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Abstract
The future ﬁ fth generation (5G) mobile networks will support a number of use cases such as
extreme Mobile BroadBand (eMBB), Ultra Reliable and Low Latency Communication (URLLC)
and Machine Type Communications (MTC) with massive number of connected devices. The thesis
studies implementation constraints of 5G requirements and proposes practical physical layer
algorithms together with protocol and architectural designs that could support the 5G use cases.
Network densiﬁcation and centralized/co-ordinated processing are important elements that enable
reliable and high-speed Internet access. Towards this end, Distributed Antenna Systems (DAS) and
Massive MIMO with centralized processing will be used to serve high data rate applications and
p rovid e u nif orm c ove rag e . M ass ive M IM O of f e rs hu g e cap acit y g ain by e xp loit ing sp at ial d ive rs it y
of the radio environment and minimizing interference among users. The main limiting factor is
channel estimation error due to pilot-contamination which requires novel but practically realizable
algorithms. MTC is characterized by huge number of low-data-rate users per cell. In many cases,
MTC applications require transmission of only small number of packets per day. The classical
ce llular te chnolog ie s are built on comp le x sig naling p rotocols w hich can cause e xce ssive ove rhe ad
to MTC trafﬁc. Another major concern in current cellular networks is deployment and maintenance
costs which come from growing number of radio access technologies and deployment scenarios.
This calls for a new architecture that enables ﬂ exible and low-cost deployments of various use
cases.
The thesis tackles these problems both from theoretical and from practical implementation
perspectives. First, multi-user access schemes for efﬁ cient use the radio resources are proposed
and evaluated through analytical tools and simulations. The proposed techniques include signal
processing techniques for DAS systems, and efﬁ cient but less complex data-aided channel
estimation algorithm to combat pilot-contamination in Massive MIMO systems. Moreover, a new
MAC protocols for MTC is proposed. The protocol signiﬁ cantly reduces the overhead and is able
to support large number of simultaneous transmissions. Finally, the thesis addresses practical
implementation aspects of 5G systems in a Cloud RAN infrastructure that allows
coordinated/centralized processing of data across multiple cells. Virtualization of baseband
processing also offers deployment ﬂ exibility and low maintenance cost.
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1. Introduction

1.1

Background and motivation

Applications such as video streaming, online gaming and social networking have resulted in an exponential increase in the amount of mobile data
trafﬁc. According to Cisco [1], mobile data trafﬁc increased 18-fold between 2011 and 2016. At the end of 2016, trafﬁc volume per month had
reached 7.2 exabytes showing 63% growth in one year. The connection
speed has also grown 3-fold. With only a 26% share of mobile subscriptions, 4th Generation (4G) connections have generated 69% of the mobile
trafﬁc-which is four times more greater the trafﬁc generated by 3rd Generation (3G) connections. Cisco [1] also predicts that mobile trafﬁc will increase seven-fold between 2016 and 2021, while the speed increase will be
three-fold. By 2021, the mobile trafﬁc will reach 49 exabytes per month,
accounting for 20% of the total Internet Protocol (IP) trafﬁc.
In order to meet the increasing demand for the mobile data trafﬁc, Radio Access Technologies (RATs) are evolving constantly. This has led to
a growing number of cellular standards such as the Global System for
Mobile Communications (GSM), Code Division Multiple Access (CDMA)2000, EV-DO, Wideband CDMA (WCDMA), High Speed Packet Access
(HSPA) and Long Term Evolution (LTE). The International Telecommunication Union (ITU) plays a key role in the advancement of cellular standards by establishing a set of requirements and recommendations. International Mobile Telecommunications(IMT)-2000 (IMT-2000) [2] and IMTAdvanced [3] are the speciﬁc ITU Recommendations (ITU-R) that drove
the development of 3G and 4G mobile standards. Recently, ITU has deﬁned requirements for the year 2020, named IMT-2020 [4]. Following
this, the 3rd Generation Partnership Project (3GPP) has started a process
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to identify and deﬁne enabling technologies for the future 5th Generation
(5G) system which will meet the IMT-2020 targets.
While the main driving force behind these 5G targets is the huge demand for network capacity resulting from the exponential increase in
connected smart phones, tablets and other devices, there is also a need
for ﬂexible RATs that accommodate the requirements of different services
and applications. Extreme Mobile BroadBand (eMBB), massive Machine
Type Communication (mMTC) and Ultra Reliable Low Latency Communication (URLLC) are the main use cases for 5G. These use cases have
diverse, and seemingly conﬂicting, requirements in terms of latency, coverage, reliability and power consumption. The future evolution of LTE
and new RATs that will be added to the future 5G standards are expected
to meet these requirements.
The classical approach to increase the capacity of a cellular network
is to use more BandWidth (BW). However, the usable radio spectrum is
becoming a scarce resource. This calls for different wireless networks to
be able to share the spectrum in a more efﬁcient manner without causing
excessive interference to one another. Advanced Multiple Input Multiple
Output (MIMO) technologies, such as Massive-MIMO (M-MIMO) [5] and
Distributed Antenna System (DAS) [6], are used to increase the spectral
efﬁciency and minimize interference within and among cellular networks.
Recent trends have shown that more and more devices are being connected to the Internet. Large user density and low data rate per user are
the two features that cellular standards were not designed for. Nonetheless, in the past few years, the industry has been looking for solutions
to such problems. A number of candidate technologies such as Machine
Type Communication (MTC) [7] and NarrowBand Internet of Things (NBIoT) [8] have emerged as parts of 4G systems and beyond.
Traditional cellular networks are deployed as independent systems
which operate in dedicated spectral bands in such ways that they do not
create interference to users in other cells. Mobility among different Radio Access Networks (RANs) and RATs demands a lot of signaling handshakes. Such conservative spectrum allocation reduces the network efﬁciency. Cloud-RAN [9] technology offers centralized processing together
with dynamic and efﬁcient spectrum usage. Cloud-RAN is a network architecture where some or all RAN functions of Base Stations (BSs) are
moved to a cloud of servers. By adopting Cloud-RAN architecture, mobile
networks inherit Network Functions Virtualization (NFV) beneﬁts such
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as coordination and centralized processing and virtualization.

1.2

Contributions of the publications

In addition to the broadband Internet access, a number of use cases have
emerged. These use cases bring a diverse set of requirements (see Table
1.1) in terms of throughput, latency, reliability and power consumption.
The thesis focuses on enabling solutions for the 5G use cases which are
summarized in the following sub-sections. The thesis starts with proposing novel techniques for efﬁcient use of radio resources. The proposed
techniques take into account practical implementation constraints such
as complexity and hardware impairments. Hence, in addition to theoretical analysis and simulations, the thesis also provides insights into practical implementation aspects and performance evaluations. These implementations are based on a Cloud RAN platform [6] that was developed
using Software Deﬁned Radio (SDR) technology.
Table 1.1. Requirements for 5G [10]

Parameter

Minimum Requirement
Downlink (DL)

Uplink (UL)

Peak data rate

20 Gbps

10 Gbps

Peak spectral efﬁciency

30 bps/Hz

15 bps/Hz

User experienced data rate

100 Mbps

50 Mbps

User plane latency

4 ms (eMBB), 1 ms (URLLC)

Control-plane latency
Connection density
Reliability
Mobility

1.2.1

20 ms
1,000,000/m2
0.99999
500 km/h

eMBB - More throughput

This refers to applications such as video streaming, online gaming and virtual reality which need high BW data access. 5G will have more than 10
Gbps of peak data rate while ensuring 100 Mbps at the cell-edge for 95%
of the time [11]. The constantly growing demand for high Internet access over cellular networks requires advanced multi-user access schemes
and efﬁcient signal processing algorithms. This also includes the introduction of M-MIMO that exploits the spatial diversity of the radio envi-
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ronment. M-MIMO allows simultaneous transmission/reception of data
streams to/from a large number of devices with minimum interference.
One of the limiting factors to the performance of radio access networks
is the channel estimation quality. The channel estimation error has a
signiﬁcant impact on the capacity of wireless networks. The thesis, therefore, proposes a data-aided channel estimation algorithm for M-MIMO
systems.

1.2.2

URLLC - More reliability

While data rate might not be critical, some applications such as automation and vehicle-to-vehicle communications, could demand reliability of
99.9999%. Hence, diversity methods that combat channel fading impairments are needed. DAS is a MIMO system the antennas of which, called
Remote Radio Heads (RRHs), are geographically distributed. DAS has a
number of beneﬁts over a classical Co-located Antenna System (CAS). Due
to reduced access distance, less transmit power is required, and hence
interference can be reduced. DAS also offers an additional degree-offreedom in the scheduling and multiplexing of users. Instead of transmitting from one cell tower, RRHs may be scheduled to transmit to their
nearest users. This increases the overall capacity. Moreover, reliability of
the radio link is improved since there is a high probability that there will
be at least one RRH nearby the user. The thesis evaluates alternative
transmission strategies for serving multiple users over DAS. Moreover,
performance evaluations were performed on an indoor DAS testbed which
was implemented using the Cloud RAN platform [6].

1.2.3

mMTC - More connected devices

mMTC is another use case in 5G systems. It is expected that billions
of devices will be connected to the Internet. Some of these devices are
battery-operated and should run for many years without maintenance.
MTC applications have low data rate requirements. In some cases, transmission/reception of only a few bytes a day might be sufﬁcient. A massive
number of low power and low data rate devices require a new radio access
scheme which is optimized for small packet access and improved coverage. The existing cellular systems still involve signaling procedures which
cause a huge overhead for applications that transmit and receive small
bytes of data. Recently, a number of Low Power Wide Area (LPWA) [12]
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technologies have appeared on the market. Enhanced MTC (eMTC) [13]
and NB-IoT [8] are the latest cellular standards for Internet of Things
(IoT) applications. NB-IoT is specially designed for a very low data rate,
long battery life, extreme coverage and low cost. Even though the level
of complexity is less compared to LTE, NB-IoT standard still involves
a number of signaling procedures before any data is sent. These procedures might be required to be repeated for every data transmission if the
transmission interval is in the order of hours. In this thesis, performance
evaluation of the NB-IoT standard is presented. Moreover, an alternative
Medium Access Control (MAC) protocol for MTC proposed. The proposed
MAC protocol is designed to avoid excessive overhead by allowing devices
to just wakeup and transmit a small burst of data. The network then
sends one bulk acknowledgment for all successfully received packets. Depending on the trafﬁc class, the devices may re-transmit lost packets.

1.3

Structure of the thesis

The thesis is organized as follows. Chapter 2 begins with reviewing the
state-of-the-art in cellular communication standards. The requirements
of future 5G use cases and candidate technologies are brieﬂy introduced.
Chapter 3 then presents M-MIMO and DAS which are key enablers to
meet 5G requirements such as capacity and reliability. The performances
of multiplexing schemes in DAS are analyzed, and a new data-aided channel estimation algorithm to combat pilot contamination in an M-MIMO
system is proposed and evaluated. Chapter 4 highlights the latest developments in cellular standards that are designed to address the MTC applications; a new MAC protocol is introduced which supports mMTC trafﬁc and reduces the amount of signaling overhead seen in existing 3GPP
standards. The performance gains are also presented against other similar techniques. Chapter 5 reviews the beneﬁts of Cloud-RAN in the realization of advanced MIMO systems, offering virtualization advantages
such as lower cost, improved efﬁciency and ﬂexibility. Some of the CloudRAN use cases and insights to practical implementation are also provided. Finally, all concluding remarks and future prospects are presented
in Chapter 6.
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2. State-of-the-art Radio Access
Technologies

2.1

Introduction

GSM was the ﬁrst global standard which the European Telecommunications Standards Institute (ETSI) developed as the 2nd Generation (2G)
mobile technology [14]. Since then, the diversity of requirements for cellular technologies has been constantly growing. The 2G mobile networks
were mainly used for voice communications. For voice services, coverage
and capacity are the main requirements. ETSI then introduced packetswitched access in the General Packet Radio Service (GPRS) standard [15]
which is sometimes called the 2.5G standard. The introduction of Internet access over cellular networks led to an exponential growth in capacity
demand. The 3GPP introduced its 3G mobile broadband access technology called the Universal Mobile Telecommunications System (UMTS) [16]
which uses WCDMA as its air interface. UMTS was followed by LTE [17]
which is regarded as the basis for 4G mobile technology.
Following the success of LTE, 3GPP is now working on the 5G standard
which is aimed at meeting the IMT-2020 targets set by ITU. The work
towards realization of 5G has been divided into two phases. The ﬁrst
phase is aimed at addressing the current demands of the industry. This
work is expected to be completed by 2018 as part of Release-15 [18]. In
the second phase, all IMT-2020 requirements will be met after completion
of Release-16 of the speciﬁcations. This chapter highlights the state-ofthe-art RATs and the requirements for the future 5G use cases.
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2.2

LTE and beyond

As the evolution of 2G and 3G networks, LTE is a successful mobile broadband technology that was standardized by 3GPP. LTE was started as the
evolution of both RAN and core network. It was targeted at meeting the
ITU’s IMT-2000 mobile technology requirements. The requirements for
the radio access network were reduced cost per bit, ﬂexibility of use of
existing and new frequency bands, simpliﬁed architecture having open
interfaces, and optimized terminal power consumption [19]. Some of the
performance targets are increased peak data rate (100 Mbps in DL and 50
Mbps in UL), less than 10 ms RAN latency (user-plane data between UE
and BS) and less than 100 ms control-plane latency (exchange of userplane data starting from camped-state (excluding downlink paging delay)). New radio access technologies supporting ﬂexible spectrum usage
are used for both UL and DL. On the other hand, the core network is
optimized for packet-based communication. The system does not support
circuit-switched networks. While having a simple architecture, it also has
interfaces to other 3GPP and non-3GPP wireless access networks.
The ﬁrst release (Release 8) of LTE was completed by 3GPP in 2008. A
number of new features were introduced in this release. The air interface uses Orthogonal Frequency Division Multiplexing (OFDM) modulation and is designed to operate on spectrum chunks ranging from 1.4 MHz
up to 20 MHz [20]. Both Frequency Division Duplexing (FDD) and Time
Division Duplexing (TDD) mode operation are supported giving the ﬂexibility of using unpaired spectral bands. Higher order Quadrature Amplitude Modulation (QAM) (64-QAM in DL and 16-QAM in UL) and spatial
multiplexing with up to 4x4 MIMO deliver peak data rates exceeding 50
Mbps in UL and 100 Mbps in DL.
Another feature of LTE is its simpliﬁed core network, that is optimized
for IP-based interfaces, realized through System Architecture Evolution
(SAE) - now called Evolved Packet Core (EPC) [21]. This makes it easy to
provide packet-based multimedia services and connections to other ﬁxed
and wireless networks. The EPC is the core network that provides a
packet-switched-only interface to an external network. It is a combination of the control-plane Mobility Management Entity (MME) and two
user plane nodes, namely the Serving Gateway (S-GW) and the Packet
Data Network Gateway (P-GW).
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2.2.1

LTE-Advanced (LTE-A)

According to [22], Releases 10 and beyond-refereed to as LTE-A-of the
3GPP standard fulﬁll all 4G requirements set by ITU for IMT Advanced [3]. LTE-A features higher spectral efﬁciency (up to 30 bps/Hz),
improved cell-edge performance, and an increased peak data rate of up to
3 Gbps in DL and 1.5 Gbps in UL. The main enabling technologies were
Carrier Aggregation (CA), Coordinated Multi-Point (CoMP), advanced
MIMO (up to 8x8). LTE-A CA combines up to 5 LTE Release 8/9 carriers, referred to as component carriers. This increases the effective BW up
to 100 MHz. CoMP is a scheme where BSs coordinate to serve a cell-edge
user. The level of coordination can range from joint scheduling to joint
beamforming.

