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Abstract

The cellular networks have been developed for about 40 years and a new style of wireless
communications has been provided together with its evolution. This evolution made the
wireless communication more attractive, i.e. people have been able to not only talk but
also exchange any types of digital data ubiquitously. However, in order to realize these
targets, it is inevitable to achieve higher throughput. Indeed, the history of cellular network
evolution is also the struggle to attain high throughput. First of all, the modulation scheme
was changed from analog to digital to achieve higher spectral efficiency. Then the cell size
was shrunk and the multiple access scheme was also changed to more effectively provide
wireless resources to users. Multiple-Input Multiple-Output (MIMO) technique was also
introduced to gain higher throughput. These evolutions are mainly related to improving
access links’ communication qualities. In recent year, to achieve further higher throughput, it
becomes essential to improve network topology. T'wo technologies are employed, coordinated
multi point transmission (CoMP) and heterogeneous networks. CoMP can alleviate inter
cell interference by coordinating with neighboring cells. Ultimately, CoMP can completely
eliminate inter cell interference and can turn it into useful signal, i.e. multi point MIMO
transmission can be operated. On the other hand, heterogeneous network is constructed with
conventional large coverage cells and small coverage add-on cells (small cells). These small
cells are basically deployed near the congestion area (hotspot). The next generation, 5th
generation (5G) cellular networks consider to utilize new frequency band above 6GHz for
small cells. Since the radio wave in higher frequency band is easier to attenuate than that
of conventional band, cell size becomes smaller and cell density becomes denser. Therefore,
CoMP technique would play a key role for the interference mitigation. Although there are
many candidate bands above 6GHz for 5G, there were not so many investigations on that
which frequency band is best for 5G and what is the best combination of each frequency band

and CoMP scheme. This thesis analyses CoMP and heterogeneous networks with respect to
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some KPIs (Key Performance Indicators) and proposes the best combination of CoMP and

heterogeneous network for future cellular networks.
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Chapter 1

Introduction

1.1 Evolution of cellular networks

In 1864, J.C. Maxwell established theoretical formulae explaining the behavior of electro-
magnetic (EM) field as a wave. After this magnificent work, in 1888, H.R. Hertz made an
experiment system to ‘emit’ and ‘detect’ the EM wave and successfully demonstrated its exis-
tence. 7 years later from this demonstration, G. Marconi succeeded to ‘transmit’ and ‘receive’
the Morse signal. The distance between the transceivers was 2.4km. This is the first demon-
stration of wireless communication in the world. Wireless gave us a new degree of freedom,
i.e. mobility.

In order to realize the mobile communication, tons of technologies have been proposed.
In 1953, K. Bullington in Bell Labs proposed splitting geographic area into many segments
and deploying base stations in each area with enough distance to avoid the interference [IJ.
In 1969 and 1970, J.S. Engel and R.H. Frenkiel analyzed this small zone split system and
called it “Cell” [2][3]. In 1979, V.H. MacDonald introduced “handoff” technique which is
a fundamental function to operate cellular network [4]. After establishing these bases, the
development of cellular network was rapidly progressed.

The 1st generation (1G) cellular network started to be used commercially in 1980s. 1G
system employs FDD (Frequency Division Duplex) for the duplex scheme, FDMA (Frequency
Division Multiple Access) for the multiple access scheme, and analog frequency modulation
(FM) for the modulation scheme. Since there was no standardization organization in this era,

each country employed their own system.

AMPS



AMPS (Advanced Mobile Phone System) was developed by Bell Labs and used in United
States. The carrier frequency is SO0MHz.

TACS
TACS (Total Access Communication System) was developed by Motorola based on
AMPS. It was used in United Kingdom.

HiCAP
HiCAP was developed by NTT and used in Japan. The carrier frequency is S00MHz.

NMT
NMT (Nordic Mobile Telecommunication System) was developed by Ericsson and used

in several countries (mainly Northern Europe). The carrier frequencies are 450 MHz
and 900MHz.

