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Abstract—Hutchison 3G under the brand name of Three
launched 3rd Generation Partnership Project, 3GPP Rel 5 High
Speed Downlink Packet Access (HSDPA) networks, worldwide.
The HSDPA network is capable of delivering data rates up to
21 Mbps today. In Rel 7, 3GPP standardised HSPA Evolution
(HSPA+) which was specified to deliver maximum user data rates
up to 42 Mbps by using dual Carrier Aggregation and 64 QAM in
the Downlink. Since the launch of HSDPA network in the UK,
Hutchison 3G observed significant increase in the data traffic.
In order to deliver Mobile BroadBand (MBB) services to its
customers more efficiently, Three UK has started to focus on new
technologies which have been standardised by 3GPP in Rel 8/9/10.
Although Long Term Evolution (LTE) network performance
was studied by other researchers, the aim of this paper is
to analyse the performance of LTE Carrier Aggregation (CA)
in different spectrum bands to meet the International Mobile
Telecommunications Advanced (IMT-Advanced) requirements.

|. INTRODUCTION

Convergence of mobile and internet puts pressure on mobile
service providers to offer faster and more efficient mobile
internet access. Today, High Speed Packet Access (HSPA)
networks are delivering high volumes of data transactions.
However, the growth in video downloads and the increase in
data usage due to smart phones will require larger air interface
bandwidths. Long Term Evolution or LTE, on the other hand,
is the evolution of HSPA, which was first standardized in
3GPP Release 8 to support larger bandwidths [1]. One of
the requirements of LTE was to provide higher averaged user
throughput. It was specified to deliver services with high
efficiency based on Internet Protocol (IP). Unlike HSPA,
LTE adopts Orthogona Frequency Division Multiple Access
(OFDMA) in the downlink and Single Carrier Frequency
Division Multiple Access (SC-FDMA) in the uplink direction
for resource sharing among multiple users. These multiple ac-
cesses increase network capacity and user throughput because
of multi-user diversity gain. One of LTE features is that the
operators can select various spectrum bandwidths, e.g., 1.4, 3,
5 10, 15, and 20 MHz depending on availability. 3GPP has fur-
ther extended the original proposal of LTE, which is known as
LTE-Advanced [2]. LTE-Advanced can be considered as one
of the prominent 4G proposals that has been specified by 3GPP
in Release 10. LTE-Advanced should, however, provide a

backward compatibility in terms of spectrum coexistence with
Release 8 based LTE. This means that it should be possible
to implement LTE-Advanced in a spectrum which is aready
occupied by LTE devices. Furthermore, LTE-Advanced will
also use the same radio interface technology as LTE.

ITU has specified IMT-Advanced data rate requirements
of up to 1 Gbps and 500 Mbps in downlink and uplink
directions, respectively, using Orthogonal Frequency-Division
Multiplexing (OFDM) [3]. This could be achieved in 100 MHz
band spectrum. However, one of the challenges that cellular
operators are facing today, especially in the UK, is to find
a contiguous 100 MHz in a spectrum band which is suitable
for cellular based mobile communication use, i.e., below 3
GHz. Therefore, 3GPP developed Carrier Aggregation (CA)
technology in Release 10 as a potential solution for increasing
the LTE bandwidth to support higher data rates as required by
IMT-Advanced [4]. With LTE CA, the operators can scale the
spectrum bandwidth and aggregate more than two spectrum
bands. The concept of CA has aready been deployed in
HSPA based cellular systems, under the name Dua Carrier
HSPA (DC-HSPA), to aggregate two carriers in the downlink
and two in the uplink [5]. However, both carriers must be
contiguous in the same spectrum band. Unlike DC-HSPA, LTE
CA can aggregate non-contiguous spectrums with different
bandwidths. In this paper, we will first analyse the performance
of single carrier LTE with different spectrum bandwidths
in various carrier frequencies. Thereafter, we will study the
LTE-Advanced CA feature performance and compare it with
Release 8 LTE performance in different spectrum bands.

This paper is structured as follows: Section Il gives an
overview about carrier aggregation. Section |11 highlights the
network assumption that is adopted in this work and Section
IV presents results of our performance analysis. Finally, sec-
tion V provides the summary and the concluding remarks.

Il. CARRIER AGGREGATION

Carrier Aggregation or CA is one of the most important
LTE-Advanced features that have been recently standardised
by 3GPP as part of LTE Release 10 in order to satisfy the IMT-
Advanced requirements. The CA feature allows the eNodeB



to aggregate more than one spectrum bands in order to support
high data rates in the downlink as well as uplink transmission.
Each carrier component should handle independent traffics
that are segmented at higher layers and then transmitted
using the physical layer resources of each carrier. This will
require separate link level mechanisms (e.g., Hybrid automatic
repeat request HARQ) and control signaling for each carrier
component.