2.2.2

LTE-A Pro

As LTE continues to evolve, a new milestone was set in 2015 when 3GPP
introduced standardization work for Release 13 (LTE-A Pro) [18]. LTEA Pro brings a number of performance improvements and a new RAT
for IoT. LTE-A Pro supports multi-band CA of up to 32 component carriers (640 MHz BW). Unlike LTE-A, LTE-A Pro CA can combine different bands including unlicensed spectrum. The Licensed-Assisted Access
(LAA) protocol deﬁnes LTE operation in unlicensed spectrum where a primary cell that operates in licensed spectrum provides the anchor carrier
which establishes the signaling link. The new standard also speciﬁes a
64 antenna M-MIMO giving the BS Full Dimension MIMO (FD-MIMO)
capability. The enhanced CA and FD-MIMO enable LTE-A Pro to deliver
data rate of several Gbps [23].
Release 13 has also introduced a new RAT called NB-IoT [8]. NB-IoT is a
non-backward compatible LPWA technology that is designed for very low
power, ultra-low cost, long battery life and support for a massive number
of IoT devices that occasionally transmit small packets of data. It operates
in a small chunk of spectrum (as low as 200 kHz) that ﬁts into one LTE
Physical Resource Block (PRB) or a GSM carrier. An NB-IoT device that
transmits every 2 hours should operate for 10 years on a single 5 watthour battery.
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2.3

5G

5G is a term used for the next set of mobile standards that go beyond the
current IMT-Advanced capabilities. It is expected to meet a diverse set
of requirements and capabilities envisaged for development of IMT-2020
and beyond as deﬁned in ITU’s recommendation [4]. Three main usage
scenarios-namely eMBB, URLLC and mMTC-were identiﬁed. A broad set
of requirements that address the different use cases have been set. A
summary of the key parameters is shown in Figure 2.1.
The eMBB use case is mainly for human-centric applications and focuses on improved performance and a uniform user experience. The key
performance indicators for eMBB are data rate, spectrum efﬁciency, mobility, area trafﬁc efﬁciency and network energy efﬁciency. Some of the
performance targets are: 1 ms latency; 10 Gbps peak data rate with 100
Mbps coverage; up to 500 km/h mobility and; three times more spectral
efﬁciency compared to IMT-Advanced without increasing the energy consumption. The use case encompasses both hotspots and wide-area coverage. The hotspot use case focuses on a high data rate for high user density and low mobility. Hotspots are expected to have a 10 Mbps/m2 area
spectral efﬁciency. The wide-area use case, on the other hand, requires
seamless coverage for medium to high user mobility.
The URLLC use case covers applications such as wireless control of
industrial manufacturing, remote medical surgery and transportation
safety. URLLC demands support for high mobility and low latency mission critical applications. These applications have strict requirements in
terms of latency and availability.
The third main use case is mMTC where support for a large number
of connected devices that occasionally transmit a few bytes of data is desired. mMTC applications are characterized by high user density, very
low data rate, low mobility, low device cost and low power consumption.
Hence, support for high connection density, with reasonable network energy efﬁciency, is essential.
The 5G working group (5D) has set key technical performance requirements for the radio interface in its report [10]. The report speciﬁes a
minimum peak data rate of 20 Gbps for DL and 10 Gbps for UL. The corresponding minimum spectral efﬁciencies are 30 bps/Hz and 15 bps/Hz respectively. Another key requirement is latency. The minimum user plane
latency for a one-way data transmission is 4 ms for eMBB while 1 ms for
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Figure 2.1. Minimum technical performance requirements for 5G use cases.

URLLC will be required. On the other hand, the control-plane latency
between idle state and data transfer can be as high as 20 ms. For mMTC,
the density of connected devices with guaranteed Quality of Service (QoS)
will be at least 1 million per km2 .
Additional spectrum bands are needed in order to support different use
cases. The BW requirement for the eMBB use case is in the order of hundreds of MHz. Current IMT systems are designed for sub 6 GHz bands
where a large continuous spectrum band is not available. The 5G standardization work includes evolution of existing technologies as well as
deﬁning new RAN technology. The New Radio (NR) technology will be designed to be ﬂexible and a support wide range of frequencies from <6 GHz
all the way up to 100 GHz millimeter wave bands. The set of requirements
and deployment scenarios are deﬁned in 3GPP’s technical report [24]. The
document deﬁnes a range of deployment scenarios and associated requirements in terms of carrier frequency, inter-site distance, user density and
mobility. A summary of deployment scenarios is given in Table 2.1.
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Table 2.1. 5G deployment scenarios

Deployment

Indoor hotspot

Dense urban

Frequency

BW

Inter-Site Dis-

No. of BS

tance (ISD)

Antennas

20 m

256

256

4 GHz

200 MHz

30 GHz, 70 GHz

1 GHz

4 GHz (Macro)

200 MHz

200 m

30 GHz (Macro &

1 GHz

3 per Macro

700 MHz

20 MHz

1732 m

700 MHz + 2

20 MHz

5000 m

4 GHz

200 MHz

1732 m

256

2 GHz, 4 GHz

200 MHz

500 m

256

30 GHz

1 GHz

4 GHz

200 MHz

1732 m

256

30 GHz, 70 GHz

1 GHz

Below 3 GHz

40 MHz

Micro)
Rural

64

GHz combined

Urban Macro

High speed

Extreme

long

100 km

distance
Urban massive

700 MHz, 2100

connection

MHz

Highway

Below 6 GHz

12

1732 m, 500 m

2 and 4 Rx
ports

200 MHz

1732 m, 500 m

256
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2.4

Advanced MIMO

Owing to the increased BW and CA capabilities, LTE has achieved a substantial increase in the throughput offered to mobile broadband users.
However, due to limited radio spectrum, accommodating billions of eMBB
connections calls for improved spectral efﬁciency of RATs. The minimum
requirement for peak spectral efﬁciency of 5G is 30 bps/Hz in DL and
15 bps/Hz in UL in the case of 8-layer and 4-layer spatial multiplexing respectively. Moreover, the area trafﬁc capacity is expected to be 10
Mbps/m2 . In realizing this, advanced MIMO and Ultra Dense Networks
(UDN) are key enablers.
MIMO is able to scale the network capacity by increasing the number
of antennas, the only limitation being the amount of spatial degree-offreedom of the radio channel. The use of multiple transmit and/or receive
antennas to improve link reliability and increase energy and spectral efﬁciency has become a common practice in wireless communication systems. For example, the Institute of Electrical and Electronics Engineers
(IEEE) 802.11n [25] and IEEE 802.11ac [26] standards deﬁne up to 4×4
and 8×8 MIMO respectively. Similarly, the IEEE 802.16m [27] standard
supports up to 8×8 MIMO in DL and 4×4 MIMO in UL. Even though multiple BS antennas were used by earlier the UMTS system (WCDMA) [16]
for diversity, 3GPP introduced MIMO spatial multiplexing capability in
HSPA+ [28] and LTE Release 8 [29]. LTE Release 8 supported up to 4×4
MIMO. Recently, LTE-A Pro (Release 13) introduced FD-MIMO with up
to 64 of BS antennas. This number will reach 256 in future 5G systems.
Large-scale MIMO, commonly referred to as M-MIMO, is one of key
technologies that enables 5G to meet the high spectral efﬁciency needed
by broadband services. In addition to spatial multiplexing, which is inherent to MIMO systems, M-MIMO has a number of advantages. One
of these advantages is a reduced transmit power. The required transmit power scales down as the number of antennas increases. M-MIMO
also provides improved coverage and throughput by exploiting the spatial
diversity of the radio channel. Moreover, with a large number of BS antennas, simple linear precoding and decoding schemes can perform close
to the Shannon limit [30].
In M-MIMO systems, the BS is equipped with a large number of small
antennas while the User Equipment (UE) may have just one antenna. The
number of BS antennas is typically more than the number of UEs. With
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M-MIMO, a BS can serve multiple users simultaneously over the same
time-frequency resource, this is commonly known as Multi-User MIMO
(MU-MIMO), thereby increasing the total throughput. This is made possible by precoding each of the signals intended for individual UEs such that
transmitted signals from all antennas coherently combine at the receiving antenna of the desired UE while they cancel each other at the other
UEs. In DL, the BS precodes and transmits multiplexed data streams to
multiple UEs. The precoder ensures that each UE receives its own data
with minimum interference. For this to work, the BS has to know the DL
channel response as the precoding matrix is computed based on Channel
State Information (CSI).
In current LTE MIMO systems, the UEs estimate the channel response
from DL pilots and send partial/quantized DL CSI to the BS through an
UL feedback channel. However, this approach is not suitable for M-MIMO
since the pilot overhead demanded by a large number of BS antennas
would be high. For this reason, M-MIMO is usually combined with TDD.
Channel reciprocity in a TDD system allows the BS to infer the DL channel response from UL pilots. In this way, the pilot overhead does not
scale with the number of BS antennas. In spite of the channel estimation
error, the array gain of M-MIMO increases as the number of antennas increases [30]. This makes M-MIMO a scalable technology. However, channel estimation error has a signiﬁcant impact on the array gain [31]. The
number of orthogonal pilots is limited by the coherence time and coherence BW of the radio channel. In multi-cell networks, pilots are reused
by neighboring cells. Such pilot reuse contaminates the channel estimate,
limiting the performance of M-MIMO systems. A novel data-aided channel estimation algorithm suitable for combating pilot contamination is
presented in Section (3.3) of the next chapter.
In M-MIMO, antennas are deployed both in a centralized and distributed fashion. Centralized deployment contains a large array of colocated antennas which can be arranged in linear, rectangular, cylindrical
or spherical conﬁgurations as illustrated in Figure 2.2. In DAS, antennas (RRHs) are placed at different geographical locations. These RRHs
are connected to a central BaseBand Unit (BBU). Optical ﬁber is used
to transport BaseBand (BB) signals between RRHs and the BBU. DAS
reduces the access distance such that the amount of required transmit
power is lower than in CAS [32]. DAS also improves coverage and link reliability [33, 34]. This make it a good candidate for ultra-reliable commu-
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nication and indoor coverage. Section (3.3) of the next chapter evaluates
alternative transmission strategies for serving multiple users over DAS.

Figure 2.2. M-MIMO Antenna Conﬁgurations [35].

2.5

Cloud-RAN

Until recently, there was very limited interaction among BSs that operate
in different cells. Communication between BSs was primarily needed for
handover and mobility management procedures. In LTE, however, there
is increased inter-cell coordination for interference management and joint
transmission of BB signals through CoMP. This was due to the ﬂat architecture of LTE core network where IP is used as the transport link between network elements. Communication protocols that are used between
a RAN and a core network, and a direct X2 interface between RANs are
based on IP. In addition to mobility management, the X2 interface is used
for direct exchange of a UE’s control-plane and user plane data between
BSs. This enables the seamless handover of UEs and joint processing of
data.
Increased spectral efﬁciency is however only one part of the problem.
The mobile operators of today are managing a multitude of RATs and
heterogeneous network conﬁgurations. Management and deployment of
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large networks is a challenging problem which operators have to face.
There is a growing interest in the industry to leverage the beneﬁts of NFV
and cloud computing infrastructure for mobile core networks. NFV allows
operators to deploy a ﬂexible network that simpliﬁes provisioning of new
services and reduces time-to-market. Virtualization gives the ﬂexibility
of deploying network elements in a shared pool of computing resources.
This make it possible to scale the network in an on-demand fahsion and
in a cost-effective manner.
Cloud-RAN is a network architecture where some or all of the RAN
functions of BSs are moved to a cloud of servers [9, 36, 37]. By adopting
Cloud-RAN architecture, mobile networks inherit NFV beneﬁts such as
coordination and centralized processing and virtualization [37–39]. The
implementation aspects and applications of Cloud-RAN are discussed in
Chapter 5 in more detail.
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Unlike wired communication systems, wireless systems operate under
limited spatial and (usable) spectral resources. Hence, attempts to meet
the ever increasing capacity demand rely on increasing the spectral and
spatial efﬁciency of the underlying RAT. This involves enhancements to
both the physical layer and the higher layer protocol and network architecture. Network densiﬁcation, together with MIMO systems, allow to
exploit the spatial dimension of the radio resource as much as possible.
DAS and M-MIMO are the latest candidate MIMO technologies for 5G.
DAS refers to a MIMO system whose antennas (RRHs) are placed at different geographical locations within a cell [40–42]. The RRHs are fed with
baseband signal from a Central BBU as illustrated in Figure 3.1. Each of
the RRHs may be treated as small cells. However, centralized baseband
processing allows more complex and coordinated transmission across the
RRHs. This helps increase the network capacity as well as improve the
link reliability in indoor environment. M-MIMO promises high spectral
efﬁciency through the use of large antenna arrays. With a large number
of antennas, the impact of uncorrelated noise and interference can be suppressed. The main constraint on the performance of an M-MIMO system
is the channel estimation quality which is affected by pilot contamination.
The objective of this chapter is to address the wireless coverage problem
in indoors and the channel estimation error in M-MIMO systems. This
chapter highlights the beneﬁts of DAS over CAS and evaluates the performances of different transmission strategies which are presented in [PII].
Later, the performance of the proposed channel estimator for M-MIMO is
evaluated. A novel data-aided channel estimation algorithm for combating the impact of pilot contamination has been presented in [PI].
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Figure 3.1. Distributed antenna system.

3.1

Distributed antenna systems

In conventional cellular networks, different cells operate independently
of one another. The cooperation among cells is very limited and usually
occurs at the higher layer of the communication protocol stack. While
baseband units of multiple BSs might be co-located, the signal processing and radio resource management functions do not share much information. From an information theory point of view, the capacity of networks that operate over a shared radio resource can be signiﬁcantly increased through joint processing and coordinated resource management.
The ﬁrst move by mobile communication standards towards this direction
was made in Release 11 of 3GPP’s LTE standard where CoMP transmission and reception was introduced. In CoMP, multiple BSs can jointly
transmit to the same user and coordinate their scheduling operations to
mitigate interference. However, the amount of information exchange between BSs is limited and happens over long time scales. In DAS multiple
RRHs are operated by the same baseband unit which can perform more
complex scheduling and signal processing functions. The advantages of
DAS include better system capacity and area spectral efﬁciency because
of macro diversity [33]. Moreover, both the required transmit power and
co-channel interference are reduced [43]. It was shown in [34] that the DL
ergodic capacity is increased as a result of reduced other-cell interference.

