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Over 90% of wireless communications traffic occurs indoors and in-building wireless coverage
is still one of the biggest obstacles for wireless users. As the growing demands on wireless
capacity, coverage and connectivity have led to 4G and 5G standards, it has also become
increasingly important to design and implement future-proof indoor wireless services in a cost
effective manner. This thesis introduces a novel multi-service digital distributed antenna
systems (DDAS) for indoor wireless coverage, which not only is able to transport multiple
wireless carriers from different vendors and mobile operators, but also allows a converged
architecture to integrate indoor wireless system with existing Ethernet infrastructures. The
Cloud Radio Access Networks (C-RAN) has been suggested by major telecom vendors as the
main architecture for last-mile coverage in 5G. However, the digital fronthaul interface defined
in common public radio interface (CPRI), which is most widely adopted standard for C-RAN,
requires very expensive infrastructures to be built due to the high data rate generated after
digitisation. A solution has been introduced at the University of Cambridge previously to
remove the digital redundancy by using a data compression technique which has shown 3-times
higher transmission efficiency than CPRI. This thesis extends the concept to a more robust
architecture allowing multiple wireless services to be transmitted simultaneously as well as
being carried over standard Ethernet without losing the Quality of End-user Experience (QoE)

and the Quality of Service (QoS) of in-building mobile network.

A two-channel DDAS system with data compression algorithm is experimentally demonstrated,
showing wide RF dynamic range for both 4G LTE service and 3G WCDMA service
simultaneously carried over a single fibre-based infrastructure. The system leads to the design
and implementation of full-service DDAS system allowing 14 channels (all 2/3/4G service
from three major mobile operators) to be carried over single 10Gbps network. Typically, the

system using CPRI will need over 30Gbps network to be installed for wireless coverage.

Another key aspect covered in this thesis is the design and implementation of the multi-service

DDAS over Ethernet (Eth-DDAS). Due to the stringent latency requirement in wireless



services, mitigation of delays and errors in frame ordering has become a key challenge for
putting DDAS over Ethernet. To overcome these problems, a special Eth-DDAS frame
structure is proposed in this thesis. After digitisation, digital signal bearing RF information is
packetised onto Ethernet-compatible frames with additional timestamps and sequence numbers
before transported via fibre to the receiver. Three latency scenarios are tested with different
payload sizes of the proposed frame structure and real-time RF performance is measured to
prove the capability of implementation of such system in real-life using commercial off-the-

shelf (COTS) ADC/DAC and FPGAs.
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1.1 Historical Prospect of Modern Wireless Communications

Chapter 1 Introduction

1.1 Historical Prospect of Modern Wireless Communications

The first radio transmission consisting of wireless telegraphy was made from a temporary
station set up by Guglielmo Marconi in 1895 [1]. He is often credited as the inventor of the
radio due to his pioneering work on long-distance radio transmission. Since then, radio
technology has become increasingly important for people around the world. Radio stations
broadcast in long-wave, medium-wave and short-wave bands, as well as very high frequency
(VHF) and ultra-high frequency (UHF) [2]. Figure 1.1 indicates the significant stages in the

development of wireless communication.

Carrier
Frequency
00T Infrared Optical
wireless communication
30THz LAN satellite
3THz
300GHz

30GHz

3GHz

300MHz

30MHz

3MHz
1930 1940 1950 1960 1970 1980 1990 2000 2000 2010 Year

Figure 1.1: Milestone of wireless communication [1]

Amplitude modulation (AM) was developed as the first modulation technology for radio [3].
Before broadcasting was invented around 1920, all forms of radio were ‘one-to-one’, meaning
that the messages were transmitted from one radio station to a single recipient [4]. To
distinguish the activity between ‘one-to-one’ and ‘one-to-many’, the term ‘broadcasting’ —
which was borrowed from the same term describing the agricultural method — was used to

describe the communications between a single radio station and multiple recipients [4].
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Frequency modulation (FM) broadcasting was developed in the 1950s [5], and before FM
became widespread, AM broadcasting was the only commercially significant form of radio

broadcasting.

In 1947, the American Telephone & Telegraph (AT&T) company, which is an American
multinational telecommunications corporation, commercialised the Mobile Telephone Service
(MTS) [6]. The MTS is a pre-cellular VHF radio system, although only three channels were
initialised for all the users in the metropolitan area [7]. The first communication satellite was
launched in 1960 by the National Aeronautics and Space Administration (NASA) [8].
Thereafter, communication satellites have played a significant role in communications around
the world. Since the 1980s, commercial wireless networks for local area networks (LAN) and
wide area networks (WAN) have been developed to allow general communications without
wired infrastructure [9]. Although the cellular concept was initially proposed in Bell
Laboratories in the 1970s [10], first generation (1G) cellular systems did not exist until the
1980s. Since then, modem mobile communications have been developed generation by
generation [11], and Figure 1.2 shows the timeline of the evolution of modern mobile

communications from the 1G to 5G, due to emerge in 2020.
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Figure 1.2: Evolution of modern wireless standards [12]

The 1G cellular system was built upon an analogue voice-only mobile network. It was not an
effective method of transmitting information, with the very low capacity allowing for only one

call to be carried on each frequency band. Using the advance mobile phone system (AMPS) for
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1G, the voice quality was poor and the phone size was very large. Moreover, it only allowed

for voice calls within one country [13].

For these reasons, 1G services did not become globally popular. The first commercial success
in mobile networks was achieved after the second generation (2G) was launched in the early
1990s, and the quality of services increased immensely due to larger bandwidth provided,
smaller jitter required and less latency caused. The system security is also improved by the

invention of digitally encrypted voice calls [14].

The GSM (Global System for Mobile Communications) is the most widely used wireless
standard in history. To date, most of the world’s voice services are still being carried over GSM.
It was firstly designed as a pan-European standard with a carrier frequency at 900MHz;
currently 850-MHz and 1900-MHz are used in the Americas [15]. GSM uses Time-Division
Multiple Access (TDMA) technology in which different timeslots are allocated for different
users [16]. The biggest rival of GSM in the 2G network is the IS-95 standard which uses Code-
Division Multiple Access (CDMA) technology, often referred to as the CDMA standard [17].

When comparing TDMA and CDMA, the main difference that can be observed is the way users
share the same physical channels. As shown in Figure 1.3, TDMA divides the channel into
sequential timeslots and each user can only use the channel for a short time. Alternatively, the
CDMA technology separates them using the codes with the help of different spreading codes.

As a result, the transmissions to each user are continuous [18].

Frequency Frequency

Code
~

TDMA Time CDMA Time
Figure 1.3: TDMA vs CDMA [18]
However, the concept of CDMA was not widely adopted until the emergence of 3G in the 2000s.

There were two consortia for the development of 3G systems: the Third Generation Partnership

Project (3GPP) and the Third Generation Partnership Project 2 (3GPP2) [19]. Within 3GPP,
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Wide-Band Code Division Multiple Access (WCDMA) was the key technology [20]. However,
the main technology of the 3GPP2 is the CDMA2000. Both of them utilise CDMA; the main
difference between the 3GPP and the 3GPP2 is that the 3GPP uses this totally new approach
for the air interface while the 3GPP2 is simply an enhancement of the old approach of IS-95
[21]. The reason for involving IS-95 is because of the limitation of the frequency bands. The
frequency bands allocated for 3G systems had already been used by the IS-95 standard in North
America; as a result, the aim of 3GPP2 is to improve the old IS-95 approach in order to achieve

the requirements of the new generation system [22].

By using 3G networks, users can browse the Internet and download data with faster speeds than
2G networks. 3G services using packet-switched networks allow for the use of smartphones
and tablets in which variety of apps provide users with more functionalities than simple texts
and voices calls [23]. The speed of data transmission in 2G network is less than 50 kbits/s, while
in 3G it can be more than 4 Mbits/s [24]. Although 3G system can provide users with a rich
experience, 3G faced enormous challenges right after its launch due to the rapidly increasing
user demand for capacity, coverage and seamless connectivity. Although 3G is still widely
adopted in the world to date, the current role of the 3G primarily involves its use as a
complementary alternative of 4G system in locations where coverage is not yet available. In
several regions, 3G was very short lived and has been replace entirely by 4G, which is defined
as the Long Term-Evolution (LTE) standard by 3GPP [25].

LTE supports the following different channel bandwidths: 1.4 MHz, 3MHz, 5SMHz, 10MHz, 15
MHz and 20 MHz. For the downlink system, LTE uses the technology of Orthogonal Frequency
Division Multiple Access (OFDMA). For the uplink system, LTE uses the Single-carrier
Orthogonal Frequency Division Multiple Access (SC-FDMA) as the modulation method [25].

Orthogonal Frequency Division Multiplexing (OFDM) is a multiplexing technique in which the
wideband carrier consists of numerous subcarriers. That is, a wideband carrier is transformed
into many narrowband carriers when OFDM is employed. OFDMA is simply a variant of
OFDM in which different OFDM subcarriers can be allocated to different users [26]. This
characteristic of OFDMA allows several users to access system resources at the same time.
However, one problem with OFDMA is that its peak-to-average power ratio (PAPR) is high
[27].

It is possible for all subcarriers to use the maximum power level simultaneously, and as a result
the combined carrier can have a very high power level. This can be handled at the base station

transmitter, but for the user equipment, a high PAPR means inefficient power amplifier
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performance and also short battery life [27]. Therefore, for the LTE uplink, SC-FDMA is
employed. SC-FDMA is a hybrid scheme that combines the low PAPR of a single carrier system

with many advantages of an OFDM system [28]. Figure 1.4 shows the difference between
OFDMA and SC-FDMA.
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Figure 1.4: OFDMA vs SC-FDMA [29]

Although 4G systems have not been deployed fully around the globe, investigations beyond 4G
have already been started. By 2020, industry analysts predict that more than 50 billion devices
will be connected to mobile networks worldwide [30]. Furthermore, there will be all kinds of
embedded devices that transmit and receive information to or from other devices and servers.
This explosion of devices connected to the Internet has been named the Internet of Things (IoT)
[31]. To satisfy the demands of all these devices, development of a new generation of mobile
communication systems providing higher data rates, larger capacity, higher mobility, higher

spectral efficiency and higher energy efficiency has begun.

5G is expected to be standardised by around 2020. Although it is too early to define the
specifications of 5G, most researchers agree that compared with 4G, 5G’s capacity should be
improved 1000 times over, its spectral efficiency 10 times over, and its average cell throughput
25 times over 2014[32]. Network densification is considered as the fundamental strategy to
achieve 5G; network densification is the process in which an operator massively increases the
number of base stations in high demand areas [33]. By reusing the existing spectrum many

times over, the capacity is radically increased.

In June 2015, three main 5G application scenarios were defined by the International

Telecommunication Union (ITU) Radio Communication Sector (ITR-R) to guide the goals and
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direction of 5G research: 1) Enhanced Mobile Broadband (eMBB); 2) Massive Machine Type
Communication (mMTC), and; 3) Ultra Reliable & Low Latency Communication (uURLLC)

[34]. Figure 1.5 shows these three usage scenarios.
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Figure 1.5: 5G usage scenarios [34]

Different 5G applications have different requirements. A self-driving car, for example, requires
very low latency communications. However, a smart city needs to handle a great number of
connections and applications; some applications, such as 3D video, require a high broadband
speed though latency is less of an issue. Overall, the aim of 5G is to connect the entire world
and achieve ubiquitous communications between anything, anyone, anywhere, anytime and

anyhow [35].
1.2 The Need for In-building Wireless Coverage

Along with the dramatic increase in the number of mobile devices, mobile data has seen a rapid
growth in recent years. Figure 1.6 shows the monthly worldwide mobile traffic from 2016 to
2021 provided by Cisco [36]. Mobile data is expected to reach 49 exabytes per month by 2021,

which is a 7-fold increase over 2016.
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Figure 1.6: Cisco forecasts monthly mobile data from 2016 to 2021[36]

Smartphones contribute the majority of data as illustrated in Figure 1.7. By 2021, 86% data will
be produced by smartphones, followed by machine-to-machine (M2M) connections (5%). The
percentage of M2M connections will increase over the following years. By 2021, 4G will make

up 53 percent of connections and 79 percent of total traffic [36].
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Figure 1.7: Global mobile traffic growth by device type [36]

However, studies estimate that 70% of cellular calls and 90% of data traffic originate from
indoor locations [37]. If wireless communication for indoor mobile users relies on an outdoor
base station, the penetration loss caused when the signals go through the building walls would
be very high, and the situation would be even worse for areas deeper inside buildings. The ITU

provides a model for indoor attenuation, which is formally expressed as[38]

L =20log(f) + Nlog(d) + Ps(n) — 28 Equation 1.1
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where,

e L = the total path loss (dB)

e f=the frequency of transmission (MHz)
e N = the distance power loss coefficient
e d = the distance (m)

e P:(n) = the floor loss penetration factor

e n = the number of floors between transmitter and receiver [38]

Equation 1.1 shows that as the frequency (f) increases, the total path loss (L) is also increased.
However, in order to support high-speed mobile broadband, wireless services need to increase
wireless carrier frequencies. In addition, the equation also indicates that the higher the number
of floors between transmitter and receiver, the more total path loss occurs. The high attenuation
through the building material seriously affects the Quality of End-user Experience (QoE) and
the Quality of Service (QoS). QoE and QoS are the two major measurements to help providers
improve their service. QoE describes how well the network operation is satisfying users’

requirements and QoS provides many parameter requirements, such as the packet loss ratio

and latency requirement [39]. To address these issues, an indoor wireless system is required.

1.3 Current Solutions for In-building Wireless Coverage

Many solutions have been investigated for wireless indoor systems, such as small cells
(picocells and femtocells) and distributed antenna systems (DAS). These networks are deployed
to provide coverage in targeted locations by moving radio emitters closer to users. Each of the
various technologies has unique characteristics and capacities that make them most suitable for
deployment in specific environments and for resolving particular coverage and capacity
challenges. The main characteristics of small cells and DAS are introduced in the following

sections.
e Small Cells (Picocells and Femtocells)

By increasing the power levels and the cell radii of the transmitters, wireless cells can be
categorized as femtocells, picocells, microcells and macrocells [40]. Table 1 shows the typical

cell radii and transmitter power levels for each cell type.
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Power Amplifier (PA) Power:

Cell Type Typical Cell Radius Range &
(Typical Value)
Macro >1 km 20 W —-160 W (40 W)
Micro 250 m — 1 km 2W-20W (5W)
Pico 100 m — 300 m 250 mW -2 W
Femto 10m—-50m 10 mW - 200 mW

Table 1.1: Different cell radii and Tx power levels [41]

Although the cell radii for each type of cell are different, the aggregate throughputs from cells
are the same with identical conditions (such as the same channel bandwidth). Therefore, the
total capacity of an area can be increased with the help of implementing more cells with small
radii [41]. Macro-cells and micro-cells are usually used for rural areas where the user densities
are extremely low but cellular service must nevertheless be provided. In this case, the cell radius
must be as large as possible to minimise the total cell count [42]. In contrast, when user densities
in indoor areas are extremely high, picocells and femtocells are used for indoor wireless systems

to provide the required in-building capacity.

Picocells are usually found in academic campuses, hotels, airports and corporate offices.
Picocells require professional installation and maintenance and they are generally owned by
wireless service providers [43]. Picocells only support a few frequencies and only one wireless

service provider per unit. An indoor picocell supply for a floor is shown in Figure 1.8.
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Figure 1.8: Indoor Picocells system [44]

A femtocell is usually deployed in homes or by small businesses as a cell service extender. It is
connected through the existing broadband internet connection. Femtocells only support a single
service provider. Therefore, separate femtocells are needed if different services are provided in

an area [45]. Figure 1.9 illustrates the network architecture of femtocells.
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Figure 1.9: Indoor Femtocells system [46]
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¢ Distributed Antenna System

The distributed antenna system (DAS) is a promising solution for indoor wireless coverage.
The concept of DAS was first proposed by Saleh in [47]. Instead of using one pickup antenna
exterior to the building, a dedicated base station is installed within the building. In this way, the

capacity will not be shared with an external cell. A typical DAS system is shown in Figure 1.10.

Remote

A A A — Antennas ®

™ Clients

Station

Building

Figure 1.10: Dedicated indoor wireless system [48]

As shown in Figure 1.10, a typical DAS network usually consists of three primary components:
1) a number of remote antennas for the transmission and reception of a wireless service
provider’s RF signals; 2) a high capacity signal transport medium connecting each remote
antenna back to the control centre; and 3) a base station located inside the building which can

process or control the communications signals.

By distinguishing the methods used to deliver the signal to the remote antennas, the DAS system

can be categorised into passive DAS, active DAS, hybrid DAS and digital DAS.
a) Passive DAS

In a passive DAS, signals are distributed to the remote antennas with the help of passive

components. Figure 1.11 shows the architecture of a passive DAS.
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Figure 1.11: Passive DAS architecture [49]

The signal source of a passive DAS can be BTSs, eNode-Bs, Node-Bs and repeaters. RF
combining is normally used to combine signals from different receive paths, and based on the
coverage requirements, different types of antennas can be used in a passive DAS [50]. When
using passive DAS, networks are simple to design and the passive components offer high
reliability; passive DAS are usually selected as the solution for public safety applications where
economic systems with high reliability solution are required. However, passive DAS networks
are difficult to modify after the systems have been completely installed as the sectorisation is

determined by system components and hard wiring capacity [51].
b) Active DAS

Compared with passive DAS, an active DAS can be modified after installation. In an active
DAS, the sectorisation is determined by the optical connections and RF connections, which are
all allocated in the head-end equipment room. By configuring the DAS head-end units, the
system’s performance can be easily modified. The following figure illustrates a common active

DAS architecture.
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Figure 1.12: Active DAS architecture [49]

The point-of-interface (POI) tray installed between the signal source and the DAS head-end

units is used to attenuate the signal before entering the hear-end unit. The head-end unit

connects different ports from POIs, provides filters and amplifies the signal to satisfy the further

conditions of each path [52]. Radio units are used to convert the optical signals from head-end

units, and filters and amplifiers are provided by the radio units. Finally, the signals are re-

broadcasted by the antennas.

¢) Hybrid DAS

Although active DAS has many advantages, the active components used in the system lead to

a much higher cost than when employing a passive DAS. To balance the performance and the

cost, the hybrid DAS is deployed as shown in the figure below.

13
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Figure 1.13: Hybrid DAS architecture [49]

In a hybrid DAS, a remote unit with high power is used to replace the remote units with lower
power. In this way, the number of active components is reduced and fewer optical links are

installed.
d) Digital DAS

The DAS systems introduced above are all analogue DAS. The architecture of a digital DAS is

shown in figurel.14.
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Figure 1.14: Digital DAS [49]

Compared with the analogue DAS, the signal between the head-end unit and the remote radio
units is digital rather than analogue. The head-end unit converts the received signals from
analogue to digital, and then transfers the digital signals to remote radio units. The remote radio
units recover signals from digital to analogue. Apart from the same signal sources used to feed
an analogue DAS, a centralised radio access network (C-RAN) also can be used as the signal

source of a digital DAS.

The links used by DAS networks vary, and include optical fibre, coaxial cable, and twisted pair.
Compared with other media, optical fibre is easier to install because of its characteristic thin
diameter and light weight. Silica optical fibre has already been widely used for high-speed data
communications. Some of the DAS networks use single mode fibre (SMF) and some of them
use multi mode fibre (MMF) [53]. SMF has long been used as the solution for the successful
transmission of RF signals over a long distance due to its low loss and dispersion. However, the
use of small-core SMF increases the total cost and complexity of the system due to its difficulty
with connectors. As a result, MMF is commonly preferred for indoor architectures with a

moderate transmission distance as this has a lower handling cost [54].
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Optical-fibre DAS is based on radio over fibre (RoF) technology which uses optical fibre links
to distribute RF signals from the central unit to the remote antenna units. A traditional analogue
RoF system is shown in Figure 1.14 (a); the system can directly transmit RF signals over optical
fibre without demodulation. However, the RF performance of the analogue RoF system is
highly dependent on the transmission distance and linearity of the analogue optical link. Thus,
the digital RoF solution was proposed as shown in Figure 1.15 (b), which can achieve a fixed
RF performance until the Error Vector Magnitude (EVM) exceeds the system required EVM

limits , which will be discussed in more detail in Chapter 2.

