
  

 

 

Investigation on Digitized RF Transport 

over Fiber 
 

 

 

 

 

Yizhuo (Veronica) Yang 

 

 

 

 

A Thesis Submitted in Fulfillment of the 

Requirements for the Degree of Doctor of Philosophy 

 

 

 

March, 2011 

 

 

 

Department of Electrical and Electronic Engineering, 

The University of Melbourne, 

 Australia, 2011 

 

 



 

  ii 

 

 



 

  iii 

Abstract 

Wireless network based on radio-over-fiber (RoF) technologies is a promising solution to 

meet the ever increasing demand for larger transmission bandwidth. Such architecture moves 

most of the processing, routing and switching functionalities to a centralized location with 

optical fiber backhaul providing high speed interconnection to a large number of antenna 

base stations. This thesis is focused on the investigation and development of novel 

technologies for the implementation of radio-over-fiber networks in order to realize ultra-

high-speed, high-quality, and multi-service links that connect large numbers of radio base 

stations with the central office, simplify the architecture of remote base stations, and achieve 

both cost and energy efficiency.   

A digitized RF-over-fiber transmission scheme based on bandpass sampling theory and 

commercial-available analog-to-digital/digital-to-analog converters (ADC/DAC) is 

introduced in this thesis. It takes advantage of the higher performance of digital optical links, 

the benefits of direct RF distribution to realize simpler base stations, and the use of existing 

optical access and metro network infrastructures. Theoretical analysis of the digitized RF-

over-fiber link is carried out by examining noise sources; a comparison between digitized 

and analog RF-over-fiber links is made in terms of signal-to-noise ratio (SNR) and dynamic 

range. A low-cost digitized RF-over-fiber uplink transmission is demonstrated using 

commercially available Field-programmable Gate Array (FPGA) boards. This technique is 

further expanded to subcarrier multiplexed (SCM) RoF networks.  

An efficient bidirectional transmission scheme for Hybrid Fiber-Radio (HFR) access using 

digitized RF-over-fiber technique is proposed, and it can support multiple wireless signals 

distribution for both uplink and downlink. Experimental demonstration of a proof-of-concept 

DRoF-HFR link for the simultaneous transmission of GSM, UMTS and WiMAX wireless 

services is presented. Error-free transmission is achieved for all three wireless signals in both 
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the downstream and upstream directions. The thesis also investigated on the downlink power 

amplification requirement for wireless services at different wireless carrier frequencies. 

A digitized radio-over-fiber link for 18 GHz RF signal transmission has been successfully 

demonstrated with error-free detection. The investigations on the impacts of carrier 

frequency, bit rate, ADC resolution and sampling rate on the system performance are 

presented. Two enhanced digitized RF-over-fiber techniques are proposed to reduce the 

optical data rate and moderate the hardware requirement. 

Finally, the thesis investigates the power consumptions and energy-saving potentials of the 

fiber-wireless integration techniques. A mathematical model for estimating the base station 

power consumption is developed by evaluating power consumption of each component 

within the base station and applied to various base station architectures in accordance with 

different transport schemes of the wireless signals. 
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Chapter 1 

Introduction 

 

1.1 Broadband Access Networks 

Our new age society is becoming more informationally and visually oriented. The 

increasing demand on multimedia communications, such as text, audio, data, video, and 

image services, requires reliable broadband data transmission systems [1.1], and it is the 

driving force that propel the broadband network and its backbone become the necessary and 

critical infrastructure to underpin the economic activities globally [1.2]. Presently the “last 

mile” remains an unsolved dilemma for the world's telecommunications carriers, despite the 

many attempts to undertake this problem [1.3] [1.6]. 

1.1.1 Digital Subscriber Line (DSL) 
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Fig.1.1 DSL architecture 

Digital Subscriber Line and Cable modems are the most popular last mile solutions at the 

current stage (Fig. 1.1). DSL technology paved way to use existing twisted-pair phone lines 
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for broadband connection. Higher speed DSL connections like asymmetric digital subscriber 

line (ADSL), high data rate digital subscriber line (HDSL) and symmetric digital subscriber 

line (SDSL) are developed to extend the range of DSL (from the cable company to a node 

near the home user) services on copper lines [1.5]. This technology requires multiplexing 

equipment, such as a DSL Access Multiplexer (DSLAM) to be located at the central office 

(CO) to aggregate traffic for the backbone transport. At the subscriber, a splitter must be 

installed at the demarcation point (within the premise) to separate the voice and data traffic. 

However, it cannot provide true broadband services in a deterministic way. DSL 

technology is plagued by the actual topology of copper to which it is attached, and is limited 

in capacity (several Mbps) and distance (from the central office). Cable modems have higher 

capacity, yet the channel is shared and the amount of bandwidth at any given time is not 

guaranteed [1.3]. Typical distance limitations for the lowest bit rates are about 18,000 feet 

(5.49 km). To extend DSL’s reach, most high end DSL links have fiber running up to the 

DSL Access Multiplexer (DSLAM) and copper from there to the users [1.6].  

1.1.2 Hybrid Fiber Coax (HFC) 
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Fig.1.2 HFC architecture 

Hybrid Fiber Coax systems (Fig. 1.2) are being deployed in local loops in several countries. 

The supporters of this approach believe that the conventional twisted pair does not provide 

enough bandwidth relative to it costs [1.6]. The HFC technology exploits the bandwidth 
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capacity of fiber and cable television coaxial cable. The HFC network employs an optical 

fiber facility running from the central office (head-end) to a neighborhood node (optical 

node). At this node, users are connected by coaxial cable. The coaxial cable is shared with 

frequency division multiplexing (FDM). 

The HFC networks are inherently analog and the FDM RF signal sees the fiber-copper 

channels (or copper-fiber in the reverse link) arranged in tandem. Therefore the noise, 

distortion and attenuation are cumulative [1.7]. HFC also has its own technical and 

operational issues. On the technical side, the upstream bandwidth is small and noisy. Due to 

the shared bandwidth, security can be an issue. On the operational side, the RF amplifiers 

bring a higher operational cost and a lower reliability [1.4]. 

1.1.3 Fiber-to-the-Home (FTTH) 

The driving force for Fiber-to-the-Home network is the increasing bandwidth demand. 

Passive optical network (PON) provides simplicity and low network costs, and is believed to 

be the best architecture to deploy FTTH (Fig. 1.3). The TDM-PON is a typical point to 

multipoint optical access network, connecting the optical line terminal (OLT) in the local 

exchange with many residential and business customers by means of passive splitters located 

in the field [1.4, 1.8, and 1.9]. 
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Fig.1.3 FTTH architecture 
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With optical-to-electronic and signal conversions necessary at every home, the initial cost 

of the network is higher than the rest. When an existing copper network already exists 

additional costs are incurred by laying a new optical fiber network, so it may make sense for 

the incumbents to utilize their existing network before considering a FTTH solution. The 

demand for huge bandwidth that fiber can offer is still not clear, as major applications 

requiring fiber capacity are not yet in existence. Providing network power to subscriber 

equipment especially telephones is still a problem. Current regulations concerning the 

broadband markets are not clear. All these factors contribute to the uncertain future of FTTH 

[1.10]. 

1.1.4 Fiber-Wireless (Fi-Wi) Integration 

The future generation broadband access does not only require large operating bandwidth 

but also needs high flexibility and mobility. This leads to the integration of fiber and wireless 

broadband infrastructures via a common backhaul networks supporting both wired and 

wireless connectivity. The most widely used technology behind Fi-Wi is the radio-over-fiber 

(RoF) technology, which refers to the transmission of radio frequency signal from the central 

office to the base station (BS) over optical fiber and using wireless communication for the 

transmission between the base station and the custom user (Fig. 1.4). It combines the 

capacity of optical networks with the flexibility and mobility of wireless networks to provide 

broadband multimedia access [1.5, 1.11, and 1.12]. 
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Fig.1.4 Fi-Wi architecture 
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One of the major issues of RoF is the nonlinear distortions of the optical link, which are 

from both the optical fiber and the components of the optical link [1.13]. Frequency up-

conversion/down-conversion has attracted much attention, as it can not only avoid signal 

deterioration due to the fiber dispersion but also circumvent using high frequency photonic 

and RF devices. However, it will increase the complexity of the BSs [1.14, 1.15]. The typical 

radio-over-fiber system also suffers from severely limited Spurious Free Dynamic Range 

(SFDR), since the RoF link is accomplished by analogue modulation of an optical or 

microwave carrier [1.16]. 

1.2 Fiber-Wireless Networks 

1.2.1 Radio-over-Fiber Technology 

The increasing demand for larger capacity and higher transmission speeds to accommodate 

for data-intensive multimedia and real-time applications is unanimous across both mobile 

and fixed wireless access environments. The current available wireless services, such as 

GSM, WiMAX, LTE, and WiFi, are operating at lower microwave region (<5 GHz). It has a 

limited ability to allocate the large spectrum bandwidths required for broadband radio 

applications. Current trends in cellular networks are to reduce cell size to satisfy the demands 

of larger bandwidth from users, and to exploit the unused bandwidths at millimeter wave 

(mm-wave) frequencies to avoid spectral congestion in lower frequency bands. However, 

reducing the radio cell size or raising the carrier frequency lead to expensive radio systems, 

because of the high installation and maintenance costs. It will demand a large number of base 

stations to cover a service area, and the development of cost-effective base stations becomes 

a key to success in the market [1.17, 1.18]. In the meantime, the traditional microwave 

backbone with its limited capacity and large propagation loss places a heavy burden on the 

growth of truly broadband wireless access networks. Governments around the world have 

recognized the necessity and long-term benefits of the deployment of the optical access 
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networks [1.19]. Such accelerated deployment of optical access networks will in turn drive 

more development of the metropolitan and long-haul optical backbone. 
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Fig.1.5 Schematic diagram of a fiber-radio network 

The fiber-wireless networks, so called radio-over-fiber technology, were first demonstrated 

for cordless or mobile telephone service in 1990 [1.20]. This technique takes advantage of 

the fiber optical backhaul to provide high-speed interconnection between the central office 

and large number of base stations as shown in Fig. 1.5. Such architecture moves most of the 

processing, routing and switching functionalities to a centralized location, reduces the radio 

system costs by simplifying the remote base stations, and enhances the sharing of expensive 

radio equipment located at the central office.  

1.2.2 Converged optical access networks 
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Fig.1.6 PON based hybrid optical access networks supporting RoF and FTTH 

With the trend of deploying optical fiber network closer and closer to the subscriber 

premises, EPON, GPON and WDM-PON are the popular standards within the wireline 

access environment. On the other hand, broadband wireless access technologies such as 

WiFi/WiMAX/3G are becoming popular as they are more scalable and flexible with added 

mobility feature. To make full use of the huge capacity of optical fiber and the mobility 

function in wireless scheme, the integration of wireless and optical networks is a promising 

research direction [1.23]. Hence, the high cost of separated wireless and wired-line access 

networks necessitates the integration of the two distributed networks into a single shared 

backbone infrastructure [1.2, 1.21].  

Radio-over-fiber and fiber-to-the-home systems are promising candidates in wireless and 

wired-line access networks, respectively.  As the PON system is believed to be promising for 

FTTH, PON based RoF becomes a natural solution. Fig. 1.6 depicts the architecture of a 
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PON that seamlessly integrates RoF and FTTH via a common unified optical backbone. To 

meet the demand of such architecture, optical access platform enabling both analog and 

digital modulation is a must, which allows both analog RoF and digital FTTH to co-exist. 

The primary concern is to transmit both radio frequency (RF) signal and baseband (BB) 

signal over a signal fiber in a cost-efficient way with acceptable performance [1.22].  

1.3 Thesis Outline 

The main objective of this thesis is to investigate and develop a variety of technologies for 

radio-over-fiber systems that can support high-performance and high-speed wireless services 

and to realize both cost and energy efficiencies with a simplified structure of the remote 

wireless base station. Apart from that we have to also ensure that these proposed 

technologies are able to co-exist with the current optical access networks to maximize the 

infrastructure sharing. A novel digitized RF-over-fiber technique is proposed, and investigations on 

the link performance are carried out using both mathematical modeling and experimental 

demonstration. This technique is further investigated to enable subcarrier multiplexed hybrid fiber-

radio networks. Disadvantages of this technique are also identified and discussed. To overcome these 

issues, approaches using oversampling-and-decimation and multi-level optical transmission are 

proposed and demonstrated to enhance the digitized RF-over-fiber link. Finally, the power 

consumptions of fiber-wireless integration networks are studied using a power estimating model and 

detailed investigations of power consumption in digitized RF-over-fiber technique are carried out by 

examining the special class of ADCs for bandpass sampling. 

This thesis is organized as follows: 

Chapter 2: Radio-Over-Fiber Techniques 

This chapter presents a comprehensive literature review of radio-over-fiber techniques. A 

variety of fiber-radio system configurations is included. The implementation issues, such as 
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radio signal generation, dynamic range limitation, chromatic dispersion and base station 

simplification, and the previously proposed solutions are discussed in details. Multiplexing 

techniques incorporating radio-over-fiber systems are presented. Finally, the power 

consumption and energy-efficient solutions in both wired and wireless access networks are 

presented. 

Chapter 3: Digitized Radio-Over-Fiber Technique 

In this chapter, we propose a digitized radio-over-fiber technique based on the bandpass 

sampling theory and the digital optical link. We present a comprehensive analysis on the 

digitized RF link using a theoretical model based on different noise sources, and compare the 

SNR and dynamic range between digitized and analog links. An uplink experimental 

demonstration is realized using a commercially available A/D converter and FPGA board, 

and the results have confirmed that digitized RF-over-fiber links can support extended reach 

well in excess of 60 km and can be easily integrated with any digital optical transmission 

technologies. We also experimentally investigate the link characteristics by varying the ADC 

resolution, the carrier frequency, the symbol rate and the sampling rate. 

Chapter 4: Multi-Channel Digitized RF-over-fiber Transmission 

In this chapter, we extend our study and propose a multi-channel digitized radio-over-fiber 

transmission scheme based on multi-band bandpass sampling and realize frequency down 

conversion of multiple channels using a single ADC and a single DAC. We thoroughly 

analyze multi-channel DRoF link, and compare the results with conventional analog links in 

terms of SNR, dynamic range and the performance degradation with increasing channel 

number. The experimental demonstration of a DRoF uplink for multi-channel simultaneously 

transmission is realized using commercially available FPGA and ADC. By the appropriate 

selection of sampling rates determined by bandpass sampling, we successfully down-convert 

all signal bands to the first Nyquist zone and recover the data with satisfactory EVM 
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performances. Both theoretical and experimental results show that the DRoF technique is 

sufficient to construct a high-performance cost-effective RF-over-fiber link. 

Chapter 5: Bidirectional Hybrid-Fiber Radio using Digitized RF-over-Fiber 

In this chapter, we, for the first time, propose a downlink transmission scheme using 

digitized RF-over-fiber technique without physical mixers and local oscillators. We 

experimentally demonstrate an efficient Hybrid Fiber-Radio transmission for both the 

downlink and the uplink paths based on the digitized RF-over-fiber technique for multiple 

wireless service transmission. By using a single ADC and a single DAC, multiple wireless 

signals of different standards can be simultaneously transported resulting in a simple base 

station structure without the needs for analog devices for frequency up- and down-conversion. 

Error-free detection of the HFR-DRoF link is achieved for the simultaneous transmission of 

three different wireless standards: GSM, UMTS, and WiMAX. We also experimentally 

investigate the power requirement for the downlink transmission of multiple wireless 

services using digitized RF-over-fiber scheme to quantify the frequency up-conversion 

efficiency. 

Chapter 6: High-frequency RF transport over Enhanced Digitized RF-over-fiber link 

In this chapter, we first realize the transmission of high frequency RF signal up to 18 GHz 

via a digitized RF-over-fiber link, which takes advantage of the high performance and the 

straightforward implementation of digital optical links. Experimental results show that there 

is a tradeoff between the system performance and the hardware requirements caused by  the 

optical data rates and the ADC resolutions, and investigations are carried out by varying the 

ADC bit resolutions and the sampling rates. Secondly, we propose a modified DRoF link 

utilizing oversampling and decimation to enhance the ADC bit resolution and reduce the 

overall bit rate and moderate the hardware requirements in the link. In the meantime, the 

energy consumption of the ADC and DAC can be greatly improved as power dissipation is 
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exponentially related to the bit resolution; and the noise performance can also be improved 

for higher frequency operation using oversampling and decimation scheme. Additional signal 

processing functions are necessary in this approach. Thirdly, we introduce a multi-level 

optical link to the digitized RF-over-fiber technique, which can reduce the overall optical 

data rate, moderate the requirements of O-E and E-O devices, and also maintain a simple 

base station configuration.  