3.1.1

Energy efﬁciency

BS transmit power is set according to QoS requirement (or the Signalto-Noise Ratio (SNR)) of cell-edge users. DAS can improve the energy
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efﬁciency of a cellular system by reducing the access distance. Users may
be served by their nearest RRHs. Therefore, the transmit power required
by the BS and the users is signiﬁcantly reduced. Figure 3.2 shows the
total transmit power in Watts (W) required by the BS in a cell with a
radius of 1 km when the number of RRHs with 10 deciBel (dB) antenna
gain varies from one up to seven. The transmit power was set such that 20
Mbps QoS over a 5 MHz system BW is provided to users at the cell-edge.

(a) 150 W

(b) 50 W

(c) 40 W

Figure 3.2. Total transmit power required by the BS to guarantee 20 Mbps cell-edge data
rate over 5 MHz BW. Receiver’s noise ﬂoor is -90 deciBel-milliwatts (dBm),
and the path-loss exponent is 4.

3.1.2

Capacity gain

One of the beneﬁts of DAS is that a BS requires lower transmit power.
This implies that the inter-cell interference is minimized.

Compared

to CAS, the aggregate interference from a neighboring cell with DAS is
smaller. Moreover, users at the cell center and users near the cell-edge experience nearly the same level of coverage. Figure 3.4 shows the average
cell capacities of CAS and DAS under interference from 3-tiers hexagonal
neighboring cells (see Figure 3.3) when the BS transmits to 4 users simultaneously through spatial multiplexing. It can be seen that DAS provides
substantial capacity gain compared to CAS.

3.1.3

Transmission strategies

Unlike single-user DAS, multi-user DAS provides an additional degreeof-freedom for more complex transmission. The BS may choose a certain
subset of the RRHs and/or users for transmission. In general, the transmission strategy depends on the available CSI and other-cell interference.
Joint transmission to multiple users beneﬁts from spatial diversity while
having the capability to avoid multi-user interference using, for example,
Zero-Forcing (ZF) beamforming at the transmitter. It was shown in [44]
that multi-user transmission has a higher capacity than scheduling the
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Figure 3.3. A cellular system with distributed antennas [PII].
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Figure 3.4. Receivers’ noise variance is -100 dBm, cell radius is 1 km. RRHs are uniformly located in a ring of 2/3 km radius [PII].

best user. The same conclusion was made in [32] for single-cell multi-user
DAS in UL with power control. The results in [45] also show that full
transmission across all the RRHs performs better than selecting subset of
RRHs based on average path loss. However, [45] did not consider spatial
power allocation and power control.
In CAS, all antennas experience nearly the same average path loss. The
transmission schemes rely on channel diversity due to small-scale fading.
In DL transmissions, the commonly used schemes are beamforming and
antenna selection for single user scheduling, and joint precoding for multiuser spatial multiplexing. In DAS there is a signiﬁcant difference in the
received power from the RRHs. This provides additional spatial macro
diversity for more complex transmission. Figure 3.5 shows four possible
DL transmission strategies for DAS which have been presented in [PII].
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Single-User with All RRHs (SU-ARRH)
All users are served over orthogonal channels by Time Division Multiplexing (TDM). The scheduled user is served by all the RRHs where ZF
beamforming is applied.

Single-User with Single RRH (SU-SRRH)
All users are served over orthogonal channels by TDM. However, The
scheduled user is served by the nearest RRHs. All the transmit power
is allocated to only one RRH. This is similar to antenna selection except
the chosen RRH can have more than one antenna. RRH selection is made
based on the average path loss which is easier than acquiring the full CSI
at the Transmitter (CSIT). The inter-cell interference is also reduced if all
cells apply the same strategy.

Multi-User with Separate RRH (MU-SRRH)
All users are served simultaneously with Space-Division Multiplexing
(SDM) where each user is associated with one RRH with the best channel quality. Since the interference from the RRHs that are further away
is small, simultaneous transmission to multiple users increased the total
cell capacity.

Mulit-User with Joint ZF (MU-JZF)
The BS jointly precodes multi-user data and transmits over all RRHs.
Zero forcing is a common linear precoder for MU-MIMO which eliminates
the Co-Channel Interference (CCI). This avoids the need for coordination
among users and hence the transmitter is responsible for aligning the
interference [46].

(a) SU-ARRH

(b) SU-SRRH

(c) MU-SRRH

(d) MU-JZF

Figure 3.5. Transmission strategies for DAS [PII].

3.1.4

Simulation

The average cell capacities for the transmission strategies were simulated
in a hexagonal cell surrounded by a double-tier of neighboring cells. Each
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cell has a 1 km radius and 7 RRHs where one is located at the cell center while the others are evenly distributed on a ring of 2/3 km radius.
Monte-Carlo simulation with 1000 channel realizations per user location
was used to compute the ergodic capacity. The average cell capacity was
computed from 1000 user locations taken from uniform distribution in
the cell coverage area. The receivers’ noise variance is assumed to be -100
dBm, and the following path loss model is used
Pr = Pt − 10α log10 d + P0

(3.1)

dB

where α = 4.0 is the path-loss exponent, d is the distance between the
transmitter and the receiver in meters and P0 = 0 dB is the average path
loss at a 1 m distance from the transmitter.
Figure 3.6 shows the average cell capacities as a function of BS transmit
power when the number of users is u ∈ {2, 4} and the number of antennas
per RRH is a ∈ {1, 4}. It can be seen that MU-JZF and MU-SRRH have
higher capacity than single-user schemes. The gap between SU-ARRH
and SU-SRRH is small implying that serving the user only from the nearest RRH is sufﬁcient. MU-JZF gives the highest capacity especially when
the RRHs are equipped with more than one antenna. However, when the
number of antennas per RRH, a = 1, the gap between MU-SRRH and
MU-JZF is small. Figure 3.7 shows the asymptotic average cell capacity
in an interference-limited network. As can be seen from Figure 3.7, MUSRRH outperforms MU-JZF when the number of scheduled users is more
than half of the total number of antennas which is the optimal point for
MU-JZF.
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Figure 3.6. Average cell capacities of different transmission strategies in DAS for different number of users, u, and antennas per RRH, a [PII].
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Figure 3.7. Asymptotic (interference-limited) average cell capacities of MU-SRRH and
MU-JZF in DAS with single-antenna RRHs [PII].

3.2

M-MIMO

M-MIMO [47] is one of the key radio technologies that is expected to
offer high throughput gain in order to meet the eMBB requirement for
5G [48–50]. M-MIMO has a high degree of spatial diversity, and it has
been shown that additive noise and uncorrelated inter-cell interference
can be suppressed [47,51]. As a result, network capacity may be increased
by employing more antennas. However, the capacity gain is mainly limited by the quality of CSI where pilot contamination [52] plays an essential role.
In a BS equipped with M-MIMO antennas, the number of required DL
pilot resources scales with the number of antennas. This would cause
huge overhead that could decrease the network throughput. This problem is alleviated by exploiting the DL-UL channel reciprocity of a TDD
system [53–55] where UL pilots could be used to compute precoders for
DL transmission. However, when the number of users is larger than the
available orthogonal resources, the pilots have to be reused by other cells.
This causes pilot contamination. To address this problem, different pilot
design [56, 57], joint processing [58] as well as channel estimation methods [59–61] have been proposed. However, data-aided M-MIMO channel
estimation had received far less attention.
In [PI] we propose a data-assisted channel covariance matrix estimation
algorithm for an angular domain Minimum Mean-Squared Error (MMSE)
estimator in a linear antenna array M-MIMO system. The proposed algorithm requires no prior information, and relies on data symbols in order to estimate the instantaneous channel covariance matrix in the angular domain. Simulation results have shown that the algorithm performs

23

Advanced MIMO Systems

nearly as good as MMSE estimators which assume ideal covariance matrix knowledge. Moreover, in a rich scattering environment where there
are overlapping Angles-of-Arrival (AoA) between the desired and other
interfering channels, our estimator can outperform the Spatial MMSE
(SMMSE) estimator even with knowledge of the ideal covariance matrix.
Let us consider a network of L cells where in each cell there is one BS
with M antennas serving N single-antenna users as shown in Figure 3.8.
All BSs operate in TDD fashion and reuse the same UL pilots where the
pilot codebook is denoted as SP ×N = [s(1) , · · · , s(N ) ] where s(n) , s(n) 2 = P ,
is the pilot sequence used by the nth user. Assuming reciprocal UL and
DL channels, channel estimation is performed using UL pilots.
BS
Cell border
User locations
UE

Figure 3.8. A hexagonal grid of single-user cells. The blue and red dotted lines depict UL
transmissions from desired and interfering users respectively [PI].

While users in a cell have orthogonal pilot sequences, the same pilot
sequences are reused in other cells. Let us consider one user in each cell
that reuses the same pilot sequence. For convenience, we drop the index
n. Received frequency-domain signal at the BS of the central cell (denoted
by l = 1) is given as
Y=

L


h l sT + W

(3.2)

l=1

where hl ∈ CM ×1 is the UL channel between the user in cell l and BS
in cell 1, W ∈ CM ×P is complex Additive White Gaussian Noise (AWGN)
2 . Equation (3.2) shows that
having entries with zero-mean and variance σw

the received pilot symbols are contaminated by interference from other
cells. In order to mitigate this, we exploit the angular sparsity of the
channels seen by the antenna array. For a linear antenna array, a ﬁnitepath physical channel model [62] can be given as
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hl = βl Al h̄l

(3.3)

where h̄l ∼ CN (0, IB ) is a vector of the fast-fading components from B
paths and βl is the square root of the received power from the user in cell
l to the BS in cell 1. Al  [ √1B a(θl1 ) · · · √1B a(θlB )] ∈ CM ×B is a matrix
whose columns are M × 1 beam vectors given by
a(θ) = [1, e−j2π τ

D

cos(θ)

, · · · , e−j2π

(M −1)D
τ

cos(θ) T

]

(3.4)

where τ is the wave length, D ≤ τ /2 is the antenna spacing, θ ∈ [0, π] is
AoA.

3.3

Channel estimation for M-MIMO

SMMSE [51, 63] and Scaled Least-Squares (SLS) [64] are well known
channel estimators for MIMO systems. While SLS is not able to suppress
pilot contamination, SMMSE assumes prior knowledge of the covariance
matrices of the desired and interfering channels. We approach the estimation problem in the angular domain. This has two advantages: (1) the
Angular MMSE (AMMSE) estimator utilizes linear operations avoiding
expensive matrix inversion operations; (2) angular projection exposes the
sparsity of the channels as shown in Figure 3.9. Moreover, the covariance
estimation is done every Transmission Time Interval (TTI) without the
need for prior information such as the long-term statistics of the channel.
Therefore, it is suitable for fast-fading channels.
Let us employ a beam quantization codebook G which is an M × M
Discrete Fourier Transform (DFT) matrix where the mth row corresponds


to an AoA θm = arccos λ(m − 1)/M D , m = 1, · · · , M . Angular projection
is performed by multiplying both sides of the Equation (3.2) with G.

Y =

L


Ghl sT + GW

(3.5)

l=1

which can be vectorized as
y =

L


S hl + w

(3.6)

l=1
2 I ).
where hl = Ghl , y = vec(GY), S = s ⊗ IM , w = vec(GW) ∼ CN (0, σw
M
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Figure 3.9. Channel sparsity in spatial domain vs angular domain. M = 100, B = 10,
L = 7, Cell-edge SNR = 10 dB [PI].

The AMMSE estimate of h1 is

−1
L

2
ĥ1AM M SE = R1 σw IM + P
Rl
S† y.

(3.7)

l=1

Rl  E[hl hl † ] is the covariance matrix. For M → ∞,

M 
βl
δlbm h̄l [b]
hl [m] =
B

(3.8)

b

where
δlbm

⎧
⎨ 1, θ = θ
m
lb
=
⎩ 0, otherwise.

This implies that the channel has independent entries, and hence its
covariance matrix is diagonal.
M →∞

Rl −−−−→ diag

M
M
δlb1 βl 2 , · · · ,
δlbM βl 2
B
B
b

(3.9)

b

For channel estimation, we approximate the covariance matrix with its
M-MIMO limit (3.9). Therefore

ĥ1AM M SE
where ĥ1LS

= G† ΛGĥ1LS

is the Least-Squares (LS) channel estimate,

(3.10)
Λ



diag (ρ1 , · · · , ρM ) is an angle bin weighting matrix whose entries correspond to the ratio of signal power to the total received power; we call it
Fractional Signal Power (FSP).

3.4

Data-aided channel estimation

MMSE estimators are usually based on channel second-order statistics.
However, we can approximate the AMMSE estimator (3.10) using the instantaneous FSP as follows
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ρ̂m =

P



P ||h1 [m]||2
2
l ||hl [m]|| +

B 2
M σw

.

(3.11)

However, this approach requires an accurate estimate of the instantaneous channel power. We propose an algorithm that blindly learns FSP
from the transmitted data. Data-Aided AMMSE (DA-AMMSE) estimation will be accomplished in two phases:
Phase I: This phase involves an initial estimate of the data symbols from
the strongest beam. A simple LS estimator could be used to estimate
the channel response on the strongest beam. This is based on the assumption that it is very likely that the desired signal has at least one
dominant beam which is stronger than the interfering signals. Although the data symbols decoded from this beam may be erroneous,
a sufﬁciently good FSP estimate can be obtained provided that the
number of data symbols is large.
Phase II: The data symbols obtained in Phase I are correlated against
each beam in order to obtain an estimate of the channel power, and
hence the FSP in each beam.
Eventhough the above two phases could repeated as desired, simulation
results show that a single iteration is sufﬁcient. Simulations were carried
out for the network shown in Figure 3.8 where each BS receives 10 pilot
symbols followed by 100 data symbols from users uniformly distributed
at a 2/3 km radius in a 1 km cell. The number of beams per channel is
assumed to be 32. The transmission power of UE is set such that cell-edge
SNR is 10 dB where the path-loss exponent is assumed to be 3. The ergodic UL rates for Maximum Ratio Combining (MRC) receiver were computed from 100,000 channel realizations. In [PI] it is shown that the UL
ergodic rate has the following upper bound
⎛
⎞
⎜
2M β1 2 ⎟
⎜
⎟
C1 ≤ log2 ⎜1 + L
⎟  C̄1
 2
⎝
⎠
2
β l + σw

bits/symbol.