Wireless | | RFFront I o/E  |— RF Front |

Services End End

(@

Wireless | | RF Front RFFront |
Services- End H ADC H DSP H E/O Of H DSP H DAC H End

(b)

Figure 1.15: (a) Analogue RoF system (b) Digital RoF system [55]

When comparing small cells and DAS networks, it can be observed that small cell solutions are
typically deployed to provide coverage or enhance capacity in a much smaller area with a single
provider. However, when a multi-service system is required in a large building with a high
density of users, a DAS network is a better solution than the small cell solutions in that it
supports multiple wireless frequencies and technologies for two or more wireless service

providers simultaneously.

The limitations of analogue RoF technology mentioned above also affect the performance of
analogue DAS system. In addition, the noise of active devices implemented in the analogue
DAS system, such as power amplifiers, also degrades the analogue signal quality. Although the
structure of the analogue DAS is simpler than the digital DAS, causing the analogue DAS to
incur a smaller cost, the analogue DAS system needs to be carefully designed to satisfy the
system requirements. Compared with analogue DAS, although the digital DAS generates a large
amount of data and more components need to be used, the high tolerance of digital DAS to
transmission impairments makes it attractive. Moreover, the digital DAS system can be

controlled and monitored by adding control bits to the system’s internal data frame [56]. For
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these reasons, the digital DAS is proposed to be a potential solution for in-building wireless

systems.

1.4 Digital DAS over Ethernet

Digital DAS (DDAS) has been developed by many companies because it provides good RF
performance, can be integrated with existing networks, and has a central remote control
capability. A DDAS network for in-building wireless systems has been developed by Tongyun
Li [55] in the Centre for Photonic Systems (CPS) of the University of Cambridge. The system
contributes a data compression technology which improves the spectral efficiency of the CPRI
approaches threefold. Due to the bandwidth limits of the current physical layer and its poor
physical layer constraints, integrating the current DDAS system with an existing network with
a reliable physical layer is becoming necessary. Since the Ethernet standard has been developed
for many years and it is widely adopted worldwide, to integrate the current DDAS over Ethernet

has been considered the solution for the above issues.

Applying Ethernet to the mobile communication fronthaul transport network has already been
standardised as IEEE 1914.3--- Radio over Ethernet (RoE) [57]. The IEEE 1914.3 is an open
standards draft effort to specify encapsulation formats and a transport protocol for the cellular
radio fronthaul network. The aim of RoE standard is to define a native encapsulation header
format for time sensitive radio data. Some technologies, such as sequence numbering and
timestamping, have been developed to enable time synchronisation for RoE packets [58]. The
CPRI defines the connection between Radio Equipment Control (REC) and Radio Equipment
(RE) of radio base stations in legacy systems. Furthermore, eCPRI has been determined for
next generation wireless technology as it connects eREC and eRE through fronthaul transport
network, which is standardised by RoE [59].

1.5 Thesis Outline and Original Contributions

The aim of this thesis is to study and develop a reliable multi-service in-building digital

distributed antenna system over Ethernet protocol (Eth-DDAS).
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Chapter 2 reviews the current state of radio over fibre technology for distributed antenna
systems. It also discusses the software-defined radio technology which constitutes the
foundation of implementing the DDAS system. In this chapter, data conversion technology is
also reviewed. In addition, the fundamentals of Ethernet protocol are discussed and the start-

of-art performance of radio over Ethernet is presented.

Chapter 3 introduces the DDAS with data compression technology as previously investigated
by Tongyun Li. A multi-service DDAS concept is demonstrated experimentally for the first time.
Two services (LTE and WCDMA) are transmitted simultaneously over DDAS and the results
are analysed. In addition, a full-service neutral host DDAS has been studied, designed and
tested for the first time in collaboration with the Beijing Institute of Aerospace Control Devices
(BIACD). The full-system is designed to meet the indoor wireless requirements of China Tower
Ltd.

Original Contribution:

o Demonstrated a multi-service DDAS for the first time.

o Studied a full-system DDAS in collaboration with BIACD.

Chapter 4 theoretically and experimentally demonstrates the Ethernet layers implemented for
DDAS. The architecture of the Eth-DDAS is introduced and the details of each module
implemented using FPGA is also discussed. The system is tested and the results are

subsequently analysed.
Original Contribution:

e Proposed a DDAS toward Ethernet Protocols.
o Implemented the Eth-DDAS on FPGA.

o Three experimental setups are tested based on the Eth-DDAS.

Chapter 5 extends the implementation in chapter 4 into a real-time solution. With the help of an
ADC/DAC card, the Eth-DDAS is designed and tested with the RF signal.

Original Contribution:

o Implemented an FMC interface between the ADC/DAC card and the FPGA.
o Combined the FMC interface with the system implemented in chapter 4.
o Demonstrated the Eth-DDAS with RF signal.
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Chapter 6 concludes the thesis and ideas for future work are discussed.
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Chapter 2 Review of Radio over Fibre Technology

2.1 Review of Radio over Fibre Technology

2.1.1 Analogue Radio over Fibre Architecture

The radio over fibre (RoF) concept was first proposed in the early 1990s [60]. It is now used as
an efficient networking technology worldwide for providing last-mile wireless coverage in a
service agnostic manner. The RoF architecture allows one to deliver a radio frequency (RF)
signal by modulating the signal onto an optical carrier and transporting it over optical fibre.
Compared to other traditional transmission media such as coaxial cables, the use of optical fibre
has many advantages. Firstly, the fibre is compact and light, easy to install, and is reliable. It
solves installation problems in instances where the weight of communication media is
important, such as optical airborne, and some maritime applications [61]. Secondly, the
attenuation of fibre is much lower than for coaxial cable. Therefore, the signal can be
transported much further without any amplification [62]. Thirdly, since fibre is electrically
isolated, the equipment will not be damaged by lightning or other electric discharge [63].
Fourthly, another advantage of optical fibre over coaxial cable is its bandwidth. By using
multiple wavelengths through a single fibre, bandwidth is greatly increased [64]. It is a cost-
effective solution for converging wide band signals, without the need for complicated RF

conversions.

The basic structure of an RoF wireless distribution system is shown in Figure 2.1.
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Figure 2.1: Structure of RoF wireless system.

As shown above, a typical RoF wireless distribution system generally consists of a base station
(BS), a central hub, an optical fibre link, and a remote unit (RU). Depending on the signals
transported over the fibre, the RoF system architecture falls into one of three main categories:

direct analogue RF over fibre, intermediate frequency (IF) over fibre, and digital over fibre [65].
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Compared with digital system, the main advantage of analogue system is it has infinite amount
of signal resolution. Moreover, the analogue system is easier implemented because fewer
components are needed. However, the primary disadvantage of the analogue system is the signal

distortion and loss incurred and system noise added cannot be recovered.

Figure 2.2 indicates the architecture of direct analogue RF over fibre.
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Figure 2.2: RF over fibre architecture.

In the direct analogue RoF system, the RF signal from the base station directly modulates the
laser diode (LD) to create an optical carrier, which is then transported over the optical fibre to
the remote unit (RU). At the RU, a photodiode is used to recover the signal back to its electrical
form, which is subsequently amplified before being transmitted by an antenna [66]. Compared
to the direct analogue RF over fibre system, the IF over fibre architecture requires a stage to
perform conversion from RF to IF, prior to optical transmission. The IF over fibre architecture

is shown in Figure 2.3.
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Figure 2.3: IF over fibre architecture.

The difference between RF over fibre and the IF over fibre is the signal frequency transmitted
over the optical link [67]. As shown in Figure 2.3, a frequency conversion stage is added for
the IF over fibre system. By reducing the signal frequency transmitted over the optical link, the
effect of dispersion is also reduced [68]. Therefore, some cost-effective fibres (e.g. multimode

fibre) can be used in these systems.
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2.1.2 Digital RoF systems

The key advantage of the analogue RoF described above is its capability for carrying multiple
wireless carriers onto a single fibre infrastructure, and using the simplest RU, composed only
of E/O and O/E conversions for RF coverage. Compared to traditional BS architecture, this
distributed antenna system (DAS) effects significant cost of coverage extension savings [69].
However, it also comes with the cost of high transmission losses, nonlinear distortion, and more
importantly, difficulty integrating with existing digital infrastructures. As Cloud radio access
networks (C-RAN) are proposed as the next generation RAN architecture for 5G [70], and has
already been adopted by major telecom vendors [71],[72], a key debate has emerged about
whether digital transmission will be essential for network convergence in the future. Small cells
(described in the previous chapter) with both baseband and RF processing, housed in a single
enclosure, are able to directly connect to the digital network through home broadband, due to
its relatively low backhaul bandwidth requirement. However, these are primarily designed as
single-service and single operator systems, though some neutral host smalls are recommended
[73][74]. When wide-area coverage is required, the cost of deploying small cells becomes
substantial. To reduce this cost, C-RAN architecture suggests a functional split in small cells
by moving the RF functionalities to the remote radio unit (RRU), and centralising the baseband
processing at the baseband unit (BBU), creating so-called wireless fronthaul. A digital fronthaul
interface is defined in between to transport wideband digital RF signals over fibre. This digital

RoF architecture is currently the most commonly adopted form of last-mile wireless coverage.
e Cloud Radio Access Networks (C-RAN)

A cloud radio access network (C-RAN) represents the new evolution of RAN architecture. C-
RAN architecture offers increased performance, enhanced flexibility, and reduced cost in
mobile fronthaul networks. Previously, the base station in a RAN network architecture
comprised two elements: a remote radio head (RRH) and a baseband unit (BBU). These two
elements are interconnected via the CPRI [75]. The BBU is connected to the mobile switching
centre (MSC) for more control functions. The previous RAN network architecture is shown in

Figure 2.4.
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qm

N

RAN Network Core Network External Network

Figure 2.4: Previous RAN network architecture.

In C-RAN architecture, however, the BBU is reallocated from the individual cell to a centralised
BBU centre, as shown in Figure 2.5. The BBU centre can be housed in a central office.
Removing the BBU from the cell site can reduce the costs associated with space, heating,

cooling, power, and test access. Moreover, the centralised topology simplifies networks [76].
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Figure 2.5: C-RAN network architecture.

Although the C-RAN architecture has many advantages, it also brings new challenges. The bit
rate in a fronthaul network is very high. For example, a 20MHz bandwidth LTE sector with 2x2
multiple input multiple output (MIMO) requires an approximately 2.5 Gb/s data rate, and a
typical three-sector cell requires a data rate of 7.5Gb/s [77]. The traditional RAN network

infrastructure is designed to carry a much lower bit rate. To improve transport capacity, optical
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fibre is implemented. However, this transport solution results in significant consumption of
optical fibre links, particularly in the area where population density is large. As a result,
installing a fronthaul network using existing infrastructure is proposed as the most economical
solution. Due to the maturity of Ethernet and its wide adoption, using Ethernet as the fronthaul

network for C-RAN is considered the best solution.

Compared to the analogue RoF system, the digital system uses an analogue-to-digital converter
(ADC) to first convert the analogue signal to a digital signal. Then, the digitised signal is
processed and transmitted over the optical fibre link. After the optical signal is recovered by the
photodiode, the digital signal is converted to analogue signal using a digital-to-analogue
converter (DAC). The analogue signal is recovered and emitted by the antenna. The basic
architecture of digital RoF is shown in Figure 2.6. The digital RoF completely removes the
impact of nonlinear distortion, noise, and losses caused during optical conversions and

transmission. The system can be lossless until error free transmission is lost [78].
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Figure 2.6: Digital signal over fibre architecture.

Traditional analogue RoF requires a dedicated infrastructure to be created, because the
optoelectronic modules required in a RoF system have to be specifically designed to support a
wideband analogue signal, and optimised for high carrier frequencies. Digital RoF systems,
however, can utilise off-the-shelf digital transceiver modules, allowing for fast rollout and
network deployment in a cost effective manner. There is a trend of converging all
communication services onto a single network infrastructure, including mobile services, TV,
and Ethernet data [79]. Digital RoF has become a promising candidate for enabling highly
efficient network convergence. The current challenges of digital RoF arise from two aspects.
Firstly, the bandwidth requirements for digital fronthaul are extremely high, and thus, an
expensive infrastructure (typically over a 3G network) has to be created in neutral host scenarios.
Secondly, no standard protocol has to date been fully developed for allowing digital fronthaul
to be carried over an existing infrastructure such as Ethernet, without causing any latency issues.

Recent development in radio over Ethernet (RoE) and eCPRI standards present a leap forward
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towards fully converged networks. In this thesis, the two challenges noted here are addressed

in a different to avoid loss of flexibility in existing digital networks.

2.2 Digital RoF Interfaces

In recent years, many researchers have studied digital DAS technology, and the digital DAS
system is currently widely implemented worldwide. To standardise specifications, two
standards have been released: the common public radio interface (CPRI) [80] and the open base
station architecture initiatives (OBSAI) [81]. In addition, to satisfy the next generation fronthaul

interface, eCPRI and radio over Ethernet are being studied.
2.2.1. CPRI

CPRI is an industry cooperation protocol used to standardise the specifications for the internal
interface of radio base stations between the radio equipment (RE), which is located in the RRH,

and the radio equipment control (REC), which is located in the BBU [82].
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Figure 2.7: CPRI connection in a base station [83].
CPRI is defined with respect to different functions including control, transport, and connectivity.
To provide the required functions, three information flows are transported over the interface:

control and management plane data, user plane data, and synchronisation plane data. The

following figure shows the system and interfaces of CPRI.
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Figure 2.8: CPRI system and interface definition [80].

As shown in Figure 2.8, CPRI is used to define the interface between the REC and RE. The
REC and the RE are defined by two layers. Layer one is the physical layer that supports both
optical interfaces and electrical interfaces. This layer defines the optical and electrical
characteristics. Layer two enables the scalability and flexibility of CPRI. The control and
management plane data, the user plane data, and the synchronisation plane data are included in
the second layer to support different applications, and to allow for the separate technological
evolution of REC and RE [84]. The control plane is used for call processing. The management
plane is used for administration, operation, and maintenance of the CPRI link. The user plane
is used for transferring data between radio base station and the mobile station. The

synchronisation data flow transfers timing information for the system [84].

From the CPRI specifications defined for quality of service, the maximum absolute round trip
delay per link, excluding cable length, is Sus [80]. The round trip delay includes the downlink
delay and the uplink delay.

2.2.2 OBSAI

The aim of OBSALI is to create an open market for cellular base stations. As communication
infrastructures need to provide sufficient capacity for mobile users, the deployment of a large
number of base stations with sufficient capacity is a key challenge for cellular operators. Due
to the basic modular architecture and the relatively detailed specifications of the base stations,
with the help of the OBSAI open market, development costs can be reduced for new base station

products [85].

Digital RoF systems also have limitations. The performance of the digital system is limited by
the sampling bandwidth and resolution of ADCs and DACs. Thus, the selection of ADCs and

DAC:s greatly influence system performance.
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2.2.3 RoE and eCPRI

As noted in a previous section, C-RAN reallocates the BBUs from each cell to a centralised
BBU centre, and Ethernet is proposed as the solution for installing the fronthaul network, as

shown in figure below.
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Fronthaul
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Figure 2.9: Next generation fronthaul interface.

As shown in Figure 2, 10, the eCPRI is used to connect the eREC and eRE. Similar to CPRI,
eCPRI supports data transport, management and control mechanisms, and synchronisation.
Additionally, eCPRI allows for radio data to be transported via a packet-based network, such
as Ethernet [86].

eCPRI Radio Equipment Control (eREC)
Control
User Plane Sync & Mgmnt
| I:] Scope of this specification
eCPRI Standard eCPRI Standard
specific Protocols - specific Protocols
Transport Network Interface / Transport Network Interface
Transport Network Layer e Transport Network Layer

Figure 2.10: The eCPRI system and interface [87].

To map radio data over Ethernet, IEEE 1914.3- radio over Ethernet (RoE) is standardised but
has not yet been published. The main aim of this standard is to specify encapsulations and
mappings when radio data is transported via the fronthaul network. As radio data is time-

sensitive, this protocol also supports time-synchronisation with the help of timestamping, or a
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sequence number. From the specification draft, the basic format of RoE is presented in Figure

2.11.

Ethernet Frame \ 4
Preamble + SFD Reserve RoE
) EthType
MAC DA
MAC SA
Implementation
. EhType / Operational
Clarifications
(only when
necessary)
FCS
InterPacket GAP Define RoE

encapsulation

Figure 2.11: RoE format scope [88].

The Ethernet packet remains unchanged and the EthType field is replaced to define the RoE
EthType, while the payload field of the Ethernet frame is used to define RoE encapsulation.

The RoE encapsulations specify a RoE common header format, which is shown in Figure 2.12.

0 8 16 ‘24 31

I o o

ver pktType flowID length
orderinginfo

L ..payload bytes.. !

Figure 2.12: RoE common header format [88].

This common header is shared by all RoE packets. A timestamp or a sequence number is carried
by this header; the type is decided by pktType; flowID is used to multiplex multiple flows
between source and destination; length indicates the total length of the frame, excluding the

length of the common header.
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2.3 Technologies for Data Conversion

2.3.1 ADC Sampling

Sampling is a core aspect of analogue-to-digital conversion. In order to store a continuous
analogue waveform as a digital form, the signal has to be discretised. This process is called
‘sampling’ [89]. Rather than storing the entire original wave, the amplitude of the wave at a
particular time is recorded. One major consideration behind sampling is the sampling rate. The
number of samples per second is called the ‘sampling rate’ or ‘sampling frequency’ [90]. If a
signal is sampled at too low a sampling frequency, the output samples cannot accurately
represent the original signal, and the reconstructed signal will have a lower frequency
bandwidth. This problem is called ‘aliasing’ [91]. The use of the Nyquist theorem [92] can avoid
aliasing a signal. This theorem simply defines that the minimum sampling rate (F;) which must

be at least double the maximum frequency of the signal (f,).
Fs > 2f, (1)
Aliasing will occur if F; < 2f,.

Consider an analogue signal, x(?), and its digitised signal, x/n/=x(nT,). Here, Ty = 1/F; (F; is
the sampling frequency).

xs(t) = x[n] = Xre_ o x(0)6(t — nTy) 2)
where §(t — nTy) is a periodic impulse signal.

By applying the Fourier transform to both sides of the equation:
1 v k
X(F) = 2T X(f =) G)

Since Ty = 1/F;, equation (3) can be presented as:

Xs(f) =K Zlcéo=—ooX(f — kF;) 4)

Figure 2.13 shows the frequency domain representation of this scenario.
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Figure 2.13: Nyquist zones.

As shown in Figure 2.13, the frequency spectrum from DC to half of the sampling frequency
(0.5F,) is defined as the Nyquist bandwidth. From equation (4), the range of k is from -oo to oo,
and therefore, the frequency spectrum can be divided into an infinite number of Nyquist zones.
The width of each Nyquist zone is 0.5F;. Sampling can introduce new frequencies and duplicate

the spectrum of the original signal. In order to reconstruct the original signal, a low pass filter
is used [93].

2.3.2 Quantisation

Quantisation refers to the process where an analogue input value is mapped to a discrete level,
represented by a sequence of bits or a digital code. The number of discrete values for a code, or
the quantisation level, is dictated by the input signal voltage reference and the resolution of the

ADC [94]. Since the ADC uses a binary code, the number of levels in the ADC can be encoded

to the nt"* power.

Number of quantisation levels = 28 (5)
Here, B represents the resolution of the ADC.
For example, a 3-bit ADC can provide 8 (23) quantisation levels.