Chapter 7: Energy consumption of Integrated Optical-Wireless Access 

In this chapter, we investigate the power consumptions and energy-saving potentials of 

radio-over-fiber techniques. In Section 7.2, we study the power consumptions of the fiber 

optical backhaul and the conventional microwave backhaul, and the fiber optical backhaul 

shows its energy-saving advantage in terms of the link propagation loss and the hardware 

power consumption. In Section 7.3, we demonstrate an estimating model of the base station 

power consumption and apply to various base station architectures. The digitized RF/IF-over-

fiber techniques consume the least power, whilst the currently used baseband-over-fiber 

technique consumes the most. In section 7.4, we focus on the digitized RF-over-fiber link 

and investigate the power consumption of the special ADCs for bandpass sampling. The 

sampling rate and the bit resolution are found to be the deciding parameters of the ADC 

power consumption. The power consumption of the ADC employed in the proposed digitized 

RoF link is found to be much less than in the direct-digitized RF link. 

Chapter 8: Conclusion 

In this chapter, we present the important conclusions derived from this research project and 

also suggestions for the future investigations based on the findings in this thesis. 
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1.4 Original contributions of this thesis 

The major contributions of this thesis are related to the theoretical analysis and 

experimental demonstration of fiber-wireless integration networks incorporating the digitized 

RF distribution technique, the experimental implementation of bi-directional multi-service 

hybrid fiber-radio networks based on digitized RF-over-fiber technique, the enhancement 

techniques for the digitized RF-over-fiber links, and the investigation of the power 

consumption in radio-over-fiber networks. The following is a brief description of the original 

contributions from the research undertaken in this thesis. Publications arising from this work 

are listed in Section 1.5. 

Chapter 3: 

 Proposed a novel digitized radio-over-fiber transmission scheme based on ADCs and 

bandpass sampling theory 

 Mathematically modelled the digitized RF-over-fiber link, and estimated the SNR and 

dynamic range of this link 

 Experimentally demonstrated a digitized RF-over-fiber uplink transmission using 

commercial-available FPGA and ADC 

 Experimentally investigated the link performance in terms of ADC resolution, carrier 

frequency, symbol rate and sampling rate 

Chapter 4: 

 Proposed a multi-channel digitized radio-over-fiber transmission scheme based on 

multi-band bandpass sampling and realize frequency conversion of multiple channels 

using a single ADC and a single DAC 
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 Thoroughly analyzed the SCM-DRoF link, and compare with the conventional analog 

links in terms of the SNR, dynamic range, and the performance degradation with 

channel number increasing 

 Demonstrated a SCM-DRoF uplink for multi-channel simultaneously transmission by 

using commercially available FPGA and ADC 

Chapter 5: 

 Proposed for the first time a downlink transmission scheme using digitized RF-over-

fiber technique without the use of physical mixers and local oscillators 

 Demonstrated an efficient Hybrid Fiber-Radio transmission for both the downlink and 

the uplink paths based on the digitized RF-over-fiber technique for multiple wireless 

signals transmission 

 Experimentally investigated the power requirement for the downlink transmission of 

multiple wireless services using digitized RF-over-fiber scheme to quantify the 

frequency up-conversion efficiency 

Chapter 6:  

 Realized the transmission of high frequency RF signal up to 18 GHz via a digitized RF-

over-fiber link by taking advantage of the high performance and the straightforward 

implementation of the digital optical links 

 Proposed a modified DRoF link utilizing oversampling and decimation to enhance the 

ADC bit resolution and reduce the overall bit rate in the optical link 
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 Introduced a multi-level optical link to the digitized RF-over-fiber technique in order to 

reduce the overall optical data rate, moderate the requirements of O-E and E-O devices, 

and maintain a simple base station configuration 

Chapter 7:  

 Investigated the power consumptions and energy-saving potentials of the radio-over-

fiber techniques 

 Studied the power consumptions of the fiber optical backhaul and the conventional 

microwave backhaul 

 Built up a generic model of the base station power consumption and applied to various 

base station architectures.  

 Further investigated the power consumptions of the ADCs using bandpass sampling in 

the digitized RF-over-fiber transmission scheme  
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Chapter 2 

Radio-Over-Fiber Techniques 

 

2.1 Introduction 

It is well-established that the integration of wireless broadband access and the optical 

access network infrastructure via a common backhaul network can lead to significant benefits 

to network operators through savings in operational and capital expenditure associated with 

the broadband deployment. Radio-over-fiber has long been studied as a way of realizing 

ultra-high-speed, high-quality, and multi-service backhaul networks that connect radio base 

stations with the central office and simplify the architecture of remote base stations via an 

optical feeder network [2.1, 2.2]. In chapter 1, we have briefly discussed the significance and 

advantages of deploying radio-over-fiber systems for future mobile and fixed wireless 

communications. Some of the benefits are listed below. 

High bandwidth: Optical fibers offer enormous bandwidth and consequently high 

transmitting capacity. There are three main transmission windows, which offer low 

attenuation for optical fiber: 850 nm, 1310 nm, and 1550 nm wavelengths. The combined 

bandwidth of the three windows for single mode fiber is more than 50 THz [2.3]. In addition, 

some signal processing that may be difficult or impossible to do in electronic system can be 

resolved by the high bandwidth of optical system [2.5]. 

Low Attenuation: The electrical distribution of high-frequency microwave signals either 

in free space or through transmission lines is problematic and costly. Optical fiber offers 
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much lower loss [2.4]. Commercially available standard single-mode fibers have attenuation 

losses about 0.2-dB/km and 0.5-dB/km in the 1550 nm and the 1300 nm windows 

respectively. Optical fibers employed in RF transmission will increase the transmission 

distance dramatically, and reduce the required transmission powers greatly. 

Immunity to EMI: Another attractive property of fiber optical communication is the 

immunity to Electromagnetic Interference (EMI). This is also because signals are transmitted 

in the form of light through the fiber. This property also leads to eavesdropping immunity, 

which provides privacy and security [2.6]. 

Low Power Consumption: In radio-over-fiber systems, most of the complex functions are 

implemented at the central office. It reduces the equipments in remote antenna unit, and leads 

to low power consumption of each base station. The energy consumed by central office is 

shared by large numbers of remote units. As a result, the total energy consumption per user 

will be low. 

Multiple service operation: In radio-over-fiber systems, subcarrier multiplexing (SCM) 

and wavelength division multiplexing (WDM) can be used to distribute multiple radio signals 

over one single optical fiber [2.7, 2.8]. It is expected that radio over fiber incorporating these 

multiplexing techniques can further enhance the infrastructure sharing and lead to greater 

economic benefits. 

This chapter presents a comprehensive literature review of radio-over-fiber techniques. In 

Section 2.2, a variety of fiber-radio system configurations are introduced encompassing three 

analog and two digital systems including their advantages and disadvantages. In Section 2.3, 

we review the implementation issues and previous research in this area. RF signal generation 

is an important topic in radio-over-fiber techniques whereby three RF generation techniques 

will be discussed. It is well-established that nonlinear distortion and chromatic dispersion are 

two crucial issues in the radio-over-fiber systems and we will review the various schemes 
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and solutions to overcome these impairments. The linearization techniques, such as optical 

modulator configuration, nonlinear predistortion and post compensation, are also reviewed. 

Then, base station simplification techniques are discussed in detail and catalogued into four 

groups. The first is to use a dual-functional electro-absorption modulator (EAM) transceiver to 

reduce the optoelectronic devices in the base station; the second is to reuse the downlink 

optical carrier for uplink transmission without using an extra light source in the base station; 

the third is to remotely delivery the LO signal from the central office and remove the needs 

for a physical LO in the base station; the last category uses photonics frequency 

downconversion technique which employs an optical switching-encoding scheme that does 

not need a LO. In Section 2.4, the review on multiplexing techniques incorporating radio-

over-fiber systems, such as WDM, SCM, and multi-band transmission are presented. The last 

section of this chapter focuses on the power consumption and energy-efficient solutions in 

access networks with FTTH based on PON architecture being the most energy efficient in the 

wired access networks. In the wireless access networks, the base station accounts for the 

large power consumption, and has the most energy-saving potential. 

2.2 Analog and Digital RoF Schemes 

Most of the conventional optical networks employ digital signal transmission. However, 

the typical radio-over-fiber system is fundamentally an analog transmission system. The 

analog signal transmitted over the optical fiber can either be radio frequency (RF) signal, 

intermediate frequency (IF) signal or baseband (BB) signal. In the optical transmitter, the 

RF/IF/BB signal can be modulated onto the optical carrier by using either direct or external 

modulation of the laser light. Ideally the output signal from the optical link will be an exact 

replica of the input signal free from additional distortion or noise. Signal distribution as RF-

over-fiber has the advantage of a simplified BS design, but it is susceptible to fiber chromatic 

dispersion that severely limits the transmission distance as well as the requirement of high 



Chapter 2 Radio-Over-Fiber Techniques 

  22 

speed optical modulation and detection techniques [2.9]. For IF and BB transmission cases, 

the BS should have additional functions, such as frequency up- and down- conversion from 

IF\BB signal to RF band and from RF band to IF\BB. In IF-over-Fiber scheme, the effect of 

fiber chromatic dispersion on the distribution of IF signals is much reduced. However, this 

means the antenna base stations implemented for the radio-over-fiber system to incorporate 

IF-over-fiber transport will require additional electrical hardware such as radio-frequency 

local oscillators and mixers for frequency up- and down-conversion. In the baseband over 

fiber transmission, the impact of the fiber dispersion is negligible, but the BS configuration is 

the most complex [2.10]. Comparing the three analog radio-over-fiber transmission schemes 

(shown in Fig. 2.1), there is a trade-off between the base station complexity, the dispersion 

immunity and the optoelectronic interface [2.11]. 
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Fig.2.2 BS configurations for digital optical links 
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The transmission of analogue signals requires high-quality performance on the linearity 

and dynamic range of the optical link. Moreover, there are a number of distortions arising 

from the non-linear characteristics and frequency response limitations associated with the 

laser or the external modulator as well as the effect of fiber dispersion. Many of the problems 

associated with analog modulation could be circumvented if it is possible to first digitize the 

information signal and then transport it digitally. Therefore, radio-over-fiber taking 

advantage of the digital optical link by using analog-to-digital/digital-to-analog converters 

(ADC and DAC) has attracted more attention in recent years [2.12, 2.13].  A direct digitized 

RF solution has been proposed by ADC Telecommunications [2.140], where the A/D and 

D/A conversion functionalities are located in both base transceiver station site and remote 

unit for up and down links. However, in direct-digitized RF-over-fiber link (shown in Fig. 

2.2), extremely high sampling rate ADCs and DACs are required for high frequency radio 

signal transmissions, and it severely increases the implementation cost and difficulty. In 

digitized IF-over-fiber approach (shown in Fig. 2.2), the frequency up- and down-conversion 

is the same as in analog IF-over-fiber link, but the BS configuration will be even more 

complex due to the additional electronic devices [2.20]. 

Two specifications for open base station architectures have emerged recently, Common 

Public Radio Interface (CPRI) [2.21] and Open Base Station Architecture Initiative (OBSAI) 

[2.22]. The open base station architectures have recently been introduced in wireless 

infrastructure networks for distributing and decentralizing Base Transceiver Stations (BTS). 

The BTS is an integral part of the radio access network and is the bridge between the handset 

and the wireless infrastructure core network. In a distributed BTS network architecture, a 

digitized and serial interface is descript between a digital base station (DBS) containing the 

baseband processing functions and a remote radio head (RRH) containing the radio functions 

of a traditional base station, and the links connecting the DBSs and RRHs use a standardized 

digital optical interface [2.24]. Although CPRI and OBSAI both specify the use of digital 
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transmission links between DBS and RRH, it is likely that such links will be very expensive 

if high bit-rate capability is incorporated [2.23]. 

2.3 Issues and Previous Research on Radio-over-Fiber 

Though the radio-over-fiber technology has been well-suited for microwave and 

millimeter-wave applications, it is not straightforward. There are also some implementing 

issues in radio-over-fiber systems. Some of them have been studied for years; some of them 

still need further investigations. 

2.3.1 RF signal generation 

The simplest scheme for transporting wireless signals via an optical fiber network is to 

directly transport the RF signals over fiber without any frequency conversion required in the 

base stations. However, as the wireless carrier frequency increases, the requirement for high-

speed optical sources, modulators and photodetectors may pose as a cost-constraint to the 

overall link. In addition, the impact of fiber chromatic dispersion on the transported wireless 

signals becomes more pronounced with increasing wireless carrier frequency [2.25]. As a 

result, IF over Fiber scheme, which places the RF signal generation as well as the RF-to-IF 

down-conversion in the base stations, has attracted much attention. However, it will also 

increase the complexity and cost of the base stations. Therefore, the RF signal generation 

technique at the base station is an important topic in mitigating the required specification of 

both photonic and RF devices, especially for millimeter wave (MMW) signals [2.14] [2.15].  

Conventional approaches to generate microwave or mm-wave signals using electronic 

circuitry with many stages of frequency doubling to achieve the desired frequency are 

complicated and costly. The microwave or mm-wave signals generation in the optical 

domain based on optical heterodyning may be an ideal solution. Two optical waves of 

different wavelengths are delivered from the central office to the base station, and beat at a 
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photodetector within the base station. An electrical beat signal is then generated at the output 

of the photodetector with a frequency corresponding to the wavelength spacing of the two 

optical waves [2.26]. The stability of the generated signal depends on the instantaneous 

frequency difference between the two optical carriers being mixed. Therefore, it is necessary 

to control the instantaneous frequency difference accurately. Given that the laser emission 

frequency is highly sensitive to temperature variations, phase noise and other effects, 

techniques to maintain the required frequency offset and phase noise performance have to be 

used. There are several methods for controlling the frequency offset between the two lasers, 

such as optical frequency-locked loop (OFLL), optical phase-locked loop (OPLL), optical 

injection locking (OIL), and optical injection phase-locked loop (OIPLL) [2.16-2.19]. 

Microwave signals can also be generated using a dual wavelength laser source with the two 

wavelengths separated at a desired frequency [2.31]. Due to the fact that the two wavelengths 

are generated from the same cavity, the phase correlation between the two wavelengths is 

better than that using two free-running laser sources, and the system is simpler with no need 

for a microwave reference source, which can reduce the system cost.  

The easiest way for the generation of two phase correlated frequencies is the external 

modulation of a continuous wave (CW) by a Mach-Zehnder modulator (MZM) [2.27]. This 

MZM is driven at the non-linear regime and generates a double-sideband suppressed-carrier 

(DSSC) signal. The upper band and lower band act as two phase correlated optical signals, 

and the frequency of the driving local oscillator signal is only half of the wireless carrier 

frequency. As shown in Fig. 2.3, a Mach–Zehnder modulator is biased at the minimum 

transmission point of the transfer function to suppress the even-order optical sidebands. Due 

to the square-law process of the photodetector (PD), a stable, low-phase noise mm-wave 

signal at twice the frequency of the RF drive signal is generated at the receiver. In [2.28-

2.30], frequency quadrupling and upconversion techniques are realized. The optical 

millimeter wave carriers are generated with four times the frequency of the driving local 



Chapter 2 Radio-Over-Fiber Techniques 

  26 

oscillator signal. Fig. 2.4 shows the frequency quadrupling scheme using cascaded MZMs, 

which are both biased at the minimum transmission to completely suppress the even-order 

optical sidebands and a  shift in applied to the RF modulated signals. In [2.32] and [2.33], 

the MZM is driven to generate harmonics around the carrier with a frequency separation that 

corresponds to the modulation frequency. The sidebands are generated up to the order of 6, 

and stimulated Brillouin scattering is used at the receiver to amplify the harmonic at the 

desired frequency.  

 

 

 

 

Fig.2.3 Frequency doubling using MZM 

 

 

 

 

 

 

 

 

Fig.2.4 Frequency quadrupling using cascaded MZMs 
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Fig.2.5 Microwave signal generation using a phase modulator 

The approach using an MZM for microwave signal generation can produce a high-

quality frequency-tunable microwave or mm-wave signal with a simple system structure. 

However, the MZM must be biased at the minimum or maximum point of the transfer 

function, which would cause bias-drifting problem, leading to poor system robustness or a 

sophisticated control circuit has to be employed to minimize the bias drift [2.34]. Another 
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phase modulator to generate a frequency comb and a narrow band optical notch filter is 

used to select the two desired bands to beat at the photodetector for the microwave signal 

generation. The key advantage of using an optical phase modulator is that no dc bias is 
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used to realize the optical filter, such as a fiber Mach Zehnder Interferometer (MZI) filter 

[35,36], a fiber Fabry-Perot filter [2.37], and a fiber Bragg grating (FBG) filter [2.38, 

2.39]. Fig. 2.5 shows the radio-over-fiber system employing an optical phase modulation 

with a MZI periodic filter.  