In 1990s, the 2nd generation (2G) cellular network was developed. 2G employed digital
communication system to improve the spectral efficiency. Additionally, the first standardiza-
tion body was established in Europe. In 1982, CEPT (Conference of European Postal and
Telecommunication Administration) established the standardization group, GSM (Group Spe-
cial Mobile, later the name changed to Global System for Mobile communications) to develop
a unified cellular network in Europe. Then in 1988, ETSI (European Telecommunications
Standards Institute) was established as an individual standardization body and GSM was
moved from CEPT to ETSI. GSM introduced SIM (Subscriber Identity Module) card so as to
use a same mobile terminal internationally. GSM is widely used all over the world as they ex-
pected. However, Japan and partial U.S. employed other systems. In Japan, PDC (Personal
Digital Cellular) started to be used in 1993. Initially only the circuit switching was employed,
then packet switching was introduced to transfer digital data efficiently. On the other hand,
D-AMPS (Digital AMPS) was employed in U.S. in 1993. Although all of them employ FDD
and TDMA (Time Division Multiple Access), modulation scheme is different. GSM (and
extended technology of GPRS (Global Packet Radio Service)) employs GMSK (Gaussian
Minimum Shift Keying), PDC and D-AMPS employs 7/4-DQPSK. Through several stages
of development, finally the peak data rate of 2G achieves 1.3Mbps in downlink.

Through 2G development, the importance of a world standard was recognized. Based on
this experience, ITU (International Telecommunication Union) started the standardization

activity, named FPLMTS (Future Public Land Mobile Telecommunication Systems) as the 3rd



generation (3G) cellular networks from middle of 1980s. Later on, the name was changed to
IMT-2000 (International Mobile Telecommunications 2000). “2000” means several milestones
which should be included in 3G system, e.g. launched until 2000, use 2000MHz frequency
bands, and achieve 2000kbps peak throughput. According to the requirement of IMT-2000,
world wide standardization projects were started. 3GPP (3rd Generation Partnership Project)
is one of the largest projects established in 1998. 3GPP calls each technical specification
“Release”. The first Release, Release 99, mainly defined the basic specifications of 3G. The
next three Releases, Release 5, 6, and 7, extended several functionalities to achieve more
higher throughput. W-CDMA and CDMA 2000, which are widely used all over the world,
employed FDD and CDMA (Code Division Multiple Access). Thanks to the evolution of
technology, hardware, and network, over 20Mbps is achieved in downlink throughput.

After 3G launched, the discussion about 4th generation (4G) mobile communication sys-
tem was started in ITU-R (ITU Radiocommunication Sector). In 2003, they defined the
framework and overall objectives of the future development of IMT-2000 and system beyond
IMT-2000 in the recommendation [5]. Figure [[1l shows the capabilities of IMT-2000 and
system beyond IMT-2000. In 2007, the name of systems beyond IMT-2000 was defined as
IMT-Advanced. In order to answer the large requirement gap between IMT-Advanced and
IMT-2000, it was necessary to introduce the bridge system firstly. This system is named LTE
(Long Term Evolution) as the 3.9th generation. The technical specification of LTE was frozen
in 3GPP Release 8 in 2009 and launched in 2010. LTE can employ both FDD and TDD.
Multiple access schemes are OFDMA (Orthogonal Frequency Division Multiple Access) for
downlink and SC-FDMA (Single Carrier FDMA) for uplink. By introducing OFDMA, band-
width can be chosen flexibly from 1.4MHz to 20MHz. The peak data rate of downlink of basic
LTE achieves 300Mbps by applying MIMO (Multiple Input Multiple Output) technique. In
the 3GPP release 9, the LTE network functions are mainly enhanced.

In 2010, 3GPP release 10 was frozen. This means that 4th generation (4G), LTE-
Advanced, is started. LTE-Advanced just enhanced the functionalities of LTE to keep the

backward compatibility. The main enhancements in release 10 are listed below.
e Carrier Aggregation (CA) up to 100MHz
e MIMO layer enhancement (DL: 8, UL: 4, multiuser capability)

e Heterogeneous Network (HetNet) related techniques
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Figure 1.1 Capabilities of IMT-2000 and system beyond IMT-2000 [5].