(3.12)

l=2

Figure 3.10 shows the UL rate when the AoAs of a user’s channel are
concentrated in a 30o -wide beam. This is one of the extreme scenarios
where there is little chance of overlap between the subspaces of the desired channel and the interference. Hence, an MMSE estimator can suppress the impact of pilot contamination, and the UL rate increases with
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more antennas. It is observed that DA-AMMSE closely follows SMMSE
which assumes perfect knowledge of the channel covariance matrices.
The impact of pilot contamination is severe when the channels have
overlapping AoAs. Figure 3.11 shows the UL rate when the AoAs of a
user’s channel are uniformly distributed over [0, π). When the number
of antennas is sufﬁciently larger than the number of reﬂections (B = 32),
DA-AMMSE has slightly poor performance compared to SMMSE accounting for the covariance estimation error. On the other hand, DA-AMMSE
outperforms the SMMSE when B > M . This indicates that a DA-AMMSE
estimator is suitable in a rich scattering environment and when there is
high pilot contamination due to an overlapping AoA. Moreover, simulation
results prove that DA-AMMSE converges in a single iteration.
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Figure 3.10. UL rate for directed AoA distribution [PI].
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Figure 3.11. UL rate for uniform AoA distribution [PI].
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3.5

Discussion

Results have shown that DAS offers a substantial gain in energy efﬁciency and throughput when compared to conventional co-located MIMO
systems. Thus DAS can play a vital role in achieving performance targets
set for future 5G system. Due to reduced access distance, the amount of
required transmit power is reduced. Centralized processing of BB signals
also opens the opportunity for coordinated scheduling and interference
management. Among the four transmission strategies, simulation results
show that association of one user per RRH in SDM fashion has the highest
throughput when all antennas are distributed (one antenna per RRH).
Unlike MU-JZF which assumes knowledge of the channel coefﬁcients of
all antennas, SDM is based on the average path loss to each RRH. Hence,
in addition to capacity gain, SDM is simpler such that it could be implemented in large-scale DAS without the need for CSI feedback from UEs.
One potential application of a DAS system is in indoors where uniform
network coverage from a single macro BS is difﬁcult to achieve due to
high penetration loss. By deploying multiple RRHs across different locations and by centralizing/coordinating BB processing, link reliability and
throughput can be improved. The main limitations of a DAS system are
latency and fronthaul capacity that is required to transport BB signals.
M-MIMO is a disruptive MIMO technology that breaks the capacity barrier of conventional MIMO systems. Through the use of a large number
of antennas but with simple linear processing, M-MIMO can deliver concurrent streams to multiple users over narrow beams with minimum interference. The main constraint on the throughput is the channel estimation error that comes from pilot contamination. Due to limited resources,
non-orthogonal pilots have to be used by neighboring cells. Hence, a robust channel estimation algorithm is essential. The proposed data-aided
channel estimation algorithm in [PI] has been shown to mitigate the pilot contamination problem very well. The algorithm has two advantages.
First, it is based on simple linear processing. The proposed covariance estimator relies on instantaneous data symbols and does not assume prior
knowledge of channel second-order statistics. Second, the algorithm has
been shown to perform as good as a spatial MMSE estimator with perfect
knowledge of channel covariance matrix. Interestingly, the performance
of the proposed algorithm exceeds the performance of a spatial MMSE
estimator in rich scattering environment and an overlapping AoA of the

29

Advanced MIMO Systems

interfering channels. This is because the proposed data-aided estimator
uses instantaneous information to estimate the covariance matrix. In addition to these beneﬁts, our algorithm may be combined with other iterative algorithms in order to improve the performance. Moreover, these
studies were conducted using simulation only. Practical implementation
may reveal issues that have been overlooked.
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4. Machine Type Communications

4.1

Introduction

Billions of devices are being connected to the Internet. Predictions claim
that there will be 26 billion connected devices by 2020 [65] and 50 billion connections by 2025 [66]. The trend also shows that wireless connections are replacing ﬁxed-line solutions. According to Cisco, the number of
mobile-connected devices has exceeded the number of people on earth [67].
According to Ericsson [68], the number of mobile subscription has reached
7.5 billion out of which 4.1 billion are broadband connections. By 2022,
there will be 8.9 billion mobile subscriptions among which more than half
will be from LTE and 5G.
In addition to human-centric applications, mobile networks are seeing a
growing number of IoT applications such as smart grid, smart city, healthcare, automation and utility. The number of Machine to Machine (M2M)
connections is expected to increase 3-fold during the period from 2017
to 2021 and reach 3.3 billions [67]. M2M or MTC applications have different requirements than broadband services. High connection density,
low power consumption and low data rate are some of the differentiators
for many mMTC applications. As a result, there is a need for cellular
standards which are optimized for mMTC use cases. In current mobile
systems, UEs are required to undergo a number of signaling procedures
before being able to transmit and receive data. In MTC use case, the
amount of radio resouces used for signaling is signiﬁcantly high. This
chapter brieﬂy highlights existing MTC standards and presents a new
MAC protocol which is proposed in [PIII], [PIV] & [PV] as a candidate solution to address the overhead caused by excessive signaling procedures
in cellular systems.
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4.2

Wireless standards for MTC

There are a number of wireless standards that support MTC applications.
Some of these technologies are short-range solutions such as Bluetooth
Low Energy (BLE), ZigBee, WirelessHART, 6LoWPAN and Z-Wave. These
technologies could be used to connect sensors and other IoT devices to a
gateway within a coverage range of tens or hundreds of meters. The gateways are then connected to the Internet via wired or wireless (eg. cellular) networks. LPWA technologies, on the other hand, allow devices to be
connected directly to the Internet. This makes them ideal for connecting
a large number of devices from a single access point. Recently, LPWA
technologies for mMTC have emerged both from unlicensed and licensed
bands. LoRa, SigFox and Radio Phase Multiple Access (RPMA) are popular technologies in the Industrial, Scientiﬁc and Medical (ISM) band.
For the licensed band, 3GPP introduced the ﬁrst IoT-speciﬁc UE category,
known as LTE Cat-0 or LTE-M, in Release 12 [69]. LTE-M features include a peak data rate of 1 Mb/s over 1.08 MHz BW and support for UEs
with half duplex operation and power saving mode.
Recently, in its LTE Release 13, 3GPP has standardized a new RAN
technology called NB-IoT [8]. NB-IoT targets improved indoor coverage
(20 dB coverage enhancement compared to legacy GPRS systems), support for a massive number of low throughput devices, low delay sensitivity,
ultra low device cost and low device power consumption (up to 10 years of
battery life). It inherits basic functionalities from the LTE system. With
a software upgrade, the core network elements of an operator’s existing
LTE network could be enabled to support NB-IoT. This is essential for
reducing deployment cost and time.

4.3

MAC protocol for MTC

MTC is characterized by large device density, low data rate and low
power devices [70] causing congestion in the Random Access CHannel
(RACH) [71].

To combat the RACH congestion problem, the authors

in [72] suggested four possible solutions: a back-off mechanism design,
access class barring, separate RACH resources for MTC, and dynamic allocation of RACH resources for MTC. However these approaches do not
solve the problem of capacity exhaustion due to excessive signaling overhead. Conventional signaling and channel reservation protocols in a lim-
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ited spectrum resource are unnecessarily complex and computationally
burdensome for the transmission of short packets. Figure 4.1 illustrates
the steps a UE has to follow in order to transmit data to an LTE network.
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Figure 4.1. UL data transmission procedure in LTE.

The overhead caused by the random access procedure and RRC attach
procedures may be too high for MTC trafﬁc where the size of user data is
typically small. This could be eliminated by a random access type of data
transmission. MTC trafﬁc can be better supported by allowing the UE to
transmit data in shared UL PRBs of, for example, an LTE frame [73, 74].
The BS then searches for any active transmission and attempts to decode data for the detected user. This type of MAC protocol is suitable
for mMTC as it reduces the overhead and supports sporadic but infrequent transmissions from a large number of devices without prior channel reservation. The contention based access scheme proposed in [73] did
not handle the problem of packet collision. When collision is detected, the
colliding UEs are required to retransmit after a random backoff period.
The authors in [74] suggested to add (with the most robust Modulation
and Coding Scheme (MCS)) a UE-speciﬁc ID into the transmitted data
such that the BS is still able to decode the IDs even during collision. The
colliding UEs whose IDs were decoded successfully are then scheduled on
dedicated PRBs. The proposed solutions in [73, 74] do not support simultaneous transmission of data from multiple UEs which is likely to occur
in a highly loaded network.
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A beamforming technique to reduce packet collision was considered
in [75]. The authors in [75] used spatial beams and orthogonal codes to
isolate the transmission of the UL grant to UEs and reception of data from
multiple UEs in an ALOHA fashion. In other words, multiple BS antennas are employed to create more orthogonal resources in addition to timefrequency domains. In [76, 77] the authors proposed CDMA-based access
where the receiver uses a Group Orthogonal Matching Pursuit (GOMP)
algorithm [78] for multi-user activity detection. The algorithm considered
in [76] was not designed to be robust against noise and would thus require
a relatively high signal-to-noise ratio to work properly. Signal recovery
with OMP in noisy conditions has been considered by [79] and [80].
Due to receiver complexity of CDMA systems, in [PIII], [PIV] & [PV], we
proposed a new MAC protocol for Orthogonal Frequency Division Multiple Access (OFDMA) systems such as LTE. The protocol uses an Orthogonal Matching Pursuit (OMP)-based algorithm which is designed for a
frequency-selective channel and support for MIMO receivers. It also allows sporadic (and colliding) transmission of small packets from multiple
MTC devices over the Physical Random Access Channel (PRACH) without
prior channel reservation. Table 4.1 shows a comparison of the proposed
MAC protocol against other schemes.
Table 4.1. Comparison of MAC schemes for MTC

MAC Scheme

Low

Multi-antenna

Interference

Access

overhead

support

cancellation

scheme



x

x

OFDMA

Beamforming [75]





x

OFDMA

GOMP [76, 77]



x



CDMA

Proposed protocol







OFDMA

Contention-based
access [73, 74]

In the proposed protocol, multi-user activity and data detection is performed at the BS using iterative OMP. The BS may also transmit acknowledgement feedback to users whose data has been decoded successfully. In
each iteration, OMP recovers the strongest signal which is then canceled
before the next strongest signal is recovered. OMP and its variants are
similar to multi-user detection in CDMA systems [81]. Unlike other methods, contending UEs in the proposed MAC protocol spread their data over
the whole time-frequency resources which are reserved for MTC trafﬁc.
Packets transmitted from multiple UEs are lost only when the number of
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contending users exceeds the limit. While the protocol is suitable for any
OFDM system, we chose an LTE frame structure for convenience. Details
of the protocol and performance analysis are discussed in the following
subsections.

4.4

MTC in LTE RACH

Support for MTC in LTE is enabled by reserving a subset of PRBs for the
RB be the number of
new Auxiliary PRACH (A-PRACH) channel. Let nPRACH

PRBs that are reserved for A-PRACH where the smallest RACH burst ﬁts
into one time-slot (0.5 ms). Some of the resource elements are reserved
for transmission of the pilot symbols that are used for channel estimation.
The required number of pilot symbols is determined by the frequencyselectivity of the channel. The A-PRACH is divided into Time-Frequency
Coherent Blocks (TFCBs) in each of which the channel response is approximately ﬂat. One TFCB contains m resource elements. One pilot sequence
of length mp is transmitted in each TFCB. The remaining md = m − mp resource elements are used for data. For simplicity, we assume that one data
symbol in transmitted on every TFCB. Therefore, an active user transmits
RT F CB pilot symbols and RT F CB data symbols where RT F CB is the number of TFCBs in A-PRACH. The total number of symbols is denoted by
K = 2RT F CB . Both data and pilot symbols are encoded with a codebook
known by the BS. The codebook for the k th symbol is deﬁned as an mk × N
matrix Φk where mk is the spreading factor and N is the number of users.



 Resource Blocks

A user i is assigned with the codeword ϕki  Φk [:, i].

Data

l= 0

l= 1

Pilot

l= 2

l= 3

l= 4

l= 5

l= 6

OFDM symbols
Figure 4.2. Burst mapping for MTC RACH [PIV].
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4.5

Compact data encoding for MTC

In addition to signaling procedures related to the radio bearer establishment, UEs that attach to the network have to perform authentication procedures, and the data has be encrypted. We propose a compact
data encoding scheme where an authentication and data integrity check
can be done without any additional overhead. Moreover, various trafﬁc classes (Acknowledged/Unacknowledged, High/Low priority) could be
supported. The encoding scheme is illustrated in Figure 4.3. The UEs are
pre-conﬁgured with a unique IDentiﬁcation (ID) and security key. The
user ID is used to select the spreading codes and to mask the Cyclic Redundancy Check (CRC) bits of the transmitted data. CRC masking is used
to avoid false detection [PIII]. The transmitted data is secured by scrambling the transmitted data with the secret key known by the UE and the
BS.
Device info
Activity
factor
M ode:

M etadata
Security key

User ID: 

payload

AM / UM

PN Seq. Generator

Pilot Codebook: 

CRC Generator with
User ID masking

scrambler

Scrambled bits

CRC

Channel
encoder

Modulator

Data symbols

Pilot sequence: 

Figure 4.3. Data encoding scheme for MTC RACH [PIV].

4.6

Compressed sensing for MTC

The new MAC protocol is designed to support sporadic transmissions of
data from MTC devices. The BS has no prior knowledge of activity of its
users. Hence, in every A-PRACH slot, the BS’s receiver has to detect the
set of active users, estimate their channel and jointly decode their data.
An active user i, 1 ≤ i ≤ N , transmits a pilot sequence ϕki . Hence, the
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received signal by the BS is given by

ϕki xki + wk
uk =

(4.1)

i∈A

= Φk xk + wk ,

k = 1, · · · , K

(4.2)

where A is the set of active users, wk is additive Gaussian noise and xki
is the received signal from user i.
⎧
⎨ t h √m p, i ∈ A
ki ki
k
xki =
⎩ 0,
i∈
/A
⎧
⎨ m , k = 1, 3, · · · , K − 1
p
mk =
⎩ md , k = 2, 4, · · · , K

(4.3)

(4.4)

where tki and hki are the transmitted symbol and channel response respectively. Since the number of active users, s  A, is much smaller
than N , xk has a few non-zero entries.

4.6.1

Activity detection and channel estimation

Assuming there are s < mk active users, the received signal uk is a compressed version of a sparse vector, xk , which is sampled by Φk ∈ Cmk ×N
where mk

N . The problem of active user detection and channel es-

timation corresponds to estimating the sparse vector, xk . We can apply
Compressed Sensing (CS) methods for joint activity detection and channel estimation.














  
















 



Figure 4.4. Activity detection and channel estimation as compressive sensing problem.