2.3.2 Nonlinear distortion and dynamic range limitation 
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at high bit rates, high transmitted power, or using WDM, the nonlinear effects can become 

more severe [2.41]. For optical links employing MZMs, it is found that the nonlinear 

distortions generated in MZMs such as harmonic distortions and intermodulation distortions 

is the limiting factor of the overall link performance [2.41]. Spurious free dynamic range 

(SFDR) is one of the key measures that characterize the performance of a radio-over-fiber 

link, and it is severely limited by the nonlinear effects, especially the third-order 

intermodulation distortion, from the optical link [2.42, 2.43]. The issue of linearity of radio-

over-fiber systems has been widely investigated, and numerous techniques have been 

proposed to combat the nonlinear distortions. 

The optical modulator configurations such as dual parallel MZMs [2.44-2.46], cascaded 

MZM architectures [2.47], and suboctave linearized modulators [2.48] have been proposed to 

linearize the transfer function of the optical modulator in an analogue optical link. A 

linearization technique for DFB laser diode based on a light-injection technique using cross-

gain modulation effect is proposed in [2.49, 2.50]. Nonlinear distortions in single-sideband 

modulation schemes have also been investigated [2.51-2.53]. In [2.52] a technique is 

proposed to improve the optical front-end linearity by the removal of the optical components 

that contribute most to the third-order IMD in the RF domain, and in [2.53] a balanced radio-

over-fiber system is used to suppress the even order nonlinear distortions. In [2.54, 2.55] a 

frequency allocation algorithm is proposed to assign the frequencies in a proficient way to 

minimize the distortion components falling onto the channel carriers, and thus improve the 

signal quality. All these above techniques improve the system linearity at the expense of the 

transmitter complexity. 

Nonlinear predistortion techniques are also commonly used in radio-over-fiber systems. In 

[2.56], a look-up table based adaptive predistortion scheme is proposed to enhance the radio-

over-fiber link linearity. There are two major issues in this approach. First, the total power 

into the laser must be known beforehand and the second is getting the feedback path for table 
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generation. A higher order adaptive filter based modeling and predistortion scheme is 

proposed in [2.57]. The filter is adapted from the distortions of vector modulated symbols, so 

that no in-depth information of physical link parameters is needed. But the power handling 

capability of the laser diode is the upper limit in this approach. Apart from that analog 

predistortion circuits have also been designed for the linearization of radio-over-fiber 

systems [2.58-2.61]. In this approach the RF signal is split into two parts. One part goes 

through the nonlinearity generation circuit (nonlinear path), while the other part goes through 

a time delay. Phase shifters and amplifiers are used in the nonlinear path to adjust the phase 

and magnitude of the generated third-order intermodulation products (IMD3). These two 

paths are then recombined to generate the IMD3 pre-added RF signal.  

Another group of linearization method for radio-over-fiber systems is categorized as the 

post compensation scheme. In [2.62-2.65], the transmitter feedforward compensation based 

on distortion cancellation is widely investigated and found to be a promising technique for 

system linearization and dynamic range improvement, though in this technique the physical 

parameters of the system have to be known. In [2.66-2.69], signal processing based method 

has been investigated using various algorithms to estimate channel nonlinearity in radio-

over-fiber systems, and the post compensations are carried out based on the channel 

estimation results. Both optical and wireless channels are considered in this method. Most of 

the radio-over-fiber systems use asymmetric compensation: predistortion for the downlink 

transmission and post compensation for the uplink transmission. It is because that this 

scheme allows for most of the signal processing to be done at the central station which is an 

important characteristic of radio-over-fiber technology. 

2.3.3 Chromatic dispersion and compensation 

The standard intensity modulation of optical carrier generates double-sideband (DSB) with 

carrier modulation format where the sidebands are located at the wireless carrier frequency 
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on either side of the optical carrier. Thus, due to the chromatic dispersion effects, each 

optical sideband propagates in the fiber at a different speed. Consequently, on arrival at the 

base station, the sidebands are phase shifted relative to the carrier. Since the base station’s 

photodetector is a quadratic detector, the recovered power level of the signal is a function of 

this phase shift (Eq. 2.1). Thus, it suffers from periodical fading depending on the fiber 

length and on the square of the modulation frequency. For a radio-over-fiber link using an 

optical fiber with a length of L and a dispersion parameter of D, the power distribution as a 

function of microwave frequency is given by Eq. 2.2, where is the wavelength of the 

optical carrier, fRF is the microwave frequency, and c is the velocity of light in vacuum 

[2.41]. Fig. 2.6 shows the power distribution of a double-sideband modulated signal in a 

single mode fiber, where the fiber dispersion parameter is 17-ps/nm.km, and the RF 

frequencies are 18 GHz, 36 GHz and 60 GHz respectively. 

 

 

 

 

 

 

 

Fig.2.6 Power distribution as a function of transmission distance 
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The straightforward way for dispersion compensation is by using a length of dispersion 

compensating fiber. But to maintain the cost effectiveness of radio-over-fiber technology, 

various techniques have been proposed and demonstrated to overcome dispersion effects. 

Chirped FBGs are commonly used for dispersion compensation in optical transmission 

systems, which provide higher equalization ratios [2.70-2.72]. Another technique is to 

compensate using optical phase conjugation [2.73-2.77], which is based on four-wave mixing 

(FWM) introduced in the dispersion-shifted fiber [2.74, 2.75] or the semiconductor optical 

amplifier (SOA) [2.76, 2.77]. This technique can also reduce the effects of fiber-induced self-

phase modulation (SPM) [2.73].  

The recent research on fiber-wireless issues have reported that the power fading drawback 

can be eliminated by transmitting a single-sideband signal [2.78]. Optical single-sideband 

(OSSB) generation has previously been achieved using the double modulation of a dual-

electrode MZM [2.79] biased at quadrature or using a source integrating two electro-

absorption modulators (EAM) [2.80]. Another effective solution for generating SSB signals 

relies on the suppression of one of the sidebands of a DSB signal by means of optical 

filtering, such as fiber gratings [2.81, 2.82] and arrayed waveguide gratings (AWG) [2.83]. In 

[2.84, 2.85], tunable optical filters are realized to suppress one sideband for dispersion 

compensation. However, a fixed 6-dB penalty is incurred in the generation of SSB. An 

optical double sideband signal with carrier suppressed also shows the characteristic of 

dispersion tolerance. In [2.86], an intensity-modulated two-tone optical signal is investigated 

and shows high tolerance to the fiber dispersion with a drawback that the linearity is limited 

by the sinusoidal transfer function of the MZM. In [2.87], the author generates the carrier 

suppressed signal by biasing the electro-optical modulator at the minimum transmission point 

and mitigates the impact of fiber dispersion. Similarly, in [2.88] the optical carrier 

suppression modulation scheme was employed by using a dual-electrode MZM in the central 
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office, combined with a same optical carrier remotely delivered to the base station for the 

uplink transmission.  

2.3.4 Base station simplification 

As we mentioned before, the most attractive characteristic of radio-over-fiber technique is 

the centralization of the processing functionalities in the central offices and the maximization 

of the equipments’ sharing to minimize the cost per user, as well as the deployment of the 

simple, compact base stations to achieve cost and energy efficiencies.  

To simplify the base station by reducing the component counts, a dual-functional electro-

absorption modulator (EAM) transceiver has been introduced to replace the laser and the 

photodiode at the base station antenna unit in the radio-over-fiber link and hence produces 

the potential of cost reduction. The EAM transceiver partially absorbs the light coming from 

the central office, and allowing the remaining light passes through. Therefore, the EAM act 

as a photodiode for the downlink transmission and as a laser for the uplink transmission. 

Single-source bidirectional systems are demonstrated in [2.89] and [2.90] (Fig. 2.7). 

However, in both cases, the electrical bias has to be adjusted to achieve either efficient 

optical modulation or detection. This requires a bias control circuitry at the base station and 

only allows for half-duplex transmission which is bi-directional but not simultaneous. The 

first full duplex operation of an EA device that can be used as a photodetector and as a 

modulator simultaneously is demonstrated in a frequency division multiplexed (FDM) analog 

system using separate forward and reverse RF bands [2.91, 2.92]. A 1.55-m InGaAsP/InP 

EA MQW waveguide device is presented and shown to be an attractive solution for full-

duplex fiber-optic transmission using dual-function modulator/photodetector in [2.93, 2.94]. 

A dual-lightwave approach is used in conjunction with an EA transceiver (EAT) to 

simultaneously achieve optimum modulation and detection performances (Fig. 2.8). The full-
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duplex transmission is demonstrated in a point-to-point fiber-optic link using SCM, as well 

as in a point-to-multipoint fiber-optic ring network using WDM.  

 

 

 

 

 

 

Fig.2.7 Single-source half-duplex scheme  

 

 

 

 

 

Fig.2.8 Dual-lightwave full-duplex scheme 
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the uplink using wavelength reuse technique can also be implemented by using MZMs. In 

[95, 96], two wavelength reuse configurations are introduced using optical single sideband 

with carrier (OSSB+C) modulation format. In the first design, the incoming downstream 

signal is split equally by a 50:50 optical coupler. One part of the signal is then input into a 

PD, which converts the signal into an electrical downstream signal. The other part of the 

downstream optical signal is injected into a custom designed FBG having a transmission 

profile where the transmission at the wavelength corresponding to the downstream 

modulation sideband is close to zero and the transmission elsewhere is close to 100%. The 

downstream modulation sideband is reflected while the optical carrier is passed through to be 

reused for the upstream transmission. The second design is based on an optical circulator in 

conjunction with an FBG filter. The downstream signal is injected into Port 1 of the optical 

circulator. The signal output from Port 2 of the circulator is then passed through FBG, which 

has 50% reflectivity at the wavelength corresponding to the downstream optical carrier. The 

reflected carrier (50%) is collected at Port 3 of the circulator and then reused for the 

upstream, and the passing through signal is used to recover the RF signal. Another approach 

is to take advantage of optical interleaving, which also makes it easily cooperate with 

WDM/DWDM systems [2.97, 2.98]. As shown in Fig. 2.9, an MZM is biased at the 

minimum operation point driving by a push-pull sinusoidal electrical clock signal to realize 

the carrier suppression and generate two sidebands [2.98]. Then the two sidebands are 

separated by an optical interleaver. The lower band is modulated to carry the downlink data, 

while the upper band is directly delivered to the base station. In the base station, another 

optical interleaver is employed to separate the two bands for signal detection and wavelength 

reuse purposes respectively.  
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Fig.2.9 Wavelength reuse via optical interleaver 

As we discussed before, the impact of fiber chromatic dispersion becomes more severe 

when the transmitting RF frequency is higher. If transmitting IF or BB signals to overcome 

dispersion, the frequency up/down conversion has to be implemented in the base station. As a 

result, the base station will become complex with the additional requirement of mixers and 

LOs. The remote delivering of the LO signal is considered as a way to simplify the base 

station as well as to reduce the link cost. In [2.99, 2.100], the LO signal is modulated on an 

optical carrier and delivered together with the downlink data, and in the base station the local 

oscillator signal is separated by a bandpass filter and used for frequency up/ down 

conversion.  

Wavelength reuse and LO free techniques can be combined for further base station 

simplification, and it is first realized in [2.101]. The optical carrier is modulated with a radio 

signal and a LO signal. In the base station, part of the signal is photodetected to regenerate 

the radio signal. The remaining part of the optical signal is modulated by the uplink radio 

signal, and a number of frequency components in optical domain are generated including the 
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realized and it is done in the optical domain using an MZM. In [2.102, 2.103], the optical 

source carrying both the IF signal and the local oscillator signal is transmitted to the base 

station. Similarly part of the optical carrier signal is filtered out for uplink wavelength reuse, 

and the other part is photodetected to recover both the IF signal and the LO signal. Then, the 

LO signal is use to upconvert the IF signal to the desired wireless carrier frequency for 

downlink wireless transmission as well as to downconvert the received upstream RF signal to 

an IF signal before optical transmission. In this case, the frequency conversion functionality 

is realized in the electrical domain and it is applicable for both downlink and uplink.  

Recently, a photonic frequency downconversion method using bandpass sampling [2.104, 

2.105] is proposed to realize low-cost base station without mixers and LOs [2.15, 2.106]. It 

uses direct optical switching-encoding scheme to sample the optical signal, which can spread 

the signal over the entire optical spectrum and enabling frequency downconversion to be 

established. The uplink transmission scheme is given in Fig. 2.10. In the base station, the 

optical signal is directly modulated by the radio signal, and then launched into an MZM. The 

MZM is modulated by on-off pulse sequence and acts as a photonic sampler. In the central 

office, the signal is detected and filtered to obtain the IF band image and recover the data. 

 

 

 

Fig.2.10 Frequency downconversion using photonic sampling 
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configuration. Great dynamic range and high linearity are required for the optical devices to 

guarantee a good system performance and to avoid channel crosstalk and nonlinear effects. In 

the last few years the new generation of semiconductor lasers, the vertical cavity surface 

emitting lasers (VCSEL) has proven to be competitive to the conventional, high performance 

edge emitting communication lasers [2.107, 2.108]. VCSELs produced in research labs have 

been reported with SFDR values of up to 100dB.Hz2/3 [2.109], and proved to have sufficient 

link performance and great economic benefits. Moreover, VCSELs are recognized as 

promising candidates for picocell radio-over-fiber networks for in-building wireless 

transmissions, which requests a large number of antenna base stations [2.35, 2.110, 2.111]. 

2.4 Multiplexing techniques 

In order to meet the increasing demand of bandwidth and to maximize the sharing of the 

existing fiber optical infrastructure to achieve cost efficiency, it becomes necessary to 

increase spectrum efficiency, centralize multiple services in a single base station, as well as 

enabling co-existence of wired and wireless optical network. Multiplexing techniques, such 

as WDM, SCM and multi-band (BB, IF and RF) transmission, have been long considered as 

solutions to these issues. 

 

 

 

 

 

Fig.2.11 Schematic of WDM fiber-wireless networks   
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The transmission of radio-over-fiber signals is seen to be spectrally inefficient as the 

modulation bandwidth is only a small fraction of the optical carrier signal frequency. WDM 

technology is able to improve the spectral usage for radio-over-fiber and enables efficient 

exploitation of the fiber network’s bandwidth. The distribution of radio-over-fiber signals 

over WDM networks has gained more importance recently, since it can significantly improve 

the spectrum efficiency and the number of base stations supported by one central office. Fig. 

2.11 shows a schematic of a WDM fiber-wireless architecture incorporating OSSB+C 

modulation format to overcome fiber chromatic dispersion. Carriers modulated with RF 

signals are added to a fiber using multiplexers. The multiplexed signals are then transported 

to the remote nodes (RN), where the individual optical mm-wave signals are demultiplexed 

and sent to their corresponding base stations. The optical add/drop multiplexing technique 

plays an important role in the seamless integration of radio-over-fiber networks with WDM 

networks, and many research has been carried out to realize the WDM optical interface for 

fiber radio antenna base stations [2.112-2.115]. 

 

 

 

 

 

Fig.2.12 Schematic of SCM fiber-wireless networks   
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approach to implement the multi-band transmission, including BB, IF and RF, 

simultaneously, while co-existing with other access technologies. This technique has the 

potential for future FTTH access networks combined with wireless access supported by an 

RoF wireless feeder. As shown in Fig. 2.12, signals at different bands are electrically 

combined before modulating the optical carrier, and then transmitted over a single fiber. At 

the receiver side, filters are used after the photodetector to obtain different signal bands. 3G 

signals distribution based on PON using SCM technique is successfully demonstrated in 

[2.116, 2.117]. In [2.118], the multi-band modulation and fiber-optic transmission of a 2.5 

Gb/s baseband signal, a 3.5–12.0 GHz microwave signal, and a 60 GHz millimeter wave 

signal are reported. In [2.138] and [2.139], subcarrier modulated multimode fiber links are 

demonstrated for local area networks (LANs) with multimode fibers (MMF) already installed. 

In addition, the system can be further simplified using WDM in conjunction with SCM 

[2.119, 2.120], where a different WDM channel can feed each BS and different SCM 

channels can carry different wireless services within one BS. 