One of the main LTE-Advanced requirements is the back-
ward compatibility with the earlier LTE Releases, i.e., Release
8 and 9. LTE devices which do not support LTE-Advanced
feature can use one of the aggregated bands. The handsets
supporting the CA feature, i.e., Release 10 users, are able
to use multiple spectrum bands simultaneously to send and
receive data. Once a user is alocated multiple carriers i.e.
10 MHz a 800 MHz and 20 MHz at 2.6 GHz bands, the
eNodeB allocates the Physical Resource Blocks (PRBS) in
each carrier among the users by using opportunistic schedul-
ing. Two types of scheduling method can be used: separated
or joint scheduling method [6]. In the separated mode, the
scheduling algorithm is used independently on each carrier to
allocate the PRBs among the users. Whereas in joint scheme,
the scheduling algorithm will be performed jointly across all
carrier components.

There are two different CA configurations that can be used in
LTE-Advanced based cellular system [7]. Those are:

o Continuous CA

In this mode, the available multiple spectrum bands each
having 20 MHz are supposed to be adjacent to each other.
For example, two 20 MHz bands are aggregated to form 40
MHz band as a single spectrum. LTE networks adopt SC-
OFDMA in the uplink direction. Therefore, this mode will
also be used in the LTE-Advanced uplink to preservethe single
carrier property.
« Non-continuous CA

Herein, the aggregated carriers can either be non-contiguous
in the same frequency band, e.g., 800MHz, (intra-band aggre-
gation) or located in different frequency bands, e.g., 800 MHz
and 2.6 GHz, ( inter-band aggregation) [8]. The radio channel
characteristics such as path loss, building penetration loss and
Doppler shift will vary significantly at different frequency
bands which cause large differences on the received power.
The impact of these variations could be minimized in the
scheduler through Radio Resource Management (RRM).

I1l. NETWORK ASSUMPTION

In this paper, a multi-cell system that has a layout of
hexagonal grid consisting of 19 sites with 3 sectors is con-
sidered. An eNodeB is located at each site location to enable
the communications between the User Equipment (UE) and
the network. Users are assumed to be indoor and distributed
uniformly within the coverage of each cell, as shown in
Fig. 1. The minimum distance between the eNodeB and
the mobile user is assumed to be 50 m. Symmetric (i.e,
aggregating similar bandwidth) and non-contiguous LTE CA

is considered in this work. For convenience, the eNodeBs and
end users are indexed by the following sets that is, m € M
={1,...,M}andn € N ={1,..., N}, respectively. To support
the opportunistic scheduling, the eNodeB gathers the Channel
Quality Information (CQI) from all users. LTE frame structure
is considered, which consists of K physical Resource Blocks
(PRBs), indexed by k=1,...,K . Each PRB isregarded as twelve
contiguous sub-carriersin frequency domain and seven OFDM
symbol in the time domain.
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Fig. 1. A snapshot of the smulated scenario.

A. Channel Model

The path loss model is based on a generic format that is
relevant to the practical scenario in urban areas. We assume
that the buildings are of nearly uniform height. Hence, the
path loss is calculated using

L(c) = Ld(c) + Len + Lp(c) [dB] (1)

where ¢=1,.....,C is the carrier index. Lq, Lgh, and Ly are the
distance dependent path losses, the shadowing losses and the
frequency-dependent penetration losses. The L is assumed to
be based on Okumura Hata model [9]. The shadowing loss
is assumed to be log-normal distribution with zero mean and
standard deviation of 8 dB.

A rayleigh channel model is used to generate a discrete time-
correlated fast fading channel [10]. Thus, number of complex-
valued random Gaussian variables, which is egual to the
number of taps in the channel delay profile, with zero mean
and unit variance are generated. These complex Gaussian
values are filtered by Doppler filter, that has a frequency
response of S(f). Thefilter's output will be interpolated using
a combination of a linear and polyphase algorithms. Each
time delay in channel profile is then divided by the sampling
time (T's) of the system, rounded it to the nearest integer
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number to form a discrete-time approximation channel model.
A Discrete Fourier Transform (DFT) is finally performed to
get the response of the channel in the frequency domain.

