift the load from the shared band to dedicated one
and vice- versa, if so required.

In Long Term Evolution (LTE), LTE-A and IMT-A, a key feature of the Radio Access
Network (RAN) architecture is the Common RRM (CRRM) entity in charge of distributing
resources for inter- and intra-system radio resource management purposes. In this way, the
CRRM is the entity enabling the successful cooperation of the above mentioned systems with
legacy systems (e.g., WiMAX, UMTS, GSM).

This paper investigates a non-contiguous SA from an upper layer point of view, and pro-
poses an Integrated CRRM (iCRRM) entity where CRRM and SA functionalities are handled
simultaneously, performing the scheduling via the optimal solution of a GMBS problem. The
employed Resource Allocation (RA) allocates the user packets to the available radio resources
in order to satisfy the user requirements, and to ensure efficient packet transport to maximise
spectral efficiency. The RA, an entity within the set of RRM algorithms, is envisioned to have
an inherent tuning flexibility to maximise the spectral efficiency of the system for any type of
traffic QoS requirements. The RA adopted here maps packets of variable size into variable
length radio blocks for transmission over the PHY layer, and the length is dependent on the
channel quality. The novelties of the approach compared to the current state-of-the-art are
that the proposed iCRRM enables the integration of spectrum and network resource man-
agement functionalities leading to higher performance and system capacity gains. The key to
such integration is the pooling of the resources together; the integration allows for mapping
the service requirements onto an available spectrum amount and translates the latter into
network load. The iCRRM uses the widely separated frequency bands for achieving lower
delays and jitters and higher user throughput by exploiting the channel diversity [15]. These
show independent Channel Quality Indicator (CQI) over time and space, which becomes a
source of diversity at the Physical (PHY) layer, with an important chance to achieve higher
spectrum efficiency. Information from the network about the system state (e.g., received sig-
nal strength, transmitted power, MS velocity, etc) and used in RRM procedures such as load,
admission and congestion control can successfully be combined with dynamic spectrum use
and reduce the need of spectrum aggregation in some cases.

The integration of dynamic spectrum use and SA, achieved with the use of iCRRM tech-
niques is shown to provide significant throughput gain compared to a system where the
iCRRM is not used. A formulation is proposed for the average Signal to Interference-plus-
Noise Ratio (SINR) that allows for setting the basic limits for the dependence of SA with
multi-band scheduling on the coverage distance with an optimal solution.

This paper is organized as follows. Section 2 presents the objective of the paper and system
model. Section 3 addresses the GMBS as a General Assignment Problem (GAP). Section 4
proposes a formulation to obtain the average SINR, with unitary reuse pattern as a function
of the cell coverage distance. Section 5 discusses the SA results with the proposed iCRRM
and Sect. 6 presents the conclusions.
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2 Objective and System Model

In the context of SA, there are two or more frequency bands available for the operator. A
CRRM framework is proposed in this work which facilitates the best user allocation over a
set of m frequency bands, b ∈ {1, 2, . . . , m}. The objective is to maximise the total network
throughput. Without loss of generality, two bands are considered (m = 2). The operator has
exclusive access to the channels in the 2 GHz band, and may access the shared frequency
pool at 5 GHz.

The amount of radio resource available at 5 GHz is determined by spectrum trading (or
bargaining) among all the operators that have access to the common frequency pool, Fig. 1.
Since spectrum sharing mechanisms are beyond the scope of this work, it is assumed here
that the operator gains access to the frequency pool with a fixed portion of the available
spectrum. Once a part of the spectrum has been obtained, the operator still faces the problem
of allocating users on the available bands. Depending on the capabilities at the MSs, each
user may be allocated to a single frequency band or simultaneously to both frequency bands.
In the latter case, MSs need to have multi-radio transceivers; here, single-transceiver MSs
are considered that enable the selection of one carrier at a time.