HetNet is completely a new aspect in the history of the cellular network evolution. HetNet is
constructed by the conventional large coverage base station (Macro BS) and small coverage
add-on BSs (Smallcell BSs). The additional smallcell BS can work as the hotspot offloading
and macro cell edge boosting. Additionally, since the coverage of smallcell BS is small, the

users accommodated into smallcell BS can obtain better quality signal and more wireless



resources than that of macro BS in many cases. From this aspect, HetNet is considered as
the necessary technology to maintain the future mobile network.

3GPP release 11 enhanced the performance of LTE-Advanced. Especially, CoMP (Coordi-
nated Multi Point operation) is a new key feature. CoMP can mitigate inter cell interference
by coordinating with neighboring cells. Three interference mitigation techniques are defined

in CoMP specification.

Dynamic Point Selection (DPS)
DPS is the simplest coordination method. UE (User Equipment) chooses the best signal

quality BS and neighboring cells are muted at temporarily.

Coordinated Scheduling/Coordinated Beamforming (CS/CB)
CS/CB is more complicated coordination than DPS. Coordinated BSs accumulate CSI
(Channel State Information) of multiple UEs and choose the best combination of UEs

and transmission beam which does not incur large interference to each other.

Joint Transmission (JT)
JT is the most effective and most complicated scheme. Coordinated BSs accumulate
CSI in the same way as CS/CB. Then precoded signals are transmitted from multi
points in order to be combined constructively at the receiving point. Consequently,

interference from neighboring cells disappears and is turned into useful signal.

In any cases, an accurate coordination and advanced backhaul/fronthaul network are neces-
sary to utilize CoMP.

In release 12, heterogeneous network became more flexible and more useful. Dual connec-
tivity is supported in this release. Thanks to this function, UE can connect macro BS and
smallcell BS simultaneously. This feature gives several benefits, here in particular focuses on
the C/U (Control-plane/User-plane) splitting. If smallcell BS employs higher frequency band
than that of macro BS, there are no inter cell interference between macro BS and smallcell BS
and wider bandwidth can be used. However, the smallcell coverage becomes smaller and it
may cause less mobility and frequent handover. C/U splitting can solve this problem. Large
coverage macro BS maintains C-plane of all UEs within macro cell area even if the UE con-
nects smallcell BS. On the other hand, smallcell BS only transmits U-plane data to achieve
higher data rate. After finalizing release 13, finally the 5th generation (5G) standardization

work will start. Figure [L.2 summarizes cellular network evolution from dawn to now.
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Figure 1.2 Cellular network evolution.

1.2 5G researches and developments

As mentioned in the previous section, the acceleration of mobile communication systems and
the evolutions on mobile terminals is rapid. According to this evolution, large amount of
data such as high resolution images or high-definition videos can be transmitted via wireless
networks. On account of this rapid growth, the amount of mobile data traffic is exponentially
increasing incomparable with that of the last decade. According to the Cisco Visual Network
Index (VNI) [6], global mobile data traffic will grow at a CAGR (Compound Annual Growth
Rate) of 53% from 2015 to 2020 and the number of connection of smart devices is also
increasing. Moreover, Machine Type Communication (MTC) and Internet of Things (IoT)
are expected to grow the number of connection more and more. Research and development
of 5G cellular networks has been active all over the world to accommodate this huge mobile

traffic.
In Japan, NTT DOCOMO published a white paper that describes technical concepts and



requirements of 5G wireless access [7]. Also they are actively doing some experiments with
other companies. 2020 and Beyond AdHoc Group (20B AH) also considers the concept and
basic structure of the mobile communication system in 2020 and beyond and it is summarized
in the white paper [8]. Additionally, 5GMF (The Fifth Generation Mobile Communication
Promotion Forum) was established in 2014. They plan to hold integrated trials beginning in
2017.

In Europe, 7th Framework Programme for Research and Technological Development (FP7)
[10] had been conducted by European Commission (EC) from 2007 to 2013 to improve the
international competitiveness and technical strength. The famous 5G R&D projects e.g.
METIS, 5GNow, MiWEBA, MiWaveS, iJOIN etc. are supported by this framework. In 2014,
EC called the new framework program named “Horizon 2020” as a successor of FP7 [I1].
Moreover, The 5G Infrastructure Public-Private partnership (5G PPP) [12] was established
as a consortium in Horizon 2020.