2.5 Green access networks 

In the last decade, global warming has become an increasingly important item on the 

global political agenda. In December 2008, the European Commission (EC) decided to cut 

greenhouse gas emissions by 20%, to establish a 20% share for renewable energy, and to 

improve energy efficiency by 20% [2.121]. Information and communication technology (ICT) 

has a profound impact on the environment, and the energy consumption of ICT is currently 

becoming a social and political issue [2.122]. Within ICT, the telecommunication sector, 

with a rapid increasing due to the growth of traffic demanding, plays a significant role in 

developing energy-efficient (“green”) solutions for future ICT with environmental 

sustainability. The modern telecommunication network can be generally divided into three 

parts, namely the access network, the core network and the transmission network. The energy 
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consumptions of these three parts are extremely different. The access network, known as the 

‘last mile’ of telecommunication network, is the main contributor since it contains large 

numbers of active elements. The proportion of access network in the modern 

telecommunication network varies from 50% to 70% as a result of different operating 

environments [2.123], and it will continue to consume a major portion of overall internet 

energy consumption during the next decade with the ever-increasing demand for bandwidth 

[2.124]. 

In order to increase the bit rates in access environment, a lot of efforts were concentrated 

on high-capacity fiber-based optical transmission in fixed access networks. Consequently, 

energy consumptions of these networks have attracted enormous attention from researchers 

around the world. Energy consumption models have been built for a number of competing 

high-speed technologies including PON, fiber to the node (FTTN), FTTH and point-to-point 

(PtP) optical systems as well as for traditional DSL and HFC technologies [128, 129]. The 

FTTH technology based on PON has a clear energy advantage. Results show that the 

customer modem or optical network unit (ONU) consumes over 65% of the total power in the 

access network. This implies that the power consumption of the access network could be 

significantly reduced through the use of automated sleep modes in customer premises 

network equipment [2.130]. 

In wireless access networks, the wireless base station accounts for up to 70% of the total 

power consumption in a number of mobile operators, and it is found to have the most feasible 

energy-saving potential [2.123]. In recent years, there are many researchers dedicated in 

‘greening’ the wireless base station and can be catalogued into three groups according to the 

different approaches used in reducing the energy waste. The first approach is to simplify the 

base station architecture by eliminating the active elements and improving the energy 

efficiency of base station components. At present, radio frequency power amplifier (PA) 

accounts for 40% of the power consumption of a 3G wireless base station. Various RF 
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amplifier design techniques are proposed to increase the amplifier efficiency [2.125, 2.131, 

2.132]. In addition, digital pre-distortion processor is widely used in 3G base stations to 

maximize the efficiency and linearity of the power amplifiers [2.133, 2.134]. An alternative 

option of base station energy-saving is to reduce the energy waste of the feeder, which leads 

to about on average a 50% loss of power at a typical site and has a significant impact on the 

coverage ability of a particular base station site. This problem can be solved by deploying 

distributed base station architecture and through the design of smaller base stations. A 

baseband unit (BBU) + remote radio unit (RRU) solution is proposed to mitigate the feeder 

loss, as the RRU is mounted on top of buildings near the antenna and connected with BBU 

via optical fiber [2.135]. Meanwhile, new base station controller with boosted capacity is 

developed to simplify the base station sites [2.136], and more and more small size base 

stations such as pico-cell or femto-cell are used for efficient coverage expansion.  

The second approach is to reduce energy waste during idle time and build up an energy 

aware network [2.122]. Traffic levels and demands for service within the busy and idle time 

of the mobile network are not evenly distributed. The most effective energy saving 

technology is the based on “base station turn-off” technology. The high frequency site is 

switched off in low-traffic periods and re-powered to on-status when the traffic level pick up 

based on a predetermined demand threshold. The turning-off of a base station in period of 

low or zero demand results in significant power consumption savings. Energy-aware design 

techniques and routing protocols are also very attractive in reducing energy waste. Different 

mathematical models are proposed to balance the power consumption, performance and 

robustness of the whole network [2.122, 2.137].  

The third approach is targeted at the base station cooling system. Innovative cooling 

techniques as well as new air-conditioning solutions are widely investigated to achieve the 

energy efficiency [2.126, 2.127].  
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2.6 Summary 

A comprehensive literature review on the investigation of the radio-over-fiber technologies 

has been presented in this chapter. Section 2.1 introduced the radio-over-fiber systems and 

their benefits in terms of high bandwidth, low attenuation, immunity to EMI, low power 

consumption and multi-service operation ability. Section 2.2 presented three conventional 

analog radio-over-fiber schemes (BBoF, IFoF and RFoF) and two novel digital radio-over-

fiber schemes (Digitized IFoF, Direct-Digitized RFoF), and discussed their advantages as 

well as disadvantages. In section 2.3, various implementation issues and previous research 

were reviewed. In 2.3.1, three RF generation techniques were discussed. In 2.3.2, 

linearization techniques were reviewed. In 2.3.3, chromatic dispersion and various 

compensation solutions were presented. In 2.3.4, base station simplification techniques were 

discussed in details. Section 2.4 presents the multiplexing techniques incorporating radio-

over-fiber systems, such as WDM, SCM, and multi-band transmission. The last section of 

this chapter focuses on the power consumption and energy-efficient solutions in access 

networks. 
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Chapter 3 

Digitized Radio-Over-Fiber Technique          

3.1 Introduction 

Wireless network based on radio-over-fiber (RoF) technologies is a promising solution to 

meet the ever increasing demand for larger transmission bandwidth. Such architecture moves 

most of the processing, routing and switching functionalities to a centralized location with 

optical fiber backhaul providing high speed interconnection to a large number of antenna 

base stations.  Extensive research has been carried out to simplify the architecture of these 

remote antenna base stations and to realize high-performance backhaul networks that connect 

these base stations to a central office via an optical feeder network [3.1]. 

Though this approach has been well-suited for microwave and millimeter-wave 

applications; it still demands highly linear optical links with sufficient link gains to 

accommodate for antenna emitting over a wide area. Optical transport of the wireless signals 

in a radio-over-fiber system inherently suffers from inter-modulation distortion arising from 

the nonlinearility of both microwave and optical components within the link. For radio-over-

fiber links employing Mach-Zehnder modulators (MZM), it has been shown that the nonlinear 

characteristics of the MZMs are the major source of performance degradation [3.2]. For a 

highly linear optical transport link, it will require special techniques for linearizing the 

transfer function of the components within the link. Despite the many linearization 

techniques that have been introduced to combat the linearity issue of analog optical link [3.3-

3.6], these techniques may end up introducing more complexity and additional noise into the 
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transmission link, thus reducing the cost-effectiveness of the RoF systems. Meanwhile, it has 

also been shown that the dynamic range of an analog optical link decreases linearly with the 

transmission distance due to the signal attenuation in the optical fiber [3.7]. Furthermore, 

radio-over-fiber links have to be designed with good frequency response to accommodate for 

the highest RF frequency component of the signal. Thus, they often require optoelectronic 

devices with wide bandwidth. Such considerations often demand for the customization of 

optoelectronic components specific to a particular application to accommodate for their RF 

signals. Because of these factors, the deployment of a dedicated fiber-optic backhaul network 

or the system-specific design of radio-over-fiber link can be less competitive than wireless 

and free-space optics alternatives for the backhaul. 

The transmission of digitized RF signals [3.8] can be a better alternative to analog radio-

over-fiber implementation. First of all, the digital optical link has a better performance and is 

easy to implement using intensity-modulation and direct-detection (IM-DD) with less stringent 

requirements of the optoelectronic devices. Secondly, in a digital signal transport scheme, the 

signal is immune to the nonlinear effects arising from the optical link and the overall system 

dynamic range is independent of the fiber transmission distance unless the signal amplitude 

falls below the sensitivity of the link [3.9]. Thirdly, the advancement in analog-to-digital 

converter (ADC) and digital-to-analog converter (DAC) technologies has made it possible to 

push the ADC and DAC functions from the central office to the base station and allowing 

some of the base station functionalities to be performed in digital domain. . In addition, it can 

also take advantage of the direct digitized RF distribution to realize simpler base stations and 

the use of existing optical access and metro network infrastructures as the backhaul network. 

However, direct digitized RF-over-fiber scheme requires ADC and DAC with extremely high 

sampling rate, at least twice the wireless carrier frequency for exact signal reconstruction. 

Based on the current ADC technology, higher sampling rates lead to higher cost and instable 

operation.  Though digitized IF-over-fiber can overcome this issue, additional RF devices 
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such as mixers and local oscillators (LOs) are required in the base station. Furthermore, in 

most of the currently available wireless services (WiMAX, 3G, etc.), only small fractional 

bandwidths are used to carry data relative to their carrier frequencies. Consequently, 

bandpass sampling [3.10] could be used to digitize the RF signals very effectively to produce 

digital baseband signals, where the sampling frequency is dependent on message bandwidth 

of the signal rather than at least twice the wireless carrier frequency in accordance to the 

Nyquist sampling theory. Moreover, bandpass sampling technique downconverts the RF 

band signal to IF band and thus simplifying the architecture of the base stations by 

eliminating additional devices required for frequency conversion, such as mixers and LOs 

[3.12]. Based on bandpass sampling and the maturity of analog-to-digital conversion 

technique, it is becoming more practicable to realize digitized transmission in RoF 

technology.  

Digitized RF transmission over fiber based on the bandpass sampling theory and digital 

optical link has been proposed as a better alternative to analog radio-over-fiber in [3.11] and 

[3.13]. In this chapter, we have designed a digitized radio-over-fiber system, 

comprehensively analysed the digitized RF link using a theoretical model considering all 

noise sources, and compared the signal-to-noise ratio (SNR) and dynamic range between 

digitized and analog links. An uplink experimental demonstration is realized using a 

commercially available field-programmable gate array (FPGA) board, and the results have 

confirmed that digitized RF-over-fiber links can support extended reach well in excess over 

60 km and can easily be integrated with any digital optical transmission technologies. We 

also experimentally investigate the link performance of digitized RF-over-fiber transport with 

different ADC resolutions, different carrier frequencies, different symbol rates and different 

sampling rates. 
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3.2 Digitized RF-over-fiber technique 

We have proposed a digitized RF-over-fiber (DRoF) technique based on bandpass 

sampling technique [13]. The digitization of an RF signal produces a sampled digital signal 

in a serial form that can then be directly modulated on an optical carrier.. Modulation of the 

digital signal onto an optical carrier minimizes the nonlinear effects originating from the 

optical-to-electrical conversion function. The optically modulated signal can then be 

transmitted over an optical fiber link and the digital data can be recovered using direct 

detection.   By doing so, a minimal set of hardware components is needed in the transceiver 

of the base station, leaving all signal processing functions to be located in the central office. 

With the intermodulation distortion arising from nonlinear electrical to optical conversions 

minimized, an optical link employing digitized radio-over-fiber transmission can maintain its 

dynamic range independent of the fiber transmission distance until the received signal goes 

below the sensitivity of the link. As a result, the transmission of digitized radio-over-fiber 

can be based on low-cost digital transmitters and receivers with a high dynamic range that 

can be sustained over a long distance in comparison to that of analog optical links. Simplified 

base stations with digitized RF interfaces can be an effective pathway for building a unified 

backbone network incorporating both wired and wireless services.  

 

 

 

 

 

Fig.3.1 Digitized RF-over-fiber scheme 
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Fig. 3.1 illustrates an optical fiber link based on the DRoF technique. To accurately 

reconstruct the signal and prevent any spectral aliasing, the sampling rate for bandpass 

sampling should strictly follow the rules given in [3.12]. In the uplink transmission, the RF 

wireless signal received at the base station is sampled and quantized by an ADC with a 

sampling rate chosen based on bandpass sampling theory. After an IM-DD optical link, the 

digital data is detected in the central office and the uplink wireless signal is reconstructed and 

recovered using a DAC, in conjunction with a bandpass filter (BPF). The downlink 

transmission incorporing DRoF technique is also carried out in a similar manner.  

3.3 Bandpass sampling theory 

Bandpass sampling offers an attractive alternative solution to reduce the sampling rate for 

digitization process. It is a special form of undersampling method that alias a high frequency 

bandpass signal to a lowpass version in the vicinity of the zero frequency. The classic 

bandpass sampling theory states that for uniform sampling the signal can be reconstructed if 

the sampling rate is at least twice of the information bandwidth [3.10]. Real signals have 

Fourier spectra which is symmetrical around the zero frequency which also indicates that 

they have a negative-frequency spectrum that is a mirror image of the positive-frequency 

spectrum. Bandpass sampling can effectively shift both sides of the spectrum by multiples of 

the sampling frequency, as shown in Fig. 3.2.  

 

 

 

 

Fig.3.2 Spectral images after bandpass sampling 
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3.3.1 Principle of frequency relocation 

To investigate how bandpass sampling relocates the various images, we investigate and 

study the sampling scheme analytically. Now, let g(t) be a complex baseband signal with a 

bandwidth of BRF, and carrying the data of a bandpass radio signal r(t) represented by Eq. 3.1, 

where fRF is the centre frequency. 

(3.1)                                              tfi RFetgtr 2)(Re)(                           

                                      

The rectangular sampling function suni(t) with a regular interval TS is given by the 

convolution of an impulse train and a unit pulse function, which is represented by Eq. 3.2, 

where p(t) is the impulse train with unit amplitude and an interval of TS, and s(t) is the unit 

pulse function with an amplitude of 1.  

(3.2)                                  
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We can represent the spectra of s(t), p(t) and suni(t) by S(f), P(f) and Suni(f), respectively. 

Suni(f) is calculated using the Fourier transform and it is given by Eq. 3.3, where P(f) is the 

envelope function.  

(3.3)                                          )()()( fSfPfSuni   

 

The equivalent low-pass signal spectrum sampled by suni(t), is represented by Eq. 3.4. 

(3.4)                          ))()(()()()()(' FSfPfGfSfRfR uni   
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The spectrum of the uniform sampling function Suni(f) is governed by Eq. 3.5, where d is 

the sampling rectangular pulse width to sequence period ratio, and is the Dirac delta 

function. Let fS denote the sampling rate, which is a reciprocal of TS. The frequency spectrum 

of the bandpass sampled RF signal has the evenly located alias components whose amplitude 

is determined by the sinc function [3.14]. 

(3.5)                              )/()/)(sin()( S
n

uni TnfdndndfS  




  

 

3.3.2 Determining the sampling frequency 

The criterion to avoid spectral aliasing is to ensure that none of these shifted copies of the 

spectrum overlapped. For a bandpass signal, with lower and upper band limits fL and fU we 

have to ensure that after bandpass sampling with a sample rate of fS, both lower and upper 

bands should be relocated in the first Nyquist zone as represented in Eq. 3.6 and Eq. 3.7.  
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Based on Eq. 3.6 and Eq. 3.7, we can derive Eq. 3.8, where n is an integer number. In 

bandpass sampling, Eq. 3.8 is sampling rate constrain to ensure exact reconstruction of the 

bandpass signal and to prevent spectral aliasing. 
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From both Fig. 3.2 and Eq. 3.5, we can see that the bandpass signal is repeated at integer 

multiples of half the sampling frequency. The image replicas of the original signal occupy 

the entire frequency band and by using appropriate filtering the RF signal can be recovered 

from any of these images.  Therefore bandpass sampling is able to perform downconversion 

without the use of mixers and LO which greatly simplifies the hardware in the uplink base 

station architecture. The bandpass sampling theory is also transparent to modulation formats 

and can be applied to bandpass signals at any RF carrier. The high cost of ADC with high 

sampling rate has made it difficult to be implemented in commercial communication systems.  

Therefore bandpass sampling technique using ADC with lower sampling rate is more cost-

efficient and is an attractive alternative for future commercial deployment. However, 

bandpass sampling requires the analog bandwidth of the ADC to be large enough to 

accommodate for the wireless signals before the digitization process. Current commercially 

available ADCs with low sampling rates generally do not have a large analog bandwidth as 

there is no requirement for such combination until now. This can be easily achieved as the 

analog bandwidth of an ADC with low sampling rate can be increased practically with 

reasonable cost.  Therefore, bandpass sampling is a potential alternative solution which not 

only simplifies the base stations but also offers a cost effective scheme for wireless signal 

processing in a RoF environment.  

3.4 SNR analysis on digitized RF-over-fiber link 

Analog and digital transmission links have different noise sources, which induce different 

signal-to-noise ratios (SNR) in analog and digital transmission. Intensity noise from the laser 

is typically very small comparing with other noise sources, so it is ignored in the following 

analysis. 
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3.4.1 Noise and loss in analog transport 

In analog transmission links, the main noise sources are inter-modulation distortion and 

photo-detector noise. 