An High Speed Downlink Packet Access (HSDPA) radio access network operating in the
2 and 5 GHz bands is simulated in a context of multi-user allocation [17]. CRRM is adopted
from [18], as shown in the simulation setup in Fig. 2. It is responsible for allocating the
available radio resources to the user traffic in a cost-effective manner, and includes a sched-
uling mechanism, link adaptation, code allocation policy, and an Hybrid Automatic Repeat
Request (H-ARQ) scheme, to increase service throughput for users at the cell edge. In the
considered scenario, inter-frequency handover between Wideband Code Division Multiple
Access (WCDMA) carriers is possible, which is performed as in [19]. Besides all the common
functionalities inherent to the CRRM entity, in this work it was given extra intelligence to the
CRRM entity. By using an Integer Programming (IP) based algorithm, the inter-frequency

Fig. 1 Scenario of common
frequency pool [16]

Fig. 2 CRRM in the context of SA with two separated frequency bands
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handovers are performed in an optimised way, offering additional intelligence to the CRRM
unit maximising system capacity.

The network is deployed with omnidirectional hexagonal cells and with frequency reuse
pattern one. The results are presented only for the central cell. The session activity is mod-
elled by the Near Real Time Video (NRTV) streaming traffic model from [20], with a service
rate Srate = 64 kbps. The RRM includes the following functionalities: Adaptive Modulation
and Coding (AMC), n-parallel channel H-ARQ using chase combining and a Round Robin
(RR) scheduling algorithm.

The radio channel follows the ITU radio propagation models, as summarised in Table 1.
The channel loss between the MS and the BS is modelled by using a shadowing loss with
log-normal distribution and by considering fast fading with Jakes model, as in [21]. The
interference in the MS is calculated with the signal strength received from the first ring of
neighbouring BSs and the thermal noise [22].

Each Time Transmission Interval (TTI) is associated with a sub-frame duration, that corre-
sponds to an HSDPA frame duration of 2 ms, with three time slots of 0.67 ms. The available
data rates are summarised in Table 2. The CQI is a mapping of the averages of the CQIs
recorded over time; a direct mapping between CQIbu and the available rate at the physical
layer, in kbps, R(CQIbu) is considered:

R(CQIbu) =

⎧
⎪⎪⎨

⎪⎪⎩

188.5 if CQIbu = 5
198.0 if CQIbu = 8
331.9 if CQIbu = 15
716.8 if CQIbu = 22

(1)

where b is the band index (b ∈ {1, 2}) and u is the user index (u ∈ {1, 2, . . . , n}, n being the
number of users).

The RRM allocates the user packets to the available radio resources in order to satisfy the
user requests, while ensuring efficient packet transport and maximising spectral efficiency.
The RRM should have inherent tuning flexibility, to maximise the spectral efficiency of the
system for any type of traffic QoS requirements. Depending on the radio channel quality, the
CRRM maps data packets into variable length radio blocks, for transmission. The following
events occur:

1. User packets awaiting transmission are prioritised according to the scheduling algorithm
criteria;

Table 1 Parameters and models
used for 2 and 5 GHz bands

Carrier frequency 2 GHz 5 GHz
Bandwidth 5 MHz 5 MHz

Path loss model 128.1+37.6 · log(d[km])141.52+28 · log(d[km])
(dBW)

Shadowing 5 m 20 m

de-correlation length

Table 2 Transport block size
and bit rate associated to CQI

CQI Modulation Transport block size (bits) R(CQI) (kbps)

CQI 5 QPSK 377 188.5

CQI 8 QPSK 396 198.0

CQI 15 QPSK 663.8 331.9

CQI 22 16-QAM 1433.6 716.8
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Fig. 3 Channel Quality measurements and MCS selection cycle

2. A CQI identifier is selected according to the link adaptation algorithm, using the available
CQI options from the physical layer;

3. An idle ARQ channel j is selected to hold and manage the ARQ transmission;
4. The packet is transmitted and received at the MS. Soft retransmissions are combined with

previous packet transmissions (chase combining) and the ARQ messages are generated
accordingly. These messages are then signalled to the BS, and the ARQ processes are
released if the messages are positive Acknowledgements (ACKs).

Figure 3 illustrates the mechanism used to sense the CQI over the various frequency bands.
The sensing is based on quality measurements of the Common Pilot Channel (CPICH) per-
formed by the MS. In fact, the MS performs a prediction of the ratio between the received
power and the received inter-cell interference. Several approaches may be followed.