The signal recovery of xk from incomplete and noisy samples, uk , can
be done either by ﬁnding the s-nearest neighbors to uk or by employing
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iterative algorithms such as GOMP and Compressive Sampling Matching
Pursuit (CoSaMP) [79]. The CoSaMP algorithm takes s and y as inputs
and returns estimate for xk denoted by ak . In [PV] the algorithm was
extended for multi-symbol transmissions. The Multi-symbol CoSaMP (MCoSaMP) algorithm is given in (Algorithm 1) where the notation b(T )
denotes the vector containing the elements deﬁned by set T . Tc is the
complement of T . Φ(:, T ) denotes the columns of Φ deﬁned by set T .
The vectors xk , k = 1, · · · , K for the corresponding transmitted pilot/data
symbols have identical structures. The M-CoSaMP algorithm combines
signal proxies of these sparse vectors for activity detection. The required
number of iterations in (Algorithm 1) depends on the dynamic range of
the received power and the number of active users, s. In practice s is
not known in advance. This leads to false detections. The proposed CRC
masking of data packet can avoid this problem.
On each TFCB, one pilot symbol and one data symbol are transmitted.
For example, on the ﬁrst TFCB, a unit-norm pilot symbol t1i and a data
symbol t2i are transmitted. The M-CoSaMP algorithm gives the estimates
x̂1i and x̂2i . By applying the ZF equalizer, we get the estimate for the data
symbol t̂2i = x̂2i /(t∗1i x̂1i ) where h1i ≈ h2i .
Algorithm 1 Multi-symbol CoSaMP
1:
ak ← 0N
2:

{Initialize}

v k ← uk
R EPEAT

3:
4:
5:
6:

FOR ALL

k = 1, . . . , K

yk = Φ∗k vk
K

ν=
|yk |
α=

k=1
K


{form a signal proxy}
{Integrate symbol power}

|ak |

k=1

7:

Ω = supp(ν 2s )

{find index set of the 2s largest
components of ν}

8:

T = Ω ∪ supp(α)

9:

FOR ALL

10:

{merge supports of ν 2s and α}

k = 1, . . . , K

bk (T ) = argmin{uk −Φk (:, T )bk (T )2

{signal estimation by
LS}

11:

bk (Tc ) = 0

{set elements not included in set T to zero}

12:

ak = [bk ]s

{Prune to obtain s-sparse element}

13:

v k = u k − Φ k ak

14: UNTIL HALTING CRITERION IS TRUE
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4.6.2

MIMO receiver

Since today’s BSs are equipped with multiple antennas, the MTC receiver
can beneﬁt from the spatial degree-of-freedom. As we have shown in [PV]
the number of supported users can be increased by employing more antennas. Let us consider a BS that has M antennas such that the received
signal is given in Equation (4.5).

U k = Φk X k + W k

(4.5)

where Uk is m × M received signal matrix and Xk is N × M channel gain
matrix the rows of which correspond to the channel response from a single
Machine-Type UE (MT-UE) to the M received antennas. The matrix Wk
contains the measurement noise. Extension of M-CoSaMP for recovering
rows of Xk , called Multi-symbol Row-CoSaMP (MR-CoSaMP), is described
in [PV]. While multiple iterations are needed to recover sparse-signals,
a single Correlate-and-Cancel (CC) (Algorithm 2) is sufﬁcient for MIMO
receivers due to diversity gain.
Figure 4.5 shows the relative channel estimation error (below the noise
ﬂoor) per antenna when s = 12 of N = 10, 000 users are active in each APRACH slot. A Rademacher (pseudo-random binary sequence) codebook
√
with entries ±1/ mp was used. The plot was based on 1000 realizations.
None of the MT-UEs were missed. MR-CoSaMP and CC algorithms are
compared against a single user (no interference) case. It can be seen that
the loss compared to the single-user scenario is on average about 0.75 dB.
Moreover, the performance of CC and MR-CoSaMP is almost the same
except for the case where M = 1. It is notable that in single antenna case,
multiple iterations are typically needed to estimate the channel correctly.
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Figure 4.5. Channel estimation error dB below the noise power in case the number of
active users s = 12. M = {1, 16}, SNR = 10 dB, mp = md = 84, RT F CB =
6 [PV].

Algorithm 2 CC
1: FOR ALL

k = 1, . . . , K

Yk = Φ∗k Uk
K

3: y =
|Yk |1M

{compute 1-norm of the rows of Y}

T = supp(y2s )

{find index set of the 2s largest

{form a signal proxy}

2:

k=1

4:

components of |y|}
5: FOR ALL

k = 1, . . . , K

Bk (T , :) = argmin{Uk − Φk (:, T )Bk (T , :)2

6:

{signal estimation
by LS}

Bk (Tc , :) = 0
K

8: b =
|Bk |1M

{set elements not included in set T to zero}

Θ = supp([b]s )

{Select s largest components}

7:

{Merge signal power}

k=1

9:

10: FOR ALL
11:

4.6.3

k = 1, . . . , K

Ak = Bk (Θ, :)

{Prune to obtain s-sparse element}

Detection performance

Detection performance of the CC algorithm relies on power differences
among rows of the signal proxy.


(A)
Yk = Φ∗k Φk Xk + Zk
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which can be re-written as
⎤ ⎡
⎤
⎡
(A)
(A)∗


Φk
Yk
⎦=⎣
⎦ Φ(A) Xk + Zk
⎣
k
(A )
(A )∗
Yk c
Φk c
⎡
⎤
(A)∗ (A)
(A)∗
Φk Φk Xk + Φk Zk
⎦.
= ⎣ (A )∗ (A)
(A )∗
Φ k c Φ k Xk + Φ k c Z k

(4.7)

(4.8)

The probability that noise is preferred over signal is

pij  Pr



yki 22

≤



i ∈ A, j ∈ Ac

,

(4.9)

k

k

= Pr


ykj 22



y 2
k ki 22 ≤ 1
k |ykj 2

(4.10)

where yki is the ith row of Yk . We can write the norm as a weighted sum
of the i.i.d exponentially distributed variables ζkiν ∼ exp(1).
yki 22 = αki



(4.11)

λkiν ζkiν

ν

where
αki

⎧ 
⎨ 1−

= E yki 2 =
⎩


1
mk





E xki 22 +

k

i∈A
i ∈ Ac

k

(4.12)

and
k

=


1  
2
E xkj 22 + σw
.
mk

(4.13)

j∈A

Let us assume that mp = md and the transmitted symbols have equal
power such that αki = αi , k = 1, · · · , K. This assumption follows from
the observation that equal splitting of resource elements among pilot and
data symbols yields the maximum throughput [PV]. For uncorrelated an√
tennas and the Rademacher matrix, Φk with the i.i.d entries ±1/ m, pij
can be approximated as regularized incomplete beta function.
pij = I

αj
αi +αj

(KM, KM ).

(4.14)

Assuming open-loop power control is applied such that the received signals from users have the same average power, the received SNR from an
active user is



E xi 22
=γ
2
σw

such that
αj
=
αi + αj


2+

(m − 1)γ
sγ + m

(4.15)

−1
.

(4.16)
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Figure 4.6. Probability of preferring noise over signal when s = 4, m = 168 [PV].
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Figure 4.7. Probability of preferring noise over signal when m = 168 with and without
interference cancellation [PV].

Figure 4.6 offers validation that the approximation nearly matches the
simulation result. The probability that the noise component is preferred
over the signal in the CC algorithm is shown in Figure 4.7 for a different
number of active users. The probability falls as more antennas, M , and
more BW, K, are used. When a BS equipped with M = 4 antennas allocates a single PRB (K = 2) for A-PRACH, up to 8 active users could be
detected at 10 dB SNR with high probability. Figures 4.4 and 4.6 show
RB M
that the CC algorithm can reliably detect at least s = KM = 2nPRACH

simultaneous transmissions with accurate channel estimates.
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For unacknowledged trafﬁc, the average throughput is
TCC =

 
s  

λ n
N
n=1

n

1−

N

λ
N

N −n
(4.17)

where λ = N p is the offered MTC trafﬁc, and p is packet transmission
probability. For N  1, packet arrivals follow a Poisson process such that
(4.17) becomes
TCC =

s

λn
n e−λ
n!

(4.18)

n=1

=λ

RB M, λ)
Γ(2nPRACH
RB M )
Γ(2nPRACH

(4.19)

where Γ(s, λ) is an upper incomplete Gamma function. The throughput
given (4.19) is higher than other multi-user access schemes such as multichannel slotted ALOHA, Contention Resolution Diversity Slotted ALOHA
(CRDSA) [82] and Irregular Repetition Slotted ALOHA (IRSA) [82]. The
mean throughput for a multi-channel slotted ALOHA is given by

TALOHA = λ 1 −

λ
nALOHA N

N −1
(4.20)

RB is the number of channels. In the case of multiple
where nALOHA = nPRACH

receiving antennas, each of the spatial beams could be treated as independent channels [75]. Hence, Multi-Beam (MB) ALOHA (MB-ALOHA) will
RB M channels. This may be also applied to CRDSA
have nALOHA = nPRACH

and IRSA schemes. However, one key feature that distinguishes the CC
scheme from other schemes is that transmissions from users are spread
across the whole BW such that packets are lost only when the number
of contending users in a given time slot exceeds the limit. In ALOHA,
on the other hand, packets can be lost if two users transmit on the same
channel while there might be unoccupied channels. The superiority of a
CS-based access scheme can be observed from Figure 4.8. The CC scheme
has a peak throughput of 36.3 packets/ms while ALOHA, MB-ALOHA,
MB-CRDSA and MB-IRSA offer 2.2, 8.8, 13, and 22.9 packets/ms throughput respectively.

4.7

Discussion

mMTC will be one of the main use cases in the 5G systems of the future. mMTC mainly refers to use cases where a large number of devices
communicate with each other and to servers in the network. Despite
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Figure 4.8. Throughput for unacknowledged trafﬁc when 6 PRBs are scheduled for MTC
trafﬁc. M = 4, s = 48. MB-CRDSA uses 2 repetitions while MB-IRSA uses
a maximum of 6 repetitions with distribution Λ(x) = 0.5465x2 + 0.1623x3 +
0.2912x6 [83] and 1000 iterations at the receiver [PV].

large device density, the data rate, mobility and latency requirements are
rather low. Moreover, mMTC devices should have low power consumption and low cost. Since legacy cellular systems were mainly designed
for broadband services, there is a need for a RAT which satisﬁes mMTC
requirements. As a result, new cellular technologies that are designed
for MTC applications have emerged, LTE-M and NB-IoT being the latest 3GPP standards. These technologies feature improved coverage, low
power consumption and low data rate. There remains, however, still signiﬁcant overhead since most of the radio-interface signaling procedures
are borrowed from LTE. The amount of radio resources used for channel
reservation and user authentication is very high when MTC devices transmit/receive small bytes of data. This problem can be solved by employing
a new MAC protocol that allows devices to transmit data on a shared pool
of RACH slots.
The proposed MAC protocol that was presented in [PIII], [PIV] & [PV]
is designed for OFDM systems and supports BSs which are equipped with
multiple receiving antennas. In addition to spectrum and energy efﬁciency, the complexity is moved to the BS. The MTC UEs simply transmit
shorts bursts of data and go to sleep until the next acknowledgment from
the BS. The BS, on the other hand, continuously searches for active transmissions, and when detected, it attempts to decode and validate as many
data packets as possible. An acknowledgement can then be sent in DL
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for all successfully decoded packets. Devices whose packets failed to be
decoded by the BS can retransmit on new randomly selected RACH slot.
Compared to an ALOHA type of short packet transmission, the proposed
MIMO-assisted multi-user detection algorithm offers higher throughput.
Unlike time-domain based CS algorithms [76, 77], our algorithm operates
in the frequency-domain which simpliﬁes the estimation of a frequencyselective channel. We employ the spatial diversity of MIMO channel for
fast user detection and channel estimation. For BSs that are equipped
with multiple receiving antennas, a one-shot CC algorithm is sufﬁcient
for user detection and channel estimation.
Reduced overhead and support of high device density make the proposed
MAC protocol a good candidate for the mMTC use case in the future 5G
system. The main limitation in our protocol is the fact that the time advance is not estimated. Hence, the scheme probably would not work in
large cells. Techniques to compensate for propagation delay are left for
further study.
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5. Cloud RAN for 5G

5.1

Introduction

In addition to physical layer enhancements, network densiﬁcation and
coordination among cells play a key role in increasing resource utilization efﬁciency of mobile networks [84]. Heterogeneous deployments and
CoMP are already integral parts of 4G mobile networks. DAS is also getting more attention as it provides spatial diversity [33] and interferencecoordination capabilities [43]. All these trends show that dense smallcell networks with centralized processing are likely solutions for highcapacity needs with reduced inter-cell interference. Cloud-RAN [9] is an
architecture that centralizes BB processing functions of BSs. A typical
Cloud-RAN system comprises a central pool of BBUs that feed baseband
signals to RRHs deployed in cell sites as illustrated in Figure 5.1.
VM1
BS-1

Virtual Machine
Instances

RRC

Core Network

PDCP

BBU

RLC

VM2

MAC

EPC

PHY

BS-2

Baseband

RRC

VM3
BS-3
RRC
PDCP

PDCP
RLC
MAC
PHY
Baseband

RLC
MAC
PHY
Baseband

RRH

Figure 5.1. Cellular network deployment in Cloud-RAN environment.

Clustering of BBUs of multiple BSs has the following advantages:
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1. Interference management Interference is one of the key factors that
limits network capacity in dense network deployments when the radio
spectrum is reused at multiple site locations. Coordination of transmissions from neighboring cells is crucial in avoiding inter-cell interference. Cloud-RAN offers this capability by allowing timely exchange of
scheduling information among BSs to minimize the interference.

2. Joint transmission Joint transmission/reception of signals by BBUs
improves the link reliability experienced by UEs.

Moreover, joint

scheduling of users and processing of baseband signals increases the
network capacity and makes it possible to provide uniform coverage.

3. Virtualization Wireless trafﬁc demand is dynamic in nature due to
mobility of users and usage variations during different hours of the day.
The data rate demand varies over time. This causes load imbalance
among (and within) different networks. Hence, users might experience
poor coverage in one network while other networks are underutilized.
With Cloud-RAN architecture, RAN functionalities can be virtualized
such that BSs can be deployed an on-demand basis. The network resources can be also sliced according to the QoS requirements of different
services.