1. Inter-modulation distortion 

 

 

 

 

 

Fig.3.3 2nd and 3rd order two-tone inter-modulation products 

In analog optical links, the RF modulation is inherently nonlinear and consequently 

introduces inter-modulation distortion that degrades the link performance.  When two 
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order inter-modulation distortions are the most common occurrence.  The two-tone test 

spectrum showing the various inter-modulation products is shown in Fig. 3.3. 
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characterizing the inter-modulation distortion performance of many electronic components as 

well as radio transceivers [3.15]. The third-order inter-modulation product and the SNR due 

to the third-order inter-modulation with equivalent input power are given in Eq. 3.9 and Eq. 

3.10, where Pin is the input signal power, IP is the intercept point, IM is the power of inter-

modulation product, and SNRIM is the signal-to-noise ration due to inter-modulation 

distortion. 

 

(3.9)                                       IPPdBmIM in 23)(   

(3.10)                                    inIM PIPdBSNR 22)(   

 

2. Photo receiver noise 

The noise processes from the photo receiver are originated from thermal noise from the 

electronic circuitry and shot noise from the random arrival of photons [3.16]. The thermal 

noise, shot noise and total photo receiver noise are given in Eq. 3.11-3.13, where Id is the 

dark current, f=BDR/2 is the bandwidth, BDR is the data rate, RL is the load resistor to convert 

output current to a voltage signal, R is the responsivity of the photo-detector,  is the 

efficiency quantum, and Fn is the receiver noise figure.  
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  Since we are using direct-detection scheme, the SNR due to the photo receiver noise can be 

described as Eq. 3.14. 

(3.14)                             )2/4/(22 fqRPRfTFkPRSNR inLnBinPD   

3. SNRs in analog links 

Since the inter-modulation distortion and the photo receiver noise are independent, we can 

calculate the total noise generated in the analog link and then the total SNR. The total SNR is 

given by Eq. 3.15.  

(3.15)                          PDIM SNRSNRSNR /1/1/1   

 

3.4.2 Noise and loss in digital transport 

 

 

 

 

 

 

 

Fig.3.4 Digitized RF-over-fiber uplink 
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conversions. The uplink transmission scheme using digitized RF-over-fiber technique and the 

corresponding data format at each point are given in Fig. 3.4. 

In the transmitter, the dominant noise is introduced during the ADC process. The ADC 

introduces jitter noise and quantization noise into the link. Jitter noise arises from the 

sampling clock jitter, while the quantization noise is determined by the ADC resolution. 

Although bandpass sampling technique enables lower sampling frequency to be used, this 

reduction leads to noise aliasing [3.17]. Also, the filter-induced noise before bandpass 

sampling needs to be considered. In the receiver, the photo-receiver introduces thermal noise 

and shot noise, and the DAC contributes to jitter noise.  There are also additional noise 

processes from the filter, amplifier and modulator within the digitized RF link. These 

additional noise sources are common with the conventional analog photonic links and 

therefore to assess the performance of the DRoF link we will focus only on the noise sources 

that only originate from the DRoF link.  Hence only ADC jitter noise, ADC quantization 

noise, pre-sampling filter noise, aliasing noise, DAC jitter noise, and photo-receiver noise are 

considered in the following analysis. 

1. Noise at the transmitter end 

Filter noise 

Generally, a BPF is used prior to bandpass sampling or any signal processing to minimize 

any out-of-band noise, however the BPF itself also introduces noise to the signal. Under the 

assumption that the introduced thermal noise in a sampling device is an additive white 

Gaussian noise (AWGN) with zero-mean and the power spectral density (PSD) of the noise 

is a constant N0, the noise introduced by BPF is PNth=N0B (B is the bandwidth of the filter). 

The corresponding SNR after BPF is given by Eq. 3.16, where PS is the signal power. 

(3.16)                                       BNPPPSNR SNSF th 0//   
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Aliasing noise 

As discussed previously, bandpass sampling generates image replicas of the original signal 

over the entire frequency spectrum as a result of spectral aliasing.  The SNR of these images 

is generally poorer compared to the conventional analog system due to the noise aliasing 

from the bands between DC and the passband [3.10]. Again, assuming the introduced thermal 

noise in a sampling device is an AWGN with zero-mean with PSD a constant N0, the 

corresponding SNR due to spectral aliasing in bandpass sampling is given by Eq. 3.17, where 

m=Beff/B is the total number of fS bands within [-Beff, Beff] and Beff is the effective bandwidth 

of the sampling device, (m-1)PNth represents the total out-of-band aliasing noise power.  

(3.17)                             BNmPPmPSNR SNSA th 0)1/()1/(   

 

ADC jitter noise 

The jitter noise power of a sampled signal is given by Eq. 3.18, where y is the input signal, 

tn is the ideal sampling time, and tn+n is the actual sampling time, x is the error occurred 

due to jitter, NJ is the noise power during one sampling time, and n represents the order of the 

discrete sampled signal. 

(3.18)                  22 )]([)]([)( nEnEnN J    , )()()( nnn tytyn    

 

For a sinusoidal input signal y(t)=Asin(ft) and fn<<1, which can be satisfied by 

normal ADC in bandpass sampling, the corresponding average noise power is approximately 

given by Eq. 3.19, where  is the root mean square of the clock jitter. Therefore, considering 

the jitter noise only, the SNR can be expressed as Eq. 3.20. 
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(3.19)                                                22222 AfN J   

(3.20)                                  2222222 4/12/   fAfPSNR SJ   

 

Quantization noise 

ADCs provide the vital transformation of analog signals into digital code, which is an 

inherently nonlinear process. This nonlinearity manifests itself as wideband noise in the 

ADC’s binary output, called quantization noise, limiting an ADC’s dynamic range. It is a 

rounding error between the analog input voltage to the ADC and the output digitized value. 

Signal-to-quantization noise ratio is defined as the ratio of the root mean square value of the 

input analog signal to the root mean square value of the quantization noise [3.19]. The error 

due to quantization is eq(n)=yq(n)-y(n), where y(n) is the input signal and yq(n) is the 

quantized signal. In an ideal ADC the quantization error is uniformly distributed between 

−1/2 LSB (least significant bit) and +1/2 LSB, and the root mean square value of the error 

signal is given in Eq. 3.21, where Q is the bit resolution of the ADC. 
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When the signal has a uniform distribution (  
213nxRSM ) covering all quantization 

levels, the signal-to-quantization noise ratio (SNR) is given in Eq. 3.22. 
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When the input signal is an M-ary QAM signal, the distribution of the signal is not uniform, 

and the root mean square value of the error signal can be calculated using Eq. 3.23. The 

corresponding SNR equation will be Eq. 3.24. 
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2. Noise at the receiver end 

Photo receiver noise 

In digital transport, the sources of photo-detector noise are the same as in the analog 

transport. So, the SNR of the detector can be described using the same equation as Eq. 3.14.  

DAC Jitter noise  

The sampling clock jitter also has an effect on the SNR of DACs, and the effect is more 

pronounced for for high speed DACs [3.20] [3.21]. Ideally, digital-to-analog conversion 

extracts data samples from memory and converts them into an impulse train. Impulse train is 

not possible to generate in practice and to get around this; most DACs operate by holding the 

last value until next sample is received. This is called a zero-order hold, and it is equivalent 

to the sample-and-hold used during ADC. The zero-order hold can be mathematically 

described as the convolution of the impulse train with a rectangular pulse, having a width 

equal to the sampling period. In the frequency domain it is equivalent to multiplying the 

Fourier transform of the rectangular pulse (a sinc function). The ideal impulse train and the 
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zero-order hold signal have identical frequency spectra below the Nyquist frequency (half of 

the sampling rate). At higher frequencies, the zero-order hold signal contains same 

information but lower power comparing to impulse train. 

After sampling, the SNR of the pulse train due to jitter noise is the same as it in ADC (Eq. 

3.25). The composite SNRJ_DAC function (Eq. 3.26) of the DAC can be obtained by 

multiplying the square sinc function (because power spectral densities are being examined) 

and Eq. 3.25. 

 

(3.25)                                           2224/1  fSNRJ   

(3.26)          ssssDACJ ffffffffSNR /sin4/1)/sin//()4/1( 2222222222
_               

 

The original analogue signal can be perfectly reconstructed by passing the zero-order hold 

signal through a low-pass filter, with the cutoff frequency equal to one-half of the sampling 

rate. Here we employ a simple lowpass filter, and the frequency response is 1/(1+jCR) with 

a cut-off frequency at 1/CR=fS. After the lowpass filter, the SNR is rewritten as Eq. 3.27. 

(3.27)                      ))/(sin4/()/21( 222
_ sssDACJ fffffSNR    

 

3. SNRs in digital links 

Since all these noise sources listed above are weakly correlated and can be assumed to be 

independent, the SNR of the digitized RF-over-fiber link is governed by Eq. 3.28.  
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(3.28)             1
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Based on the above analysis and the parameters in a practical RoF link shown in Table 3.1, 

we calculate the noise power from all the additional noise sources in the digitized RF link. 

Since the ADC quantization noise is one of the dominant noise processes and is related to 

ADC resolution and signal modulation format, we calculate the link noise with different 

ADC resolutions and modulation formats and the results are shown in Fig. 3.5. 

 

 

 

 

 

 

(a)                                                                         (b) 

Fig.3.5  (a) Various noise powers at different ADC resolutions (using QPSK 

modulation), and (b) Quantization noise and total link noise using different modulation 

formats. 

In Fig. 3.5a, it is clearly shown that the quantization noise decreases exponentially with the 

increase of ADC resolution, while the other noise processes have no distinct relationship with 

ADC resolution. When the resolution is smaller than 8 bits, the quantization noise is the main 

noise source in the digitized RF link; when the resolution goes larger than 8 bits, ADC jitter 
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noise and photo-receiver noise start to dominate; bandpass sampling aliasing noise and DAC 

jitter noise are negligible in the digitized RF link. The total noise power in the digitized RF 

link decreases with ADC resolution before levelling off at a resolution > 8 bits.. These results 

indicate that the ADC resolution has to be > 8 bits optimize the noise performance in a 

digitized RF link. Since the total bit rate in the optical link increases with ADC resolution, in 

order to construct a high-performance cost-effective digitized RF link, the ADC resolution is 

best to maintain at no larger than 8 bits based on our analysis.   

 

Table 3.1 Parameters used in computing the total SNR  

Parameter Value 

Output RF signal power -9 dBm 

Sampling frequency of ADC 5 MSamples/s 

Room temperature 290 K 

Jitter (AD9433 and DAC904) 0.3 pS 

RF carrier frequency 1 GHz 

Resolution 8 

M = 4 for QPSK 4 

Noise figure of the PIN receiver 6 dB 

Load resistor of the PIN receiver 100 Ω 

Photo-detector responsivity  0.8 A/W 

DAC clock frequency 100 MHz 

Intercept point(IP) 15dBm 

Fiber loss 0.25dB/km 
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Fig. 3.5b illustrates the impact of modulation formats on quantization noise (QN) and total 

link noise (TN) of the DRoF link as a function of ADC bit resolution.. It is shown that higher 

order modulation formats introduce higher quantization noise power in the digitized RF link, 

and hence leads to a larger total link noise power. Higher order modulated signals also 

require a larger ADC resolution to achieve the same link performance as the lower order 

modulated signals.  

3.4.3 SNR comparison 

Next we investigate the impact of laser launched power on the SNR of analog and digital 

links as a function of fiber transmission distance.  Fig. 3.6a-d illustrate the SNRs of analog 

and digital links when the laser launched powers are -5, 0, 5 and 10 dBm respectively. We 

take Fig. 3.6c for instance, which shows the calculated SNR as a function of fiber 

transmission distance (L) for both analog and digital links with an optical launch power of 5 

dBm.  It is evident from Fig. 3.6c that the system SNR has a significant improvement using 

digitized RF transport. Initially, the SNR for the analog link increases and reaching a 

maximum at L=40km before it starts decreasing steadily with transmission length. The 

analog link performance is limited by nonlinear effects which increases with the launch 

power and also signal attenuation which is dependent on the transmission distance. The trend 

in Fig. 3.6c is due to the interplay between these two parameters. In contrast, the digitized RF 

optical link maintains a constant SNR for L < 60 km and this SNR is determined by the 

quantization noise. For L > 60 km, receiver noise starts to dominate as a result of the 

increased fiber loss.  In this case, the receiver noise dominates over the quantization noise 

and limits the overall link performance.   

Based on the calculated SNR curves in Fig. 3.6c, we are able to calculate the 

corresponding received error-vector-magnitude (EVM). Fig. 3.7 shows the calculated EVM 

as a function of L for both analog and digital links for a launch power of 5 dBm. When L < 
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60 km, the EVM in both links maintains at a low level (<1 %), which means both analog and 

digital links perform well; but when L > 60 km, the EVM in the analog link increases 

drastically while the EVM in the digital link still maintains at a relatively low level until L > 

120 km. 
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Fig.3.6 SNR comparisons at different launch powers 
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Fig.3.7 EVM in both digital and analogue links 

 

 

 

 

 

 

 

Fig.3.8 SNR Vs. launch power Vs. fiber length 

Fig. 3.8 shows the three dimensional figure of the calculated SNR as a function of the fiber 

transmission distance (L) and the laser launched power for both analog and digital links. It is 

evident that the system SNR has a significant improvement due to the digitized RF-over-fiber 

technique. The analog link performance is limited by the nonlinear effects which increase 
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with the received optical power, and also by the signal attenuation which is dependent on the 

transmission distance. In contrast, the digitized RF-over-fiber link maintains a constant SNR 

determined by the quantization noise before the receiver noise dominates due to the signal 

attenuation. In addition, the increase of the laser launched power results in the transmission 

distance increasing in the digital link, but no evident improvement in the analog link due to 

the nonlinearity of O/E and E/O conversions. 

3.5 Dynamic range analysis 

The performance of wireless communications is governed by the dynamic range of the 

entire system. Therefore a wide dynamic range is critical as the capacity of the wireless 

signal is always on the rise.   Hence it is obvious that dynamic range is also one of the key 

performance measures that characterize the performance of a radio-over-fiber link. The 

dynamic range of a system is defined as the range of input signal levels over which the 

system is usable. Various criteria have been used to define the upper and lower limits for this 

usable range.  

3.5.1 Dynamic range of an analog RoF link 

In the analog RoF link, spurious-free dynamic range (SFDR) is commonly used to measure 

the system performance, and it is defined as the range between the minimum and the 

maximum detectable signals. The SFDR is determined by the 3rd-order input intercept point 

(IP3) of the system, the receiver noise figure (NF), and the RF bandwidth [3.18] [3.22]. In 

analog optical link using direct detection, the minimum detectable signal is relative to 

receiver noise figure and RF or IF bandwidth following Eq. 3.29 and Eq. 3.30, where PL is 

lower power limit of dynamic range in dBm, PU is upper power limit of dynamic range in 

dBm, -174 dBm is thermal noise power in a 1-Hz bandwidth at room temperature, 3 dBm is 

the noise floor, NF is noise figure of receiver in dB, B is RF bandwidth in Hz, and IP is 
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receiver 3rd-order input intercept point in dBm of this link [3.14]. Then, the SFDR is given 

by Eq. 3.31. Using the parameters in Table 3.1, the SFDR can be computed as Eq. 3.32. 

(3.29)                              )(log103174 dBmB NFPL   

(3.30)                   ))((32)log103174(31 dBmIPBNFPU   

(3.31)                  ))(171log10(32 dBmBNFIPPPSFDR LU   

(3.32)              )(60]171)10log(10615[32 9 dBmPPSFDR LU   

 

The electrical power is proportional to the square of the photo current and also to the 

square of the optical power. Therefore, the contribution of fiber loss in the electrical domain 

will be twice of the optical loss in dB [3.9]. Now, we consider an L km direct-detection 

optical link with fiber loss of 0.25dB/km, the dynamic range of analog transport is given by 

Eq. 3.33. 

(3.33) )(
3
160)225.0171log10(

3
2 dBmLLBNFIPPPSFDR LUL    

 

3.5.2 Dynamic range of a digitized RoF link 

Unlike analog systems, link noise and losses have no severe impact on the digital RF 

transport because of the discrete nature of the digitized RF signal.  In the digital domain, a 

noisy ‘1’ is still a ‘1’ and a noisy ‘0’ is still a ‘0’ unless the noise power is comparable with 

signal power which leads to the synchronization loss in the transmission link. In the digital 

RF transport over fiber, as long as the signal is detectable, the digitized RF signal can be 

transported successfully. Therefore, the dynamic range in a digitized RF link is constant until 
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the signal goes beyond the link sensitivity where by the link dynamic range will reduce 

drastically.  

To analyze the dynamic range in digitized links, we assume that a RF signal shows the 

following characteristics: the weakest signal is –100 dBm and strongest signal is –40 dBm. 