Resolution is an extremely significant parameter for an ADC. An ADC with a high resolution
ensures minimal difference between an original signal and its sampled form. Figure 2.14 shows

a signal prior to and following sampling.
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4LSB

- 3LSB

— 2LSB
— LSB

Figure 2.14: Signal before and after sampling.

The magnitude of the analogue signal difference between two consecutive levels, or the
minimum change in signal voltage required to guarantee a change in the output code level, is

known as the least significant bit (LSB) [95]. LSB is defined as:
14 ef
LSB = —2 (6)

Here, Vg s represents the maximum voltage reference of an ADC. For example, a 3-bit ADC

with a voltage reference of 5V, LSB = 5?‘/ =0.625 V.

The difference between the original signal and the quantised signal is defined as the quantisation
error or quantisation noise. Figure 2.15 shows an ideal quantized noise the green curve
represents the original signal and the red curve describes the quantised signal. The difference

between these two signals, ‘e’, is the quantisation noise.

7_
f

Figure 2.15: Quantisation error.

The maximum quantisation error is half the level step of a quantisation level:

LSB LSB
_TSeq(n) ST (7)

The ideal quantisation noise can be written as a function of time, as shown in the figure below;

this sawtooth waveform has a peak-to-peak amplitude of q, the size of an LSB.
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Figure 2.16: Quantisation noise sawtooth waveform [96].

From this sawtooth module with slope of s, the quantisation noise can be given by:

e(t) = st te (—%,%) (8)
The mean-square value of e(t) is:
2 = Lalae ©)
Simplifying this equation:
IO =% (10)

The root-mean-square (RMS) error is giving by:

RMS quantisation noise = |e?(t) = \/% (11)

As the signal-to-quantisation-noise ratio (SQNR) is widely used to measure the performance of
an ADC, it is defined as:

SQNR = Zsienal 196 (12)

noise

Assuming a full-scale (FS) input sine wave:
N
Input FS sine wave = v(t) = %sin (2rft) (13)

The root-mean-square of this input signal is:

N
RMS value of FS input = % (14)

Therefore, the SQNR for an ideal N-bit converter is:
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RMS value of FS input

RMS quantisation noise

SQNR = 201log;, (15)

q*2N/2V2 3
SQNR = 20log,p—————— = 201lo 2N 4+ 20lo =
Q 810 q/\/ﬁ 810 810 >

SQNR = 6.02N + 1.76 dB
The quantisation noise can be decreased by increasing the resolution of a converter.

2.3.3 ADC Dynamic Range

The dynamic range of an ADC is the ratio between the maximum input voltage and the

minimum input voltage that the ADC can convert [97].

maximum input voltage dB 16
minimum input voltage ( ) ( )

Dynamic Range = 20logq

For example, consider a 12-bit ADC with full scale voltage of 5V. The minimum input voltage

that this ADC can convert is 1.22mV and the dynamic range is 72.2 dB.

2.4 Software Defined Radio

Software defined radio (SDR) is a communication radio system that has been used for a number
of years. Instead of using traditional hardware components, the software on a computer or

embedded system is used to define the radio system [98].

As two A/D converters are needed when the analogue baseband real signal is translated to the
analogue baseband complex signal, in order to reduce the number of analogue components, the
analogue RF signal is down-converted to IF signal instead of baseband signal before the signal

is digitised by the A/D converter as shown in Figure 2.17.

An SDR receiver block diagram is shown in Figure 2.17. Here, an analogue RF signal is applied
to an RF tuner, which down-converts the RF signal to an analogue IF frequency. The A/D
converter digitises the IF signal, creating digital signals. Then, the digitised signal is transmitted

to Digital Down Conversion (DDC), which uses a two-step signal processing process. A
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complex digital mixer and local oscillator are applied for the first stage. This converts the IF
signal down to a complex baseband signal [99]. The second stage involves using a baseband
complex digital FIR low-pass filter that matches the desired bandwidth of the received channel.
All the signals outside of the bandwidth are removed. Since the low-pass filter output is band
limited, an appropriate sampling rate is set according to the Nyquist limit. To reduce sample
numbers, decimation is used, that is, keeping one out of every N samples and disregarding
others [100]. N is the decimation factor and it is the ratio of the input sample rate to the
decimated output sample rate. If the decimated output sample rate is kept above the Nyquist
limit, no information is lost. Decimation has many benefits; for example, allowing the FPGA
to process data more easily, because fewer samples with the same information are processed.
Since the data can also be transmitted at a lower rate, a cheaper channel can also be used, or

more channels can be transmitted within a particular channel bandwidth [101].
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ue IF digital ! Digital Down Converter | digital
signal IF | baseband
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T ADC 1 digital low-pass
uner | - ;
I mixer filter !
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: local :
! oscillator :
1 1

Figure 2.17: SDR receiver block diagram.

The block diagram of the SDR transmitter is shown in Figure 2.18. This is exactly the inverse
signal processing scheme to the receiver. The Digital Up Converter (DUC) is used to translate
these complex digital baseband samples to real IF samples, which are fed into a DAC converter,
which converts the digital IF samples to an analogue IF signal. An RF up converter then

translates the analogue IF signal to the RF signal [99].

The DUC again uses a two-step signal processing operation: the signal passing through an
interpolation filter and a complex digital mixer. The digital mixer generates one output sample
for each of its two input samples. The main function of this digital mixer is to translate baseband
samples up to the IF frequency. As the mixer must deliver output samples at the DAC sample
rate of F, the rate going into the mixer and the rate coming out of the mixer must equal F. As
the input signal has a lower frequency of F;/N (N is the decimation factor), and since the mixer

requires a higher frequency, an interpolation filter is applied to increase the sampling rate of the
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complex baseband input signal, in order to match the required rate for the mixer. The
interpolation factor N is the ratio between the interpolated sample rate and the input sample rate
[99].

After the complex digital baseband samples have been processed by the DUC, the signals are
converted to real digital IF samples. Then, a DAC that has the same resolution as the ADC is
used to convert the digital IF samples to the analogue IF signal. The final step is to translate the
analogue IF signal to the analogue RF signal, using an RF up converter, which is generally
implemented by a crystal oscillator or a PLL in order to produce the desired high frequency.

Following this, the RF signal is broadcasted as the signal reception for users [102].

Complex | pioital up converter | Real
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samples ! | . . . I
——— | interpolation digital ; p. DAC
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Figure 2.18: SDR transmitter block diagram.

2.5 Technologies for Networking Architecture

Before implementing the DDAS system over Ethernet, it is important to have an understanding
of the network model and Ethernet. The open source interconnects (OSI) model and Ethernet
family tree are reviewed in this section. More information about Ethernet is introduced in

Chapter 4, as it is relevant to the experiment design.
2.5.1 OSI Model and TCP/IP Model

The open source interconnect (OSI) model is a conceptual stack of seven layers that can be used
as a reference to assist an understanding of how networks operate. The seven layers are shown

in the figure below.
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Figure 2.19: OSI model [103].

Layer one is the physical layer. The main function of this layer is to carry data across physical
hardware, such as Ethernet cables. Layer two is the data link layer. The physical addresses,
including the source and destination MAC addresses, are added to the data in this layer.
Switches are operated at the data link layer [104]. The network layer handles IP addressing and
routing. The source and destination IP addresses are added to the data. Routers are operated at
this layer. The transport layer of the OSI model adds the transport protocols, such as TCP and
UDP [105]. The router port number is also added at this layer. Layer five is the session layer.
The key responsibility of this layer is to establish and terminate connections between devices.
The presentation layer formats the data in a way that the receiving application can understand.
This layer is also able to encrypt and decrypt data if needed [106]. Layer seven is the application
layer and uses applications can communicate at this layer. Application specific protocols are
also used at this layer, such as the simple mail transfer protocol (SMTP), which is the protocol

for sending email [107].

The TCP/IP (transmission control protocol and internet protocol) model is one of the most
popular models which maps onto the OSI model. TCP/IP is the standard for modern data
communications across all networks. It provides a complete system for packetising, addressing,
transmitting, routing and receiving data on a network [108]. The layers of the TCP/IP model

are shown in Figure 2.20.
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Figure 2.20: TCP/IP model [108].

The top three layers of the OSI model are implemented using the application layer in the TCP/IP
model. Applications make requirements and allow a computer to communicate with other
computers by performing tasks. The task of the application layer is to send files and information

to the transport layer [109].

The transport layer, or TCP layer, defines how the data received from the application layer will
be sent to the desired location. Since the received data is typically too large, the transport layer
first breaks down the information into smaller parts called packets. The TCP provides reliable
transmissions. If a packet is lost in transmission, the protocol responds that it has not arrived
and requests that it be resent [110]. In contrast, the user datagram protocol (UDP) is an
unreliable form of transmission. If a packet goes missing in transit, it is not resent. However,
since UDP is faster, it is often used for low latency applications such as videos. Packets are sent
individually to the network, and since the receiver needs to know the order of the packets. TCP,
therefore, adds a header to each packet, containing instructions as to the order in which the

packets should be reassembled [111].

Once the Internet layer, or IP layer, receives packets from the transport layer, the IP address is
added to each packet. The IP address is the exact location on a specific network. The main
function of the Internet layer is to address each packet with the proper source address and

destination address, so that the packet knows where it came from and where it is going [112].

The network access layer is the central hub through which all information in the medium passes.
Ethernet, Wi-Fi, and Token Ring are all technologies for network access. To locate the target,

each network device has a unique number, a media access control (MAC) address, which is
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provided by the manufacturer when the device is produced [113]. In order to communicate with
the desired device, the source and destination MAC addresses are added to each frame at the

network access layer.

2.5.2 Ethernet Technology

2.5.2.1 Ethernet Family

The Ethernet standard has been developed over many years. Ethernet equipment has always
been designed to be cheap and quick to set up. Although it does not have Quality of Service
functions of past telecommunication systems, it has been found that, provided the system
capacity is sufficient, transmission is extremely reliable [114]. It has become the primary
networking protocol for the local area network (LAN), and was first standardised as IEEE802.3
in 1983. Following decades of development, various Ethernet technologies with different
ranges, speeds, and transmission media have been introduced. IEEE802.3 has since become a
collection of Ethernet protocols and standards [115]. In this thesis, the NetFPGA-SUNE board
is used as the developing board which supports 4 Small Form Factor Pluggable Plus (SFP+)
modules. IEEE 802.3 10GBASE-R protocol is used as the standard for these 4 SFP+ modules.
Here, 10G means the system supports data rate of 10 Gigabit per second, BASE stands for
baseband and R indicates the physical layer encoding type is LAN PHY. 10 Gigabit Ethernet
protocol was first published in 2002 in IEEE 802.3ae [116]. This release was published to
support fibre optic medium. More details about how to use SFP+ modules on NetFPGA are
introduced in Chapter 4.

2.6 Conclusion

Radio over fibre technology has been under development for many years. Due to the limitations
of analogue RoF technology, digital RoF has been used to improve in-building DAS system
performance, with the help of monitoring and controlling functions. With increasing mobile
data, the current transport links of the in-building DAS system cannot provide sufficient
bandwidth. As such, a new technology with an economical topology is required. As the widely-
adopted Ethernet system has continued development, and as the technologies mature,
implementing a built-in DAS system based on the Ethernet infrastructure is considered a
solution to the issues. This thesis aims to implement a built-in digital DAS over Ethernet

protocol.
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Chapter 3 : Multi-service DDAS

As mentioned in Chapter 2, a key advantage of DDAS is the capability of transmitting multi-
service multi-operator RF carriers over a single optical infrastructure. This neutral host DDAS
allows infrastructure sharing among several service providers, and thus becomes a cost-
effective and reliable architecture to deliver indoor wireless coverage, especially for large
buildings. The traditional CPRI standard has defined a digital interface between baseband unit
(BBU) and remote radio head (RRH) for last-mile wireless coverage. However, such an
approach requires excessive digital bandwidth for relatively narrow band RF carriers, e.g. a
single 20MHz LTE channel requires a 1.25Gbps link. Typically, there are 3-4 major mobile
network operators (MNOs) in any given region. In a situation where all 2G/3G/4G services
from the three MNOs are to be carried over a single digital fronthaul, current architecture
(BBU+RRH) using CPRI is unsustainable; this is because of the rapid growth of bandwidth and
increasing numbers of antennas for technologies such as using massive MIMO technology. To
make the digital transmission more efficient, a novel compression technique has been
introduced in [55] showing wide RF dynamic range with a compressed data rate of 400Mbps

for a single LTE channel, which is 3 times more efficient than CPRI.

In this chapter, the multi-service DDAS concept is demonstrated experimentally for the first
time. Two services are transmitted simultaneously over DDAS and the results are analysed. The
DDAS architecture is explained in Section 3.1.1. The theory of the system is explained in
Section 3.1.2. The system experimental setup and the test results are then described in Sections
3.1.3 and 3.1.4. To deeply understand the multi-service system, a full-service neutral host
DDAS designed and built by Beijing Institute of Aerospace Control Devices (BIACD)

explained and tested in Section 3.2. Section 3.3 provides the conclusion.

3.1 Novel Low Bit-rate Multi-service DDAS

3.1.1 System Architecture

A novel method for efficiently transmitting a digitised radio service over an optical link to
provide wireless coverage has been previously investigated by Tongyun Li from the University

of Cambridge [55]. The multi-service digital RoF system architecture is shown in Figure 3.1.
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Figure 3.1: Multi-service digital DAS proposal [55]

This system includes a central DAS module and a remote module. Various wireless services
generated by conventional access points or base stations are fed into the central DAS module.
The signals are then converted to IF signals and processed with an automatic gain control
(AGC). Before the signals are processed by the FPGA board, an analogue-to-digital converter
is used to convert the analogue signal to digital signal. Then the digital signals are processed
with the DAS module in four stages: digital down conversion (DDC), data compression, data

packetisation and transmitter modulation.

The remote module, connected to the DAS module via an optical fibre or coaxial cable, recovers
the received signals. After the processed signals are received by the receiver, the data is firstly
depacketised, then recovered by the interpolator and digital up conversion (DUC) will be
applied. The digital signals are then converted to analogue and up-converted to the original
carrier frequency. At the far end of the link, the remote distributed antenna units receive the

recovered analogue signals for signal transmission.

3.1.2 System Operation

The data processing implemented on the FPGA provides a data compression algorithm. By
using the compression algorithm, the spectral efficiency is improved. Figure 3.2 illustrates the

modules which are implemented on the FPGA of the multi-service DDAS.
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Figure 3.2: Block diagram of the multi-service DDAS on the FPGA
To explain the algorithm simply, a 20MHz bandwidth LTE channel is used as an example.

The IF LTE signal with the 20MHz bandwidth at a centre frequency of 31.25MHz (the centre
frequency of the first Nyquist Zone) is used as the analogue input signal fed into the system.
The IF signal is then digitised by the ADC and compressed from 14-bit to 8-bit by the IF Data
Compression block. Digital down conversion is applied to convert the IF signal to baseband
where spectral redundancy is removed by applying a finite impulse response (FIR) filter. By
decreasing the sampling rate from 150MHz to 25MHz, the 8-bit IQ data stream is compressed

again at baseband.

For the remote module, the received data is firstly recovered by changing the sampling rate
from 25MHz to 150MHz. Then the restored data is processed by a matched FIR filter. Data up
conversion then reassembles the signal into its original IF format. Then the reconstructed 14-
bit signal is transmitted to the DAC for conversion to an analogue signal. After digital
processing, the 14-bit data at sampling rate of 150MHz is compressed to 400Mbps
(8*25Mbps*2).

By comparison, in CPRI the sampling rate for the LTE signal with a 20MHz bandwidth at
baseband is 30.72MHz [80]. To transmit 16-bit resolution data for both in-phase and quadrature
signals, a digital RoF link with at least 983.04Mbps (30.72M*16*2) is required. As the CPRI

introduces control words and the system must meet dynamic range requirements, a 1.25Gbps
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link has to be installed to transmit a 20MHz LTE signal. Hence, by using the data compression

algorithm, the spectral efficiency is improved by a factor of three over the CPRI approaches.

3.1.3 Experimental Setup

In order to test the performance of the multi-service DDAS system, two services generated from
vector signal generators are fed into the FPGA-based DDAS platform as shown in Figure 3.3.
In the DAS module, LTE signals with three different bandwidths (10MHz, 15MHz and 20MHz)

are generated by a signal generator and fed into channel 0 of the system as signal sources.
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Figure 3.3: Experimental setup

As shown in Figure 3.3, two R&S SMW200A signal generators are used as signal sources for
generating an LTE signal and a WCDMA signal. A Terasic data conversion card with two 14-
bit ADC channels and two 14-bit DAC channels with a 150MHz sampling rate is connected to
a Terasic DE4 FPGA [117] through a High-Speed Mezzanine Card (HSMC) connector. As the
DE4 FPGA does not support Small Form Factor Pluggable (SFP) modules which are widely
used as optical link interfaces, a Terasic SFP-HSMC board is connected to the FPGA to provide
the SFP interfaces and 1.25Gbps optical SFP modules are installed in this system. Two-metre
long single-mode optical fibres are used as the optical links between the centre module and the
remote module. The system performance is tested and analysed by connecting the DAC output

to R&S FSQ Signal Analysers. The FPGAs are programmed by using Altera Quartus. In this
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experimental setup, channel 0 is used for transmitting an LTE signal and channel 1 transmits
the WCDMA signal.

3.1.4 Experimental Results

To assess the performance of the system, the transmitted signal quality and the system dynamic
range of channels 1 and 2 are tested. For channel 0, LTE signals with bandwidths of 10MHz,
15MHz and 20MHz respectively are fed into the system. The error vector magnitude (EVM)
results with different input modulation formats (64QAM, 16QAM and QPSK) are tested.

In CPRI, the sampling rate for baseband 10MHz bandwidth LTE is 15.36MHz, for 15MHz
bandwidth LTE it is 23.04MHz and 30.72MHz sampling rate for 20MHz bandwidth LTE [80].

e Test Results of Channel 0:
a) Channel 0 EVM performance of LTE signals with 64QAM modulation

Figure 3.4 indicates the EVM performance of channel 0 when the power of LTE input signal is
varied from 0dBm to -60dBm. In LTE, 64QAM is defined as the highest order modulation

format and the EVM requirement is 8%. This sets a key requirement on the experimental work.

EVM performance with different bandwidths under
64QAM modulation
14

o \\ ro
‘N

> 8
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0
-60 -50 -40 -30 -20 -10 0

Input Power (dBm)

Figure 3.4 Channel 0 EVM performance with different bandwidths under 64QAM

43



3.1 Novel Low Bit-rate Multi-service DDAS

From Figure 3.4, it can be seen that the curves of EVM performances v. input power represents
a U-shape. The EVM is small in the middle and becomes larger when input power increases or
decreases. This is because when the input power is very small, signals are corrupted by noise

and the signals suffer distortion when input power becomes larger.

The yellow curve in Figure 3.4 indicates the EVM performance for the 20MHz bandwidth LTE
when the input power varies from 0dBm to -50dBm. As the EVM requirement for 64QAM is
8%, the dynamic range of channel 0 for 20MHz bandwidth LTE is approximately 42dB, the
dynamic range for 15MHz bandwidth is approximately 44dB and that for 10MHz is around
48dB. From this figure, it can also be found that decreasing the bandwidth of the input signal

can increase the system dynamic range.

The following figures are the 64QAM constellation diagrams for 10MHz and 20MHz
bandwidth LTE at input powers of -10dBm, -40dBm and -50dBm. Comparing the constellation
diagrams of LTE signal with 10MHz bandwidth at different input powers, it is very easy to find
that the transmission quality is very poor when the input power is -50dBm. The result is the
same for the LTE signal with 20MHz bandwidth. Comparing the constellation diagrams with
the same input power but different bandwidths, it can be found that the LTE signal with I0MHz
bandwidth has a better transmission quality than the signal with 20MHz bandwidth.