Despite the beneﬁts, Cloud-RAN implementation has a set of challenges
that need to be addressed. The fronthaul link between RRHs and BBUs is
a new element that did not exist in legacy BSs. It is used to transport BB
signals, for example, over an optical ﬁber [85]. The Common Public Radio
Interface (CPRI) [86] and the Open Base Station Architecture Initiative
(OBSAI) protocol [87] are some of protocols for establishing the fronthaul
link. The amount of fronthaul BW that is needed for the transport of
BB I/Q data between RRHs and BBUs is usually high. For example, an
LTE BS with a 20 MHz carrier consumes about 1 Gbps fronthaul capacity per antenna port in order to stream I/Q samples with 16-bit precision.
In addition to capacity, the fronthaul has to also meet strict latency requirements [88]. In LTE, the received signal has to be processed and the
Hybrid Automatic Repeat reQuest (HARQ) feedback has to be transmitted 4 ms after its reception. Hence, the time budget available for the BB
processing depends on the speed of the fronthaul link. There have been
reports on data compression [89–91] and power-saving [92] mechanisms
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to combat the fronthaul throughput and latency problems.
Realization of heterogeneous networks in a Cloud-RAN infrastructure
demands architectural changes to RAN components. The RAN protocol
stack has to be ﬂexible enough to accommodate complex signal processing
and Radio Resource Management (RRM) functions. There has to be a uniﬁed interface based on which various RAN protocols can be implemented.
This calls for virtualization of the radio interface. SDR is a promising candidate for addressing this issue. This chapter presents a ﬂexible CloudRAN architecture and its implementation using SDR technology. The architecture is ﬂexible and able to realize deployment of different network
conﬁgurations and RATs. Furthermore, it is shown that fully virtualized
NB-IoT BS can be deployed on servers with low computational resources.

5.2

SDR-based Cloud-RAN

SDRs are used to implement baseband processing functions of communications systems in software. Traditional hardware-speciﬁc BBUs are
replaced with software libraries which are executed on virtual machine
instances that run on cloud servers. Combining multiple BSs into a single server opens up a new way of implementing resource control mechanisms such as control of BSs in different virtual machines and control of
the resources within each BS [93]. There have been reports of SDR-based
implementations of Cloud-RAN [94–97] and realizations of various RATs
such as LTE [98,99] and WiMAX [39]. The SDR implementation of CloudRAN system is ﬂexible, and various communications standards and new
features are added through software upgrades.
A natural way for Cloud-RAN realization is to use the software platforms that are developed for cloud computing [100]. Unfortunately traditional cloud computing resource sharing platforms are developed for different workloads and do not meet the stringent timing requirements of a
cellular BS [101]. The Cloud-RAN control layer has to be aware that it
manages cellular BBUs [102]. A server structure that can provide submillisecond response times is described in [103]. The analysis in [103]
describes not only the server architecture but also dissects the signaling
needs in the RRH to BBU fronthaul interface. The analysis in [103] is
rather general and provides only broad implementation guidelines. We
extend this research and describe an implementation of the resource control layer.
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In [PVII] we propose a software architecture that is suitable for implementing Cloud-RAN on a non real-time Operating System (OS) and
General Purpose Processor (GPP). The architecture (see Figure 5.2) is
generic and supports multiple instances of various RATs that run on a
single server or on multiple networked off-the-shelf servers. At the core of
this architecture is the Radio Interface (RI) which implements the Hardware Abstraction Layer (HAL). The RI is responsible for conﬁguring and
synchronizing multiple RRHs and presenting them to the RAN engines
as a pool of antenna ports. RI has a client-server architecture where RAN
engines are dynamically assigned one or more RRHs. Clients access antenna ports through a shared memory in order to avoid the moving of data
between clients and the server. Communication between the RI and RRHs
is done over IP which can be carried over copper or optical ﬁber. Optical
ﬁber is a reliable and low-latency solution for connecting RRHs over a
long distance. The proposed architecture has been validated through implementation of different use cases such as DAS, MTC, Device-to-Device
(D2D), and RATs such as LTE and NB-IoT.
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Figure 5.2. SDR-based Cloud-RAN architecture [PVII].

5.3

Cloud RAN use cases

Due to the ﬂexibility of the Cloud-RAN architecture, different RATs and
network conﬁgurations can be realized. For example, the RI may be
connected to RRHs (both indoor and outdoor) with different transmission power (macro/pico/femto) each of which is operated by individual
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instances of a RAN engine from the same or different RATs. This type
of heterogeneous network beneﬁts from the coordination of RRM functions and sharing of core network elements. On the other hand, a DAS
network is created by assigning all RRHs to a single instance of a RAN
engine. Moreover, SDR-based RAN implementations make it possible to
deploy various RATs and add new features though software upgrades. To
demonstrate these capabilities, we have developed an SDR-based CloudRAN testbed [PVII] at Aalto University. The testbed has three outdoor
RRHs and two indoor RRHs as shown in Figure 5.3. All RRHs are connected to a central server over a ﬁber network.



 
  
 






  

Figure 5.3. Cloud-RAN testbed at Aalto University [PVII].

5.3.1

Indoor DAS

Indoor coverage is a challenging problem for wireless networks. This is
due to penetration loss encountered by radio signals. There is also high
ﬂuctuation in signal strength inside large buildings [104] making it difﬁcult to have uniform and reliable indoor coverage using macro cells. Small
BSs are usually deployed in order to ﬁll coverage holes of a macro BS.
However, coordination among BSs is needed in order to minimize interference and frequent handovers. An indoor DAS network with centralized
BB processing is able to address these problems. Since there is only one
logical cell, handover procedures are not required when users move from
one RRH to another. Coordinated transmission from multiple RRHs also
ensures that users get a reliable connection. For users near the RRHs,
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they can be simultaneously served through SDM. On the other hand, the
BS applies diversity techniques such as Alamouti [105] Transmit Diversity (TxD) and Transmit Antenna Selection (TAS) to serve users that have
weak coverage. These diversity schemes are relatively simple compared
to schemes such as JZF as they do not require a feedback channel in a
TDD system.
Measurements were conducted to show the beneﬁts of an indoor DAS
system over conventional systems where each RRH operates as an independent cell (similar to SDM scheme). The measurement was done using three RRHs deployed across a campus building shown in Figure 5.4a.
The BB is implemented according to the TD-LTE frame structure. Figure 5.4b shows the link capacity experienced by users moving across the
building. It can be seen that TAS has the highest link capacity at all measurement points. While none of the RRHs are able to sustain good coverage across different measurement points, diversity schemes provide better link capacity. However, at any measurement point, there is one SDM
link that offers nearly the same capacity as TAS. Hence, multiple users
can be served simultaneously to increase the network capacity without
degrading the link quality of individual users. This also shows the tradeoff between overall capacity and reliability of a DAS network in an indoor
deployment.
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Figure 5.4. DAS conﬁguration with different transmission schemes. 1000 measurements
were collected at each point [PVII].

5.3.2

Virtual BSs

One of the beneﬁts of Cloud-RAN is virtualization of RAN functions using
SDR technology such that BSs are deployed easily and with low deploy-
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ments costs. Cloud-RAN enables ﬂexible allocation of BBU computing
resources and RRH antenna ports to a virtual BS. There is a possibility
for customized deployment of networks which are closely integrated to applications tailored to the needs of customers. In industrial applications,
private networks can be deployed with additional features such as security, privacy and future-proof networks. Operators can easily upgrade or
add features to the network with software upgrades and with lower maintenance cost.
The limitations in the deployment of large-scale Cloud-RAN network
comes from fronthaul link capacity and latency. This is more apparent in
wideband systems with large-scale MIMO. Fully virtualized BS deployment in a Cloud-RAN environment is more suitable for narrow-band systems such as NB-IoT. A single NB-IoT carrier spans 180 kHz BW which
is 100 times smaller than one LTE 20 MHz carrier. Consequently, the
BB processing functions of NB-IoT BS can be run on virtual machines
with low computational power. Moreover, NB-IoT has a relaxed latency
requirement when compared to legacy LTE. The HARQ feedback delay
in LTE is 4 ms while the response time in NB-IoT BS is conﬁgurable.
There is no explicit HARQ feedback in DL where the BS indicates to the
UE whether it has received the UL data or not. The UE rather waits
for the next UL grant and checks if the New Data Indicator (NDI) ﬂag is
set. Relaxed latency requirements together with reduced baseband processing complexity make the NB-IoT radio stack suitable for Cloud-RAN
platforms. RRHs can be located further away and as such one Cloud-RAN
BBU server can span a larger area.
As a proof-of-concept, an NB-IoT BS was implemented by the author according to the 3GPP Release-13 speciﬁcations [106–109]. The BS software
can be executed in a Cloud-RAN infrastructure. Implementation details
and performance measurements have been reported in [PVI] and [PVIII].
The NB-IoT BS protocol stack was implemented using C++ and can be
compiled to run on various platforms. As a result of narrow carrier BW
and a simpliﬁed signaling protocol, the BS can be deployed on a commodity server. This was demonstrated by running the RAN engine on an
R
R
Cortex
ODROID-C2 [110] embedded computer that features ARM
A53 (ARMv8) 1.5 GHz quad-core processor and a Gigabit Ethernet fronthaul as illustrated in Figure 5.5. The RAN protocol was run on Ubuntu
16.04 OS without special hardware accelerators.

The BS was tested

against Ublox SARA-N211 [111] commercial NB-IoT module. During a
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test run, one instance of the RAN engine consumed about 30% of a single
core indicating that there is enough room for additional BS instances and
other core network elements. This implies that virtualized NB-IoT deployment in the cloud can scale owing to its light-weight computational load.
This also opens the possibility of running applications that are closely
integrated to the access network.






  

 

 

 

Figure 5.5. NB-IoT testbed.

5.4

Discussion

In order to cope with exponentially growing wireless trafﬁc over a limited radio resource, the spectral efﬁciency of wireless networks needs to
be increased dramatically. Denser deployment of low power cells appears
to be a potential solution as it can provide high capacity and availability with a short propagation distance while reusing the spectrum more
efﬁciently. On the other hand, the rapid change to RATs and the growing number of BSs poses a problem to network operators from CAPital
EXpenditures (CAPEX) and OPerational EXpenditures (OPEX) points of
view. A centralized cloud-based virtualized BS can address this problem
by reducing the need for expensive and energy consuming BSs in cell sites.
Deploying radio front-ends in cell sites and moving heavy computations
into a central server is a cost effective solution. In addition to the possibility for advanced joint processing of BB signals, Cloud-RAN also opens
the opportunity for BS virtualization which brings ﬂexibility, scalability,
efﬁciency and ease of deployment. As learned from [PVII], SDR-based
Clould-RAN has deployment ﬂexibility that allows the network conﬁguration to change from one frame to another. For example, users needing
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high coverage could be served with DAS diversity techniques while users
needing high data rates could be served using separate cells in an SDM
fashion.
Despite all these beneﬁts, practical realization of Cloud-RAN is challenged by latency and fronthaul capacity constraints. The delay caused
by the fronthaul link between BBU and RRHs reduces the amount of processing time available for the BBU before HARQ feedback time expires.
Moreover, the fronthaul link BW required to transport raw BB signals
can be huge especially for wideband systems and RRHs that have large
array of antennas. The NB-IoT standard aims at reducing the complexity
at the UE side but as a side effect it also reduces the complexity at the
BS side. Reduced carrier BW and relaxed latency constraints allow the
BS to run in very limited computational power environments such as in
an ODROID-C2 [110] embedded computer. Hence, virtualized NB-IoT can
be deployed with a light-weight computational load. This also opens the
possibility of having applications that are closely integrated to the BS.
There are some issues that were not addressed in this work and left
for future study. Scalability of virtualized NB-IoT needs to investigated
further in order to identify the associated practical constraints. Fronthaul
latency and throughput are the main problems in Cloud-RAN realization
of wideband systems. Techniques such as BB data compression and the
optimal splitting of the different layers of the protocol stack between the
RRH and BBU are outside the scope of this work and need to be studied.
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6. Summary

High capacity demand, the massive number of IoT and M2M (MTC) connections, and the increased cost of deployment and maintenance of networks are key challenges faced by cellular systems. High-resolution video
streaming, onling gaming, virtual reality and vehicle-to-vehicle communication all demand high BW data access. The capacity demand from eMBB
services requires use of higher carrier BW and improved efﬁciency. Along
this line, CA and advanced MIMO techniques have been added to 4G systems. Especially, DAS and M-MIMO have promising performance gains
in terms of energy efﬁciency, capacity and coverage.
The thesis highlighted the beneﬁts of DAS and analyzed the performances of various transmission strategies. It was observed that in addition to reduction in required transmit power, DAS gives higher capacity
than CAS. Moreover, simple SDM multiplexing has superior performance
than a more complex JZF scheme when all antennas are geographically
distributed. While M-MIMO combined with a TDD scheme is able to scale
the network capacity by adding more antennas, pilot contamination is the
main limiting factor. The thesis proposed a novel data-aided channel estimator for an M-MIMO system that is suitable for combating pilot contamination problem. The algorithm makes use of angular sparsity in the
channel gains of large antenna arrays to suppress the impact of interfering channels. The algorithm is based on simple linear processing and
does not require channel second-order statistics as is required by the spatial MMSE estimators. Simulation results have shown that the proposed
algorithm performs nearly as well as a more complex spatial MMSE estimator. Interestingly, the algorithm can perform even better than the spatial MMSE estimator a in rich scattering environment when the AoA of
interfering channels overlap with the desired channel (or when pilot contamination is severe). This is because the algorithm uses instantaneous
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information which is extracted from data symbols.
In addition to human-centric applications, mobile networks are seeing billions of connections from MTC applications. These applications
have different characteristics and requirements than conventional mobile
broadband services. There is a need for a RAT that supports extended
coverage and high connection density per BS from low power and low
cost MTC devices. As a result, 3GPP has standardized MTC and NBIoT technologies as parts of 4G systems. These technologies have lower
carrier BW, low data rate, improved coverage, and support for low power
devices. Despite these features, they still use signaling procedures that
were mainly designed for broadband services. For MTC applications that
send/receive small bytes of data per day, the signaling procedures associated with channel reservation and network attachment cause excessive
overhead. The thesis proposed and analyzed the performance of a new
MAC protocol which simpliﬁes data transmission from massive population of MTC devices. The protocol allows devices to send small data packets in a random-access fashion without prior channel reservation. The
data packet is encoded with user-speciﬁc information which is used by
the BS for authentication and the integrity protection. The protocol has
been validated both via simulation and during practical implementation.
The thesis pointed out that the number of supported MTC transmissions
per channel can be increased by employing more antennas. Moreover, a
BS equipped with MIMO antennas can apply a non-iterative activity and
data detection algorithm without compromising performance.
As cellular technologies continue to evolve and as new RATs are introduced, they incur a high deployment and maintenance cost for mobile
operators. In addition to the wide range of existing RATs, the future 5G
system is envisaged to support a number of use cases which need different
deployment scenarios varying from extreme long distance coverage reaching 100 km to indoor hotspots with a cell radius of 20 m. The diversity of
deployment scenarios, together with network densiﬁcation, increase the
costs of backhauling, powering, maintenance and securing sites. Moreover, coordination among networks is essential for interference management and improving user experience. Cloud-RAN is a new technology
that can solve these problems. Cloud-RAN moves BB processing to a central location while leaving simple RRHs at the cell sites. This kind of architecture opens the opportunity for centralized processing and inter-cell
coordination among cells to minimize interference and improve coverage.
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The thesis proposed SDR-based Cloud-RAN architecture that can be implemented using GPP and a non real-time OS. An SDR-based Cloud-RAN
implementation enables virtualization of BSs and ﬂexible deployment of
network conﬁgurations. The proposed architecture was validated through
implementation on a testbed comprising 3 RRHs which are connected to
a central server via optical ﬁber. The server is a standard Linux-based
computer which runs Ubuntu OS. Various RATs such as NB-IoT, MTC,
LTE and network conﬁgurations such as DAS can be realized by running
different software instances on the same hardware.
In summary, the thesis studied the problems that arose in todays cellular systems, and suggested practical solutions which have been validated
using both simulation and real-life measurements from testbed implementations. The thesis work addressed the problems from the perspective
of physical layer algorithms, radio resource management and network architecture. The proposed solutions can be applied to improve the capacity
of an M-MIMO system, increase the number of M2M connections, and reduce the deployment and maintenance cost of networks through use of
SDR-based Clould-RAN architecture. Finally, we have listed below some
of the research problems which can be addressed to further improve the
current work.
• The propose data-aided channel estimator for an M-MIMO system can
be combined with more complex algorithms. Simulation results have
shown that the algorithm converges in a single iteration. However, other
iterative channel estimators can use the output of our estimator as initial input and further reduce pilot contamination effect.
• The proposed MAC protocol is able to scale the number of supported
MTC connections and reduce power consumption. The protocol, however, does not estimate timing advance such that it may not work in
large cells. Techniques to compensate for propagation delay are left for
further study.
• The proposed SDR-based Cloud-RAN architecture is ﬂexible and allows
deployment of different RATs and network conﬁgurations with a simple
software update. However, fronthaul capacity and latency are the main
problems in large-scale Cloud-RAN. To address this problem, different
data compression methods, and optimal splitting of the RAN protocol
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stack between RRH and BBU according to deployment scenario, may be
studied. Furthermore, further studies are needed to see how well virtualized NB-IoT BS deployment scales in a Cloud-RAN infrastructure.