B. Sgnal-to-Interference-plus-Noise-Ratio Analysis

The received SINR for the channel eNodeB-UE link on
carrier component ¢ in the PRB £ at sub-frame ¢ is given
by
PRkl o

Ion(t, k,c) + N,
where P is the transmitted power from the serving eNodeB.
I7*(c) is the linear-valued of the L(c) and A} (¢, k, c¢) are the
complex channel gains, and N, is the noise power. I,:, (¢, k, ¢)
is the received power from the interfering cells which can be
calculated using the following

M

> PigIng (ko).
g=1,q#m
Now, if we assume that the channels of different cells to one
particular user are changing independently, then the envelope
of the combined interference variation, according to central
limit theorem [11], will follow Gaussian distribution with zero
mean and variance of o2, N(0,02). Hereby, the interference
can be seen as additive white Gaussian noise, and it should be
scaled appropriately. The variance of the interference o2 can
be expressed as

a? E[/Ion(t, k,c)F]

M
> Pl(c)iFe
q=1,q#m

where F' is the load factor (0 < F' < 1) that associated with
each eNodeB [12] and E/[.] is the expectation operation.

SINR™ (¢, k, c)

Ion(t, kyc) = (3

(4)

C. Link level performance

Discrete adaptive modulation schemes, i.e, quaternary
phase-shift keying (QPSK), 16 quadratic-amplitude modula-
tion (QAM), and 64- QAM), are supported in this work.
Coupling link and system level simulation to predict the BLER
is very complex and time consuming. In this work, we use
the decoupled link and system simulation approach and use
preset values of link level simulation in the form of the
SINR as function of Block Error Rate (BLER) for different
modulation schemes to predict user throughput. The link-to-
system mapping table assumed here is based on Exponential
Effective SINR Mapping (EESM) [13]. The motivation behind
EESM is to map the instantaneous channel quality (i.e. SINR)
to aset of effective SINRg+. Those SINRg are used to estimate
the BLERs from a basic AWGN link level performance. The
maximum effective SINR that is mapped to the target BLER
is selected. Subsequently, the Modulation and Coding Scheme

(MCY) is selected [13]. Hence,
SINRk] } 5)

SNRg; = —flog { Zexp [

where §3 is the calibrated factor for a given MCS, K is the
number of allocated resource blocks for a particular user.
Values for the parameter 5 for each MCS scheme, which have
been derived from OFDM-based link-level simulations [14],
are used in this work.

D. Spectral Efficiency Analysis

Multiuser scheduling is performed to allocated K PRBs in
each carrier ¢ to multiple users. the well-known Proportional
Fair (PF) scheduling policy is considered in this work [15].
With PF, the scheduler alocates the RB k of a carrier ¢ at
time ¢ to user n € A according to the following criterion:

" (k,t,c

np(t,c) = %7
R™ is the average delivered rate in the past, measured over
a fixed window of observation. It can be calculated using an
exponential average filtering. As mentioned earlier, there are
two different ways to calculate the average throughput [6],
either by separated scheduler or by joint scheduler. In the
former method, the eNodeB will account R for each carrier,
i.e,

nm
Rn

arg max,, ¢ nr k=1,...,.K (6)

Rm (t C)

(1— )Rm Z R™(k,t,c)
where T is the time window constant, dn(k, t,c) is a binary
indicator that is set to 1 if the user n is scheduled on resource
block % of carrier ¢ at time ¢ and to O otherwise. Whereas
in the latter method, the eNodeB will calculate the average
throughput over all aggregated spectrum. In other word,

C —
Z R™(t,¢)

(1- T)Rm

DM
Rn

c=1k=1
As aresult of that, the total cell capacity (in bps/Hz/cell) after
allocating all RBs of all carriers to the selected users, can be
expressed as
¢ N K

PPN

c=1n=1k=1

(k,t,c) dit(k,t,c) 9)

where B is the system bandwidth.

IV. SIMULATION RESULTS AND DISCUSSION

The performance of LTE-Advanced networks in different
spectrum bands is evaluated using a dynamic system level sim-
ulator which is fully compliant with 3GPP LTE specifications
[1]. Monte-Carlo based simulation is performed with several
iterations each having 5000 sub-frames. In each iteration
mobile users are distributed independently and uniformly. The
carrier bandwidths used in the simulations are 10 MHz and 20
MHz. The site-to-site distance is 3000 m (Macro 3). Statistics
are gathered only in the center of the eNodeB coverage area

(kata

ZZ R™(k,t,¢) d7(k,

(7
c)

(8)

t,c).



TABLE |
SIMULATION PARAMETERS

Parameter Value
Transmitted power 46 dBm
Shadowing Log-normal with 8 standard deviation
Channel model PedB (with 6 taps)
Antenna height 25m
Antenna gain 18 dBi
CQI delay 2ms
TTI 1ms
Traffic type full buffer
Load factor (F) 1

in order to have afair influence of interference. Other relevant
simulation parameters are summarised in Table 1.