10MHz, -10dBm 10MHz, -40dBm 10MHz, -50dBm
15 B ] ; | 15 I ; I
1.0 . To— A PR N W e B n V-
11)5— A N, 5 . «1.5— i{"a i 2“‘—: 11.5—- .-E«.-’;" e
L o — ,|0A5— Ii g g ":i_ ,|0.5— LT 'ul M
\ E b | ol l{ ool P L
10 . a— b e — 10— R —
| ] 1
15 15 | | 15 |
1 0 1 1 0 1 2 1 0 1
20MHz, -10dBm 20MHz, -40dBm 20MHz, -50dBm
15 15 \ ‘ I 15 I .
P e 1o— QT L -| b 1|.o— n..'.j:-_ -
l‘).S— E. DM, 4 (!_5_ 1:_9‘_ e gt - bs— U e |
(‘),., 00— -—— TO S TR i
% | M CER - .
TR Py b b T g sl ot b |
a0t L 20— 1= T 1L 45 i |
45 a5 | | 2 K o 2

-1 0 1 -1 0 1

Figure 3.5 64QAM constellation diagrams for 10MHz and 20MHz bandwidth LTE

b) Channel 0 EVM performance of LTE signals with 16QAM modulation
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Figure 3.6 is similar to Figure 3.4, except that the 3GPP EVM requirement is 12.5% when the
modulation format is I6QAM.
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Figure 3.6 Channel 0 EVM performance with different bandwidths under 16QAM

The dynamic range of the 20MHz LTE is approximately 43dB, and the dynamic range for the
LTE signal with 15MHz is approximately 45dB. The 10MHz bandwidth LTE has the best
system dynamic range with the value of 53dB. The figures below are the constellation diagrams
of the LTE signal with bandwidths of I0MHz and 20MHz at input powers of -10dBm, -40dBm
and -50dBm. The transmission quality at input power of -10dBm has a better performance than
that at input power of -40dBm and -50dBm when the same LTE signal is transmitted through
the system. If two signals with different bandwidth of 10MHz and 20MHz are fed into the
system at the same input power, the signal with I0MHz bandwidth has a better transmission
quality than that of the 20MHz bandwidth LTE.
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Figure 3.7 16QAM constellation diagrams for 10MHz and 20MHz bandwidth LTE

c) Channel 0 EVM performance of LTE signals with QPSK modulation

The final modulation format provided for LTE by the 3GPP is QPSK, for which the EVM
requirement is less than 17.5% [84]. Figure 3.8 presents the test results when LTE signals with
different bandwidth are fed into channel 0.

EVM performance with different bandwidths under
QPSK modulation
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Figure 3.8: Channel 0 EVM performance with different bandwidths under QPSK

As shown in Figure 3.8, the dynamic range for 20MHz bandwidth LTE modulated by QPSK is
approximately 43dB, while the I5SMHz bandwidth yields approximately 45dB, and the 10MHz
bandwidth provides the largest system dynamic range with the value of 49dB. The constellation

diagrams shown in Figure 3.9 also indicate that the I0MHz bandwidth LTE has a better data
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transmission quality than that of the 20MHz bandwidth LTE signal when the input power is the
same.
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Figure 3.9 QPSK constellation diagrams for I0MHz and 20MHz bandwidth LTE

e Test Results for Channel 1:

For channel 1, a WCDMA signal is fed into the system. The single modulation format defined
for WCDMA by 3GPP is QPSK with an EVM requirement of 17.5%. Figure 3.10 shows the

EVM performance of channel 1 data transmission.
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Figure 3.10: Channel 1 EVM performance

To ensure channel 1 is compatible with the QPSK standard of WCDMA, the input signal power
range can vary from 9dBm to -53dBm. The dynamic range of channel 1 is approximately 62dB.

3.2 Full-service DDAS design

3.2.1 System Introduction

This section introduces the digital DAS architecture used for a specific application in large
multi-storey buildings, this having taken advice of user requirements by China Tower Ltd. The
system is built in collaboration with the Beijing Institute of Aerospace Control Devices
(BIACD).

The architecture of the system is graphically illustrated in Figure 3.11. The system supports all
three major wireless operators in China (China Mobile, China Unicom, and China Telecom),
and is composed of the access unit (AU), the extended unit (EU) and the remote unit (RU).
Typically, the distance between AU and EU is 5km, lkm from EU to cascaded EU and 300m
from EU to RU.
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Figure 3.11 Full-service DDAS architecture for China Tower

The AU is at the heart of the system. As a receiver, the AU firstly couples different RF signals
from the different service base stations. The RF analogue signal is then digitised and processed
as required. The processed digital signal is converted to an optical signal and passed to the EUs
through optical links. As a transmitter, the AU firstly converts the received optical signal from
the EUs to a digital signal, then applies inverse data processing. Finally, the digital signal is

converted to analogue RF and transmitted to the signal service base station.

Compared with the AU, the function of the EU is more straightforward. It is primarily used to
distribute the optical signal to different areas. As the EU can be cascaded, as shown in the lower

part of Figure 3.11, the use of EUs can provide more side branches.

The RU subsystem converts the received digital signals to the RF signal and provides wireless
service to end-users. Meanwhile, the RU can also digitise the incoming RF signals from mobile

users and pass them to the EU and the AU.

The AU can connect with four EUs and each EU can be cascaded up to four levels. Therefore,
a total of 16 EUs can be installed. As each EU can connect with six RUs, a total of 96 RUs can

be implemented.

3.2.2 Design and Considerations
In this section, the China Tower optical distribution system technical requirements and the

DDAS performances are introduced.
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Table 3.1: China Tower optical distribution system technical requirements lists the main
specifications imposed by China Tower, such as the EVM of the overall system, the maximum

latency required, the dynamic range the system should provide, etc.

Main Specifications Requirements

EVM GSM: < 6%
WCDMA: < 12.5%
LTE: < 8%

Latency <15ps

Gain <55dB

Input Power Downlink: <+5dBm

Dynamic Range: > 25dB

Transmission Power

Topology AU can be connected with at least
4 EUs. And AU to EU (> 5km).
EU can be cascaded at least up to
4 levels. And EU to EU (> 1km).
EU can be connected with 6 RUs.
And EU to RU (> 300m).

Power Dissipation

Operating Temperature  5°C~+40°C
Operating Humidity 15% to 85%

Table 3.1: China Tower optical distribution system technical requirements

To meet the technical requirements provided by China Tower, the DDAS with 14 channels are
designed and tested. The products shown in Figure 3.12 are the Access Unit and the Remote
Unit.

Modular
Service Card
- TD-LTE

Access Unit Remote Unit
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Figure 3.12: Access Unit and Remote Unit

As the centre of the system, the AU is implemented with multiple boards as shown in Figure
3.13.

Main digital
board

Slave
digital
board

TD-LTE
board

FDD-LTE
board

GSM board

FDD-LTE
board

Figure 3.13: Access Unit with service cards

The boards are connected by a back card as shown in Figure 3.14 which allows each board to

communicate with the others in the AU.

TDLTERF
Card

Digital
Master Card

Figure 3.14: Access Unit connections between multiple boards

The function of the Remote Unit is also achieved by implementing multiple cards, such as the
RU RF/digital card, the RU monitoring card and the RU TD-LTE card.
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Figure 3.17: RU RF TD-LTE card

52



3.2 Full-service DDAS design

The system is tested, and the performance listed in Table 3.2.

Main Specifications Performance
EVM <6%
Latency <7ps
Gain <55dB
Input Power -30dBm ~ +5dBm
Transmission Power 2G:1W
3G/4G:2W
Topology AU -> 4 EUs. AU to EU (>
Skm).
EU > 4 levels. EU to EU (>
1km).
EU -> 6 RUs. EU to RU (>
300m).
Power Dissipation AU: 250W
EU: TBD
RU: 450W

Operating Temperature 5C~+40C
Operating Humidity 15% to 85%

Table 3.2: Measured system performance

The test results illustrated that the full-service DDAS system with 14 input channels meets the
technical requirements provided by China Tower Ltd. The system can be used for multiple
services with EVM values less than 6% and latency less than 7us. Each Access Unit can feed
four Extended Units, and six Remote Units can be connected with each Extended Unit. As each
Extended Unit can be cascaded up to four levels, the full-service DDAS system supports up to

96 Remote Units.
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3.3 Conclusion

In this chapter, two multi-service systems are tested. Firstly, a novel low-bandwidth multi-
service DDAS is designed which can successfully transmit two channels simultaneously, one
channel with LTE and the other channel for WCDM. By using the compression algorithm, the
spectral efficiency is highly improved. For an LTE signal with 20MHz bandwidth, the spectral

efficiency is improved by a factor of three over standard CPRI approaches.

Three different LTE modulation formats (64QAM, 16QAM and QPSK) were applied during
tests of channel 0 transmission characteristics, each one with three different bandwidths
(20MHz, 15MHz and 10MHz). From the testing results, it can be seen that the dynamic range
of LTE signals becomes larger as the bandwidth gets narrower. On channel 1, a WCDMA signal
is fed into the system with QPSK modulation. The dynamic range was approximately 62dB.

A full-service DDAS system with 14 channels is also introduced in this chapter. The system is
designed for China Tower Ltd by the Beijing Institute of Aerospace Control Devices (BIACD).
The full-service DDAS system has one AU, 16 EUs and up to 96 RUs. The transmission
distance between AU and EU is 5km, 1km from EU to cascaded EU and 300m from EU to RU.
During testing, the system performance met the technical requirements were provided by China
Tower Ltd.
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Chapter 4 Digital Distributed Antenna System over

Ethernet

The DDAS system introduced in Chapter 3 indicates a highly efficient indoor wireless
architecture, allowing infrastructure sharing among several RF services. This is an important
step towards network convergence for all communication networks in buildings. Ethernet has
been a standard networking protocol, primarily designed to transport digital data information
for a local area network (LAN) or wide area network (WAN). Nowadays, Ethernet is used to
deliver electric power to end devices, as defined in power over Ethernet (POE) standards. As
Ethernet capacity grows and increases demand on fibre-based infrastructures, it is suggested
that Ethernet can be used for carrying digital RoF data to the end user, effecting large scale
reductions in the installation costs of indoor wireless infrastructures. However, the stringent
synchronisation and latency requirements specified in RF standard serves as a bottleneck for

maintaining quality of service (QoS) when utilising Ethernet protocols in these scenarios.

To overcome these problems, many solutions such as clock synchronisation and forward error
correction have been considered [118]. However, technical challenges, caused by the
coexistence of RF services and other higher layer services such as IPv4/6, Internet of Things
(IoT) and others, may lead to loss of synchronisation, degradation of RF performance, and
exceeding Ethernet capacity limits. These challenges are addressed in this chapter by
introducing the Eth-DDAS architecture, a DDAS system over Ethernet solution that not only
packetise DDAS data onto Ethernet frames, but also delivers a unique mechanism for

maintaining frame order for RF packets over switched Ethernet networks.

Prior to implementing the DDAS over Ethernet, it is important to understand the architecture
of the Ethernet sublayers, and the structure of the Ethernet frame. Ethernet technology is
introduced in Section 4.1. The Eth-DDAS system architecture is introduced in Section 4.2. The
method for Eth-DDAS system implementation is explained in Section 4.3, and the experimental

setup and results are described in Section 4.4. Section 4.5 contributes a conclusion.

4.1 Ethernet Sublayers and Frame

4.1.1 Ethernet Sublayers

Ethernet standards set out the technology specifications for the network access layer of the

TCU/IP model, focusing primarily on the data link layer and the physical layer. However, the
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standard also defines the interfaces needed on different sublayers. The following figure

describes the sublayers of the Ethernet.

LLC - Logic link control

LLC MAC - Medium access control
MAC Control RS - Reconciliation sublayer
MAC xMII - Medium independent
Data link [ RS ] interface
«—xMII PCS - Physical coding sublayer
PCS PMA - Physical medium attachment
PMD - Physical medium dependant
. -
MDI-Media dependant interface
PMD
<«— MDI

; xMII:
i Medium /
MII - 100Mb/s Medium independent interface

GMII - 1Gb/s Medium independent interface

Figure 4.1: Ethernet sublayers.

The Ethernet separates the data link interface controls into two sublayers: the logic link control
(LLC) sublayer and the medium access control (MAC) sublayer [119]. The LLC sublayer is
used to communicate with the upper layers. Once the LLC receives IP packets from the Internet
layer, control information such as frame synchronisation information is added to the packets.
The reassembled packet is called a ‘frame’. The LLC delivers frames to the destination node.
Since the LLC is implemented by software and independent of the physical device, the function
of LLC can be considered a link between the upper protocol layers and the physical equipment
[120].

The MAC sublayer has two functions: data encapsulation and transmitting data into the
transmission medium. For data encapsulation, the source and destination MAC addresses are
added as a header to the frame, before it is transferred to the lower layer. In addition, a cyclic
redundancy check (CRC) of the frame information is added as a trailer to the frame. When the
frame is received by the receiver MAC layer, the receiver node creates a new CRC, based on
the received frame information, and the newly created CRC is compared with the CRC in the
frame to decide whether the received frame has been corrupted [121]. In addition to the data
encapsulation, a full-duplex logical communication channel in a multipoint network is emulated

by the MAC sublayer. This communication channel can provide broadcast, multicast, or unicast
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services. If collisions occurred during the transmission, the MAC protocol can recover the lost

frame.

The reconciliation sublayer (RS) is used to map commands and terminology in the MAC into
an electric format that is appropriate for the lower physical layer. The medium independent
interface (MII) is a standard connection between the MAC sublayer and the physical layer [122].
It is compliant with IEEE802.3 standards. Depending on the different Ethernet standards a
system employs, various MII interface standards can be used to support the Ethernet standard
speed. The MII is a 16-pin interface (two pins for collision and carrier indication, seven pins
for data transmission, and seven pins for data reception) that supports the interface data rate up
to 100Mb/s. The GMII is a 24 pins interface (two-pin for collision and carrier indication, 11
pins for data transmission and 11 pins for data reception) and the maximum interface data rate

is 1Gb/s [123].

The physical layer mainly includes three sublayers: the physical coding (PCS) sublayer, the
physical medium attachment (PMA) sublayer, and the physical medium dependent (PMD)
sublayer. The PCS defines the coding schemes that are used. The coding schemes depend on
Ethernet protocols and standards. For example, Manchester Phase Encoding (MPE) is used for
a 10BaseT Ethernet system, which uses a coaxial cable to transport data, and 4B/5B coding is
used for a 100BaseTX Ethernet system, which uses a CAT5e cable to transport data [124]. The
PMA is used to define the standard that will be used for clock data recovery techniques. The
physical property of the channel (both optics and electronics, if any) is defined by the PMD.

At the bottom of the physical layer, the medium dependent interface (MDI) is used to connect
the PHY to the RJ45 connector [125]. This is a hardware connector between the electrical and
physical devices. The MDI is implemented in a different manner, depending on the different
media used in a system. For example, an eight pins MDI is used for twisted pair Ethernet, as
shown in Figure 4.2 (a). However, for thick coaxial Ethernet, the MDI is implemented as a
clamp, as shown in Figure 4.2 (b). The Ethernet device shown in Figure 4.2 (¢) is an example

for showing how the MDI is implemented in an Ethernet device.

: *
(a) MDI (RJ45) (b) MDI for thick coaxial cable (c) Ethernet extender

Figure 4.2: Ethernet MDI interfaces [126].
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4.1.2 Ethernet Frame

The IEEE 802.3 standard defines the structure of Ethernet frame, the details of which are
graphically represented as in Figure 4.3.

Destination MAC

6 Bytes

Figure 4.3: Ethernet frame Figure

At the start of an Ethernet frame, seven-byte preambles are implemented. The function of the
preamble bytes is to inform the receiver that a frame is starting, and allows the receiver to
synchronise its clock with the incoming data. The seven-byte digits of the preamble are all the

same: 10101010; the preamble is then followed by the start frame delimiter byte [123].

The start frame delimiter (SFD) is a single byte with the following form: 10101011. The SFD
is a flag, which signifies that the content of the frame begins with the next byte, namely, the

destination MAC address.

The destination MAC address identifies the desired receiver device, and the source MAC

address identifies the source device.
The Ether-type field is used to define the protocol of the frame.

The minimum length of the payload data is 46 bytes; padding data is added if the length of the

data does not meet this minimum requirement.

Finally, the frame ends with a frame check sequence (FCS), which is a 4-byte cyclic redundancy
check (CRC).

4.1.3. Ethernet Device

To build an Ethernet system, specific hardware must be used. In this section, hubs, switches,

and routers are introduced, as they are currently the most popular Ethernet devices on the market.

A hub is a layer one (physical layer) device, and has no knowledge of addresses. As the hub is
implemented with multi-ports, the corresponding quantity of devices can be connected to the
hub. Due to the hub having no ability to identify addresses, it broadcasts all data it receives. As
a result, the hub wastes bandwidth by sending data to hosts unnecessarily, which can give rise

to security issues, as anyone can receive the data and steal it [127]. As shown in Figure 4.4, if
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host A wishes to send data to host C, in practice, all the hosts connected to the hub receive the
data. The standard requires hosts B and D to ignore the data after finding that the MAC address

1s not correct.

Bl B,
| :
@@ — g I
A I ‘ C A I C
1
B . g .

Host A sending data. All the hosts can receive data.
Figure 4.4: Data transmission using a hub.

Today, hubs have primarily been replaced by switches. A switch is a layer two (data link layer)
device that needs MAC addresses [128]. A switch sets up a MAC address table, as shown in
Figure 4.5, which lists each MAC address and the corresponding port it is connected to.

BBBB: BBBB: BBBB

AAAA: AAAA: AAAA | CCCC: CCCC: CcCcCC

MAC Address Port
AAAA: AAAA: AAAA 1
BBBB: BBBB: BBBB 2
CCCC: CCCcC: cccc 8

Figure 4.5: Data transmission though a switch and a MAC address table.

Since switches learn the MAC addresses of connected devices, sources do not need to send data

to all other ports; thus, traffic is substantially reduced and the security of the system is improved.
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In addition to a switch, Ethernet standards employ specific routers. A router is a layer three
(network layer) device. It uses not only MAC addresses, but also IP addresses [129]. The
function of the router is to connect the internal network to the outside network, as shown in
Figure 4.6. A computer sends data to a switch firstly, then the data is sent to the router. After the
router receives the data, the data is sent to the Internet using the router’s IP address. A router
can ensure that packets are passed to the correct Internet network destination correctly. In home

Ethernet devices, a switch is generally built into a router.

I switch router

Figure 4.6: Router is used to connect to the Internet.

4.2 Eth-DDAS System Architecture

The system architecture of Eth-DDAS is graphically illustrated in Figure 4.7. It is designed as
an embedded system that combines hardware and software. The system is designed to be
reconfigurable through software programming. The software design is achieved by

implementing a MicroBlaze microcontroller, as shown in Figure 4.7.

For the system hardware design, two paths are implemented: the data path and the control path.
The function of the data path is to wrap the ADC/DAC signal into an Ethernet frame. The

control path is used to monitor traffic logic, and to control submodules and peripheral modules
within the FPGA.
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Figure 4.7: Eth-DDAS system architecture.

As shown in Figure 4.7, the data path includes four modules: the FPGA Mezzanine Card (FMC)
interface, the RF header interpreter, the MAC header interpreter, and the 10G Ethernet interface.
In this chapter, a block RAM (BRAM) is used to contain an LTE digital signal with a size of
14x21* bits (for a signal with a bandwidth of 20 MHz, and a centre frequency of 30 MHz),
which is designed to act as the system input source in front of the FMC interface module. The
real time ADC signal is applied in Chapter 5. The FMC interface module is used to connect the
ADC/DAC with the FPGA internal bus. Then, the reformed packets are added with a four-byte
sequence header and a two-byte EtherType header, using the sequence header interpreter
module. After adding the MAC source address and destination address headers using the MAC
header interpreter module, packets are transmitted using a I0GBASE-R interface module. The
packets are transmitted through the fibre link between the transmitter and the receiver. At the
receiver, all the above added headers are removed. The recovered data is checked and compared
with the original LTE data to test the performance of the system. Additional implementation
details for these four modules are described in section 4.3. The frame structure of the Eth-DDAS
designed for this project is illustrated in Figure 4.8. This design is based on the Ethernet frame
structure introduced in section 4.3.2. This frame is implemented offline in the experiments

described below.