60

References

[1] “Cisco Visual Networking Index: Global Mobile Data Trafﬁc Forecast Update, 2016 - 2021,” Cisco, Tech. Rep., February 7 2017.
[2] ITU-R M.1034-2, “Requirements for the Radio Interface(s) for International Mobile Telecommunications-2000 (IMT-2000),” 1997.
[3] ITU-R M.2012-2, “Detailed speciﬁcations of the terrestrial radio interfaces
of International Mobile Telecommunications-Advanced (IMT-Advanced),”
2015.
[4] “IMT Vision - Framework and overall objectives of the future development
of IMT for 2020 and beyond,” ITU-R, Tech. Rep., October 2015.
[5] E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive mimo
for next generation wireless systems,” IEEE Communications Magazine,
vol. 52, no. 2, pp. 186–195, February 2014.
[6] Y. D. Beyene, R. Jäntti, and K. Ruttik, “Cloud-RAN Architecture for Indoor
DAS,” IEEE Access, vol. 2, pp. 1205–1212, 2014.
[7] 3GPP TS 22.368 v11.6.0, “Technical Speciﬁcation Group Services and System Aspects; Service requirements for Machine-Type Communications
(MTC); Stage 1 (Release 11),” 2012.
[8] New Work Item: NarrowBand IOT (NB-IOT). TSG RAN Meeting #69,
2015. 3GPP. [Online]. Available: {www.3gpp.org/FTP/tsg_ran/TSG_RAN/
TSGR_69/Docs/RP-151621.zip}
[9] China Mobile, “C-RAN: The Road Towards Green RAN,” White Paper,
2011.
[10] “Draft new Report ITU-R M.[IMT-2020.TECH PERF REQ] - Minimum
requirements related to technical performance for IMT-2020 radio interface(s),” ITU-R, Tech. Rep., February 2017.
[11] 5G use cases and requirements, white paper, 2016. Nokia. [Online].
Available: {http://resources.alcatel-lucent.com/asset/200010}
[12] M. R. Palattella, M. Dohler, A. Grieco, G. Rizzo, J. Torsner, T. Engel, and
L. Ladid, “Internet of Things in the 5G Era: Enablers, Architecture, and
Business Models,” IEEE Journal on Selected Areas in Communications,
vol. 34, no. 3, pp. 510–527, March 2016.

61

References

[13] 3GPP TSG RAN RP-141865, “Further LTE Physical Layer Enhancements
for MTC, Work Item Description,” 2014.
[14] ETSI TS 101.855 v8.1.0, “Digital cellular telecommunications system
(Phase 2+); GSM Release 1999 Speciﬁcations (Release 1999),” 2000.
[15] General Packet Radio Service (GPRS); Service Description - Stage 2, TS
23.060 v3.12.0, 2002. 3GPP. [Online]. Available: {http://www.3gpp.org/ftp/
specs/archive/23_series/23.060/23060-3c0.zip}
[16] ETSI TS 121.101 v3.0.1, “Digital cellular telecommunications system
(Phase 2+) (GSM); Universal Mobile Telecommunications System (UMTS);
3rd Generation mobile system Release 1999 Speciﬁcations (Release 1999),”
2000.
[17] ETSI TS 136 v8.9.0, “LTE; Evolved Universal Terrestrial Radio Access
(E-UTRA) and Evolved Universal Terrestrial Radio Access Network (EUTRAN); Overall description; Stage 2 (Release 8),” 2009.
[18] 5G Americas, “Wireless Technology Evolution Towards 5G: 3GPP Release
13 to Release 15 and Beyond,” February 2017.
[19] “Requirements for Evolved UTRA (E-UTRA) and Evolved UTRAN (EUTRAN), 3GPP TR 25.913,” ETSI, Tech. Rep., February 2010.
[20] ETSI TS 136 211 v8.9.0, “LTE; Evolved Universal Terrestrial Radio Access
(E-UTRA); Physical channels and modulation (Release 8),” 2009.
[21] “Network architecture, 3GPP TS 23.002,” ETSI, Tech. Rep., January 2011.
[22] 3GPP, “ETSI TR 36.912 LTE; Feasibility study for Further Advancements
for E-UTRA (LTE-Advanced),” 2009.
[23] Nokia Networks white paper, “LTE-Advanced Pro: Pushing LTE capabilities towards 5G,” 2017.
[24] “5G; Study on Scenarios and Requirements for Next Generation Access
Technologies (3GPP TR 38.913 version 14.2.0 Release 14),” ETSI, Tech.
Rep., May 2017.
[25] IEEE Std 802.11nT M , “Standard for Information technologyTelecommunications and information exchange between systems Local and metropolitan area networks-Speciﬁc requirements Part 11:
Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Speciﬁcations Amendment 5: Enhancements for Higher Throughput,”
2009.
[26] IEEE Std 802.11acT M , “Standard for Information technologyTelecommunications and information exchange between systems Local and metropolitan area networks-Speciﬁc requirements Part 11:
Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Speciﬁcations Amendment 4: Enhancements for Very High Throughput
for Operation in Bands below 6 GHz,” 2013.
[27] Working Party 5D, “Acknowledgment of Candidate Submission from IEEE
under Step 3 of the IMT-Advanced Process (IEEE Technology, Doc. IMTADV/4-E),” 2009.

62

References

[28] ETSI TS 125.308 v7.0.0, “Universal Mobile Telecommunications System
(UMTS); UTRA High Speed Downlink Packet Access (HSDPA); Overall
description; Stage 2 (Release 7),” 2006.
[29] ETSI TS 136.300 v8.9.0, “LTE; Evolved Universal Terrestrial Radio Access
(E-UTRA) and Evolved Universal Terrestrial Radio Access Network (EUTRAN); Overall description; Stage 2 (Release 8),” 2009.
[30] T. L. Marzetta, “Massive mimo: An introduction,” Bell Labs Technical Journal, vol. 20, pp. 11–22, 2015.
[31] F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Marzetta, O. Edfors,
and F. Tufvesson, “Scaling up mimo: Opportunities and challenges with
very large arrays,” IEEE Signal Processing Magazine, vol. 30, no. 1, pp.
40–60, Jan 2013.
[32] L. Dai, “Distributed antenna system: Performance analysis in multi-user
scenario,” in Information Sciences and Systems, 2008. CISS 2008. 42nd
Annual Conference on, 2008, pp. 85–89.
[33] R. Heath, T. Wu, Y. H. Kwon, and A. Soong, “Multiuser mimo in distributed
antenna systems,” in Signals, Systems and Computers (ASILOMAR), 2010
Conference Record of the Forty Fourth Asilomar Conference on, 2010, pp.
1202–1206.
[34] W. Choi and J. Andrews, “Downlink performance and capacity of distributed antenna systems in a multicell environment,” Wireless Communications, IEEE Transactions on, vol. 6, no. 1, pp. 69–73, 2007.
[35] K. Zheng, L. Zhao, J. Mei, B. Shao, W. Xiang, and L. Hanzo, “Survey of
Large-Scale MIMO Systems,” IEEE Communications Surveys Tutorials,
vol. 17, no. 3, pp. 1738–1760, thirdquarter 2015.
[36] M. HadZialic, B. Dosenovic, M. Dzaferagic, and J. Musovic, “Cloud-RAN:
Innovative radio access network architecture,” in ELMAR, 2013 55th International Symposium, Sept 2013, pp. 115–120.
[37] D. Sabella, P. Rost, Y. Sheng, E. Pateromichelakis, U. Salim, P. GuittonOuhamou, M. Di Girolamo, and G. Giuliani, “RAN as a service: Challenges
of designing a ﬂexible RAN architecture in a cloud-based heterogeneous
mobile network,” in Future Network and Mobile Summit (FutureNetworkSummit), 2013, July 2013, pp. 1–8.
[38] M. Webb, Z. Li, P. Bucknell, T. Moulsley, and S. Vadgama, “Future Evolution in Wireless Network Architectures: Towards a ’Cloud of Antennas’,”
in Vehicular Technology Conference (VTC Fall), 2012 IEEE, Sept 2012, pp.
1–5.
[39] Z. Zhu, P. Gupta, Q. Wang, S. Kalyanaraman, Y. Lin, H. Franke,
and S. Sarangi, “Virtual Base Station Pool: Towards a Wireless
Network Cloud for Radio Access Networks,” in Proceedings of the 8th
ACM International Conference on Computing Frontiers, ser. CF ’11.
New York, NY, USA: ACM, 2011, pp. 34:1–34:10. [Online]. Available:
http://doi.acm.org/10.1145/2016604.2016646

63

References

[40] A. Saleh, A. Rustako, and R. Roman, “Distributed antennas for indoor
radio communications,” Communications, IEEE Transactions on, vol. 35,
no. 12, pp. 1245–1251, 1987.
[41] M. Clark, I. Willis, T., L. Greenstein, J. Rustako, A., V. Erceg, and
R. Roman, “Distributed versus centralized antenna arrays in broadband
wireless networks,” in Vehicular Technology Conference, 2001. VTC 2001
Spring. IEEE VTS 53rd, vol. 1, 2001, pp. 33–37 vol.1.
[42] S. Zhou, M. Zhao, X. Xu, J. Wang, and Y. Yao, “Distributed wireless communication system: a new architecture for future public wireless access,”
Communications Magazine, IEEE, vol. 41, no. 3, pp. 108–113, 2003.
[43] S.-R. Lee, S.-H. Moon, H.-B. Kong, and I. Lee, “Optimal beamforming
schemes and its capacity behavior for downlink distributed antenna systems,” Wireless Communications, IEEE Transactions on, vol. 12, no. 6, pp.
2578–2587, 2013.
[44] X. Li, M. Luo, M. Zhao, L. Huang, and Y. Yao, “Downlink performance and
capacity of distributed antenna system in multi-user scenario,” in Wireless
Communications, Networking and Mobile Computing, 2009. WiCom ’09.
5th International Conference on, 2009, pp. 1–4.
[45] R. Heath, T. Wu, Y. H. Kwon, and A. Soong, “Multiuser mimo in distributed
antenna systems with out-of-cell interference,” Signal Processing, IEEE
Transactions on, vol. 59, no. 10, pp. 4885–4899, 2011.
[46] Q. Spencer, A. Swindlehurst, and M. Haardt, “Zero-forcing methods for
downlink spatial multiplexing in multiuser mimo channels,” Signal Processing, IEEE Transactions on, vol. 52, no. 2, pp. 461–471, 2004.
[47] T. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers
of Base Station Antennas,” Wireless Communications, IEEE Transactions
on, vol. 9, no. 11, pp. 3590–3600, November 2010.
[48] E. Larsson, O. Edfors, F. Tufvesson, and T. Marzetta, “Massive MIMO
for next generation wireless systems,” Communications Magazine, IEEE,
vol. 52, no. 2, pp. 186–195, February 2014.
[49] Y. Kishiyama, A. Benjebbour, H. Ishii, and T. Nakamura, “Evolution concept and candidate technologies for future steps of LTE-A,” in Communication Systems (ICCS), 2012 IEEE International Conference on, Nov 2012,
pp. 473–477.
[50] B. Raaf, W. Zirwas, K.-J. Friederichs, E. Tiirola, M. Laitila, P. Marsch, and
R. Wichman, “Vision for Beyond 4G broadband radio systems,” in Personal
Indoor and Mobile Radio Communications (PIMRC), 2011 IEEE 22nd International Symposium on, Sept 2011, pp. 2369–2373.
[51] J. Hoydis, S. ten Brink, and M. Debbah, “Massive MIMO in the UL/DL of
Cellular Networks: How Many Antennas Do We Need?” Selected Areas in
Communications, IEEE Journal on, vol. 31, no. 2, pp. 160–171, February
2013.
[52] J. Jose, A. Ashikhmin, T. Marzetta, and S. Vishwanath, “Pilot contamination problem in multi-cell TDD systems,” in Information Theory, 2009.
ISIT 2009. IEEE International Symposium on, June 2009, pp. 2184–2188.