The MS can be either in the active or passive mode. In the active mode, the user is contin-
uously measuring the received CQI over both frequencies. In the passive mode, the measure-
ments are periodically sent to the Radio Network Controller (RNC). The CQI measurements
are communicated to the HSDPA RNC through the High-Speed Dedicated Physical Con-
trol Channel (HS-DPCCS). Although the active mode has the advantage of self-detection,
allowing for an aggressive exploitation of radio channel capacity, the passive mode may be
preferred when the purpose is energy saving at the MS and reduced signalling overhead. If
no transmission has been previously attempted in a given band, the best CQI is optimistically
assumed. Instead, if a transmission has already occurred, the value for the CQI is calcu-
lated from the average of the last transmissions within a given period, i.e., moving average
calculation.

3 General Multi-Band Scheduling

SA offers an added dimension for user scheduling and poses an optimisation problem for the
best network resource exploitation. The scheduling problem can be formulated as a General
Assignment Problem [23]. In this specific scenario, the user allocation problem is referred to
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as GMBS. The proposed Profit Function (PF) maximises the total throughput of the operator
via a single objective problem.1

The GMBS problem can be solved with IP. The GMBS PF is defined considering the ratio
between the rate available on a single Downlink (DL) channel and the requested rate by the
service flow and is expressed as follows:

(PF)

m∑

b=1

n∑

u=1

Wbu xbu (2)

where xbu is the allocation variable and the normalised metric Wbu is given by:

Wbu = [1 − PER(CQIbu)] · R(CQIbu)

Srate
(3)

where Srate is the NRTV service rate, PER(CQIbu) is the average Packet Error Rate (PER)
occurred in previous transmissions that the DL channel for user u on band b is suffering
for the Modulation and Coding Scheme (MCS) supported (0 in the case no transmissions
has ever occurred), and R(CQIbu) is the DL channel throughput for user u on band b, as a
function of the MCS supported.

The constraints for GMBS vary, depending on the ability of the MSs to simultaneously
transmit and receive in multiple frequencies (multiple transceivers at the MS), or just over a
single band at the time. HSDPA physical layer [26] provides a set of orthogonal codes avail-
able for data transmission within a sub-frame. Codes may be allocated to service flows/users2

in a flexible manner. More than one code can be assigned to a single user or a single code can
be assigned to more than one user. The users on the same code adopt a time-division multiple-
access which is managed by the packet scheduler. The allocation variable xbu reflects the
code allocation per users and is either a boolean value in the case of single code allocation,
or a positive integer, xbu ∈ {0, 1, . . . , max(Ncodes)}, in the case of multi-code allocation.

An example of multi-code allocation is shown in Fig. 4, where a RR packet scheduler is
used in which all the users are satisfied within three TTIs. Two iterations of three TTIs are
presented: user 1, allocated to band 1, has x1 1 = 5, while user 14, allocated to band 2, has
x2 14 = 3.

In the following explanation, a single-frequency single-code allocation will be explored
with a RR scheduler. The RR scheduler was selected since it is the one with least interference
on upper layer algorithms.3

In single-frequency single-code allocation, the GMBS presents the following constraints:

1. Allocation Constraint (AC): each user can be allocated only to a single frequency band
with a single orthogonal code:

(AC)

m∑

b=1

xbu ≤ 1, xbu ∈ {0, 1}

∀u ∈ {0, . . . , n} (4)

1 However, multiple objectives can be easily introduced, as in [24], with a Multiple Objectives GAP (MO-
GAP). Several objectives, such as fairness and QoE requirements, can be included via a linear combination,
also referred to as “scalarization” [25].
2 Each user in the network is assumed to bear only one service flow. With this assumption, the terms service
flow and user can be used interchangeably.
3 For instance, in the case of a maximum C/I scheduler, the users with worst channel conditions would not
have been served and the full extent of the proposed algorithm would not be thoroughly revealed.
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Fig. 4 Allocation matrix
example over two frequency
bands

Fig. 5 Example of an allocation
matrix X for single-frequency
single-code GMBS

2. Bandwidth Constraint (BC): the total number of users on each band is upper bounded
by the maximum normalised load that can be handled in the band, Lmax

b ∈ [0, 1]:

(BC)

n∑

u=1

Srate · (1 + RT x · PER(CQIbu))

R(CQIbu) · Ncodes
· xbu ≤ Lmax

b

∀b ∈ {1, . . . , m} (5)

where the first term is the requested service data rate for user u, including the packet loss,
normalized with the maximum data rate that the network can offer to the user u on band
b which is R(CQIbu) × Ncodes where Ncodes is the maximum number of parallel codes
available in HSDPA. RT x = 2 is the number of H-ARQ retransmissions. BC accounts
for the user traffic requirement, DL capacity and overhead caused by packets lost. The
load constraint for each band, Lmax

b , is lower than one because of the padding caused
when the packets from upper layers are fragmented to fit the MAC Packet Data Unit
(MPDU), and signalling overhead.