Destination MAC Sequence numbe
6 Bytes 4 Bytes

Figure 4.8: Eth-DDAS frame.
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4.3 System Implementation

4.3.1 NetFPGA-SUME Board

The Eth-DDAS project is implemented using the NetFPGA-SUME, as it supports lower layer
implementation down to the PMA layer. The NetFPGA-SUME is a new board that incorporates
Xilinx’s Vertex-7 690T FPGA, which is designed for networking infrastructure, as shown in
Figure 4.9. It can be used as a multiport switch, a NIC, a test environment, and more. The
NetFPGA-SUME supports 32 GTH transceivers and includes an eight-lane end-point PCI-E
(Gen3x8), four SFP+ transceivers with a data rate of 10G/s, 18 GTH ports through an FMC-
HPC, and two SATA-III ports. Two 4GB DDR3 SODIMMs and three 72Mbit QDRII+SRAMs
are implemented as the combined memory for this board. The NetFPGA-SUME is configured
and programmed by JTAG through a micro USB connector, or the Xilinx CPLD from the

parallel flash. This board is developed as an open-source platform [130].

=
.
S

UNIVERSITY OF &=
» CAMBRIDGE @
4

Figure 4.9: NetFPGA-SUME board [130].

4.3.2 AXI Protocol for Xilinx System Development

As the FPGA-SUME is implemented with Xilinx’s Vertex-7 690T FPGA, and the Advanced
eXtensible Interface (AXI) protocol was adopted by Xilinx for Intellectual Property (IP) cores
when using a seven series FPGA [131], the project implemented in this chapter uses the AXI

protocol as a bus interface.

The second version of AXI — AXI4, has three types: AXI4, AXI4-Lite, and AXI4-Stream. The
AXI4 is used for high-performance memory mapped communication. AXI4-Lite is used for

low-throughput, simple memory mapped requirements, and the AXI4-Stream is used when high
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speed streaming data is transformed [132]. Generally speaking, the AXI protocol describes an

interface between an AXI master and an AXI slave. The communications between the master

and the slave can be divided into two categories: reading and writing.

For reading processing, a read address channel and a read data channel are implemented, as

shown in Figure 4.10.

Master
interface
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and
control
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Read data channel

Read
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data

Read
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Read
data

Slave
interface

Figure 4.10: AXI4 reading channels [131].

When a master requires data reading from a slave, the required data address is first sent to the

slave through the read address channel, then the slave sends the data to the master via the read

data channel.

The writing process is more complex than the reading process, and a write response signal is

required after the write data is received by the slave, as shown in Figure 4.11.
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Figure 4.11: AXI4 writing channels [131].
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For both reads and writes, the AXI4 supports burst of up to 256-bit data transfer cycles with a
single address. This specification is important when the Eth-DDAS frame structure is designed;

more details of the frame structure design is described in Section 4.3.2.

4.3.2 Design of System Modules

To implement the PMD layer, the FPGA GTH transceiver is used to drive the on-board SFP+
optical module. The transceiver fully supports the IEEE 802.3 10GBASE-R protocol. Xilinx
Intellectual Property (IP) cores are used when MAC layer and PCS/PMA layer are implemented.

The following figure illustrates details of the modules implemented on NetFPGA-SUME; each

of the modules is explained in this section.

Sequence Header Interpreter MAC Header Interpreter

Sequence MAC
Header Header
Wrapper Wrapper
FMC 10GBASE-
Interface R Interface

Sequence MAC
Header Header
Unwrapper Unwrapper

Figure 4.12: Hardware models.

FMC Interface Module

The main function of the FMC interface module is to connect the ADC/DAC to the FPGA
internal bus, which includes bus width conversion and clock domain changing. For the purposes
of traffic monitoring and latency measurement, a timestamp is tagged onto all packets.
Meanwhile, a debug function is also implemented in this module to measure the total round-

travel latency of frames, and to capture input/output data.

e Bus Width Conversion and Timestamp

Since the FPGA is designed to run with the AXI4 protocol, the bus width of which is 256-bit
(as mentioned in section 4.1.4), 16 14-bit ADC data frames are cascaded and a 32-bit time-

stamp is added to meet the internal bus width, as shown in Figure 4.13.
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256-bit AXI4 Bus width
A
— —
- - - -
N AN /)

g
14-bit ADC data 32-bit timestamp
v

—

——
16 cascaded 14-bit ADC data

Figure 4.13: AXI4 256-bit internal bus.

The payload size of the Ethernet frame should be set between 46-byte and 1500-byte, as
described in section 4.1.2.3. As the ADC digitised signal operates at 2.1 Gbps (14x150 MHz)
and the SPF+ can run at 10 Gbps, there is significantly more room for headers. As the FPGA
internal bus runs at a bus width of 256 bits (32 bytes), the minimum frame payload of Eth-
DDAS is 64 bytes. The Eth-DDAS frame structure can therefore be adapted, as illustrated in
Figure 4.14. The size of the payload can be configured using the register, which is controlled

by the MicroBlaze unit.

Destination MAC
6 Bytes

Figure 4.14: Eth-DDAS frame structure.

e Clock Domain Changing

A system is always designed with different clock domains according to its functions. In this
system, there are three clock domains, as shown in Figure 4.15. As the ADC/DAC card is
operated by a 150 MHz clock, the FMC interface receives data from ADC or sends data to DAC
should be operated with the clock frequency of 150 MHz. The data processing modules on the
FPGA are designed with a clock frequency of 180 MHz. The reason for using a clock frequency
that is faster than the data input rate is to ensure every data packet received from ADC can be
stored in the first-in first-out memory (FIFO), and processed by the FPGA. If the data
processing progress speed is equal to or less than the data input rate, the FIFO will fill up, with
ever more data arriving from the ADC. Since the I0GBASE-R interface module is designed
with the Xilinx 10-Gigabit Ethernet MAC IP core — which requires running at 156.25 MHz —
the I0GBASE-R Interface module should change clock domain from 180 MHz to 156.25 MHz.
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Figure 4.15: System clock domain.

The method for changing the clock domain is achieved using the Xilinx asynchronous FIFOs.
The asynchronous FIFO is designed with two clock domains: a write clock domain and read
clock domain. In the case of setting the asynchronous FIFO, used for receiving ADC data, the

write clock domain is set to 150 MHz and the read clock domain is set to 180 MHz.
e Debug Function

The Xilinx design tool (Vivado) provides the debug function for monitoring the internal FPGA
signals. By monitoring the first packet of the FMC interface module receives from ADC and
the first packet of the FMC Interface Module sends to DAC, with the help of using a counter

by recording the counter numbers when these two cases happen, the total round-travel latency
of frames can be  computed by 1/ 180MHz X (Counter Numberp,c —

Counter Number,p.). In addition, signals on any pins can be captured using the debug

function.
Sequence Header Interpreter Module

The sequence number of each packet is generated by the sequence header interpreter module.
Using a sequence number can improve system performance significantly. If every packet has
the sequence information, packets can be ordered correctly when required, even when they
travel though different switches or network paths and answer out of order. In this project, the
sequence number was used to monitor current and previous packets. An error was reported if

there was a mismatch with an enqueued packet.
MAC Header Interpreter Module

The MAC header interpreter module is used to add the EtherType header and the MAC address
header (source MAC address and destination address). The default configuration for EtherType
is 0x0800, which indicates that this is an [Pv4 packet. The MAC address header and the
EtherType header are readable and configurable by the MicroBlaze unit. A user can easily

change the header information using MicroBlaze in order to meet network environments.
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10GBASE-R Interface Module

The 10GBASE-R interface module is implemented based on the Xilinx AXIS 10G subsystem
IP core, with additional logic contributed by the NetFPGA project [130]. The Xilinx 10G
subsystem includes a configurable MAC IP core and PCS/PMA IP core. They are configured to
meet the [EEE 802.3 10GBASE-R standard. The forward error correction (FEC) function is
generally used for recovering corrupted data in the PCS/PMA module. Since the latency
requirement is more restricted in this system, the FEC function is disabled. Moreover, for better

timing, a reference SFP+ clock of 156.25 MHz is used, rather than 312.5 MHz.
4.4 Experimental Setup and Results

In order to determine the potential of the system, it is important to test the Eth-DDAS system
latency and reliability of recovering a processed signal correctly. To determine the reliability,
experiments are setup as represented in Setup A and Setup C, shown in Figure 4.16. To measure

the system latency over a switch, experimental Setup B is designed.

NetFPGA setup A
Setup B

Learning Switch

—— SetupC

NIC Slave Master

Module | Module
Virtex-7 FPGA

NetFPGA Prototype

PC

Figure 4.16: Experimental setup.

1) Setup A is self-loopback test.
2) Setup B is a test over a switch.

3) Setup C is a test that connects to the host PC directly.
4.4.1 Signal Recovery Overview

Experiments for Setup A and Setup C are carried out to test if the ADC digital signals are
successfully received after propagating through the Ethernet link.

Self-loopback testing is conducted using Sefup A. Here, Ethernet port O is set as the transmitter
port (master port), and is connected to Ethernet port 1 (receiver port or slave port). By capturing

the first packet that the FMC module receives from the ADC source, and the first packet that
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the FMC module sends to the DAC side, it can be found that the identical waveform from the
ADC input is observed at the DAC output as shown in Figure 4.17. The data is successfully

recovered without significant distortion.

Amplifude

Figure 4.17: Identical waveform from ADC input and DAC output.

Secondly, it is very important to ensure the generated packets meet Ethernet standards, and can
be transmitted through a third party device using the IEEE 802.3 10GBASE-R standard. As a
result, experimental Setup C is established. A Solarflare SFC9020 10GbE NIC is employed as
an endpoint receiver, as shown in Figure 4.16, and is connected to Ethernet port 0 (transmitter
port). In this experiment, the source MAC address and destination MAC address are configured
using MicroBlaze to 02:53:55:4d:45:00 and 02:53:55:4d:45:01, respectively. On the host PC
side, a TCPDUMP session is employed to monitor the traffic. Figure 4.18 shows the first packet
received by the host PC. The destination MAC address, source MAC address, and EtherType

information are successfully added to the packet.

02:09:24.913194 02:53:55:4d:45:00 (oui Unknown) > 02:53:55:4d:45:01 (oui Unknown), ethertype IPv4 (0x0800)
0x0000: 0253 554d 4501 [0253 554d 4500]/(0800](0300 .SUME. .SUME
0x0010: 401d 04e8 03a6 8292 20a3 c661 8e8a

0x0020: 6696 00b9 44a2 71ca 6064 5700 4e99 [623a
0x0030: bd46 15dd 40f6 4bd6 9732 1bf8 4621 8691

0x0040: b860 5406 881 99e4 e0f4 56ae 4d99 |723a
0x0050: bd46

[ nDestination Source EtherType Sequence l:l timestamp

address address number

Figure 4.18: Packet captured by TCPDUMP.
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4.4.2 Latency Measurement

The Eth-DDAS system latency is contributed from both fibre transmission and digital system
processing. The OM2 fibre with LC connectors is used in this experiment, which introduces a
latency of 5 ns/m [84]. Two 5m fibres are used in this experimental setup, which introduce a 50

ns latency. Digital processing is expected to introduce the majority of system latency.

In order to measure the system latency accurately, a first-out-first-in timestamp mechanism is
implemented, as explained in Section 4.3. A timestamp is tagged at the first arrival frame from
ADC and computed at the first arrival of the AXI4 stream data frame (FPGA internal bus).
Meanwhile, the clock for computing the timestamp is an on-board MMCM-generated clock,
which runs synchronously with the ADC module at 150 MHz. Such a clock offers a resolution
of 6.67 ns. To compare the times of the same packet before sending and after arriving, latency

can easily be computed, i.e. the difference between two time points.

A NetFPGA learning switch is also created for measuring cross-switch latency. The switch for
the experiment is a reference switch from the NetFPGA-SUME project. It is a pure layer, two-

learning switch with an internal lookup table that runs a round-robin algorithm for switching.

The latency of three loopbacks is measured: FMC loopback (Setup C), 10G loopback (Setup A),
and switch loopback (Setup B). The latency of different payload sizes is measured as shown in
Table 1.

Payload size | FMC loopback | 10G loopback Switch

loopback
64 Bytes 346(1+7) ns 1026(£7) ns 1846(+7) ns
512 Bytes 513(%7) ns 1253(£7) ns 2386(%+7) ns

Table 3.3: Latency measurements for different payload sizes.

From the measurement results, it is found that the larger packets contribute high latency to the
system as they need more clock cycles to process data. There is a trade-off between latency and
the headers introduced to the system. Although a small-size packet can reduce packet latency,

a greater proportion of header bits rather to data information are transported inside the system.
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4.4.3 Error Frame

To test the system’s reliability, the transmitted frames are captured and compared with the
original LTE data dump stored in BRAM. A test program is designed to continuously push this
dump data as the input data source. PC NIC is connected with Master Port 0, as shown in Figure
4.16 (Setup C). After the data is received by PC NIC, TCPDUMP is used to capture the data
and store it into a file called ‘Packet Capture’. The captured data is then recovered and compared
with the original LTE data dump stored in BRAM. After running for more than 12 hours, a total

number of 76578301 packets are captured, with 0 error frames received.

4.5 Conclusions

In this chapter, the design implemented for and the testing of the Eth-DDAS is reported. As the
Eth-DDAS system combines the DDAS system and Ethernet protocol, the DDAS data is
successfully carried over a standard Ethernet network. The experimental results show that the
transmitted digitised RF signal is successfully recovered after processing, with 0 error frames
received after running for more than 12 hours. Several latency scenarios are tested with different
payload sizes. The 10G loopback with a payload size of 64 bytes contributes a latency of 1026
ns to the system, where a single Ethernet switch stage adds 820 ns to the latency. Increasing the
size of the payload would introduce more latency, but the relative size of the headers decreased.
This chapter thus demonstrates the feasibility of the Eth-DDAS architecture. To test the system

in real-life implementations, a real-time Eth-DDAS system will be demonstrated in Chapter 5.
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Chapter 5 Real-time Eth-DDAS System

Chapter 4 describes the implementation of the Eth-DDAS system using the NetFPGA platform.
Digital RF data is first stored offline in the FPGA registers before Ethernet packetisation and
processing. Regarding the performance of the system in real time, RF carriers generated from
the vector signal generators (VSG) are first digitised by a dual-channel FMC142 ADC/DAC
card with the FPGA mezzanine card (FMC) HPC connector for FPGA interfacing. The real-
time testing platform is designed and implemented as shown in Figure 5.1. Compared with the
system architecture introduced in Chapter 4, the FMC142 Connector module is able to take
real RF inputs as a signal source and recover the signal back to its analogue domain at the
reverse link. This is an essential step towards real-life implementation of the Eth-DDAS
architecture and the RF performance can then be measured in real-time so that quality of

services (QoS) of the cellular network can be assured.
The main functions of this module are:

1. Receive sampled ADC data from the FMC142 card.
2. Send DAC data to the FMC142 card.
3. Configure the FMC142 card through SPI interface.

To design the real-time system, a proper ADC/DAC card needs to be selected. The FMC142
card is first introduced in Section 5.1. To make sure the FMC142 card can work properly and
the FMC142 Connector module is implemented successfully, a project ‘FMC142 Connctor
Interface’ concentrating on the FMC142 interfaces and configurations is built and tested and
the design details are described in Section 5.2. After the FMC142 interfaces and configurations
are successfully implemented, the real-time Eth-DDAS system is then able to be built. The
system performance is tested and the test results are introduced in Section 5.3. The system

performance is compared and analysed in Section 5.4. Section 5.5 introduces the conclusions.
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Figure 5.1: Real-time system architecture

5.1 ADC/DAC Card Selection

A lot of ADC/DAC products developed by third-party companies can be found on the market
so selecting the proper ADC/DAC card for the design is not an easy task. First of all, cards that
are implemented with both ADC and DAC will be considered. Second, the card should have
multiple channels (> 2). Third, the sampling rate should be over 150 MHz and the resolution
bit should be between 14 and 16 bits. Finally, the card should be compatible with an FPGA
FMC connector. After considering these factors, three ADC/DAC cards are chosen as the
appropriate options: FMC150, FMCDAQ?2, and FMC142.

FMC150 Interface: LVDS
FMC type: LPC
ADC DAC
Channels  Sample Rate =~ Resolution Channels Sample Rate = Resolution
(MSPS) (bits) (MSPS) (bits)
2 250 14 2 800 16

Table 5.1: FMC150 [133]
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Interface: JESD204B

FMCDAQ2
FMC type: HPC
ADC DAC
Channels  Sample Rate ~ Resolution Channels Sample Rate = Resolution
(MSPS) (bits) (MSPS) (bits)
2 1000 14 2 2800 16
Table 5.2: FMCDAQ?2 [134]
FMC142 Interface: JESD204B
FMC type: HPC
ADC DAC
Channels  Sample Rate ~ Resolution Channels Sample Rate =~ Resolution
(MSPS) (bits) (MSPS) (bits)
2 370 16 2 2500 16

Table 5.3: FMC142 [135]

Comparing the interface of the FMC150 with that of FMCDAQ?2 and FMC142, FMC150 uses
the low-voltage differential signalling (LVDS) technology as the interface standard while
FMCDAQ?2 and FMC142 use the JESD204B interface standard. JESD204B is a new converter
interface. With the increase in converter speed and resolution, a new interface with efficiency
in terms of cost, size, and speed is required [136]. The benefits of JESD204B over LVDS

include:

e Faster speed: JESD204B supports a data rate of 12.5 Gbps [136].
e Smaller package size: the pin count of JESD204B is lower than that of the LVDS

interface.
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e Lower cost: the design of the board is easier because of the number of trace routes for

JESD204B is reduced.

Comparing the FMCDAQ2 and FMC142, although the FMCDAQ?2 supports a higher sampling
rate, the resolution bit of ADC and DAC is different. To simplify the FPGA programming, ADC
and DAC with the same bit resolution bit is preferred. In addition, the sampling rate of the
FMC142 is high enough for this application. As a result, the FMC142 card was selected as the
ADC/DAC card for the real-time Eth-DDAS system.

e ADC/DAC FMC142 Card

FMC142 is an ADC/DAC FMC card with two channels of A/D and two channels of D/A [135].
The ADC device used for this card is ADC16DX370, which is a dual-channel ADC chip with a
16-bit resolution and a maximum 370 Msps sampling rate. DAC38J84 is implemented as the
DAC chip for this card, which is a quad-channel chip with a 16-bit resolution and a maximum
sampling rate of 2.5 Gsps [134]. The FMC142 card has 6 SSMC/MMCX connectors on the
front panel: two analogue inputs, two digital outputs, one external clock, and one external

trigger. The block diagram of the FMC142 is shown in Figure 5.2.

Apart from the ADC/DAC chip, an LMK04828B chip is used as the internal clock generator.
In addition, an AMC7823 is implemented to monitor the temperature on the board as well as
several power supply voltages [135]. The ADC and DAC data is transferred via JESD204B
subclass 1-coded differential pairs that connect with the GBT pins on the FMC connector. Each
ADC or DAC channel has two lanes of JESD204B. More details of each component on the

FMC142 card are explained over the following section.
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Figure 5.2: FMC142 block diagram [137]
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The ADC chip implemented on the FMC142 card is the ADC16DX370. The ADC16DX370
device is a dual-channel analogue to digital converter with a 16-bit resolution and a sampling
rate of 370 MSPS. The JESD204B subclass 1 interface is designed to output the digital signal

and the ADC16DX370 is configured via an SPI interface [138].

DAC38J84

The DAC38J64 is implemented on the FMC142 card. The DAC38J64 device is a quad channel,
low power with 16-bit resolution and 2.5 GSPS sampling rate digital to analogue converter. The
digital signals sent to the DAC38J64 via the JESD204B interface and the device is configured
through an SPI interface [139].