64

References

[53] G. Lebrun, J. Gao, and M. Faulkner, “MIMO transmission over a timevarying channel using SVD,” Wireless Communications, IEEE Transactions on, vol. 4, no. 2, pp. 757–764, March 2005.
[54] T. Marzetta, “How Much Training is Required for Multiuser MIMO?” in
Signals, Systems and Computers, 2006. ACSSC ’06. Fortieth Asilomar Conference on, Oct 2006, pp. 359–363.
[55] D. Gesbert, M. Kountouris, R. Heath, C.-B. Chae, and T. Salzer, “Shifting
the MIMO Paradigm,” Signal Processing Magazine, IEEE, vol. 24, no. 5,
pp. 36–46, Sept 2007.
[56] C. Xu, J. Zhang, M. Liu, and C. Yin, “Pilot Design for Sparse Channel Estimation in Large-Scale MIMO-OFDM System,” Mobile Information Systems, 2016, Article ID 6142574.
[57] K. Upadhya, S. A. Vorobyov, and M. Vehkapera, “Superimposed Pilots are
Superior for Mitigating Pilot Contamination in Massive MIMO - Part I:
Theory and Channel Estimation,” ArXiv e-prints, Mar. 2016.
[58] X. Li, L. Li, L. Xie, X. Su, , and P. Zhang, “Performance Analysis of 3D
Massive MIMO Cellular Systems with Collaborative Base Station,” International Journal of Antennas and Propagation, 2014, Article ID 614061.
[59] R. R. Müller, M. Vehkaperä, and L. Cottatellucci, “Blind Pilot Decontamination,” in Smart Antennas (WSA), 2013 17th International ITG Workshop
on, March 2013, pp. 1–6.
[60] R. R. Muller, M. Vehkaperä, and L. Cottatellucci, “Analysis of blind pilot decontamination,” in Signals, Systems and Computers, 2013 Asilomar
Conference on, Nov 2013, pp. 1016–1020.
[61] C. K. Wen, S. Jin, K. K. Wong, J. C. Chen, and P. Ting, “Channel Estimation
for Massive MIMO Using Gaussian-Mixture Bayesian Learning,” IEEE
Transactions on Wireless Communications, vol. 14, no. 3, pp. 1356–1368,
March 2015.
[62] H. Q. Ngo, T. Marzetta, and E. Larsson, “Analysis of the pilot contamination effect in very large multicell multiuser MIMO systems for physical
channel models,” in Acoustics, Speech and Signal Processing (ICASSP),
2011 IEEE International Conference on, May 2011, pp. 3464–3467.
[63] H. Yin, D. Gesbert, M. Filippou, and Y. Liu, “A Coordinated Approach to
Channel Estimation in Large-Scale Multiple-Antenna Systems,” Selected
Areas in Communications, IEEE Journal on, vol. 31, no. 2, pp. 264–273,
February 2013.
[64] M. Biguesh and A. Gershman, “Training-based MIMO channel estimation:
a study of estimator tradeoffs and optimal training signals,” Signal Processing, IEEE Transactions on, vol. 54, no. 3, pp. 884–893, March 2006.
[65] “Ericsson Mobility Report: On the pulse of the networked society,” Ericsson, Tech. Rep., June 2015.
[66] “Internet of Things empowered by 5G connectivity and network security,
Executive Summary,” Nokia Networks, Tech. Rep., February 2015.

65

References

[67] “Cisco Visual Networking Index: Global Mobile Data Trafﬁc Forecast Update, 2014 - 2019,” Cisco, Tech. Rep., February 3 2015.
[68] “Ericsson Mobility Report: On the pulse of the networked society,” Ericsson, Tech. Rep., November 2016.
[69] 3GPP 3GPP TS 36.306, “LTE; Evolved Universal Terrestrial Radio Access
(E-UTRA); User Equipment (UE) radio access capabilities,” 2015.
[70] H. Shariatmadari, R. Ratasuk, S. Iraji, A. Laya, T. Taleb, R. Jäntti, and
A. Ghosh, “Machine-type communications: current status and future perspectives toward 5G systems,” IEEE Communications Magazine, vol. 53,
no. 9, pp. 10–17, September 2015.
[71] P. Osti, P. Lassila, S. Aalto, A. Larmo, and T. Tirronen, “Analysis of PDCCH performance for M2M trafﬁc in LTE,” IEEE Transactions on Vehicular Technology, vol. 63, no. 9, pp. 4357–4371, Nov 2014.
[72] S.-Y. Lien, K.-C. Chen, and Y. Lin, “Toward ubiquitous massive accesses in
3GPP machine-to-machine communications,” IEEE Communications Magazine, vol. 49, no. 4, pp. 66–74, April 2011.
[73] S. Andreev, A. Larmo, M. Gerasimenko, V. Petrov, O. Galinina, T. Tirronen,
J. Torsner, and Y. Koucheryavy, “Efﬁcient small data access for machinetype communications in LTE,” in IEEE International Conference on Communications (ICC), June 2013, pp. 3569–3574.
[74] K. Zhou, N. Nikaein, R. Knopp, and C. Bonnet, “Contention Based Access for Machine-Type Communications over LTE,” in IEEE 75th Vehicular
Technology Conference (VTC Spring), May 2012, pp. 1–5.
[75] P. Kela, H. Lundqvist, M. Costa, K. Leppänen, and R. Jäntti, “Connectionless access for massive machine type communications in ultra-dense
networks,” in IEEE International Conference on Communications (ICC),
May 2017, pp. 1–6.
[76] H. Schepker, C. Bockelmann, and A. Dekorsy, “Improving greedy compressive sensing based multi-user detection with iterative feedback,” in IEEE
78th Vehicular Technology Conference (VTC Fall), Sept 2013, pp. 1–5.
[77] H. F. Schepker, C. Bockelmann, and A. Dekorsy, “Exploiting sparsity in
channel and data estimation for sporadic multi-user communication,” in
Proceedings of the Tenth International Symposium on Wireless Communication Systems (ISWCS 2013), Aug, pp. 1–5.
[78] A. Majumdar and R. Ward, “Fast group sparse classiﬁcation,” Canadian
Journal of Electrical and Computer Engineering, vol. 34, no. 4, pp. 136–
144, Fall 2009.
[79] D. Needell and J. Tropp, “CoSaMP: Iterative signal recovery from
incomplete and inaccurate samples,” Applied and Computational
Harmonic Analysis, vol. 26, no. 3, pp. 301 – 321, 2009. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1063520308000638
[80] D. Donoho, Y. Tsaig, I. Drori, and J.-L. Starck, “Sparse solution of underdetermined systems of linear equations by stagewise orthogonal matching pursuit,” IEEE Transactions on Information Theory, vol. 58, no. 2, pp.
1094–1121, Feb 2012.

66

References

[81] S. Verdu, Multiuser Detection, 1st ed.
University Press, 1998.

New York, NY, USA: Cambridge

[82] E. Casini, R. D. Gaudenzi, and O. D. R. Herrero, “Contention resolution
diversity slotted ALOHA (CRDSA): An enhanced random access scheme
for satellite access packet networks,” IEEE Transactions on Wireless Communications, vol. 6, no. 4, pp. 1408–1419, April 2007.
[83] G. Liva, “Graph-based analysis and optimization of contention resolution
diversity slotted ALOHA,” IEEE Transactions on Communications, vol. 59,
no. 2, pp. 477–487, February 2011.
[84] A. Damnjanovic, J. Montojo, Y. Wei, T. Ji, T. Luo, M. Vajapeyam, T. Yoo,
O. Song, and D. Malladi, “A survey on 3GPP heterogeneous networks,”
Wireless Communications, IEEE, vol. 18, no. 3, pp. 10–21, June 2011.
[85] P. Chanclou, A. Pizzinat, F. Le Clech, T.-L. Reedeker, Y. Lagadec, F. Saliou,
B. Le Guyader, L. Guillo, Q. Deniel, S. Gosselin, S. Le, T. Diallo, R. Brenot,
F. Lelarge, L. Marazzi, P. Parolari, M. Martinelli, S. O’Dull, S. Gebrewold,
D. Hillerkuss, J. Leuthold, G. Gavioli, and P. Galli, “Optical ﬁber solution
for mobile fronthaul to achieve cloud radio access network,” in Future Network and Mobile Summit (FutureNetworkSummit), 2013, July 2013, pp.
1–11.
[86] “Common Public Radio Interface (CPRI),” Interface Speciﬁcation, v5.0,
2011. [Online]. Available: www.cpri.info
[87] “Open Base Station Architecture Initiative (OBSAI),” 2014. [Online].
Available: www.obsai.com
[88] N. Nikaein, “Processing radio access network functions in the Cloud:
Critical issues and modeling,” in MCS 2015, 6th International
Workshop on Mobile Cloud Computing and Services, in conjunction
with MOBICOM, 11 september 2015, Paris, France. [Online]. Available:
http://www.eurecom.fr/publication/4640
[89] B. Guo, W. Cao, A. Tao, and D. Samardzija, “CPRI compression transport
for LTE and LTE-A signal in C-RAN,” in Communications and Networking
in China (CHINACOM), 2012 7th International ICST Conference on, Aug
2012, pp. 843–849.
[90] S.-H. Park, O. Simeone, O. Sahin, and S. Shamai, “Robust and Efﬁcient
Distributed Compression for Cloud Radio Access Networks,” Vehicular
Technology, IEEE Transactions on, vol. 62, no. 2, pp. 692–703, Feb 2013.
[91] S. Park, O. Simeone, O. Sahin, and S. Shamai, “Robust Layered Transmission and Compression for Distributed Uplink Reception in Cloud Radio
Access Networks,” Vehicular Technology, IEEE Transactions on, vol. 63,
no. 1, pp. 204–216, Jan 2014.
[92] Y. Shi, J. Zhang, and K. B. Letaief, “Group Sparse Beamforming for Green
Cloud-RAN,” Wireless Communications, IEEE Transactions on, vol. 13,
no. 5, pp. 2809–2823, May 2014.
[93] M. Hoffmann and M. Staufer, “Network Virtualization for Future Mobile
Networks: General Architecture and Applications,” in Communications

67

References

Workshops (ICC), 2011 IEEE International Conference on, June 2011, pp.
1–5.
[94] Xu Dezhi, “Software-deﬁned orchestration:
The next generation
of RAN,” White Paper, February 2014. [Online]. Available: http:
//www.huawei.com/en/static/HW-259755.pdf
[95] Texas Instruments, “Creating cloud base stations with TI’s KeyStone multicore architecture,” White Paper 2011.
[96] M. Yang, Y. Li, D. Jin, L. Su, S. Ma, and L. Zeng, “OpenRAN: A
Software-deﬁned Ran Architecture via Virtualization,” in Proceedings of
the ACM SIGCOMM 2013 Conference on SIGCOMM, ser. SIGCOMM
’13. New York, NY, USA: ACM, 2013, pp. 549–550. [Online]. Available:
http://doi.acm.org/10.1145/2486001.2491732
[97] A. Gudipati, D. Perry, L. E. Li, and S. Katti, “SoftRAN: Software Deﬁned
Radio Access Network,” in Proceedings of the Second ACM SIGCOMM
Workshop on Hot Topics in Software Deﬁned Networking, ser. HotSDN
’13. New York, NY, USA: ACM, 2013, pp. 25–30. [Online]. Available:
http://doi.acm.org/10.1145/2491185.2491207
[98] X. Tao, Y. Hou, H. He, K. Wang, and Y. Xu, “GPP-based soft base station
designing and optimization (invited paper),” in Communications and Networking in China (CHINACOM), 2012 7th International ICST Conference
on, Aug 2012, pp. 49–53.
[99] N. Nikaein, E. Schiller, R. Favraud, R. Knopp, I. Alyafawi, and
T. Braun, Towards a Cloud-Native Radio Access Network. Cham:
Springer International Publishing, 2017, pp. 171–202. [Online]. Available:
https://doi.org/10.1007/978-3-319-45145-9_8
[100] A. Staring and G. Karagiannis, “Cloud computing models and their application in LTE based cellular systems,” in Communications Workshops
(ICC), 2013 IEEE International Conference on, June 2013, pp. 750–755.
[101] J. Li, Q. Wang, D. Jayasinghe, J. Park, T. Zhu, and C. Pu, “Performance Overhead among Three Hypervisors: An Experimental Study Using Hadoop Benchmarks,” in Big Data (BigData Congress), 2013 IEEE International Congress on, June 2013, pp. 9–16.
[102] Z. Kong, J. Gong, C.-Z. Xu, K. Wang, and J. Rao, “eBase: A baseband
unit cluster testbed to improve energy-efﬁciency for cloud radio access network,” in Communications (ICC), 2013 IEEE International Conference on,
June 2013, pp. 4222–4227.
[103] Z. Wan, “Sub-millisecond level latency sensitive Cloud Computing infrastructure,” in Ultra Modern Telecommunications and Control Systems and
Workshops (ICUMT), 2010 International Congress on, Oct 2010, pp. 1194–
1197.
[104] J. Kerttula, Y. Beyene, N. Malm, L. Zhou, K. Ruttik, O. Tirkkonen, and
R. Jäntti, “Spectrum sharing in d2d enabled hetnet,” in 2015 IEEE International Symposium on Dynamic Spectrum Access Networks (DySPAN),
Sept 2015, pp. 267–268.

68

References

[105] S. Alamouti, “A simple transmit diversity technique for wireless communications,” Selected Areas in Communications, IEEE Journal on, vol. 16,
no. 8, pp. 1451–1458, Oct 1998.
[106] TS 36.211 Evolved Universal Terrestrial Radio Access (E-UTRA) physical
channels and modulation (Release 13), 2016. 3GPP. [Online]. Available:
{http://www.3gpp.org/ftp/Specs/archive/36_series/36.211/36211-d30.zip}
[107] TS 36.213 Evolved Universal Terrestrial Radio Access (E-UTRA);
Physical layer procedures (Release 13), 2016. 3GPP. [Online]. Available:
{http://www.3gpp.org/ftp//Specs/archive/36_series/36.213/36213-d20.zip}
[108] TS 36.321 Evolved Universal Terrestrial Radio Access (E-UTRA); Medium
Access Control (MAC) protocol speciﬁcation (Release 13), 2016. 3GPP.
[Online]. Available: {http://www.3gpp.org/ftp//Specs/archive/36_series/36.
321/36321-d20.zip}
[109] TS 36.331 Evolved Universal Terrestrial Radio Access (E-UTRA);
Resource Control (RRC) protocol speciﬁcation (Release 13), 2016. 3GPP.
[Online]. Available: {http://www.3gpp.org/ftp/Specs/archive/36_series/36.
331/36331-d20.zip}
[110] (2017, August 25) Odroid-c2. [Online]. Available: https://wiki.odroid.com/
odroid-c2/odroid-c2
[111] (2017, October 17) SARA-N2 power-optimized NB-IoT (LTE Cat NB1)
modules, data sheet, R2. [Online]. Available: https://www.u-blox.com/
sites/default/ﬁles/SARA-N2_DataSheet_%28UBX-15025564%29.pdf

69

References

70

Errata

Publication VII
In line-11, second paragraph of Section I, the word "cite" should be replaced with "site".

71

Aalto-DD 54/2018

9HSTFMG*ahjbba+

ISBN 978-952-60-7911-0 (printed)
ISBN 978-952-60-7912-7 (pdf)
ISSN-L 1799-4934
ISSN 1799-4934 (printed)
ISSN 1799-4942 (pdf)
Aalto Universit y
School of Electrical Engineering
Depar tment of Communications and Networking
www.aalto.fi

BUSINESS +
ECON OMY
AR T +
DESIGN +
ARC HITECTURE
SCIEN CE +
TECHNOLOGY
CROSSOVER
D O C TO R A L
DISSERTATIONS