Figure 5 presents one example, for a given case, for the allocation matrix X = [xbu], with
b = {1, . . . , m} and u = {1, . . . , n}. With two bands, m = 2 and Lmax = [

Lmax
1 , Lmax

2

]T .
After several tests performed to find the best load threshold, a load factor of 75% has been

chosen. This value was found through extensive simulation. It is a parameter that should be
tuned by the operator. To find an heuristic that outputs this parameter is out of the scope of
this work.
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4 Average SINR Analysis with Unitary Frequency Reuse Pattern

The SA gain has been evaluated for several inter-cell distances with a frequency reuse pattern
one. In order to have comparable results, SA needs to be analysed at constant average SINR.
To obtain the average SINR, a method similar to the described in chapter 12 from [27] was
applied. By tuning the BSs transmitter power, the average SINR was kept constant.

4.1 SINR at a Given Position

In general, given a BS transmitter power PT x , the MS SINR at a position (x, y) can be
expressed as:

SINR(PT x , x, y) = Pow(PT x , x, y)

(1 − α) · Pow(PT x , x, y) + Pnh(PT x , x, y) + Pnoise
(6)

where Pnoise is thermal noise power, α is the orthogonality level of the codes [28], Pow is the
power received from the own cell, and Pnh is the total amount of interfering power coming
from the neighbour cells (6 cells in the case of hexagonal cell deployment).

At 2 GHz, Pow can be expressed as:

Pow(PT x , x, y) = PT x GT x G Rx 10− 128.1+37.6·log
√

y2+x2

10 (7)

where GT x and G Rx are the antenna gains.
Pnh is the interfering power received by a MS from the first ring of six neighbours cells,

as illustrated in Fig. 6. It is given by:

Pnh(PT x , x, y) =
6∑

i=1

Ii (PT x , x, y) with, I1 = I6, I2 = I5, I3 = I4 (8)

where Ii (PT x , x, y) = PT x GT x G Rx 10− PL(x,y)i

10 and the following functions for the path loss,
PL, at 2 GHz band stand as:

PL(x, y)1,6 = 128.1 + 37.6 · log

√
√
√
√

(
3

2
R − x

)2

+
(√

3

2
R

)2

PL(x, y)2,5 = 128.1 + 37.6 · log

√
(√

3R
)2 + x2

PL(x, y)3,4 = 128.1 + 37.6 · log

√
√
√
√

(
3

2
R + x

)2

+
(√

3

2
R

)2

(9)

The geometry symmetries have been considered and Ii is the i th cell interference.
Figure 7 shows the variation of the SINR as a function of the MS-BS distance, d (0 ≤

d ≤ R). Results are presented for a cell radius of 300 and 1,500 m.

4.2 Average Cell SINR

The average SINR within a cell is the SINR measured by a MS with uniform probability
density function for its deployment over the cell area. It depends on the cell radius, R, and
on the BS transmitter power, PT x , as follows:
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Fig. 6 Simulation topology of
the HSDPA network
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Fig. 7 From left to right, SINR as a function of the MS-BS distance for two cell radii (R ∈{300,1,500} m)
and PT x = 1 dBW

SINR(R, PT x ) = Pow(R, PT x )

(1 − α)Pow(R, PT x ) + Pnh(R, PT x ) + Pnoise
(10)

where Pnh(R, PT x ) is the average interference power from the six neighbouring cells. The
average interference generated by a neighbour cell can be calculated by integrating each frac-
tion of the interfering power over the area of the affected cell. Figure 8 shows one affected
cell in the origin of the coordinates and one interfering cell, at (x0, y0). By integrating over
the hexagonal cell area, the average level of received power from a neighbour cell Ī may be
calculated as:
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Fig. 8 Interference received
from neighbouring cells

Ī (R, PT x ) =
∫

y

∫

x

f I (PT x , x, y)dxdy =
∫

y

∫

x

PT x GT x G Rx

ACell
PL(x, y)dxdy (11)

where ACell is the total affected cell area. Pnh(R, PT x ) = 6 · Ī (R, PT x ) as the surround-
ing interfering neighbours are all at the same distance,

√
3R. The variation of the average

received interference with the cell radius is shown in Fig. 17, in the Appendix. The details
for the calculation of the average interference are also reported in the Appendix.