Before transmission over an RF transport system, the dynamic range of the signal is therefore 

60 dB. Now we calculate the lowest detectable power using Eq. 3.34, below which the 

system synchronization will be lost, for this digital link by using the previous parameters. 

(3.34)               )(1052log103174 12 mW .BNFP -
DLD

  

 

In a digital transport system over fiber, the dynamic range will maintain at 60 dB until the 

optical power difference between 1 and 0 goes below the lowest detectable power (-116 dBm) 

due to the fiber attenuation. In our case with extinction ratio at 0.9 and launch power at -10 

dBm, the power difference is -20 dBm. The threshold would be [-20-(-116)]/0.25=384 (km). 

3.5.3 Dynamic range comparison  

 

 

 

 

 

 

Fig.3.9 Dynamic range in both digital and analogue links 
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Fig. 3.9 shows the relationships between the system dynamic range and the transmission 

distance for both digital and analog links. The dynamic range in the analog link decreases 

steadily with the fiber length; while in the digital link, it remains constant until the 

transmission distance reaches a certain length. It is evident that the digitized RF transport 

offers a distinct advantage over the analog link. 

 
Table 3.2 Comparison of loss in dynamic range 

Source of loss/noise 
Loss of dynamic range 

in analog transport 

Loss of dynamic range 

in digital transport 

Optical combiner loss 3 dB loss per 2:1 split None 

Optical transport loss 2 dB per 1 dB attenuation  None 

Optical connector loss 2 dB per 1 dB attenuation None 

Optical transport noise 2 dB per 1 dB noise None 

RF noise 1 dB per 1 dB attenuation 1 dB per 1 dB attenuation 

 

In an analogue RF transport system, the link losses and noise are the dominant limitations 

of the system dynamic range. Every splitter, combiner, and connector adds to the overall loss. 

Likewise, every additional component will generate noise in the system. But this has no 

severe impact on the digital RF transport. Table 3.2 compares the impact of losses and noise 

in analog and digital RF transports. In all analog RF transport systems, the losses and noise 

generated in the link are directly added to the RF signal and the noise is cumulative and 

cannot be removed from the signal. Digitized RF-over-fiber technique demonstrates the 

advantage in the system dynamic range, since the system is immune to degradation caused by 
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the noise processes in the transport that affect analog RF transport systems. The 

corresponding large dynamic range will allow both strong and weak signals to be transported 

simultaneously, which translates into improved quality of service. 

3.6 Experimental demonstration 

3.6.1 Experimental setup 

 

 

 

 

 

 

 

 

Fig.3.10 Experimental setup for uplink digitized transmission 

Fig. 3.10 illustrates the experimental setup for an uplink digitalized RF-over-fiber transport 

based on a commercially available Field-Programmable Gate Array (FPGA) to establish the 

digitization interface. Fig. 3.11 shows the layout of the FPGA board and some of the key 

parameters. In this demonstration, we used a vector signal generator (VSG) and a vector 

signal analyser (VSA) as the RF transmitter and receiver, respectively. 

The VSG is able to generate RF signals at different carrier frequencies, with different 

symbol rates and modulation schemes in this experiment. We used an Altera Stratix II DSP 
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Development FPGA board to sample and digitize the RF signal, to perform signal processing 

functionalities such as parallel-to-serial conversion and clock management. The output of the 

FPGA was attenuated before directly modulating a VCSEL. The optically modulated signal 

was then transmitted over 9.9 km of SMF.  

 

 

 

 

 

 

Fig.3.11 FPGA board and key parameters 

In the receiver, a PIN detector was used to detect the signal. The received signal was 

amplified before entering the FPGA board.  The FPGA was used to recover the clock, locate 

the most significant bit of the digital data stream and convert serial signal to parallel signal. 

The parallel data stream was then launched into the DAC to reconstruct the samples at IF 

frequency before the link performance was measured using the VSA. 

3.6.2 Experimental results 

Due to the limitation of the ADC input bandwidth (AD 9344) on the FPGA board [23] 

[24], the frequency of the RF signal in this demonstration was set to be 21 MHz. We used 

QPSK modulation scheme with symbol rates at 100 kS/s and 200 kS/s. The sample rate of 

the ADC was fixed at 5 MHz.  
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Fig. 3.12a and Fig. 3.12b show the measured EVM as a function of the received optical 

power for the symbol rate of 100 kS/s and 200 kS/s, respectively. From these results it is 

evident that EVM remains <2% and virtually constant at high received optical power before 

it increases when the received optical power decreases below -27 dBm. As a comparison we 

have also measured the EVM for an analog link as shown in Fig. 3.13.  In the analog 

transmission, the measured EVM was ~ 1.5% when the received power was -17dBm. 

However the EVM increases when decreasing the received optical power. For a received 

power of -20 dBm, the EVM for analog link increases to ~ 4.5%.   

 

 

 

 

 

 
(a)                                                                                (b) 

Fig.3.12 (a) EVM curve with symbol rate at 100 kS/s and (b) 200 kS/s after digitized 

RF-over-fiber transmission 

 

 

 

 

 

Fig.3.13 EVM for analog link with symbol rate of 100 kS/s 
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3.6.3 Performance Evaluation 

We further extend our investigation of the digitized RF-over-fiber transport technique to 

evaluate and quantify the link performance in terms of the error vector magnitude (EVM), as 

a function of different digitization resolutions, carrier frequencies, symbol rates and sampling 

frequencies. The experimental results show that: the EVM decreases when increasing symbol 

rate and carrier frequency, but has no distinct relationship with the sampling rate; and the 

ADC quantization resolution of 8 bits is sufficient to provide a desired received SNR and a 

satisfactory optical bit rate in the digitized RF link. 

1. ADC resolution selection 

 

 

 

 

 

 

Fig.3.14 SNR vs. Resolution  

Based on our previous analysis, the quantization noise from ADC is one of the dominate 

noise sources in the digitized RF transport link, and it is determined by the bit resolution of 

the ADC. However, higher resolution translates to higher optical bit rate in the digitized RF 

transport link which requires larger transmission bandwidth. To balance the trade-off 

between the link performance and the optical bit rate, we experimentally investigated the 

effects of the ADC resolution on the link performance, with RF carrier at 20 MHz, sampling 

 

0

5

10

15

20

25

30

35

40

2 3 4 5 6 7 8 9 10 11 12
Resolution

SN
R

 (d
B

)



Chapter 3 Digitized Radio-Over-Fiber Technique 

  82 

rate at 5 MHz, and symbol rate at 100 kS/s. Fig. 3.14 illustrates the relationship between the 

ADC resolution and the received SNR. It is clearly shown that when the resolution is greater 

than 8 bits, the SNR is relatively constant at a value of 35 dB. Therefore, in digitized RF 

transport scheme, the ADC resolution of 8 bits is sufficient to achieve satisfactory 

performance and an acceptable bit rate. 

2. Impacts of carrier frequency and symbol rate 

 

 

 

 

 
 
 
 
 

Fig.3.15 Symbol rate vs. EVM 

 

 

 

 

 

 

Fig.3.16 Carrier frequency vs. EVM  
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By fixing the ADC resolution at 8 bits, received power at -20 dBm, and sampling rate at 5 

MHz, we measured the EVM performances at different symbol rates and carrier frequencies. 

Fig. 3.15 and Fig. 3.16 show that the EVM increases almost linearly with the carrier 

frequency and the symbol rate.  This increment is mainly attributed to the increasing noise 

level as both the carrier frequency and the symbol rate are increasing within the digitized RF-

over-fiber link. 

3. Impacts of sampling rate 

Fig. 3.17 shows the EVMs with different sampling rates, when symbol rates are fixed at 1 

MS/s and 100 kS/s respectively. From the results it can be clearly seen that the EVMs for 

both symbol rates are relatively constant over the different sampling rates under investigation.  

This indicates that the link performance of the digitized RF transport is not affected very 

much by the sampling rate provided that the sampling rate satisfies the limitation imposed by 

the bandpass sampling theory. 

 

 

 

 

 

 

 

Fig.3.17 Sampling rate vs. EVM 
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3.7 Summary 

In this chapter, we first introduced the digitized RF-over-fiber technique based on the 

bandpass sampling theory and commercial-available ADCs/DACs. It takes advantages of the 

higher performance digital optical links, the benefits of direct RF distribution to realize 

simpler base stations, and the use of existing optical access and metro network infrastructures. 

Secondly, we have theoretically analysed the digitized RF-over-fiber link in terms of 

different noise sources, such as ADC jitter noise, ADC quantization noise, bandpass 

sampling aliasing noise, DAC jitter noise, and photo-receiver noise. Comparisons of SNR 

and dynamic range between digitized and analog RF-over-fiber links were carried out. For 

the digitized link, the increase of the laser launched power has no evident impact on the SNR 

value, but increases the transmission distance. However, in the analog link, the transmission 

distance does not increase with the laser launched power due to the system nonlinearity. The 

dynamic range in the analog link decreases steadily with the fiber length; while in a digital 

link, it remains constant until the transmission distance reaches a certain length where the 

signal goes below the link sensitivity. The high dynamic range of the digitized RF transport 

offers a distinct advantage over analog RoF links. 

Finally, we experimentally demonstrated a low-cost digitized RF-over-fiber uplink 

transmission using commercially available FPGA boards. Our studies have confirmed that 

digitized RF-over-fiber links can support extended reach well in excess over 60 km and can 

easily be integrated with any other digital optical transmission technologies. We also have 

experimentally investigated the link performance of the digitized RF over fiber transport for 

different ADC resolutions, different carrier frequencies, different symbol rates and different 

sampling rates. The results indicate that: (1) 8 bits resolution is sufficient to construct a high-

performance cost-effective digitized RF over fiber link; (2) the link EVM performance 

improved almost linearly with the carrier frequency and the symbol rate; (3) the link 
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performance is nearly independent of sampling rate, as long as the sampling rate satisfies the 

bandpass sampling theory. 
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Chapter 4 

Multi-Channel Digitized RF-over-Fiber 

Transmission 

4.1 Introduction 

Radio-over-fiber has long been studied as a way of realizing ultra-high-speed, high-quality, 

and multi-service backhaul networks. Such radio-over-fiber system can take the advantage of 

subcarrier multiplexing (SCM) technique to further increase the optical bandwidth efficiency 

as well as hardware sharing in access networks [4.1, 4.2]. SCM is a scheme that multiplexes 

multiple signals in the RF domain which can then be transmitted using a single wavelength in 

a RoF environment. SCM has the advantage of exploiting the maturity of microwave devices 

and hardware. For instance, the stability of microwave oscillators and the sensitivity of 

electrical filters are more superior to their optical counterparts. Many different 

implementations of SCM have been demonstrated ranging from improving optical spectral 

efficiency to resilience against fiber chromatic dispersion to improve the performance of RoF 

systems, which include SSB modulation [4.3], hybrid multiplexing scheme [4.5], and tandem 

single-sideband (TSSB) modulation [4.4]. Most of these schemes rely heavily on optical 

Mach-Zehnder modulators (MZM) which have nonlinear characteristics. This may lead to an 

increase in the system nonlinear distortions comprising harmonic distortion (HD) and third-

order intermodulation (IMD) when multiple radio frequency signals in SCM format are used to 

modulate the optical signal using an MZM. Apart from that, fiber nonlinearity such as cross-

phase modulation (XPM) and four-wave mixing (FWM) may also generate a significant 
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amount of nonlinear crosstalks between adjacent channels that lead to further degradation of 

the system performance. Also, carrier fading due to polarization mode dispersion (PMD) can 

also affect the performance when a large number of subcarrier frequencies are presented [4.7]. 

Therefore, nonlinear distortions considerably reduce the receiver sensitivity and dynamic 

range, and compromise the performance of subcarrier-multiplexed-radio-over-fiber (SCM-

RoF) systems [4.6]. To combat these nonlinear distortions, many different techniques 

effectively linearizing the transfer function of the analog optical link have been demonstrated 

[4.8]. However, these techniques introduce more complexity and can often reduce the cost-

effectiveness of the RoF links.  

In this chapter, we extend our study of the digitized RF-over-fiber technique and propose a 

multi-channel digitized radio-over-fiber transmission scheme based on multi-band bandpass 

sampling and realize frequency conversion of multiple channels using a single ADC and a 

single DAC. We thoroughly analyse the subcarrier multiplexed digitized RF-over-fiber (SCM-

DRoF) link, and compare with the conventional analog links in terms of signal-to-noise ratio 

(SNR), dynamic range, and performance degradation with increasing channel number. We 

also experimentally demonstrate the SCM-DRoF link for multi-channel simultaneously 

transmission using commercially available FPGAs and ADCs. By appropriate selection of 

the sampling rate determined by the bandpass sampling theory, we downconvert all signal 

bands to the first Nyquist zone and recover the data. We also theoretically analyze the 

performance of the SCM-DRoF link to further investigate the cost-effectiveness of such a 

link.  

4.2 Proposed Multi-Channel DRoF Scheme 

As previously discussed in Chapter 3, based on the ideal sampling theorem, any sampled 

signals will ideally occupy the entire frequency spectrum with images of exact replica of the 

original signal located repeatedly in infinite Nyquist zones. In theory, any of the images can 
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be recovered to reconstruct the original signal. Based on this observation, we are able to 

establish frequency up- and down-conversion of the original signal by selecting the 

appropriate images. This theory is also applicable for multi-channel signals [4.9]. An 

appropriate sampling rate can be chosen to sample multi-channel signals ensuring no 

overlapping of the multiple frequency bands within each Nyquist window arising from the 

bandpass sampling scheme. Here we propose a multi-channel DRoF transmission link and 

the schematic is shown in Fig. 4.1. The proposed multi-channel DRoF scheme provides a 

practical solution to realize signal multiplexing, which also simplifies the architecture of the 

BSs by eliminating additional devices required in BSs for frequency conversion.  

 

 

 

 

 

 

Fig.4.1 Scheme of Multi-Channel DRoF Transmission 
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the CO, the detected digital data stream is converted back to a parallel digital data. A DAC is 

employed to convert the parallel digital signal to a multi-band analog signal. In the frequency 

domain, this analog signal contains the spectral replicas of each RF band in every Nyquist 

region without spectral overlapping. By taking advantages of bandpass filters, we are able to 

extract the IF spectrum replica of each RF band from the first-order Nyquist region which 

has the largest signal power.  The data carried by each RF channel can then be recovered by 

demodulating its corresponding IF replica. 

In the downlink path, wireless signals at different IF frequencies are electrically combined 

within the CO before digitized using an ADC. The sampling rate of the digitization process is 

selected according to the IF signal frequency using the Nyquist sampling theory. Upon 

digitization, the samples are processed digitally via digital signal processing (DSP) modules 

including parallel-to-serial conversion and clock management. The digitized data stream is 

modulated onto an optical carrier before transported over the optical link and recovered using 

a photodetector. In the BS, the analog signals are reconstructed using a DAC with a sufficient 

analog bandwidth in conjunction with DSP. The output of the DAC covers the entire RF 

spectrum with the image replicas of the original IF signals. To extract the wireless signals in 

a multiple-wireless environment, the analog signal is further divided using a power splitter 

(PS) and the wireless signal at the desired wireless frequency is extracted separately using a 

bandpass filter (BPF) and amplified before the air-interface. The wireless signals are 

essentially upconverted to the desired wireless frequencies (RF) without physical mixers and 

local oscillators. 
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4.3 Analysis on multi-channel DRoF link 

4.3.1 SNR in multi-channel analog links 

In Chapter 2, noise sources and their corresponding SNRs of a signal channel radio-over-

fiber link have been discussed. Here we extend the analysis to incorporate multiple channels. 

The main difference between single channel and multiple channel transmission links is the 

nonlinear distortion arising from the optical modulator and the photo receiver. In this analysis, 

we assume that the third-order nonlinearity product dominates the nonlinear interference of 

the transmission system; the second-order nonlinear products are mitigated by band selective 

filters; the higher order distortions are assumed to be negligible for simplicity [4.10].  