In United States, New York University Polytechnic School of Engineering (NYU-Poly) has
led 5G research and development with many companies. They have actively done outdoor
propagation experiments and held the annual workshops called Brooklyn 5G summit. In
China, three ministries of China jointly established “IMT-2020 (5G) promotion group” [13]
in 2013 and they published four white papers about 5G.

ITU-R mentioned the requirements of 5G in the new report [14]. Figure [L3 shows 5G
requirements. ITU-R is now discussing how to utilize the frequency band above 6GHz for
future IMT. Therefore investigations are necessary to find the best frequency band above
6GHz for future mobile communication networks. This thesis analyses the performance of
CoMP and heterogeneous networks from lower frequency band to higher frequency band.
According to this analysis results, this thesis proposes the best deployment strategy of CoMP

and heterogeneous network for future cellular networks in each frequency band.

1.3 Thesis structure

This thesis aims to investigate the best deployment strategy of heterogeneous network and
cooperative transmission to realize future cellular systems. Figure [[.4] shows the structure of
the thesis.

Chapter 2 investigates the optimal smallcell BS deployment in heterogeneous cellular net-

works especially with the existence of hotspots. Smallcell BS locations are optimized together
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Figure 1.3 Enhancement of key capabilities from IMT-Advanced to IMT-2020 [14].

with other network parameters including spectrum resource allocation and smallcell size to
maximize the fairness utility function, by considering two spectrum allocation strategies, i.e.
spectrum overlapping and spectrum splitting. Numerical results show that the optimal small-
cell BS locations depends on the hotspot user throughput and this optimization can improve

the average user rate and outage user rate in heterogeneous cellular network with hotspots.

Chapter 3 analyses the relationship between CoMP scheme and frequency. In lower fre-
quency band, the signal can be transmitted to wide area. However in higher frequency band,
the signal is transmitted only within small area because large number of antenna elements are
used for pathloss compensation by forming narrow beam. According to this nature, CoMP
JT is more effective in lower frequency bands and CoMP CS/CB is more effective in higher
frequency bands. This chapter reveals this relationship and proposes the best deployment

strategy of cooperative transmissions in terms of frequency.



Chapter 4 introduces the best combination with CoMP and heterogeneous network in
lower frequency band. Smallcell BSs are introduced to solve the cluster edge problem in
CoMP cellular networks. In our novel cell topology, we derive the optimal locations of small
cell BSs and the optimal resource allocation between the CoMP base station and small cell
BSs to maximize the user fairness. By using the proposed architecture, in the case of perfect
user scheduling, more than 150% improvement in 5% outage throughput is achieved, and
in the case of successive proportional fair user scheduling, nearly 100% improvement of 5%
outage throughput is achieved compared with conventional single cell networks.

Chapter 5 shows the performance of heterogeneous network with cooperative transmission
in higher frequency band. In this scenario, the heterogeneous network becomes multiband
therefore a novel cell association method which is suitable for multiband heterogeneous net-
work is introduced. In the numerical evaluation, 28GHz, 60GHz, and 73GHz are analyzed
and the performance of each band is indicated according to the numerical simulation results.

Finally, Ch. 6 concludes the thesis.
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Chapter 2:
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Deployment Strategy of
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* Indicate the best combination with
cooperative transmission and heterogeneous network

.

J

High frequency

Chapter 5:
Combination of Heterogeneous Network

and Cooperative Transmission in High Frequency Band

* Evaluate the combination with several mmWave band
and CoMP and suggest appropriate band for 5G
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Figure 1.4 Structure of the thesis.
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Chapter 2

Conclusion

2.1 Summary of the thesis

Heterogeneous network and CoMP transmission are key enablers to achieve uniform coverage
and higher throughput than that of conventional homogeneous cellular network. In order to
utilize these two technologies efficiently, the deployment strategy of smallcell BS and CoMP
scheme in terms of frequency should be studied. This thesis investigated firstly the opti-
mal deployment method of smallcell BSs with considering the hotspots existence. Then the
performance of CoMP JT and CS/CB in several frequency bands from 3.5GHz to 73 GHz
are evaluated and deployment strategy is suggested. According to this suggestion, we can
conclude that CoMP heterogeneous network in low frequency band can construct the wide
and uniform coverage for MTC or IoT network and CoMP heterogeneous network in high fre-
quency band can construct the narrow but ultra high speed access coverage for heavy traffic
demand users.