Pow(R, PT x ) is the average signal power within a cell. It may be obtained following an
approach similar to the one used for the average interference calculation, with a different
integrand function, f p , which, due to the geometry of the problem, has a simpler expression.
The following integrand function is reported for the 2 GHz channel model:

fPow(PT x , x, y) = PT x GT x G Rx

Aow
10− 128.1+37.6·log

√
y2+x2

10 (12)

A detailed calculation is reported in the Appendix and the results for the average power
within the cell are shown in Fig. 17. The average SINR results are shown in Fig. 9. The
average SINR at 5 GHz band decreases faster after 300 m, as it suffers higher pathloss effect.
After 2,000 m, the network in the 5 GHz band starts to be noise-limited and the impact of
interference is lower.

4.3 Transmitter Power Normalization Procedure

The goal of the Average SINR analysis is to determine a set of transmitting powers PT x in
order to have a constant average SINR for all the cell radii. From (10), assuming the antenna
gains are constant, the average SINR for a given radius, R0, in the cell only depends on PT x .

In order to determine the values for the power that should be used at 2 and 5 GHz, we
first found the transmitter power that corresponds to the maximum average SINR (with a
difference lower than 0.01 dB to such a maximum) for R0 = 1,800 m, PT x,R0 , in each of the
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Fig. 9 Average SINR (dB) as a function of the cell radius in meters

Table 3 Values for the
normalized transmitter power
PT x,R0 (dBW), for the 2 and 5
GHz bands

Band Radius (m)

300 600 900 1,200 1,500 1,800

2 GHz −8.14 5.92 14.09 19.85 24.29 27.90

5 GHz 2.26 15.00 22.92 29.22 35.21 43.28

frequency bands. Then, for R ∈ {300, 600, 900, 1,200, 1,500, 1,800} m, we found PT x,R

such that:

SINR(R, PT x ) = SINR(R0, PT x,R0) (13)

which provided the values for the transmitter power presented in Table 3, for the selected
values of the cell radius. As these values for the power correspond to the maximum average
SINR, the 5 GHz band non-covered area was kept to the minimum, less than 0.88% for
R ≥ 600 m and less than 1.08% for 0 < R ≤ 600 m.

5 Results

The performance of the SA user allocation is assessed by using the total Service Through-
put (ST) metric, which is the total number of bits that have been transmitted and correctly
received by all the users in the cell:

ST[bits/s] = bserv(p)

k · T
(14)

where bserv(p) is the number of bits received in a given period p, T is the transmit time
interval, and k · T is the total simulation time. Users are deployed on the cell with an uniform
spatial distribution, within the cell radius R. Simulations were performed by considering the
set of cell radii R = {300, 600, 900, 1,200, 1,500, 1,800} m, with overlapping 2 and 5 GHz
bands coverage, as shown in Fig. 2. The NRTV calls are modelled by a Poisson distribu-
tion, and the call duration is exponentially distributed with an average of 180 s. The 95%
confidence interval is represented in the curves by the vertical bars.

Figure 10 reports the total ST for a system without iCRRM, using the standard CRRM
from [18]. In such system, each one of the two frequency bands are managed separately.
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Fig. 10 Average throughputs without the iCRRM

NRTV session requests are expressly assigned to one of the two bands and it is not possible
to switch a session from one band to the other. The results show approximately the same
network capacity for variable cell radius. The ST reported in Fig. 10 is the sum of the service
throughput in both frequency bands, 2 and 5 GHz. The traffic requirement is the traffic needed
to satisfy all the users (i.e., the NRTV required data rate, times the number of users in the
system).