Assuming that an MZM is used at the transmitter front end, the mathematical expression of 

the transfer function is given by Eq. 4.1. After converting back to the electrical domain, the 

photocurrent governed by Eq. 4.2, where E0 is the amplitude of the input optical carrier of the 

modulator; V is the switching voltage of the modulator;is the optical carrier frequency; 

RF is the RF carrier frequency; V is the amplitude of the signal that drives the modulator; 

Eout is the optical field at the output of the modulator; R is the load resistance; and  is the 

photodetector responsivity. 
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To quantify the intra-channel intermodulation distortion, we use a two-tone test with 

frequency carriers at and and substituting these into Eq. 4.2 to generate Eq. 4.3. The 

fundamental and the intra-channel intermodulation products are calculated as shown in Eq. 
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4.4 and Eq. 4.5, and the signal-to-interference ratio (SIR) is then given by (J0
2/J2

2). Here,1 

and 2 represent the RF frequencies used in the two-tone test; and Jn represents nth order 

product of the first kind Bessel function. 
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Table 4.1 Three-tone test results at the transmitter side 

Fundamental Intermodulation 
 

Frequency Amplitude Frequency Amplitude 

Channel1 1  22
0

2
01 REJJ  322    22

0210 REJJJ  

Channel2 2  22
0

2
01 REJJ  231    22

0111 REJJJ  

Channel3 3  22
0

2
01 REJJ  122    22

0210 REJJJ  

 

There are also inter-channel intermodulation distortions needed to be considered in multi-

channel cases. To determine the inter-channel intermodulation products, we use a three-tone 

test, where the positive frequencies are denoted as 1, 2 and 3 (1<2<3), and the 

channel spacing is assumed to be consistent. The transfer function of the optical modulator 

and the received photo current can be expressed by Eq. 4.6 and Eq. 4.7. Considering only the 
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products falling in the signal channel, the fundamental products and inter-channel 

intermodulation products are listed in Table 4.1. The SIRs will be (J0
2/J2

2), (J0
4/J1

4), and 

(J0
2/J2

2) for these three channels respectively. If we consider both intra-channel and inter-

channel intermodulation distortion, the SNRs for these three channels will be (J0
2/2J2

2), 

(J0
4/(J1

4+J0
2J2

2), and (J0
2/2J2

2). 
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Assume that: subcarrier frequencies are 1.004 GHz, 1.008GHz and 1.012GHz; channel 

spacing is 5 MHz; laser output power is 0 dBm; modulator insert loss is 8 dB; switching 

voltage is 5 V; input resistance is 50 Ω; photodetector responsivity is 0.85 A/W; receiver 

noise floor is -70dBm; receiver load resistance is 50 Ω; amplifier gain is 50dB; amplifier 

noise figure is 3 dB; filter loss is 1dB; filter noise figure is 1dB; IIP3 of modulator is 5 dBm; 

IIP3 of receiver is 15 dBm. Using these parameters, we can calculate the SNR and SFDR 
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changes due to intermodulation distortions for the side channel (and  and the central 

channel ( based on above solution and the analysis in the 3.4.1 and 3.4.2, which are 

illustrated in Fig. 4.2a and Fig. 4.2b. The results show that the reductions of SNR, SFDR and 

IIP3 in the three-channel system are 7 dB, 2.3 dB and 4.6 dB correspondingly.  

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

Fig.4.2 Input power vs. output power in (a) the side channel and (b) the central 

channel of a three-channel system 
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At the receiver end, the transfer function of a photo detector can be expressed as Eq. 4.8. 

VV is the modulation index; k1 is photo-receiver responsicivity; and k2 and k3 are 

determined by the 2nd-order and the 3rd-order input intercept points of the photo-receiver. 

To quantify the intra-channel intermodulation distortion, again we use the two-tone on the 

photo detector. The fundamental product and the intra-channel intermodulation product are 

formulated as Eq. 4.9 and Eq. 4.10, and the SNR due to the intra-channel intermodulation is 

given in Eq. 4.11. 
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Table 4.2 Three-tone test results at the receiver side 

Fundamental Intermodulation 
 

Frequency Amplitude Frequency Amplitude 

Channel1 1  1

2
0

8
2 kE

  322    3
3

4
0 3
168

3 


kE  

Channel2 2  1

2
0

8
2 kE

  231    3
3

4
0 6
168

3 


kE  

Channel3 3  1

2
0

8
2 kE

  122    3
3

4
0 3
168

3 


kE  

 

The SNRs due to the receiver inter-channel intermodulation distortion for these three 

channels are (32k1/
k2, (16k1/

k2, and (32k1/
k2 respectively. If we 

consider both intra-channel and inter-channel intermodulation distortions, the SNRs for these 

three channels are calculated to be (32k1/
k2*1/2, (32k1/

k2*1/5 and 

(32k1/
k2*1/2. Comparing the three-channel system with a single channel system, the 

reductions of SNR, SFDR and IIP3 at the receiver end are comparable to that at the 

transmitter frontend.  

Assuming that the channel number is N and the input signal power is unified, based on the 

three-tone and two-tone tests, we can calculate the nonlinearity products for the ith channel 

and the SNR degradation due to increasing channel number. 
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Inter-channel IMD from both higher and lower channels: )(  2
1)1( 4

0

4
1  NiJ

Ji   

Total inter-channel IMD:   4
0

4
1

2
0

2
2 )1(2 J

JiJ
JN   

Intra-channel IMD: 2
0

2
2

J
J  

Total IMD:      2
0

2
2

4
0

4
1

2
0

2
2 141)1(1 J

JiNJ
JiJ

JN   

SNR degradation at transmitter side  

At the Rx side: 

Inter-channel IMD from higher frequency channels:     2
3

22
01 9/322







  kEkiN   

Inter-channel IMD from lower frequency channels:     2
3

22
01 9/322

1 





  kEki   

Inter-channel IMD from both higher and lower channels:   )( 2
19/16)1(

2
3

22
01


 NikEki   

Total inter-channel IMD      2
3

22
01

2
3

22
01 9/16)1(9/322 

 kEkikEkN   

Intra-channel IMD:  

Total IMD:  

SNR degradation at receiver side  

Considering that the transmitter intermodulation products and the receiver intermodulation 

products are independent, the degradation in a multi-channel analog transport system can be 

expressed as Eq. 4.13. 

(4.13)                                   

 

 
  odd is N     

even is N   
53log10
33log10





N
N

2

3
22

0

1

9
32











kE

k


    
2

3
22

0

1

9
32411













kE
kiN


 
  odd is N     

even is N   
53log10
33log10





N
N

 
  odd is N     

even is N   
53log10
33log10




N
N



Chapter 4 Multi-Channel Digitized RF-over-fiber Transmission 

  98 

4.3.2 SNR in multi-channel DRoF links 

In multi-channel DRoF links, according to the analysis in Chapter 2, only the bandpass 

sampling aliasing noise and ADC quantization noise are related to the channel number. To 

analyse the change of bandpass sampling aliasing noise, we assume that a bandpass signal is 

first fed into an ideal anti-aliasing filter, and then sampled at a sampling rate of fs. In 

applying bandpass sampling to relocate a bandpass signal to a lower frequency location, the 

resulting SNR is poorer than that from an equivalent analog system, and the degradation is 

due to the noise aliasing from the bands between dc and the passband [4.11]. Under the 

assumption that the introduced thermal noise in a sampling device is an additive white 

Gaussian noise (AWGN) with zero-mean and the power spectral density (PSD) of the noise is 

a constant N0, the corresponding SNR after bandpass sampling is given by Eq. 1.14 [4.12]. In 

a multi-channel case, the out-of-band thermal noise power from each channel contributes to 

the total thermal noise power. Therefore, the function of SNR after bandpass sampling in a 

multi-channel DRoF link can be rewritten as Eq. 4.15. 

 

(4.14)                              ))1(/( 00 BNmBNPPSNR
SNsA   

(4.15)                           ))1(/( 00 BNmNBNNPPSNR
SNsA     

 

Here, PS is the signal power; PNs is the input noise power of the anti-aliasing filter; B is the 

bandwidth of each channel; N0B is the introduced thermal noise power in the anti-aliasing 

filter; m is the total number of fS bands between dc and the passband; (m-1)N0B represents the 

total out-of-band thermal noise power; N is the channel number. 
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Signal-to-quantization noise ratio is defined as the ratio of the root mean square value of 

the input analog signal to the root mean square value of the quantization noise [4.13]. In an 

ideal ADC, where the quantization error is uniformly distributed between −1/2 LSB (least 

significant bit) and +1/2 LSB, and the root mean square value of the error signal is given in 

Eq. 4.16. 
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For a full-amplitude, M-ary QAM modulated, N-channel signal, the root mean square 

value of the input analog signal follows Eq. 4.17. 
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Therefore, the function of SNR due to the ADC quantization noise in the multi-channel 

DRoF link can be expressed as Eq. 4.18. 
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and aliasing noise dominate this link, we can use 10log(N) dB as the total SNR degradation 

in the multi-channel DRoF system. 

4.3.3 Comparison on performance degradation of multi-band systems in both links 

According to the previous analysis, we calculate the curves of SNR degradation vs. 

channel number in both analog and digitized RF links, and the results are plotted in Fig. 4.3. 

Both links show a gradual degradation in SNRs with increasing channel numbers but the 

SNR deterioration in the digitized RF link is at a much slower rate compared to the analog 

link. The green line denotes the degradation difference between these two links. It is evident 

that when the channel number is more than 10, the degradation difference remains constant at 

4.5 dB. Therefore, the digitized RF transport has a more superior performance over the 

analog counterpart even in a multi-channel environment.  

 

 

 

 

 

 

 

Fig.4.3 SNR degradation vs. channel number 
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quantified to be two third of the increase in the nonlinearity products [4.10, 4.14]. Fig. 4.4 

takes a 3-channel system for example, and explains the IP3 reduction in multi-channel 

systems using the parameters in Table 3.1. And the RF bandwidth (B) in multi-band system 

is N-timed under the assumption that each channel carries the same amount of data. 

Consequently, the dynamic range degradation in an analog multi-band RF system is 

expressed as Eq. 4.19. 

(4.19)                    

 

 

 

 

 

 

 

Fig.4.4 IP3 reduction in multi-band system 
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Fig.4.5 Dynamic range degradation vs. channel number 

4.4 Experimental demonstration of multi-channel DRoF transport 

4.4.1 Experimental setup 

 

 

 

 

 

 

 

Fig.4.6 Experimental setup 
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Based on the DRoF transmission scheme given in Section 4.2, we experimentally 

demonstrated a DRoF link, which is shown in Fig. 4.6, using commercially available FPGA 

to establish the digitization interface. A vector signal generator (VSG) and a vector signal 

analyzer (VSA) were used as the RF transmitter and receiver respectively. Due to the 

bandwidth limitation of the ADC (AD9344) on the FPGA board, the carrier frequency of the 

RF signal generated by the VSG was set to around 20 MHz, the sample rate of the ADC was 

fixed at 5 MHz, and the symbol rate of each channel was fixed at 100 kS/s. We used an 

Altera Stratix II DSP Development FPGA board to digitize the RF signal including sampling, 

quantizing, and performing signal processing functionalities such as parallel-to-serial 

conversion and clock management. The resolution of quantization was fixed at 8 bits. The 

output of the FPGA was attenuated before directly modulating a 1.55 nm VCSEL. The 

optically modulated signal was then transmitted over 9.9 km of single mode fiber (SMF). In 

the receiver, a PIN detector was used to detect the signal. The received signal was amplified 

before entering the FPGA board. The FPGA was used to recover the clock, locate the most 

significant bit and convert the serial signal to a parallel signal. The parallel data stream was 

then launched into a DAC to reconstruct the signal at IF frequency. Bandpass filters were 

employed to separate multiple bands from the reconstructed signal before measured in the 

VSA. 

4.4.2 Experimental results analysis  

Fig. 4.7 shows the RF power spectra of a single-channel signal at 20.8 MHz (a) after the 

electrical back-to-back (B2B) transmission and (b) after the DRoF transmission. It clearly 

shows that after the DRoF transmission link the RF signal was reconstructed at its 

corresponding IF frequency in the first Nyquist zone. The noise power introduced in the 

DRoF link was -40 dBm, and contributed to a 20 dB loss in the SNR (decreasing from 60 dB 

to 40 dB). Fig. 4.8a shows the power spectra of the three-band RF signal generated by the 

VSG with the carrier frequencies at 20.4 MHz, 20.8 MHz and 21.2 MHz, respectively. Since 
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the sampling rate was set to 5 MHz, all these three bands were located in the fifth-order 

Nyquist region. Fig. 4.8c shows the power spectrum of the output signal from the DAC, 

which has replicas of the original signal in every Nyquist region. It also illustrates that the 

first-order Nyquist region has the largest power. Fig. 4.8b shows the filtered first spectrum 

replica for data recovery. In Fig. 4.8b, the central frequencies of the three recovered channels 

are 0.4 MHz, 0.8 MHz and 1.2 MHz respectively. Since the carriers of the original signal are 

located in the same Nyquist region, the channel spacing remains the same after the DRoF 

transmission. 
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(a)                                                                     (b) 

Fig.4.7 Measured RF power spectrum of the single-channel signal in (a) electrical 

back-to-back transmission link and (b) digitized RF transmission link  

By comparing Fig. 4.7a and Fig. 4.8a, we ascertain that the noise level and the interference 

level of the original signal are -60 dBm and -20 dBm respectively. Similarly, the comparison 

between Fig. 4.7b and Fig. 4.8b illustrates that the noise level and the interference level in the 

digitized signal are -40 dBm and -20 dBm respectively. It clearly shows that, although the 

DRoF transmission link increases the noise level from -60 dBm to -40 dBm, it is still 

significantly lower than the interference noise (-20 dBm). Therefore, for a channel spacing of 

0.4 MHz and symbol rate of 100 kS/s, when implementing the multiple channel transmission 
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using DRoF technique, the noise and intermodulation levels do not have any adverse impact 

on the link performance. 

 

 

 

 

(a)                                                             (b) 

 

 

 

 

 

(c) 

Fig.4.8 Measured RF power spectrum of (a) the original signal from the VSG, (b) the 

replica used to recover the data, (c) DAC output signal (RF carrier frequencies at 20.4 

MHz, 20.8 MHz and 21.2 MHz) 

Fig. 4.9 shows the measured EVM as a function of received optical power when the 

channel spacing is fixed at 0.4 MHz with a central frequency of 20.8 MHz. It shows that the 

multi-band DRoF transmission provides a satisfactory EVM performance for each of the 

three channels. From these results it is evident that the EVMs of all the channels remain 

constant at very low values (< 1%) for a received optical power below -27 dBm. The EVM 
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curves of the side channels (Channel 1 and Channel 3) are very similar with each other and 

are lower compared to the EVM curve of the central channel (Channel 2). This illustrates that 

the EVM performance in Channel 1 and Channel 3 are better than in Channel 2, and it is 

because the middle channel suffers most from the intermodulation distortion compared to the 

two adjacent channels on both sides. 

 

 

 

 

 

 

 

Fig.4.9 EVM curves of each channel in DRoF link 

Table 4.3 Measured EVM with spacing at 0.4 MHz 

System Channel 1(20.4MHz) Channel 2(20.8MHz) Channel 3(21.2MHz) 

B2B 0.6% 1.2% 0.6% 

DRoF 0.75% 0.95% 0.75% 

Analog 0.7% 1.4% 0.7% 
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Table 4.3 lists the EVM performances of the three channels in electrical back-to-back link, 

in the DRoF link, and in the analog RoF link, when the optical received power is fixed at -20 

dBm. For Channel 1 and Channel 3, the EVM performances have deteriorated to a similar 

level in both DRoF link (from 0.6% to 0.75%) and analog link (from 0.6% to 0.7%). 

However, for Channel 2 the DRoF transmission link improved the EVM from 1.2% to 0.95% 

while the analog link has a worse EVM of 1.4%. The experimental results show that the 

DRoF transmission results in better SNRs for the central channel when the channel spacing is 

0.4 MHz with severe inter-channel interference at the transmitter.   

We have also investigated the performance of the multi-channel DRoF transmission when 

the RF carrier frequencies are located in different Nyquist regions to minimize inter-channel 

interference at the transmitter. Fig. 4.10 shows the RF power spectra of both the original 

signal and the recovered signal when the RF carrier frequencies are set at 15.4 MHz, 20.8 

MHz and 26.2 MHz in the 4th-order, 5th-order and 6th-order Nyquist region respectively. The 

noise level of the signal generated in the VSG is -52dBm. In the recovered signal, the noise 

levels of the side bands and the central band are -35 dBm and -20 dBm respectively. In the 

DRoF transmission link, the RF bands are downconverted to 0.4 MHz, 0.8 MHz and 1.2 

MHz that fall within the same Nyquist region. Therefore, the channel spacing is reduced 

from 5.4 MHz to 0.4 MHz, which in turn increases the inter-channel interference of the 

middle channel at the receiver. From Table 4.4 it can be seen that in electrical back-to-back 

transmission the middle channel is not affected by inter-channel interference as compared to 

that when the channel spacing is 0.4 MHz. Table 4.4 also shows the measured EVMs of the 

three channels after the DRoF transmission. It is evident that the EVMs have increased due to 

the DRoF link noise and inter-channel interference; however the EVM is still less than 1% 

which guarantees a satisfactory link performance. Results obtained in Table 3 and 4 indicate 

that the level of inter-channel interference on the middle channel is not dependent on the 

initial channel spacing at the transmitter, but rather on the channel spacing after bandpass 
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sampling scheme at the receiver.  Our investigation shows that for a channel spacing of 0.4 

MHz after downconversion via bandpass sampling scheme the EVM of the middle channel 

remains constant at 0.95% regardless of the initial channel spacing at the transmitter.   