A. Single Carrier Performance Analysis

Fig. 2 compares the cell throughput of 20 MHz at 2.6 GHz
with 10 MHz at 800 MHz in different load conditions. The
graphs show that although the bandwidth doubles at 2.6 GHz,
the cell throughput only increases 50%. This is mainly due
to the higher path loss at 2.6 GHz which requires higher
resources from the eNodeB.
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Fig. 2. Cell throughput comparison of 20 MHz and 10 MHz.

Fig. 3 compares the average spectral efficiencies of the
network in both spectrum bands. As it is clearly shown, the
spectral efficiency of 10 MHz at 800 MHz outperforms the
20 MHz at 2.6 GHz although it is haf the bandwidth. The
simulation results in individual bands show clearly that the
performance of the network at the lower frequency i.e. below
1 GHz is higher than the corresponding high frequency oper-
ations i.e. 2.6 GHz. Carrier Aggregation will take advantage
of both spectrum bands to improve the performance of the
network i.e. higher spectral efficiency below 1 GHz and larger
available bandwidths at 2.6 GHz.

B. Carrier Aggregation Performance Analysis

In this analysis we compared a single carrier of 20 MHz at
2.6 GHz LTE network based on 3GPP Rel 8 standards with
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Fig. 3. CDF of spectral efficiency.

Carrier aggregation of 10 MHz at 800 MHz and 10 MHz at 2.6
GHz based on Rel 10. In this simulation, each cell was |oaded
with 10 users. All users are assumed to be supporting Release
10 CA feature and they can be served by both carriers. Fig. 4
shows that the cell throughput with aggregation of 10 MHz at
800 MHz and 10 MHz at 2.6 GHz is 50% higher compared to
single 20 MHz carrier at 2.6 GHz due to frequency diversity.
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Fig. 4. CDF of cell throughput.

The user average throughput CDFs are presented in Fig
5. It can be observed that the percentage of cell edge user
throughput for single carrier component of 10 MHz bandwidth
at 800MHz is higher compared with 20 MHz at 2.6 GHz case.
This is due to high path loss at 2.6 GHz and high building
penetration loss. On the other hand, the users located near the
eNodeB have higher throughput at 2.6 GHz compared with
800 MHz since they can access to larger bandwidth at good
signal levels. The averaged user throughput in the coverage
area was also analysed when the CA was applied, In this
analysis, joint PF scheduling algorithm was used to aggregate
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Fig. 5. CDF of user throughput.

10 MHz at 800 MHz band and 10 MHz at 2.6 GHz. As shown
in Fig. 5 the user throughput CDF with CA in the coverage
area is superior compared to single band operation using the
same total bandwidths due to multi-diversity gain.

The average user throughput CDFs of separated and joint
scheduling schemes are compared in Fig. 6 for Release 8
with 10 user. In each cell, we assume that there are 15 active
users with 40% Release 10 users. Release 8 users are assigned
equally in each carrier. Asit is shown in Fig. 6, the Release 8
users have higher user throughput gain when joint scheduling
is employed. However, Release 10 user throughput will be
worse with joint scheduling algorithm. The reason is that when
Release 10 users are scheduled using joint scheduling scheme,
the eNodeB scheduler cal culates the average throughput in past
using Eq. (8) for both carriers. Asaresult, the fairness between
Release 8 and Release 10 will increase. In case of separated
scheduling, the scheduler uses an independent PF metric to
allocate best PRBs in each spectrum band to all user types.
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Fig. 6. CDF of user throughput.

V. CONCLUSIONS

The aim of this study was to investigate the performance of
an LTE-Advanced based cellular network in different spectrum
bands. We first analysed the performance of a single carrier
in different bandwidths in two different spectrum bands, 800
MHz and 2.6 GHz. The simulations showed that an increased
system bandwidth might not necessarily result in a higher
system throughput. Hence, the simulation results demonstrated
that in some cases, low frequency, i.e. 800 MHz, system
was superior to a high frequency deployment i.e. 2.6 GHz
although the operating bandwidth at 800 MHz was haf of
2.6 GHz band. However, the deployment of CA-based system
would increase the cell and user throughput significantly by
extending the operating bandwidth in the network. Therefore,
LTE-Advance is a strong candidate to deliver IMT-Advanced
requirements. However, theincrease in the performance should
be fair for al Release 8,9 and 10 users. This depends on how
the operator want to treat the user categories. It also depends
on radio resource alocation algorithms that are employed at
the eNodeB. Our future works will focus on the optimum
carrier alocation using different scheduling algorithms and
optimizing the fairness between users supporting different
3GPP Releases simultaneously.
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