The system can achieve better performance if MSs are allowed to be switched between
bands. Figure 11 shows the results in the presence of the iCRRM with the GMBS algorithm
proposed in Sect. 3, for several cell radii with normalized power. Due to the power normal-
ization procedure, the performance of the iCRRM is almost constant for all the cell radii.
In the saturation point which is located around 60 active MSs, for R = 1, 500 m, the total
throughput increases from 2430 kbps to 3170 kbps: a gain of 30% is achieved compared to
the absence of iCRRM. Figure 12 presents the throughput gain in percentage and the absolute
gain as a function of the cell radius under a constant average SINR: the power normalization
procedure proposed in the previous section allows for fair results comparison with variable
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Fig. 11 Average service throughput with the iCRRM with normalized power
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Fig. 12 Gain between the presence and absence of the iCRRM as a function of the cell radius for 60 users
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Fig. 13 Variation of the load with the number of stations for both frequency bands for R = 300, 900 and
1,500 m

cell radius. The almost constant gain demonstrates the potentiality of iCRRM over a wide
range of cell coverage distances.

Figure 13 shows the load variation depending on the number of active MSs in the cell for
both frequency bands and R = 300, 900 and 1,500 m. Since the path loss is lower at 2 GHz
compared to the 5 GHz band, in the case of low cell load, the iCRRM entity will mainly
allocate the MSs to the 2 GHz band. Furthermore, the load management interventions are
not frequent, as it is evident in Fig. 14 for the group of 20–29 users. As the load raises, the
bandwidth constraint for the 2 GHz band becomes stringent and the iCRRM entity optimises
the use of resources with more frequent MS switching between bands. Both bands have a
higher throughput due to the switching of the user between the two bands, based on their
respective channel qualities. When the system gets close to the load threshold level, both
bands are equally populated with allocated MSs.

As the signalling overhead arising from SA may be an issue, it is worth analysing the
number of frequency band exchanges that result from SA. Figure 14 presents the average
number of exchanges, among simulations, as a function of the MS-BS distance with the
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Fig. 14 Exchanges between frequency bands for cell radii a R = 300, b R = 900 and c R = 1,500 m
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Fig. 15 CQI15 usage for cell radii R = 300, 900 and 1,500 m

number of active MSs as parameter. The MS-BS distance varies up to the cell radius R.
Values are presented in different charts for a cell radius of R = 300, 900 and 1,500 m. The
number of the iCRRM interventions is higher for medium loaded systems and it is lower
when the active MSs are in the range of 20–29 and 50–59. Furthermore, the number of MSs
switched between bands grows with the cell radius.

The two input parameters to the GMBS problem are analysed in Figs. 15 and 16.
Figure 15 presents the percentage of users that use CQI15, one of the four MCSs avail-
able in the HSDPA system for R = 300, 900, 1,500 m. CQI15 is the one presented as it is
dominant in the absence and presence of the iCRRM. However, when using iCRRM the set
of MSs using CQI15 increases 20%. This is directly related to the capacity gain plotted in
Fig. 12.
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Fig. 16 PER variation for cell radii a R = 300, b R = 900 and c R = 1,500 m

Figure 16 presents the average PER as a function of the MS-BS distance for three cell
radii: R = 300, 900 and 1,500 m; the use of iCRRM shows a significant reduction of PER,
especially for the 5 GHz band. For all the cell radii, the GMBS is able to reduce the PER
from 0.01 to 0.005 via an accurate selection of the MSs to be moved between 2 and 5 GHz,
based on their channel quality in each frequency band.

6 Conclusions

This paper proposes an Integrated CRRM entity that has control over a pool of frequency
resources. It assigns these resources to the active Mobile Stations with the solution of an opti-
misation problem with the objective of total Service Throughput maximisation. The proposal
is in the scope of currently on-going work within the ITU-R towards International Mobile
Telecommunications-Advanced systems, and in particular the use of Spectrum Aggrega-
tion. The hypotheses of the paper consider that Spectrum Aggregation can be successfully
combined with Radio Resource Management techniques for an optimised performance.

In order to test the Integrated CRRM with several cell radii with comparable conditions,
a formulation was developed that gives the average SINR in the cell considering frequency
reuse pattern one. The transmitter powers were obtained for different cell radii in order to
achieve a constant average SINR for variable cell radius and derive comparable results for
iCRRM performance evaluation.

At the load saturation point, the iCRRM system has shown a gain of 23 up to 30%, com-
pared to a system where the allocated Mobile Station cannot be switched between bands
and the system cannot opportunisticaly exploit the variable channel qualities of the Mobile
Stations.