Clock Tree LMK04828B

The FMC142 card has three different clocking architectures [137]:

e Internal clock with internal reference (clock mode 1)

e Internal clock with external reference (clock mode 2)

e External clock (clock mode 3)
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For this design, the internal clock with internal reference clock architecture is used as there is
no need for an external clock or an external reference. The LMKO04828B is implemented on the
FMC142 card as the internal clock, which is a high-performance clock conditioner with
JESD204B support. When the FMC142 card is configured to clock mode 1, an onboard
491.51MHz crystal oscillator is used as the internal reference [137]. Up to 7 SYSREF clock
outputs are supported by the PLL and each output has its own clock divider. For this design,
three pairs of clocks and SYSREF outputs are used and assigned to three devices: the FPGA
over FMC connector, the onboard ADC, and DAC. In addition, two clocks from the
LMKO04828B are allocated to the gigabit transceivers over the HPC interface. The clocking

architecture of this design is shown in Figure 5.3.
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Figure 5.3: LMK 04828 clock outputs

5.2 FMC142_Connector Interface Design

The FMC142 card connects the FPGA via a HPC connector and the connection is shown in

Figure 5.4. The FPGA is configured through the UART port.
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FPGA
ADC Channel 0 —»| FMC142
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Host

Figure 5.4: Hardware topology

5.2.1 FMC142_Connector Interface Hardware Design

To make sure the interface can work properly, project FMC142 Connector Interface only
concentrates on the interface connections and the FMC142 card configurations are implemented.

The block diagram of the project FMC142 Connector Interface is shown in Figure 5.5.

Data Path

FMC14
2Interfa

ce

A I

MicroBlaze AXT Interconnect UAR
Microcontroller c
Figure 5.5: FMC142 Connector interface block diagram e

module, the ADC_FIFO, the DAC_FIFO, the FIFO _64in_2560ut, the FIFO 256in_64out, and
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the router. The FMC142 _interface module receives sampled data from the ADC and then the
sampled ADC data is captured by the ADC_FIFO, and clock domain of the ADC data is changed.
As the onboard buses are configured with a data width of 256 bits, the FIFO 64in_2560ut
module is implemented to convert the data bus width. A router is implemented to connect two
ADC channels with two DAC channels. The DAC_FIFO module is used to transform the clock
domain. Before the data is sent to the DAC via the FMC142 interface module, the
FIFO 256in_64out module is implemented to convert the bus width from 256 bits to 64 bits.

To design the control hub, an AXI Interconnect is implemented to merge all the commands it
received from the host to the relative modules. More details of each module are explained in

the following sections.
Clock Design on the FPGA Board

The clock design for the FPGA modules is shown in Figure 5.6. There are three clocks for this
design: GBT clk, axi lite clk, and axi stream clk. As described in Section 5.1, the
LMKO04828B provides a GBT clock to drive the transceivers implemented on the FPGA via the
HPC connector. This clock (GBT clk) is synchronised with another clock generated by the
LMKO04828B. The GBT clk is used as the transceiver reference clock.

The onboard clock is used as the clock source on the FPGA board. The clocking wizard IP core
provided by Xilinx is used to configure the onboard clock source. Two clocks are generated:
axi_lite_clk and axi_stream_clk. The axi_lite clk is used for clocking the axi commands and it
connects all the modules on the FPGA board. The axi stream clk is used for clocking the
streamed data. Figure 5.6 indicates the clock domains of the data path of the
FMC142 Connector interface.
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Figure 5.6: Clock domains

Clock domain 0 uses the GBT clk to clock the data and axi_stream_clk is used as the clock for

clock domain 1. In addition, the clock, axi lite clk, generated by the clocking wizard IP core

clocks the command path of all the modules as shown in Figure 5.7.

GBT
Clock

FMC142_

GBT clk .
interface

axi_lite clk

axi_lite clk

axi_lite clk

laxiiliteiclk

AXI Interface

FIFO 256in 64out

axi_lite clk

axi lite clk

<
[«

iaxiiliteiclk

IIC axi_lite_clk

axi_sti

Clocking
Wizard

eam_clk

Figure 5.7: Clock for modules
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FMC142_interface Module

The main function of this module is to connect the FPGA with the FMC142 card. This module

has three main features:

e Receive data from ADC
e Transmit data to DAC
e Control the FMC142 card through SPI interface

To achieve these functions, the FMC142 interface module is implemented with three blocks:
the Xilinx 7 Series FPGAs transceivers, the JESD204B core, and the SPI control block. The

block diagram is shown in Figure 5.8.

Clock from _| 4{ GBT Clock ]
FMC142

»GBT clk

>

axi_stream_data

Data transmission : Transceivers JESD204B

SPI Control
ADC
—T> DAC Control > T
SPI Interface « axi_lite_ command
Registers |~
Clock tree
Board monitor

Figure 5.8: FMC142_interface module block diagram

e Transceiver [P Core and JESD204B IP Core

As the FMC142 card has two channels of ADC and the JESD204B supports a two-lane per link,
thus, there is a four-lane for two channels of ADC. Although the number of lanes for dual-
channel DAC38J84 JESD204B can be configured to be 8, 4, 2, or 1, by considering the link
data rate matching, 4-lane JESD204B is used for DAC. Therefore, a total number of four
transceivers are used to transmit and receive data. The transceiver block is implemented with

the help of the 7 Series FPGAs Transceivers Wizard IP Core supported by Xilinx. By using this

80



5.2 FMC142_Connector Interface Design

wizard, the Xilinx 7 Series FPGA chip transceivers can be custom configured. The following

table indicates the setting of key parameters:

- Transceiver Parameters TX RX

Line Rate (Gbps) 1.5 1.5

Reference Clock (MHz) 37.5 37.5

External Data Width 32 32
(Bits)

Encoding 8B/10B 8B/10B

Internal Data Width 40 40

(Bits)

Table 5.4: Transceiver parameters setting

The transmitter line rate is determined by the sample rate of ADC (F;) and the number of

JESD204B lane settings. The total number of ADC output data is F; X 16 X (%) Mbps.

Therefore, the line rate is 20 times F; when the JESD204B is configured as a 1-line interface
and the line rate is ten times F if the JESD204B is configured as a 2-line interface. In this
design, the ADC sampling rate is configured as 150 MHz and the 2-line JESD204B is used,
thus the line rate of the transmitter is 1.5 Gbps. As the serial data will be converted to parallel

data inside the transmitter and the reference clock is used to drive the transceiver block, so the

Line Rate
Internal Data Width *

) 15G
In this case, the reference clock = o0 =

reference clock is equal to

37.5 MHz.

The JESD204B IP core is used and the JESD204B parameters are configured as displayed in
Table 5.5.

JESD204B Description ADC DAC
Parameters
M Number of converters per 2 2
device
L Number of lanes per link 4 4
F Number of octets per frame 1 1

Table 5.5: JESD204B parameters setting
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By using the JESD204B IP core, the 2-line data output is combined together. As the external

data width of the transceiver is configured to 32 bits as shown in Table 5.1, thus the data width
of JESD204B output is 64 bits.

e SPI Controller

The SPI controller is used to configure and control the FMC142 card. All the devices on the

FMC142 card are controlled by configuring their corresponding device registers. In this design,

four SPI controllers are implemented as shown in Figure 5.8. The address offset of each SPI

controller is indicated in Table 5.3.

Address Offset SPI Controller Device
0x00-0x03 ADC16DX370 ADC
0x04-0x07 DAC38J74 DAC
0x08-0x0B LMKO04828 Clock tree
0x0C-0x0F AMC7823 Monitor

Table 5.6: SPI controllers

For each SPI controller, four registers are implemented. The function of each register is listed

in Table 5.7.
Address Offset Read Write
0x00 BIT[31:0] SPI Address BIT[31:0] SPI Address
0x01 N/A BIT[31:0] SPI Write Data
0x02 Bit[1] Valid data Bit[1] Perform Read
Bit[0] Busy Bit[0] Perform Write
0x03 Bit[31:0] SPI Read Data | N/A

Table 5.7: Registers for SPI controller

The commands sent from the host are received and stored by the control registers block. For

example, if the host sends an ADC SPI writing command, the first register allocated to ADC
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will store the SPI address and the second register allocated to ADC will store the SPI data.
When the SPI bus is ready, the address and the data will be sent to the ADC relative registers
on the FMC142 card via the SPI interface.

ADC _FIFO
This ADC_FIFO is designed for two reasons:

e To store the streaming data sent from the FMC142 interface module for later use.

e To change the stream data clock domain from GBT _clock to axi_stream_clock.

The block diagram of ADC_FIFO is shown in Figure 5.9. The s_axis data port receives the
streaming data from the previous module, FMCI42 interface, at the clock domain of the
transceiver reference clock (37.5 MHz). Due to the axi stream, the clock is designed to 180
MHz, as discussed in the previous section, thus the clock domain of the stream data output

m_axis_data is changed to 180 MHz.

A FIFO is implemented with a data width of 64 bits. The writing data clock (s_axis_clk) is
configured to 37.5 MHz and the reading data clock (m_axis_clk) is configured to 180 MHz.

s axis_clk m_axis_clk
s _axis_dat m_axis_data

Figure 5.9: ADC_FIFO block diagram
FIFO _64in_2560ut

The project is designed to run with the AXI4 protocol and a bus width is 256 bits as described
in Section 4.3.2. This module is used for converting the data width from 64 bits to 256 bits. To
achieve this function, a FIFO with 64 bits of writing data width and 256 bits of reading data

width is implemented as shown in Figure 5.10.

s a
s axis_clk FIFO_64in_2560ut m_axis_clk

s axis_data[63:0] m_axis_data[255:0]

Figure 5.10: ADC_FIFO block diagram
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Router

This IP core connects the two ADC channels and the two DAC channels. Data from one input
can be routed to any output. By configuring the IP core register map, we can change the way

data is routed. The block diagram of the router is shown in Figure 5.11.

s axi

s0_axis data m0_axis_data

sl axis data axis_data

Figure 5.11: Router block diagram

The router has two input stream data ports and two output stream data ports. The s_axi is used
to control the register map of this IP core and the details of the register map are shown in Table
5.8.

Address Offset  Register Function Example Value Description for

example value

0x00 Route selection for 0x00000001 mO connects to sl
mO0

0x01 Route selection for 0x00000000 m1l connects to s0
ml

Table 5.8: Router register map

The first register is used for configuring the route for m0_axis data and the second register is
used for mI _axis_data. As the example shown in Table 5.5, the output m0_axis_data is routed
to s/ axis data when the first register is configured to 0x00000001. The input port
s0_axis_data or s1_axis_data can connect to m0 and m1 at the same time, but the output can

only connect one input.

The router is implemented by using the Xilinx AXI4-Stream Register Slice. Four Xilinx AXI4-
Stream Register Slices are used, two for input and two for output. By changing the internal

connection, the data route is changed.
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DAC_FIFO

Due to the data sent to DAC via transceivers implemented in the FMC142 interface module
and the clock of the FMC142_interface module operating at 37.5 MHz, the clock domain of the
stream data needs to be changed. A FIFO is implemented to achieve this purpose with a writing

data clock at 180 MHz and a reading data clock at 37.5 MHz.

s axi
s axis clk m_axis_clk

s axis_dat m_axis_data

Figure 5.12: DAC_FIFO block diagram

FIFO_256in_64out

This module has a revise function of the FIFO_64in_256out module and is used for converting
the data width from 256 bits to 64 bits. A FIFO with 256 bits of writing data width and 64 bits

of reading data width is implemented.

s a
s axis_clk FIFO_256in_64out m_axis_clk

s axis_data[255:0] m_axis_data[63:0]

Figure 5.13: : FIFO 256-bit Input 64-bit Output

5.2.2 Software Design

The software design is achieved by using Xilinx Software Development Kit (Xilinx SDK). The

main functions of the software design of this project include:

e Configuring the FMC142 card

e Configuring the parameters of hardware modules

The configuration of the FMC142 card is achieved via SPI interface. As mentioned in Section

5.2.1, four SPI controllers are implemented on the FPGA. By sending commands to the relative
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registers, components (ADC16DX370, DAC38J74, LMKO04828, and AMC7823) on the

FMC142 card are configured. The design flow and key configurations are shown in Figure 5.14.

e Initial AMC7823
e Set threshold
temperature registers

and voltages e Check voltage

e Initial LMK04828 J e Read internal

‘ temperature.

Reading

e Use internal clock

Configure the
e Check PLL1

clock tree
e Check PLL2 )

l . e Initial ADC
Configure e Configure JESD
ADC <:: e Enable JESD
e Initial DAC l ’
e Configure JESD Configure
e Enable JESD $ DAC
e Read PLL status ! ’ e Enable ADC
channel 0 and

Enable ADC

channel 1
and DAC e FEnable DAC
o channel 0 and

channel 1

Figure 5.14: Software design flow

5.2.3 Experimental Setup

In order to test whether the FMC142 Connector interface can work properly, a data loopback

experiment is set up, as shown in the Figure 5.15.
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R&S SMW200A
Signal Generator

R&SSMW200A '_m Sok

Signal Generator
—_— \ \ ADCO
ADCI
> © FMC142
DACO > C tor
R&S FSQ Signal o (£ onnector
Analyser  FMC142 Card
R&SFSQ Signal
Analyser

Figure 5.15: FMC142_ Connector Interface Experimental Setup

As shown in Figure 5.15, an LTE signal and a WCDMA signal are generated by R&S
SMW200A VSAs. The FMC142 card with 16-bit ADC channels and two 16-bit DAC channels
at a sampling rate of 150 MHz are connected with FPGA through a HSMC connector. ADC
channel 0 is connected to DAC channel 0 and ADC channel 1 is connected to DAC channel 1.
Two R&S FSQ signal analysers are used to display and analyse the received analogue signals.
In this experiment setup, the LTE signal is transmitted through ADC channel 0 and the
WCDMA signal is transmitted through ADC channel 1.

5.2.4 Experiment Results

To assess the performance of the project FMC142 Connector Interface, the system dynamic
range and the transmission signal quality are tested. For ADC channel 0, LTE signals with three
different channel bandwidths (10 MHz, 15 MHz, and 20 MHz) are generated by the signal
generator and fed into the system. The EVM results with modulation formats of 64QAM,
16QAM, and QPSK are tested. For ADC channel 1, the WCDMA signal is fed into the system.
The EVM with 16QAM modulation format is tested.

e Test Results of ADC Channel 0
a) EVM performance with a modulation format of 64QAM for ADC Channel 0
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Figure 5.16 indicates the EVM performance of channel 0 when the LTE signal is modulated
with 64QAM. The signal input power is varied from -50 dBm to 0 dBm. The EVM requirement
of 64QAM is 8%.

EVM Performance with different bandwidths under

64QAM modulation
16
14
12
10
S —4—10MHz
o 8
S ——15MHz
20MHz
4
5 ——64QAM limit (8%)
0
-60 -50 -40 -30 -20 -10 0

Input Power (dBm)

Figure 5.16: EVM performance of LTE signals under 64QAM

From the test results, it can be found the dynamic range of the system is power limited. The
dynamic range calculation introduced in section 2.3.3 is for ideal system. In practice, the ADC
dynamic range is smaller than the ideal value in order to ensure no damage to the equipment or
clipping. When this system was tested, the maximum power was limited to 0 dBm and EVM

could not be tested when the input power was larger than 0 dBm.

The EVM performance of a 20 MHz bandwidth LTE signal is illustrated by the orange curve in
Figure 5.16. As the EVM requirement for 64QAM is limited at 8%, the dynamic range of
channel 0 for a 20 MHz bandwidth LTE signal is approximately 43 dB. The dynamic range for
a 15 MHz bandwidth LTE is wider than that of a 20 MHz bandwidth LTE, the value is 45 dB.
The 10 MHz bandwidth LTE signal has the best performance of the dynamic range, which is
around 47 dB.

Figure 5.17 shows the 64QAM constellation diagrams of the 10 MHz bandwidth LTE signal
and 20 MHz bandwidth LTE signal at three different input powers (-10 dBm, -40 dBm, and -50
dBm).
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Figure 5.17: Constellation diagrams of LTE signals under 64QAM modulation

As shown in Figure 5.17, for both the 10 MHz bandwidth LTE signal and 20 MHz bandwidth
LTE signal, the signal quality decreases as the input power decreases. Comparing the signal
transmission quality with different bandwidths, but with the same input power, the 10 MHz

bandwidth LTE signal shows better performance.
b) EVM performance with a modulation format of 16QAM for ADC channel 0

The EVM performance for channel 0 with a modulation format of 16QAM is tested with input
power is varied from -50 dBm to 0 dBm. LTE signals with different channel bandwidths (10
MHz, 15 MHz, and 20 MHz) are fed into the system. The EVM performance requirement for
16QAM modulation format is 12.5%, as the red line shows in Figure 5.18.
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Figure 5.18: EVM Performance of LTE signals under 16QAM

As shown in Figure 5.18, the dynamic range of the 10 MHz bandwidth LTE signal is around 47
dB. The dynamic range of a 15 MHz bandwidth LTE signal is 45 dB, and the dynamic range of

a 20 MHz bandwidth LTE signal is approximately 43 dB. From this figure, it can be found that

the dynamic range of the system increases as the signal bandwidth decreases.

The following figures are the 16QAM constellation diagrams of the 10 MHz bandwidth LTE
signals and 20 MHz bandwidth LTE signals with input powers of -10 dBm, -40 dBm, and -50

dBm.
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Figure 5.19: Constellation diagrams of LTE signals under 16QAM
bandwidth LTE signal has a better signal quality than that of the 20 MHz bandwidth LTE signal
when the input power is the same. The signal quality is very poor when the input power is -50

dBm as the value of the EVM has already exceeded the 16QAM requirement.
c) EVM performance with a modulation format of QPSK for ADC channel 0

The EVM performance of channel 0 with modulation format of QPSK is tested. LTE signals
with bandwidths of 10 MHz, 15 MHz, and 20 MHz are fed into the channel and the input power
is varied from -50 dBm to 0 dBm. As the EVM request of QPSK is 17.5%, the dynamic range
of the 20 MHz bandwidth LTE signal is around 43 dB. The 15 MHz bandwidth LTE signal has
a better dynamic range with a value of 45 dB. The dynamic range of the 10 MHz bandwidth
LTE signal is approximately 47 dB.
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EVM Performance with Different bandwidths under QPSK
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Figure 5.20: EVM performance of LTE signals under QPSK

The QPSK constellation diagrams shown in Figure 5.21 illustrates the signal transmission
quality of the 10 MHz bandwidth and 20 MHz bandwidth LTE signals with input powers of -
10 dBm, -40 dBm, and -50 dBm.

10 MHz, -10 dBm 10 MHz, -40 dBm 10 MHz, -50 dBm

15 15
1
0 — g 7 10 w
- + |
B . - o 05
| » |9 &
0
3 . ~ A 0.0
. | AR
T -0.5: —
0 = = . | ‘
5 -1.0
-1 0 1 _I1'5

olh-a—s—o—0—=-

5 1 0 1

20 MHz, -10 dBm

15
|

o o

oo
2—o—g—¢

o|s-s—s—p—o—2
SlaTrTeTET R T E

-1 0 1

Figure 5.21: Constellation diagrams of LTE signals under QPSK

Figure 5.21 indicates that a signal with a narrow channel bandwidth has a better transmission

quality than that of a signal with a wider bandwidth when the input power is the same. The
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signal quality is very high when the input power is -10 dBm, but it reduces as the input power
decreases.

e Test Results Channel 1

To test the performance of channel 1, a WCDMA signal is used as the input source. Figure 5.22
indicates the EVM test results.

EVM Performance of channel 1 WCDMA signal
transmission
25
20 0\
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-60 -50 -40 -30 -20 -10 0
Input Power (dBm)

Figure 5.22: EVM performance of WCDMA signal

As shown in Figure 5.22, the WCDMA is modulated by QPSK and the EVM requirement is
17.5%. The dynamic range is approximately 53 dB.