Chapter 2 showed the improvement of the average rate and the outage user rate made
possible by introducing optimal smallcell BS locations and concluded that if macro BS has
enough resources to serve all users, smallcell BSs should be deployed at the deadspot (capacity
poor area) and if the user traffic exceeds the potential of macro BS, smallcell BSs should
accommodate high traffic users or should be deployed near the hotspot whether macro BS
and smallcell BS use a same frequency band or not.

Chapter 3 investigated the relationship between frequency band and the performance of
CoMP schemes. For the evaluation, 6 frequency bands from 3.5GHz to 73GHz were chosen

and different wireless channel condition and antenna configuration were employed. Through
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the numerical analysis, we revealed that CoMP JT is efficient if the system employs below
10GHz frequency band and CoMP CS/CB becomes more attractive in the case of above 10GHz
systems. This result indicates that CoMP CS/CB should be employed in the mmWave 5G
system rather than CoMP JT.

Chapter 4 proposed a novel heterogeneous network topology, the Diamond cellular net-
work, in low frequency band. The numerical results showed that a significant improvement
of 5% outage user rate is achieved. Of particular interest, the partial overlapping strategy
provides the extraordinary gain of 150% in the outage user rate because it can effectively
mitigate macro—smallcell interference at macro cell edge. Also in this case partial overlapping
strategy achieves nearly 100% outage user rate improvement. In the case of lower frequency
band, wide and uniform coverage can be realized by introducing this novel network topology
and large number of devices can be accommodated.

Chapter 5 investigated the mmWave heterogeneous network for further enhancement to-
ward future mobile network with CoMP CS/CB. Thorough system level analysis revealed
that the key parameter to satisfy the huge traffic demand is system bandwidth regardless
that the high frequency band is affected by significant path loss attenuation and path block-
ing. These results indicate that mmWave band which has large bandwidth can easily satisfy
the user throughput requirements without concerning about the disadvantages of propagation
characteristics. In the case of joint optimization, the high satisfaction ratio can be kept at all
the time in all the cases while there are no significant differences between three candidates.

These results indicate that mmWave band can provide ultra high speed access link with high

QoS.

2.2 Suggestion for future works
There are still several remaining challenges to realize 5G system.

e Frequency allocation strategy:
In the real situation, preferable frequency band is not always available. According to
this study, 60GHz band is most useful because it has largest bandwidth. However, since
the 60GHz band is unlicensed band, any types of wireless devices can use this band.
Therefore a strict rule for coexistence must be established and agreed between all of

users.
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e Backhaul network:
In order to use many smallcell BSs in the cellular network, backhaul problem should be
resolved. Although mmWave backhaul system is proposed by many 5G researches, the
problems that what is the best network configuration and how to coexist with access
network have yet to be resolved. The real 5G system cannot be established until these

problems are solved.

e Network delay:
According to the results shown in Ch. 5, access delay requirement can be satisfied by
applying the proposed resource optimization. However, network delay is an another
problem. Since the amount of the traffic demand of each user is too large, conventional
backhaul architecture becomes a bottleneck. Therefore, mobile edge computing technol-
ogy should be introduced to each smallcell BSs. Also delayed offloading and prefetching
techniques should be employed.

e Massive MIMO vs. distributed MIMO:
One key technology to realize the 5G is Massive MIMO which uses several hundreds of
antenna elements to attain large antenna gain and spatial multiplexing effect. On the
other hand, distributed MIMO distributes antenna elements by using large number of
smallcell BSs. According to the preliminary analysis in [75], this problem is also related
to the frequency band. Overall system level analysis and cost effectiveness should be

evaluated.
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wave Spectrum for 5G,” in Proc. CSCN2015, pp. 143-148, Oct. 2015.

Domestic conferences
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WEBA] Cell Association Method for Multi Band Heterogeneous Networks,” in Proc.
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