With Integrated CRRM, the intra-operator Spectrum Aggregation procedure is able to
support a higher number of Near Real Time Video users, due to the ability of scheduling
their traffic according to the radio channel quality in different parts of the radio spectrum.
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The achieved improvement is relative to scenarios where users are uniformly deployed on
the cell.

Future work will analyse the impact of the spatial distribution of the users over the cell
and the consideration of multi-service scenario. In this work, the General Multi-Band Sched-
uling Profit Function is based on the total throughput. Quality of Service requirements will
be also included, in a scheduling problem with a linear combination of multiple objectives
(scalarisation). A combined solution integrating the packet and the spectrum schedulers is
foreseen to be able to greatly reduce the average delays and jitters, which are parameters of
paramount importance for real-time services. Mobility patterns will also be analysed, show-
ing the effectiveness of an Integrated CRRM to counter-fight shadowing in the support of the
aforementioned real-time services and applications.
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Appendix: Cellular Analysis for Constant Average SINR

In this appendix, detailed calculations of the average SINR are presented for various cell
radii, in a cellular network of BSs with reuse pattern one. First, the average interference from
a neighbour cell is presented. Then, the average signal power in the central cell is calculated
in order to derive the SINR as function of the cell radius and transmit power.

The average interference from one neighbour cell is obtained, referring to the coordinate
system in Fig. 8, as:

Ī (R, PT x ) =
∫

x

∫

y

f I (PT x , x, y)dydx =
∫

x

∫

y

PT x GT x G Rx

ACell
PL(x, y)dydx (15)

where the area for an hexagonal cell is ACell = 3
2

√
3R2, the PL follows the models specified

in Table 1, the distance being determined by d = √
(y − y0)2 + (x − x0)2; PT x = 1 dBW,

GT x = 14 dBi and G Rx = 0 dBi. Figure 8 shows the division of the central hexagonal cell
into three sub-regions (Fig. 17). Assuming x0 = 0, y0 = √

3R, we may calculate the average
interference as:

Ī (R, PT x ) =
3∑

r=1

∫

�r
x

∫

�r
y

f I (PT x , x, y)dydx (16)

where the integration regions are as follows:

�r
x =

{[

−R,− R

2

]

,

[

− R

2
,

R

2

]

,

[
R

2
, R

]}
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and

�r
y =

{
[
−√

3x − √
3R,

√
3x + √

3R
]
,

[

−
√

3

2
R,

√
3

2
R

]

,

[√
3x − √

3R,−√
3x + √

3R
]
}

For the 2 GHz band, f I (PT x , x, y) is given by:

f I (PT x , x, y) = PT x GT x G Rx

Acell
10− 128.1+37.6·log

√
(y−√

3R)2+x2

10 (17)

As R is positive (16) is solvable. Then:

∫

�r
x,y

f I (PT x , x, y)dydx = PT x GT x G Rx · 10
−

∑3
r=1

∫

�r
x,y

(
128.1+37.6·log

√
(y−√

3R)2+x2
)

dydx

10·Acell (18)

Considering that the distance in the path loss equation is expressed in kilometres and that:

∫

�1
x,y

dydx =
√

3

4
R2 (19)

the steps for solving the integral in the second term of (18) over the region �1
x,y are as follows:
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∫

�1
x,y

(

128.1 + 37.6 · log
√

(y − √
3R)2 + x2

)

dydx

= 37.6

2

∫

�1
x,y

log

[(
y − √

3R
)2 + x2

]

dydx

+(128.1 − 37.6 · log(1000))

√
3

4
R2. (20)

The solution for the integral in the second term of (20) is:

∫

�1
x,y

log

[(
y − √

3R
)2 + x2

]

dydx =
∫

�1
x,y

ln

[(
y − √

3R
)2 + x2

]

ln(10)
dydx

= ln(10)−1
∫

�1
x

(

−4
√

3R − 4
√

3x + 2Rx

3
+ 2x · arctan

[√
3(2R + x)

x

]

+√
3x · ln

(
4x2) + 2

√
3R · ln

[
4
(
3R2 + 3Rx + x2)]

+√
3x · ln

[
4
(
3R2 + 3Rx + x2)]

)

dx . (21)

The average interference power can be obtained with the evaluation of a linear combi-
nation of the integrals of arctan, ln and polynomial functions. The integration over region
�2

y,x , by applying the method of integration by parts, is simple to obtain. Over region �3
y,x ,

the steps to be followed are similar to the ones outlined in (19), (20) and (21). The average
interference that comes from each of the surrounding cells is equal as the interfering BS is
always at the same distance

√
3R from the central cell, see Fig. 6.