5.2.5 Summary of FMC142 Performance

The project FMC142 Connector Interface is successfully implemented. All the components on
the FMC142 card are configured and work as expected. The sampling rate of ADCs and DACs
are configured to 150MHz and the transceivers on the FPGA work at a clock of 37.5MHz. All
the parameters can be easily changed though the software design. The performance of channel
0 and channel 1 are tested by feeding an LTE signal and a WCDMA signal. The dynamic range

and the signal transmission quality are measured and analysed.
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5.3 RF Performance of Eth-DDAS

5.3.1 Experiment Setup

The last step to test the RF performance of the Eth-DDAS system is to combine the FMC142
interface module, introduced in Section 5.2, and the Eth-DDAS modules implemented on the
FPGA, introduced in Chapter 4, together. The architecture of the real-time Eth-DDAS system

has already been illustrated in Figure 5.1. The experiment setup is shown in Figure 5.23 below.

R&S SMW200A E

Signal Generator

R&S SMW200A '.'.J =i ul j

Signal Generator

M —»| Data packetise SFP
DACO E < Data depacketise
R&S FSQ Signal 7] 3
Analyser DACL I ADC/DAC Card = Data packetise SEP
Data depacketise \\
R&SFSQ Signal
Analyser Optical
[ " () P

Figure 5.23: Real-time Eth-DDAS experiment setup with optical loopback

As shown in Figure 5.23, the performance of the system with two channels are tested and
analysed. LTE signals with different bandwidths (10 MHz, 15 MHz, and 20 MHz) are fed into
channel 0 and a WCDMA signal is fed into channel 1. Two onboard SFP* connectors are used

to transmit and receive signals and two 5Sm fibres are used to transmit signals.
5.3.2 Test Results

In order to compare the system performance between the real-time Eth-DDAS and the system
FMC142 Connector interface, the same test methods are used in this section. Channel 0 is fed
with LTE signals under 64QAM, 16QAM and QPSK modulation formats. Channel 1 is fed with
a WCDMA under 16QAM modulation format. The dynamic range and the EVM performance

of two channels are tested. The signal transmission quality is also analysed.

e Test Results of Channel 0
a) EVM performance with a modulation format of 64QAM for Channel 0
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Figure 5.24 indicates the EVM performance of 10 MHz, 15 MHz and 20 MHz bandwidths LTE
signals under a 64QAM modulation format. The input power varied from -50 dBm to 0 dBm.

EVM Performance with different bandwidths under
64QAM modulation
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Figure 5.24: EVM performance of LTE signals under 64QAM

As shown in Figure 5.24, the dynamic range of a 20 MHz bandwidth LTE signal is
approximately 42 dB. The dynamic range of 15 MHz and 10 MHz bandwidth LTE signals are
around 43 dB and 46 dB.

b) EVM performance with a modulation format of 16QAM for Channel 0

The EVM performance of LTE signals under the 16QAM modulation format is also tested. The

test results are illustrated in Figure 5.25.
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EVM Performance with different bandwidths under 16QAM
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Figure 5.25: EVM performance of LTE signals under l6QAM

From Figure 5.25, the dynamic range of the 10 MHz bandwidth LTE signal is 46 dB. The
dynamic range of the 15 MHz bandwidth LTE signal and 20 MHz bandwidth LTE signal are 44
dB and 42 dB.

c) EVM performance with a modulation format of QPSK for Channel 0

The following figure indicates the EVM performance of channel 0 when LTE signals are
modulated with QPSK.

EVM Performance with different bandwidths under

QPSK modulation
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Figure 5.26: EVM performance of LTE signals under QPSK

96



5.3 RF Performance of Eth-DDAS

Figure 5.26 shows that the dynamic range of the 20 MHz bandwidth LTE signal is 42 dB and
the dynamic range of the 15 MHz and 10 MHz bandwidth LTE signals are 44 dB and 46 dB.

The constellation diagrams of 10 MHz and 20 MHz bandwidth LTE signals at input powers of

-10 dBm, -40 dBm, and -50 dBm under 64QAM, 16QAM, and QPSK modulation formats are
illustrated in Figure 5.27.
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Figure 5.27: Constellation diagrams of LTE signals

The constellation diagrams show how the signal transmission quality becomes poor as the input
power decreases and the 10 MHz bandwidth LTE signals have a better transmission quality than

that of the 20 MHz bandwidth LTE signals.

e Test Results of Channel 1

A WCDMA signal is fed into channel 1 and the EVM performance is tested. Figure 5.28 shows

the test results.

EVM Performance of Channel 1 WCDMA Signal
Transmission
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Figure 5.28: EVM performance of WCDMA Signal
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The test results shown in Figure 5.28 indicate that the dynamic range of channel 1 is

approximately 52 dB.

5.4 Comparison and Analysis

In Chapter 4, the signal source of the Eth-DDAS system is an LTE digital signal stored in a
BRAM with 20 MHz bandwidth and a centre frequency of 30 MHz. By repeatedly feeding this
LTE signal into the system over 12 hours, a total number of 76,578,301 packets are transmitted
with 0 error frame received. For the real-time Eth-DDAS system, the test results show that the
system EVM increases as the input power decreases. The dynamic range of a 20 MHz
bandwidth LTE signal under 64QAM modulation format is 42 dB, the EVM exceeds the
64QAM requirement (8%) when the input power is less than 42 dBm.

The EVM performance of a real-time Eth-DDAS system and FMC142 Connector interface
system are also compared. Figure 5.29 illustrates the difference when a 20 MHz bandwidth LTE

signal under a 64QAM modulation format is used as the signal source for channel 0.

EVM Performance of 20MHz bandwidth LTE signal with
64QAM modulatin (Channel 0)
16
14
12
2 10
; 8 Real-time Eth-DDAS
S 6 FMC142_Connector Interface
‘21 ——64QAM limit (8%)
0 I T T T T i L
-60 -50 -40 -30 -20 -10 0
Input Power (dBm)

Figure 5.29: EVM performance of 20MHz LTE signal under 64QAM

As shown in Figure 5.29, the dynamic range of the real-time Eth-DDAS system is 42 dB and
43 dB for the FMC142 Connector interface system. There is a 1dB difference between the two

systems.

The EVM performance of two systems is also compared when a 15 MHz bandwidth LTE signal

under 16QAM modulation format is fed into channel 0. The results are shown in Figure 5.30.
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The dynamic range of the real-time Eth-DDAS system is 45 dB and 46 dB for the
FMC142 Connector interface system.

EVM Performance of 15MHz bandwidth LTE Signal
under 16QAM modulation (Channel 0)
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Figure 5.30: EVM performance of 15MHz LTE signal under l6QAM

The EVM performance of two systems is compared when a 10 MHz bandwidth LTE signal
under QPSK modulation format is used as the input source of channel 0. As shown in Figure
5.31, the dynamic range of the FMC142 Connector interface system is 47 dB and 46 dB for
the real-time Eth-DDAS system.

EVM Performance of 10MHz bandwidth LTE signal under
QPSK modulation (Channel 0)
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Figure 5.31: EVM performance of I0MHz LTE signal under QPSK

The EVM performance of channel 1 of two systems is compared and the results are shown in
Figure 5.32. The dynamic range of the real-time Eth-DDAS system is 42 dB and the dynamic
range of the FMC142_ Connector interface system is 43 dB.
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Figure 5.32: EVM performance of channel 1

By comparing the dynamic range of the real-time Eth-DDAS system with the
FMC142 Connector interface system, it can be found that the dynamic range of two systems
has a one dB difference. As the system becomes more complex, the components, such as SFP*
connectors and fibres, may introduce some errors, but the performance of the real-time Eth-
DDAS system is mainly determined by the ADC/DAC card.

5.5 Conclusions

In this chapter, the real-time Eth-DDAS system is implemented and tested. Before building the
full system, project FMC142 Connector interface is first implemented to make sure the
FMC142 card is configured properly and the interface module between the FMC142 card the
FPGA is implemented successfully. The performance of the real-time Eth-DDAS is tested. LTE
signals with bandwidths of 10 MHz, 15 MHz, and 20 MHz under different modulation formats
(64QAM, 16QAM, and QPSK) are fed into channel 0 and a WCDMA signal is used as the input
source of channel 1. The dynamic range and the signal transmission quality is measured and
analysed. For channel 0, the dynamic range of a 20 MHz bandwidth under a 64QAM
modulation format is 42 dB. The signal transmission quality increases if a signal with a narrow
bandwidth is transmitted. For channel 1, the dynamic range is around 52 dB due to the
bandwidth of WCDMA, which is only 5 MHz.
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Comparing the system performance of the real-time Eth-DDAS system with the system with a
digital input source (introduced in Chapter 4), the dynamic range of the system is mainly
determined by ADC/DAC card.
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Chapter 6 Conclusions and Future Work

6.1 Overall Conclusions

6.1.1 Motivation

Mobile data is predicted to grow dramatically in the forthcoming years. Cisco forecasts that the
quantity of monthly mobile data will reach 49 exabytes by 2021, which is seven times greater
than that of 2016. However, more than 80% of data traffic is generated from buildings. In
addition, there are normally between three and four major mobile network operators in a region,
all of which provide multiple mobile services. In order to satisfy the Quality of Experience
(QoE) and the Quality of Service (QoS) requirements, an in-building multi-service wireless
mobile network with enough bandwidth and coverage is needed. Digital distributed antenna
systems (DDAS) have become a key technolog when tackling this problem, especially for large
buildings. As the optical fibre provides low-loss cabling, the fibre-based DDAS are able to
obtain many benefits from it, especially when the DDAS are implemented within large
buildings and over long distances. However, the current transport links for DDAS cannot
provide enough bandwidth for the next generation of in-building wireless networks. Due to the
fact that Ethernet is now widely used and has been developed over many years, use Ethernet
infrastructure as the transport link for digital DAS is considered to be a reliable and cost-
effective solution. To transport the required radio frequency (RF) signal over the Ethernet, the
stringent latency requirement of the RF signal has become a bottleneck for the Eth-DDAS

system.

To overcome these problems, a digital DAS over Ethernet (Eth-DDAS) system has been
suggested in this thesis. The theory is that the system packetises the RF signal onto an Ethernet
frame structure and provides a mechanism to help maintain the frame order. As a result, the
system latency then meets the requirements provided by the Common Public Radio Interface
(CPRI). Moreover, a multi-service DDAS system that uses a data compression algorithm and a
14-channel multi-service DDAS system have been demonstrated in this thesis to further explain

the technology present in multi-service in-building DDAS.
6.1.1 Multi-service DDAS with a data compression algorithm

A multi-service digital DAS with a data compression algorithm has been demonstrated
experimentally for the first time in this thesis. With the help of the data compression algorithm,

the spectral efficiency has been shown to be improved by up to three times more than CPRI
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when a single 20MHz bandwidth LTE signal is used as the input source. To test the EVM
dynamic range of the system, LTE signals with different bandwidths are fed into channel 0 and
a WCDMA signal is used as the input source of channel 1. The EVM dynamic range of channel
0 is 42dB when a 20MHz bandwidth LTE signal is fed into the system. Channel 1 offers an
EVM dynamic range of 62dB.

In addition, a 14-channel multi-service system has also been introduced in this thesis. The
system is designed in collaboration with the Beijing Institute of Aerospace Control Devices
(BIACD) for China Tower Ltd. By demonstrating this multi-service system, it should hopefully
become more straightforward to understand how to design a system that meets industrial

requirements.

6.1.2 Multi-service Ethernet Digital DASs

The Eth-DDAS system is designed as an embedded system. The Net-FPGA SUME is used to
implement the system hardware with the help of Xilinx Vivado. The system software is
designed using the Xilinx Software Development Kit (Xlinx SDK). The FMC142 card is
selected as the ADC/DAC convertor. It provides two channels of ADC/DAC with a 16-
resolution bit, a 370MSPS sampling rate of ADC, and a 2500MSPS sampling rate of DAC.

Three functional blocks are implemented for the system hardware design: 1) a FMC142
interface; 2) data packetised and depacketised based on the Ethernet frame structure; 3)a SFP*

module to transmit and receive signals.

The RF signal is digitised first, then the digital data is packetised as an Ethernet frame with a
timestamp header, a sequence number header, and an IP header; source and destination MAC
address headers are then added. The Ethernet frames are then sent through the SFP* connector
over fibres. After the Ethernet frames are received, they are depacketised and recovered to form
an analogue signal. The software is designed to control the Ethernet frame size and to configure
parameters for each hardware module. In addition, the software is also used to control the
FMC142 card.

In order to test the system performance, different RF signals are fed into Eth-DDAS. Channel
0 is tested with LTE signals with differing bandwidths. A 20 MHz bandwidth LTE signal under
64QAM modulation format is shown to offer an EVM dynamic range of 42dB. A 10MHz
bandwidth LTE under 64QAM modulation format increases the EVM dynamic range to 46dB.
Channel 1 is fed with a WCDMA signal; the EVM dynamic range is 52dB because the
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bandwidth of WCDMA is 5SMHz. The system latency is measured using three scenarios. A 1026
ns latency is contributed to the system with a loop test when the Ethernet payload size is 64

Bytes. An 820 ns latency is contributed by an Ethernet switch.

6.2 Future Work

While this thesis has contributed significant developments to the concept of multi-service
Ethernet DDAS, more research is required into this area to achieve the ultimate deployment of

the future Eth-DDAS. The future work includes the following elements.
6.2.1 Implementing the data compression algorithm onto Eth-DDAS

The data compression algorithm introduced in Chapter 3 has been shown to contribute a spectral
efficiency that is three times greater than that of CPRI. If the data compression algorithm is to
be integrated with the current Eth-DDAS, the upgraded Eth-DDAS would handle more signals
over the same transport link. Due to the fact that the data compression algorithm’s functional
blocks are implemented on the Altera Quartus platform and the Eth-DDAS is implemented
using a Xilinx Vivado platform, migrating the data compression algorithm blocks from Altera
Quartus to Xilinx Vivado would be the first step for this work. The system architecture should

be upgraded as shown in the figure below.
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Figure 6.1: Eth-DDAS with data compression algorithm

6.2.2 DAS module and remote module separation

The current Eth-DDAS system is implemented on one FPGA. The transmitter and receiver of

a channel are implemented with the same clock. In reality, the system’s DAS module is normally
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allocated in the base station, while the remote units are allocated at different places. The

architecture is shown in the figure below:

R&S SMW200A ‘g ‘g R&S FSQ Signal
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DACO = SFP SFP = DACO
DQCI— ADC/DAC Car == / = ADC/DAC Card DAel
Optical
R&S SMW200A fibre
Signel Generstor DAC Module Remote Unit R&SFsQ Signal

Figure 6.2: Experimental setup of the separated DAC Module and Remote Unit

|
on two FPGA boards. The challenge of this work is the synchronisation of the clocks on the

two FPGA boards. A clock synchronisation mechanism should be designed to transport the time

information.

6.2.3 Network congestion solution

The current Eth-DAS system does not have the network congestion problem as the bandwidth
is wide enough. In the future, network congestion may occur as more data is transmitted into
the system. A solution will be proposed to solve the network congestion problem. As the system
is a real-time system, the packet latency requirement is strict. The packet must be dropped once

the delay time beyond the latency limit and the dropped packet will be resend again.

6.2.4 Frame ordering with real Ethernet network

The real Ethernet network is complemented with many switches to transport frames. Currently
the Eth-DDAS transports Ethernet frames with a 2m fibre; although an Ethernet switch has
been implemented, as introduced in Chapter 4, it is only used to test the system latency. Figure

6.3 simply illustrates a network with four switches.
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Figure 6.3: Network with multiple switches

As shown in Figure 6.3, the DAC Module sends four frames with ordering; however, due to the
fact that frames are transported through different paths and that there are numerous switches in
the paths, the Remote Unit received frames out of order. To overcome this problem, an ordering
mechanism should be designed. The sequence number header has already been added to the
current Eth-DDAS system; by reordering these sequence numbers, the Remote Unit receives

the signal correctly.
6.2.4 Eth-DDAS System Integration with IP Network

In general, the technical aspect of the future work aims to develop a DDAS for the next
generation of the in-building mobile network. To integrate the Eth-DDAS with the existing
Ethernet infrastructure would make the new system economically feasible. Figure 6.4 illustrates

an example of the next generation of in-building digital DAS mobile networks.
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Figure 6.4: DDAS system integrated with IP network
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Similar to the CRAN architecture, the DAS Modules introduced in Chapter 3 will be centrally
allocated in a control house. The RF signal is transported via the Ethernet network to the remote
units allocated in buildings. By complying with the header information of each frame, all the
frames should be transported to the correct addresses. By integrating DDAS with the existing
network infrastructure, the cost of the system should be greatly reduced. The centralised control

centre will also reduce energy consumption and lower the overall opex and capex.

108



References

References

[1] T. S. Rappaport, Wireless Communications: Principles and Practice, Upper Saddle River,
N.J.: Prentice Hall, 2002.

[2] Rappaport, T.S., 1996. Wireless communications: principles and practice (Vol. 2). New
Jersey: Prentice Hall PTR.

[3] Greb, Gordon, and Mike Adams. Charles Herrold, inventor of radio broadcasting.
McFarland, 2003.

[4] Douglas, Susan J. Inventing American Broadcasting, 1899-1922. Johns Hopkins
University Press, 1989.

[5] A.Goldsmith, Wireless Communications. Cambridge: Cambridge University Press, 2005.

[6] AT&T [Online] Avaliable:
http://www.corp.att.com/attlabs/reputation/timeline/46mobile.html

[7] Regis J. Bates, Donald W. Gregory Voice & data communications handbook McGraw-Hil
Professional, 2007 ISBN 0-07-226335-0 page 193.

[8] Morgan, Walter L., and Gary D. Gordon. Communications satellite handbook. Wiley-

Interscience, 1989.

[9] Pahlavan, Kaveh, and Allen H. Levesque. Wireless information networks. Vol. 93. John
Wiley & Sons, 2005.

[10] Farley, Tom. "Mobile telephone history." Telektronikk 101.3/4 (2005): 22.
[11] Goémez-Barquero, David. Next Generation Mobile Broadcasting. CRC press, 2013.

[12] Belden, The Evolution and Progress of Wireless Standards. [Online] Available:
https://www.belden.com/blog/digital-building/the-evolution-and-progress-of-wireless-

standards

[13] Mohr, Werner, and Walter Konhéduser. "Access network evolution beyond third
generation mobile communications." Communications Magazine, IEEE 38.12 (2000):
122-133.

109



References

[14] Hanzo, Lajos, Choon Hin Wong, and Mong-Suan Yee. Adaptive wireless transceivers:
turbo-coded, turbo-equalised and space-time coded TDMA, CDMA and OFDM
systems. John Wiley & Sons, 2002.

[15] Brown, Barry, and Nicola Green, eds. Wireless world: Social and interactional aspects of

the mobile age. Springer Science & Business Media, 2012.

[16] Steele, Raymond, and Lajos Hanzo. Mobile radio communications: second and third

generation cellular and WATM systems. IEEE Press-John Wiley, 1999.

[17] Feher, Kamilo. "Spectrally efficient FQPSK, FGMSK, and FQAM for enhanced
performance CDMA, TDMA, GSM, OFDN, and other systems." U.S. Patent No.
6,470,055. 22 Oct. 2002.

[18] Schilling, Donald L., Elmer Yuen, and Joseph Garodnick. "High processing gain
CDMA/TDMA system and method." U.S. Patent No. 6,078,576. 20 Jun. 2000.

[19] Patel, Girish, and Steven Dennett. "The 3GPP and 3GPP2 movements toward an all-IP
mobile network." Personal Communications, IEEE 7.4 (2000): 62-64.

[20] Honkasalo, Harri, et al. "WCDMA and WLAN for 3G and beyond." Wireless
Communications, IEEE 9.2 (2002): 14-18.

[21] Dahlman, Erik, et al. 3G Evolution: HSPA and LTE for mobile broadband. Academic
Press, 2010.

[22] Korhonen, Juha. Introduction to 3G mobile communications. Artech House, 2003.

[23] Garg, Vijay Kumar, and Theodore S. Rappaport. Wireless network evolution: 2G to 3G.
Prentice Hall PTR, 2001.

[24] Gomez, Gerardo, and Rafael Sanchez, eds. End-to-end quality of service over cellular

networks: data services performance optimization in 2G/3G. John Wiley & Sons, 2005.

[25] Dahlman, Erik, Stefan Parkvall, and Johan Skold. 4G: LTE/LTE-advanced for mobile
broadband. Academic Press, 2013.

[26] Boudreau, Gary, et al. "Interference coordination and cancellation for 4G networks."
Communications Magazine, IEEE 47.4 (2009): 74-81.

[27] Wang, Yajun, Wen Chen, and Chintha Tellambura. "PAPR reduction method based on
parametric minimum cross entropy for OFDM signals."Communications Letters,

IEEE 14.6 (2010): 563-565.

110



References

[28] Holma, Harri, and Antti Toskala, eds. LTE for UMTS-OFDMA and SC-FDMA based
radio access. John Wiley & Sons, 2009.

[29] Mobile Broadband, [Online] Available:
http://www.slideshare.net/mlinarsky/mobile- broadband-3166593
[30] Prasad, Ramjee. 5G: 2020 and Beyond. River Publishers, 2014.
[31] Kopetz, Hermann. "Internet of things." Real-time systems. Springer US, 2011. 307-323.

[32] Andrews, Jeffrey G., et al. "What will 5G be?." Selected Areas in Communications,
IEEE Journal on 32.6 (2014): 1065-1082.

[33] Bhushan, N., Li, J., Malladi, D., Gilmore, R., Brenner, D., Damnjanovic, A., Sukhavasi,
R., Patel, C. and Geirhofer, S., 2014. Network densification: the dominant theme for
wireless evolution into 5G. IEEE Communications Magazine, 52(2), pp.82-89.

[34] Carugi Marco, “Key features and requirements of 5G/IMT-2020 networks” ITU Arab
Forum on Emerging Technologies Algiers — Algeria, 2018

[35] Koivisto, M., Hakkarainen, A., Costa, M., Kela, P., Leppanen, K. and Valkama, M.,
2017. High-efficiency device positioning and location-aware communications in dense

5G networks. IEEE Communications Magazine, 55(8), pp.188-195.

[36] CISCO. "Cisco Visual Networking Index: Global Mobile Data Traffic Forecast Update,
2016-2021". [Online]. Available:
https://www.cisco.com/c/en/us/solutions/collateral/service-provider/visual-networking-
index-vni/mobile-white-paper-c11-520862.html, Mar. 28, 2017.

[37] Monica Paolini, “Beyond Data Caps — An Analysis of the Uneven Growth in Data
Traffic” Senza Fili Consulting, 2011

[38] Maheshwari, Mukesh Kumar. "Modelling of Losses Due to Different Types of Walls
and Empirical Model for Indoor Wi-Fi System." Bahria University Journal of
Information & Communication Technologies 3.1 (2010): 23-27.

[39] Soldani, David. "Means and methods for collecting and analyzing QoE measurements in
wireless networks." Proceedings of the 2006 International Symposium on on World of

Wireless, Mobile and Multimedia Networks. IEEE Computer Society, 2006.

[40] Mukherjee, Anwesha, et al. "Femtocell based green power consumption methods for

mobile network." Computer Networks 57.1 (2013): 162-178.

111



References

[41] Arnold, Oliver, et al. "Power consumption modeling of different base station types in
heterogeneous cellular networks." Future Network and Mobile Summit, 2010. 1EEE,
2010.

[42] Hasan, Ziaul, Hamidreza Boostanimehr, and Vijay K. Bhargava. "Green cellular
networks: A survey, some research issues and challenges." Communications Surveys &

Tutorials, IEEE 13.4 (2011): 524-540.

[43] Claussen, Holger, Lester TW Ho, and Florian Pivit. "Effects of joint macrocell and
residential picocell deployment on the network energy efficiency."Personal, Indoor and
Mobile Radio Communications, 2008. PIMRC 2008. IEEE 19th International
Symposium on. IEEE, 2008.

[44] Fujitsu, Hign-Capacity Indoor Wireless Solutions: Picocell or Femtocell? [Online]
Available: https://www.fujitsu.com/us/Images/High-Capacity-Indoor-Wireless.pdf

[45] Claussen, Holger, Lester TW Ho, and Louis G. Samuel. "An overview of the femtocell
concept." Bell Labs Technical Journal 13.1 (2008): 221-245.

[46] Sprint, [Online] Available: http://ebiquity.umbc.edu/blogger/2008/02/19/sprint-offering-

femto-cells-in-selected-markets/

[47] A. Saleh, A. Rustako, R. Roman, “Distributed antennas for indoor radio
communications,” IEEE Trans. Commun., vol. 35, pp. 1245-1251, Dec. 1987.

[48] Li,T. “Digital radio over fibre for distributed antenna system,” Ph.D. dissertation,
Engineering Dept, University of Cambridge, 2011.

[49] Anritsu, “Understanding IBW Solutions In-Building Wireless: DAS to Small Cells”,
2015.

[50] Venkatraman, S. and Sheikh, K.P., Intel Corp, 2015. System and method for
performance enhancement in heterogeneous wireless access network employing

distributed antenna system. U.S. Patent 9,020,555.

[51] Schuh, R.E. and Sommer, M., 2002. W-CDMA coverage and capacity analysis for active
and passive distributed antenna systems. In Vehicular Technology Conference, 2002.
VTC Spring 2002. IEEE 55th (Vol. 1, pp. 434-438). IEEE.

112



References

52] Repeater Store, What’s the Difference Between Passive, Active, and Hybrid DAS?
P y
[Online] Available: https://www.repeaterstore.com/pages/what-s-the-difference-

between-passive-active-and-hybrid-das.
[53] Keiser, Gerd. Optical fiber communications. John Wiley & Sons, Inc., 2003.

[54] Richardson, D. J., J. M. Fini, and L. E. Nelson. "Space-division multiplexing in optical
fibres." Nature Photonics 7.5 (2013): 354-362.

[55] Li, T., Penty, R.V. and White, I.H., 2015, June. Novel digital radio over fibre for 4G-
LTE. In Communication Workshop (ICCW), 2015 IEEE International Conference
on (pp. 312-317). IEEE.

[56] Sabat, J. and Porte, D., Powerwave Technologies SARL, 2014. Digital distributed
antenna system. U.S. Patent 8,855,036.

[57] "Standard for Radio Over Ethernet Encapsulations and Mappings", IEEE Standard P1914.3,
[Online]. Available: http://sites.ieee.org/sagroups-1914/p1914-3/.

[58] Maiden, Richard. IEEE1914.3 Standard for Radio over Ethernet Encapsulations and
Mappings. NGNM Forum. Seattle. 2017.

[59] “Cloud RAN and eCPRI fronthaul in 5G networks”, [Online]. Available:
https://medium.com/5g-nr/cloud-ran-and-ecpri-fronthaul-in-5g
networksalf63d13df67.

[60] Al-Raweshidy, Hamed, and Shozo Komaki. Radio over fiber technologies for mobile

communications networks. Artech House, 2002.
[61] Lopez-Higuera, J.M. ed., 2002. Handbook of optical fibre sensing technology. Wiley.

[62] Miya, T., Terunuma, Y., Hosaka, T. and Miyashita, T., 1979. Ultimate low-loss single-
mode fibre at 1.55 pm. Electronics Letters, 15(4), pp.106-108.

[63] Weidmann, S., 1955. Effects of calcium ions and local anaesthetics on electrical

properties of Purkinje fibres. The Journal of Physiology, 129(3), pp.568-582.

[64] Eggleton, B.J., Krug, P.A., Poladian, L. and Ouellette, F., 1994. Long periodic
superstructure Bragg gratings in optical fibres. Electronics Letters, 30(19), pp.1620-
1622.

[65] Ng'oma, A, Radio-over-fibre technology for broadband wireless communication

systems, Eindhoven: Technische Universiteit Eindhoven, 2005, pp. 0404-0404.

113



References

[66] “Radio over fiber technology for wireless access”, [Online]. Available:

https://pdfs.semanticscholar.org/152b/ae6d6f10bc6cas538da9dS5ace501891654172.pdf

[67] Han, C., Cho, S.H., Chung, H.S. and Lee, J.H., 2015, September. Linearity improvement
of directly-modulated multi-IF-over-fibre LTE-A mobile fronthaul link using shunt
diode predistorter. In Optical Communication (ECOC), European Conference
on (pp. 1-3), 2015.

[68] Kurniawan, T., Nirmalathas, A., Lim, C., Novak, D. and Waterhouse, R., 2006.
Performance analysis of optimized millimeter-wave fiber radio links. /EEE transactions

on microwave theory and techniques, 54(2), pp.921-928.

[69] Guey, J.C. and Zangi, K.C., Telefonaktiebolaget LM Ericsson, 2014. Distributed antenna
system. U.S. Patent 8,634,357.

[70] Checko, A., Christiansen, H.L., Yan, Y., Scolari, L., Kardaras, G., Berger, M.S. and
Dittmann, L., 2015. Cloud RAN for mobile networks—A technology overview. [EEE
Communications surveys & tutorials, 17(1), pp.405-426.

[71] China Mobile, C-RAN: The Road Towards Green RAN. White Paper, ver 2, 2011, pp.1-
10.

[72] “5G Infrastructure Requirements in the UK”, [Online]. Available:

https://www.nic.org.uk/wp-content/uploads/5G-Infrastructure-requirements-for-the-UK-
LS-Telcom-report-for-the-NIC.pdf

[73] Jungnickel, V., Manolakis, K., Zirwas, W., Panzner, B., Braun, V., Lossow, M., Sternad,
M., Apelfrojd, R. and Svensson, T., 2014. The role of small cells, coordinated
multipoint, and massive MIMO in 5G. IEEE Communications Magazine, 52(5), pp.44-
51.

[74] Siddique, U., Tabassum, H., Hossain, E. and Kim, D.I., 2015. Wireless backhauling of
5G  small cells: challenges and solution approaches. [IEEE  Wireless
Communications, 22(5), pp.22-31.

[75] Peng, M., Wang, C., Lau, V. and Poor, H.V., 2015. Fronthaul-constrained cloud radio
access networks: Insights and challenges. [EEE Wireless Communications, 22(2),
pp-152-160.

[76] Peng, M., Li, Y., Zhao, Z. and Wang, C., 2015. System architecture and key technologies
for 5G heterogeneous cloud radio access networks. IEEE network, 29(2), pp.6-14.

114



References
[77] Tomatore,M. Chang, GK. Ellinas, G. Fibre-Wireless Convergence in Next-generation
Communication Networks, Springer International Publishing, 2017.

[78] Ng'oma, A, Radio-over-fibre technology for broadband wireless communication

systems, Eindhoven: Technische Universiteit Eindhoven, 2005, pp. 0404-0404.

[79] Kuwano, Shigeru, et al. "Digitized radio-over-fiber (DROF) system for wide-area
ubiquitous wireless network." Microwave Photonics, 2006. MWP'06. International
Topical Meeting on. IEEE, 2006.

[80] Common Public Radio Interface (CPRI): Interface Specification, ver6.0, 2013.

[81] “Open Base Station Architecture Initiative”, [Online]. Available:

http://www.obsai.com/obsai.htm.
[82] Common Public Radio Interface (CPRI): Interface Specification, ver4.0, 2009.

[83] Fiberone, CPRI Transceivers, 2017. [Online]. Available:
https://www.infiberone.com/Mobile/Detail 248.html.

[84] Common Public Radio Interface (CPRI): Interface Specification, ver7.0, 2015.

[85] Open Base Station Architecture Initiative System Specification, ver2.0, 2006.

[86] Common Public Radio Interface (CPRI): eCPRI Interface Specification, verl.1, 2018.
[87] Mustala, t. Klein, O. Common Public Radio Interface: eCPRI Overview. Noikia.

[88] Radio over Ethernet, IEEE P1904.3, 2016.

[89] Eldar, Yonina C., Sampling theory: Beyond bandlimited systems. Cambrdige University
Press, 2015.

[90] Ifeachor, E.C. and Jervis, B.W., Digital signal processing: a practical approach.
Pearson Education, 2002.

[91] Bilinskis, I., 2007. Digital alias-free signal processing. John Wiley & Sons.
[92] Bruno A. Nyquist Sampling Theorem. PSC129-Sensory Processes. 2000.

[93] Texas Instruments Application Report. Why Oversample when Undersampling Can Do
the Job? 2013, pp.2-3.

[94] Siragusa, E.J. and Galton, I., 2000. Gain error correction technique for pipelined

analogue-to-digital converters. Electronics Letters, 36(7), p.1.

115



References

[95] Nastase, A. An ADC and DAC Least Significant Bit. [Online]. Available:

https://masteringelectronicsdesign.com/an-adc-and-dac-least-significant-bit-Isb/.
[96] Reeder, R. Signal-to-Noise Ratio Equation. Electronic Design. 2015.
[97] Arar, S. Understanding the Dynamic Range Specification of an ADC. 2018.

[98] Arslan, H. ed., 2007. Cognitive radio, software defined radio, and adaptive wireless

systems. Springer Science & Business Media.

[99] Dillinger, M., Madani, K. and Alonistioti, N., 2005. Software defined radio:

Architectures, systems and functions. John Wiley & Sons.

[100] Tuttlebee, W.H. ed., 2003. Software defined radio: enabling technologies. John Wiley
& Sons.

[101] Watanabe, K. and Suzuki, H., Hitachi Ltd, 2006. Software defined radio and radio
system. U.S. Patent 7,043,023.

[102] Watanabe, K. and Suzuki, H., Hitachi Ltd, 2006. Software defined radio and radio
system. U.S. Patent 7,043,023.

[103] Briscoe, N., 2000. Understanding the OSI 7-layer model. PC Network Advisor, 120(2).

[104] Henshall, J. and Shaw, S., 1990. OSI explained: end-to-end computer communication
standards. Chichester: Ellis Horwood.

[105] Forouzan, B.A. and Fegan, S.C., 2002. TCP/IP protocol suite. McGraw-Hill Higher

Education.

[106] Zimmermann, H., 1980. OSI reference model--The ISO model of architecture for open

systems interconnection. /EEE Transactions on communications, 28(4), pp.425-432.

[107] Day, J.D. and Zimmermann, H., 1983. The OSI reference model. Proceedings of the
IEEE, 71(12), pp.1334-1340.

[108] Fall, K.R. and Stevens, W.R., 2011. TCP/IP illustrated, volume 1: The protocols.
addison-Wesley.

[109] Kozierok, C.M., 2005. The TCP/IP guide: a comprehensive, illustrated Internet

protocols reference. No Starch Press.

[110] Black, U.D., 1998. TCP/IP and Related Protocols: IPv6, Frame Relay, and ATM.
McGraw-Hill School Education Group.

116



References

[111] Wright, G.R. and Stevens, W.R., 1995. TCP/IP illustrated, volume 2: The

implementation. Addison-Wesley Professional.

[112] Forouzan, B.A. and Fegan, S.C., 2002. TCP/IP protocol suite. McGraw-Hill Higher

Education.

[113] Fund,F. TCP/IP Protocol Layers. WiITest lab. 2017 [Online]. Available:
https://witestlab.poly.edu/blog/tcp-ip-protocol-stack/.

[114] Seifert, R., 1998. Gigabit Ethernet: technology and applications for high-speed LANs.
Addison-Wesley Longman Publishing Co., Inc..

[115] Norris, M., 2003. Gigabit ethernet technology and applications. Artech House.
[116] Neuhauus, R. A Beginner’s Guide to Ethernet 802.3. Analog Devices. EE-269. 2005.

[117] “DE4 User Manual”. [Online]. Available:
http://www.europractice.stfc.ac.uk/vendors/Altera DE4 User Manual 2015 01.pdf

[118] Luyi, S., Jinyi, F. and Xiaohua, Y., 2012, August. Forward error correction. In 2072

Fourth International Conference on Computational and Information Sciences (pp. 37-

40). IEEE.

[119] Juniper Networks, Introduction to the Media Access Control (MAC) Layer 2 Sublayer.
2018. [Online]. Available:
https://www.juniper.net/documentation/en _US/junos/topics/concept/mac-qfx-series-

understanding.html

[120] Held, G., 2003. Ethernet Networks: Design, Implementation, Operation,AManagement.
John Wiley & Sons.

[121] “Medium Access Control (MAC)”. [Online]. Available:
https://erg.abdn.ac.uk/users/gorry/eg3567/lan-pages/mac.html.

[122] “Medium-Independent Interface”. [Online]. Available:
https://www.oreilly.com/library/view/ethernet-thedefinitive/1565926609/ch06s02.html

[123] Norris, M., 2003. Gigabit ethernet technology and applications. Artech House.

[124] Gandy, T.W., Nortel Networks Ltd, 2001. Method and apparatus for transmitting dual
speed ethernet information (10BASE-T and 100BASE-TX) across a physical layer
device service interface. U.S. Patent 6,222,852.

117



References

[125] Bottorff, P.A., Figueira, N.R., Martin, D.W., Armstrong, T.J. and Raahemi, B., Nortel
Networks Ltd, 2005. 10 Gigabit ethernet mappings for a common LAN/WAN PMD

interface with a simple universal physical medium dependent interface. U.S. Patent
6,944,163.

[126] “Cable Pinouts” Casco. [Online]. Available:
https://www.cisco.com/c/en/us/td/docs/security/asa/hw/maintenance/5585guide/
5585Xhw/pinouts.pdf

[127] Ethridge, B.J., Kimbrough, M.D., Gainer, J.J. and Whitehead, J.L., Tellabs Bedford Inc,
2008. Distributed ethernet hub. U.S. Patent 7,356,042.

[128] Cisco, How Does a Network Switch Work? [Online]. Available:
https://www.cisco.com/c/en/us/solutions/small-business/resource-center/connect

employees-offices/network-switch-how.html
[129] Winzer, P., 2010. Beyond 100G ethernet. [IEEE Communications Magazine, 48(7).

[130] NetFPGA, NetFPGA-SUME, [Online]. Available:
https://netfpga.org/site/#/systems/1netfpga-sume/details/

[131] Xilinx, AXI Interconnect, [Online]. Available:

https://www.xilinx.com/products/intellectual-property/axi_interconnect.html

[132] Xilinx, AXI Reference Guide. 2011. [Online]. Available:
https://www.xilinx.com/support/documentation/ip_documentation/ug761 axi_

reference guide.pdf.
[133] 4DSP, FMC150 datasheet Dual 14-bit A/D & Dual 16-bit D/A. [Online]. Available:

http://www.psirep.com/system/files/fmc150 dual 14-bit a-d dual 16-bit d-a a-ds-
5098.pdf?width=900&height=675&iframe=true

[134] Analog Devices, FMCDAQ?2 data sheet. [Online]. Available:
http://www.analog.com/en/design-center/evaluation-hardware-andsoftware/evaluation-

boards-kits/eval-ad-fmcdaq2-ebz.html#eb-overview

118



References

[135] 4DSP, FMC142 Dual 16-bit A/D & Dual 16-bit D/A datasheet. [Online]. Available:
http://www.mish.co.jp/doc/fmc142 dual 16-bit a-d dual 16-bit d-a a-ds-5096.pdf

[136] Analog Devices, JESD204B Survival Guide, [Online]. Available:
http://www.analog.com/media/en/technical-documentation/technical-articles/JESD204B-

Survival-Guide.pdf
[137] 4DSP, FMC144/FMC142/FMC140 User Manual, 2015

[138] Texas Instruments, ADC16DX370 Dual 16-bit 370 MSPS ADC With 7.4 Gb/s JESD204B
Outputs Datasheet. 2014.

[139] Texas Instruments, DAC3xJ84 Quad-Channel Digital to Analog Converters Datasheet. 2014.

119