The average signal power in the intended cell can be calculated with the same approach
used for the average interference power, substituting the integrand function f I with fP , which
is reported for the 2 GHz as follows:

fP (PT x , x, y) = PT x GT x G Rx

Aow
10− 128.1+37.6·log

√
y2+x2

10 (22)

The average power is calculated as:

Pow(R, PT x ) =
6∑

r=1

∫

�r
x

∫

�r
y

fP (PT x , x, y)dydx (23)

where

�r
x =

{[

−R,− R

2

]

,

[

− R

2
,−Fr

]

, [−Fr, Fr ], [−Fr, Fr ],
[

Fr,
R

2

]

,

[
R

2
, R

]}
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and

�r
y =

{
[
−√

3x − √
3R,

√
3x + √

3R
]
,

[

−
√

3

2
R,

√
3

2
R

]

,

[

−
√

3

2
R,−Fr

]

,

[

Fr,

√
3

2
R

]

,

[

−
√

3

2
R,

√
3

2
R

]

,
[√

3x − √
3R,−√

3x + √
3R

]
}

Equation (23) is unsolvable if the integration region includes (x, y) = (0, 0) (where the
BS is located). We adopted an approximation of the Fraunhofer distance, Fr , for an antenna
radiator equal to 72 cm. If R > Fr the integral is solvable. With a square approximation of
the Fraunhofer region centered in (0,0), the total integration area is Aow = 3

2

√
3R2 − F2

r .
The average power calculation can thus be expressed as:

∫

�r
x,y

fP (PT x , x, y)dydx = PT x GT x G Rx · 10−
∑6

r=1
∫

�r
x,y

(
128.1+37.6·log

√
y2+x2

)
dydx

10·Aow (24)

From all the integration regions in (24) the most complicated integrals to solve are the
ones for r = 1 and r = 6. As their resolutions are similar, we outline the one for r = 6.
Considering that the distance in the path loss is expressed in kilometres, and that:

∫

�6
x,y

dydx =
√

3

4
R2 (25)

then:
∫

�6
x,y

(

128.1 + 37.6 · log
√

y2 + x2

)

dydx

= 37.6

2

∫

�6
x,y

log(y2 + x2)dydx + (128.1 − 37.6 · log(1000))

√
3

4
R2 (26)

The solution to the integral in the second term in (26) is given by:

∫

�6
x,y

log(y2 + x2)dydx =
∫

�6
x,y

ln(y2 + x2)

ln(10)
dydx

= ln(10)−1
∫

�6
x

(

2(−√
3x + √

3R) ln
[
(−√

3x + √
3R)2 + x2

]

− 4(−√
3x + √

3R) + 4x · arctan

[
−√

3x + √
3R

x

])

dx . (27)

The second term of the last member of (27) it is a polynomial integration. The first and
third terms of the last member of (27) are solved by using the method of integration by parts.
The integration is shown for exemplification for the third term only:
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∫

arctan

[
−√

3x + √
3R

x

]

dx

= 2x2 · arctan

[
−√

3x + √
3R

x

]

+ 2
√

3R

[
1

4
x − 3

4
R·

(

− 1

2
√

3
· arctan

[−3R + 4x√
3R

]

− 1

4
· ln

(
3R2 − 6Rx + 4x2)

)]

(28)

The second integration over regions �3
x,y and �4

x,y do not exist for x = 0. Dividing the
region �3

x (equal to �4
x ) into two subregions, [−Fr, 0[ and ]0, Fr ], the integral can be put in

the improper integral form and then solved by parts:

∫

�3
x

∫

�3
y

fP (PT x , x, y)dydx

= lim
ε→0−

ε∫

−Fr

∫

�3
y

fP (PT x , x, y)dydx + lim
ε→0+

Fr∫

ε

∫

�3
y

fP (PT x , x, y)dydx (29)

The average power can now be obtained for the whole hexagon, except in the square with
the side length equal to the Fraunhofer distance and the average SINR in (10) can be finally
calculated.
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