 

 

 

 

(a)                                                                           (b) 

Fig.4.10 Measured RF power spectrum of (a) the original signal from the VSG, (b) the 

replica used to recover the data (RF carrier frequencies at 15.4 MHz, 20.8 MHz and 26.2 

MHz) 

Table 4.4   Measured EVM with spacing at 5.4 MHz 

System Channel 1 (15.4MHz) Channel 2 (20.8MHz) Channel 3 (26.2MHz) 

B2B 0.6% 0.6% 0.6% 

DRoF 0.68% 0.95% 0.78% 

 

4.5 Summary 

In this chapter, we proposed multi-channel RF transmission using digitized RF-over-fiber 
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subcarrier multiplexed RF signals to IF signals ensuring no overlapping of the multiple 

frequency bands within each Nyquist window. 

Secondly, the SNR and dynamic range of a multi-channel system are analysed in both 

analog and digitized RF-over-fiber links. The intermodulation distortion is the main reason of 

performance deterioration in analog links, while in digitized links the increased aliasing and 

quantization noises worsen the link performance. The degradations of SNR and dynamic 

range caused by the channel number increasing are quantized, and results show that the 

degradations in digitized links are less severe than in analog links.  

Thirdly, we experimentally implemented a DRoF link for multi-channel RF systems by 

employing commercially available FPGA and ADC, and recovered the data with satisfactory 

EVM performance. We have experimentally shown that all of the RF bands can be 

downconverted to a same Nyquist region, and recovered from the first-order replica of the 

original signal in the frequency domain without the physical needs of a mixer and a local 

oscillator. Our experimental results show that the noise level in the DRoF link is -40 dBm, 

and the level of inter-channel interference on the middle channel after DRoF transport is not 

dependent on the initial channel spacing at the transmitter. It is dependent on the channel 

spacing after downconversion via bandpass sampling at the receiver. Our investigation shows 

that the EVM of the middle channel remained constant as long as the channel spacing of the 

received signals does not change, and it is regardless of the initial channel spacing before 

transmission. Both theoretical and experimental results show that the digitized RF-over-fiber 

technique provides a more efficient approach than the analog transmission in implementing 

multi-channel radio optical networks. 
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Chapter 5 

Bidirectional Hybrid-Fiber Radio using Digitized 

RF-over-Fiber 

5.1 Introduction 

The proliferation of interactive multimedia applications such as online gaming coupled 

with the needs to be “connected-at-all-times” has fuelled the evolution of future broadband 

wireless networks.  To improve the cost effectiveness of future wireless networks, 

simultaneous transmission of different signals for multiple radio services is an attractive 

option to enable the reuse of the existing wireless network infrastructure and the utilization of 

multi-band antennas in environments where antenna towers are sometimes rare and may 

already be overpopulated [5.1]. Hybrid Fiber-Radio (HFR) networks based on the integration 

of wireless and optical access network infrastructures via a common backhaul network is a 

promising solution for the future broadband wireless access which can lead to significant cost 

benefits for network operators in both operational and capital expenditures. Such network 

also offers the potential to support multiple wireless standards by employing distributed 

antenna systems in the base stations, and thus maximizing resource usage and infrastructure 

sharing [5.3].  

As previously discussed Radio-over-Fiber (RoF) technique is an attractive scheme to 

provide transparent transmission of the radio signals via optical backhaul networks. This 

technology relies on simplifying the architecture of the base stations and centralizing most of 

the functionalities such as frequency up-conversion, carrier modulation, and multiplexing in 
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a centralized location, usually in the central office [5.2]. Though this approach has been well-

suited for distribution of microwave and millimeter-wave wireless signals, it still demands 

highly linear optical links with sufficient link gain to accommodate for antennae emitting 

over a wide coverage area. This constraint is even more stringent when multiple radio 

services are simultaneously transmitted, due to the subcarriers multiplexing or wavelengths 

multiplexing techniques used for multiple-radio distributed Hybrid Fiber-Radio systems [5.3, 

5.4]. 

In Chapter 3 and Chapter 4, we have demonstrated a digitized RF-over-fiber (DRoF) 

transport as a viable alternative to analog RoF links by merging digital optical links with 

electronic digitization [5.5, 5.6]. This scheme relies on bandpass sampling technique which 

results in relatively low overall data rates in comparison to the wireless carrier frequency [8]. 

An optical link employing DRoF technique can maintain its dynamic range independent of 

the fiber transmission distance until the signal level goes beyond the sensitivity of the link. 

The base stations of this link can be further simplified using bandpass sampling technique to 

establish frequency translation functionality via ADCs and DACs. Moreover, the digitized 

RF interfaces could be easily integrated with existing and future broadband optical and high 

speed networks. Therefore, the DRoF technique is potentially a promising solution for the 

future low-cost high-performance Hybrid Fiber-Radio implementation. 

In this chapter, we propose and experimentally demonstrate an efficient full-duplex Hybrid 

Fiber-Radio transmission based on the digitized RF-over-fiber concept for multiple wireless 

signals transmission. For the first time we realize a downlink transmission link using 

digitized RF-over-fiber technique without the use of physical mixers and local oscillators. By 

using a single ADC and a single DAC, multiple wireless signals of different standards can be 

simultaneously supported resulting in a simple base station design without the needs for 

analog devices for frequency up- and down-conversion. Error-free detection of an HFR-

DRoF link is achieved for the simultaneous transmission of three different wireless standards: 
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Global System for Mobile communications (GSM), the Universal Mobile 

Telecommunications System (UMTS), and the Worldwide Interoperability for Microwave 

Access (WiMAX). We also experimentally investigate the power requirement for the 

downlink transmission of multiple wireless services using digitized RF-over-fiber scheme to 

quantify the frequency up-conversion efficiency. 

5.2 Proposed bidirectional HFR transmission using DRoF Technique 

5.2.1 Frequency relocation principle 

 

 

 

 

 

 

 

 

Fig.5.1 Frequency relocation scheme using bandpass sampling 

As extensively discussed in Chapter 3 and Chapter 4, bandpass sampling is a sampling 

technique which undersamples a target signal with a much lower sampling frequency 

compared to direct sampling and  it is applicable to single and multiple signals transmission. 

To ensure exact reconstruction of the original signals at lower frequencies and to prevent 

spectral aliasing, the sampling rate is strictly governed by the principles given in [5.8]. This 
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theory also enables a wireless signal to be frequency-translated to at a higher frequency. By 

sampling a low frequency signal and selecting the appropriate images in the higher frequency 

window, we are able to establish frequency up-conversion of the original signal. Fig. 5.1 

demonstrates the synchronous frequency up- and down-conversion scheme of two separate 

radio frequency signals using bandpass sampling. 

5.2.2 HFR-DRoF system 

Based on the bandpass sampling theory, we propose a DRoF link that supports multi-

channel full-duplex HFR transmission and the schematic is shown in Fig. 5.2. In the 

downlink path, wireless services at different IF frequencies are electrically combined within 

the central office before digitized using an ADC. The sampling rate of the digitization 

process is selected based on the bandpass sampling theory to avoid signal aliasing. Upon 

digitization, the samples are processed digitally via digital signal processing (DSP) modules 

including parallel-to-serial conversion and clock management. The digitized data stream is 

modulated onto an optical carrier before transported over the optical link and recovered using 

a photodetector. In the BSs, the analog signals including the image replicas are reconstructed 

using a DAC in conjunction with a DSP module. To extract the wireless signals in a 

multiple-wireless environment, the analog signal is further divided using a power splitter (PS) 

and the wireless signal at the desired wireless frequency is extracted separately using a 

bandpass filter (BPF) and amplified before the air-interface. In this instance, the wireless 

signals are essentially up-converted to the desired wireless frequencies (RF) without any 

physical mixers and local oscillators. The multiple wireless services are then radiated to the 

customers via the distributed antenna system (DAS). Similarly for the uplink transmission, 

the received wireless signals are combined before digitization in the base station and 

transported back to the CO for digital signal processing.  
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Fig.5.2 DRoF transmission scheme for HFR access 

5.3 Experimental Setup and Results Analysis 

We have experimental demonstrated a single channel DRoF uplink in Chapter 3 and our 

results indicated that 8-bit resolution for ADCs and DACs is sufficient to accurately 

reconstruct the wireless signals. In this work, we further extend our investigation and 

demonstrate both uplink and downlink paths incorporating the DRoF technique to distribute 

multiple wireless signals simultaneously. We will show that these wireless signals can be 

accurately reconstructed at the wireless carrier frequencies without any local oscillators and 

analog mixers. We will also quantify the amount of amplification required to establish the 

frequency up-conversion efficiency via bandpass sampling technique. 

5.3.1 Experimental setup 

The experimental setup of our proposed downlink HFR transmission of GSM, UMTS, and 

WiMAX wireless services at RF bands of 800 MHz, 1.8 GHz and 2.4 GHz using DRoF 

technique is shown in the dashed blue boxes of Fig. 5.3. The GSM, UMTS, and WiMAX 

signals used in our setup have the symbol rates of 1 MS/s (QPSK modulation), 5 MS/s 

(DQPSK modulation), and 5 MS/s (16QAM modulation), respectively. In our experiment, 

the three wireless signals were generated at IF frequencies (FIF) using a VSG, then filtered 

IF n

CO

Downlink

Uplink

SMF

SMF
BS

BPF

E-O

O-E E-O

O-E

IF 1

+ ADC DAC PS

BPF

BPF

+
BPF

ADCDAC

BPF
PS

BPF

… …

… …

IF 1

IF n

Service 1

Service n

Service 1

Service n

Digital 
Receiver

Digital Signal
Processor 

Digital 
Transmitter

IF n

CO

Downlink

Uplink

SMF

SMF
BS

BPF

E-O

O-E E-O

O-E

IF 1

+ ADC DAC PS

BPF

BPF

+
BPF

ADCADCDACDAC

BPF
PS

BPF

… …

… …

IF 1

IF n

Service 1

Service n

Service 1

Service n

Digital 
Receiver

Digital Signal
Processor 

Digital 
Transmitter



Chapter 5 Bidirectional Hybrid-Fiber Radio using Digitized RF-over-Fiber 

  116 

before combined into one multi-band signal. The power of the IF carriers for all the three 

signals were set to -5 dBm. The ADC sampling functionality was realized using a Tektronix 

TDS6154C Digital Sampling Oscilloscope (DSO) with a bit-resolution of 8 bits. The samples 

were quantized and serialized off-line using software implementation. In addition, preambles 

were also added for clock synchronization and bit identification purposes to simplify the 

signal reception at the BS. The digital data stream was then generated in an arbitrary 

waveform generator (AWG) with a resulting bit rate of 8 times the sampling rate. The digital 

data stream directly modulated a commercially available 2.5 Gbps VCSEL, which was biased 

at 5 mA. After transmission over 26.4 km of a single-mode fiber, the digital data stream was 

detected using a PIN receiver and captured using a DSO. The necessary digital signal 

processing functions such as clock recovery, the most significant bit identification, serial-to-

parallel conversion and decoding of quantized data, were implemented using software to 

regenerate the samples offline. The AWG was then employed to reconstruct the signal from 

the discrete sampled format to the continuous analog format using the same sampling rate as 

in the transmitter to establish the DAC functionality. The reconstructed analog signal was 

equally split into three parts, and separately filtered using bandpass filters with centre 

frequencies corresponding to the GSM, UMTS and WiMAX wireless signals (FRF). The 

recovered wireless signals were amplified to a common power level of -10 dBm using 40 dB, 

45 dB and 50 dB amplifications for GSM, UMTS and WiMAX wireless signals respectively. 

The multiple radio services can then be radiated via the DAS antennae. In order to evaluate 

the performance of the transmission link, we used a VSA to measure the EVM for each 

wireless signal under investigation. 
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Fig.5.3 Experimental setup of the DRoF-HFR transmission 

Uplink transmission was carried out in a similar manner with the three wireless channels 

electrically combined before digitization. The serial data stream was optically transmitted 

over the feeder fiber before the multiple wireless channels were recovered and processed at 

the CO as shown in Fig. 5.3. At the transmitter for the uplink transmission, three wireless 

services located at RF frequencies were generated and combined before the ADC 

functionality was accomplished. Uniform bandpass sampling for multiple bandpass signals 

was employed in order to reduce the sampling rate as well as to guarantee enough guard 

bands between adjacent channels [5.11]. At the receiver in the CO, the DAC functionality 

was to reconstruct the signals at IF frequencies and followed by bandpass filters to extract the 

signal band for each service. Since most power of the sampled signal falls within the first 

Nyquist region, no further power amplification was needed for the frequency down-

conversion process in the uplink path. 
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5.3.2 Frequency allocation 

 

Table 5.1 Frequency allocation for different sampling rates 

Sampling rate (MHz) 25 50 100 125 250 

GSM 803.5 807 814 767.5 785 

UMTS 1807 1814 1828 1785 1820 FRF (MHZ) 

WiMAX 2410.5 2421 2442 2552.5 2605 

GSM 3.5 7 14 17.5 35 

UMTS 7 14 28 35 70 FIF (MHZ) 

WiMAX 10.5 21 42 52.5 105 

 

To quantify the link performance as a function of sampling rate, the experiment was 

carried out using different sampling rates (FS) of 25 MHz, 50 MHz, 100 MHz, 125 MHz and 

250 MHz. In bandpass sampling theory, the frequency shift can only be an integral multiple 

of the sampling rate (FIF=FRF-N*FS). In order to minimize the inter-channel interference of 

the sampled signal and to ensure that the signal bands are located at the same position with a 

maximum spacing in each Nyquist zone, we have chosen different IF (FIF) and RF carrier 

frequencies (FRF) for different sampling rates, which are tabulated in Table 5.1. 

5.3.3 Link performance of the downlink 

Fig. 5.4 shows the EVM values as a function of sampling rates for each wireless signal in 

the downlink transmission. It is clear that all of the three signals can be successfully 
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transmitted over the link when the sampling rate is >= 50 MHz. The link performance for 

each signal improves when increasing the sampling rate. The improvement levels off for 

sampling rate of > 125 MHz. When the sampling rate is 25 MHz, only the GSM signal can be 

detected; among the three wireless services, GSM always has the lowest EVM while UMTS 

has the highest. These are due to the smaller occupied bandwidth in GSM signal compared to 

that in UMTS and WiMAX signals in addition to the differences in modulation formats of 

the three services. The RF spectra of four Nyquist zones around 2.5 GHz of the reconstructed 

signals at the DAC output for different sampling rates are shown in Figs. 5.5a-e. It is evident 

that with increasing sampling rate, the RF spectrum becomes more pronounced with 

improved SNR that leads to the results shown in Fig. 5.4. In this downlink HFR-DRoF 

transmission, a sampling rate of 50 MHz is sufficient to recover all the three wireless signals 

error-free. 

 

 

 

 

 

 

 

Fig.5.4 EVM performance in downlink 
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(d)                                                  (e) 

Fig.5.5 Frequency spectrum of the downlink up-converted RF signals with sampling 

rates at (a) 25 MHz, (b) 50 MHz, (c) 100 MHz, (d) 125 MHz, and (e) 250 MHz 
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It has been demonstrated that in a DRoF link, the aliasing noise is a key factor that limits 

the link performance [5.9]. In bandpass sampling, the aliasing noise is proportional to the 

frequency difference of the signals before and after the frequency relocation functionality, 

which in our case is the RF carrier frequency of the reconstructed radio signal at the BS. 

Therefore, the noise level will increase when the IF band signals are upconverted to higher 

RF frequencies. In this demonstration, we investigate and quantify the impact of noise 

contribution for the upconversion process using the bandpass sampling scheme. For instance, 

to quantify the upconversion efficiency for WiMAX transmission, we measure the EVM 

values of the upconverted WiMAX signal at different RF frequencies when it is digitized 

with a sampling rate of 50 MHz.  Fig. 5.6 shows the measured EVM vs. the upconverted RF 

frequency. It illustrates that the EVM varies linearly with the RF frequency. Hence, in the 

downlink transmission, a higher sampling rate should be considered in order to maintain a 

good link performance when upconverting the wireless signals to high RF frequencies. 

 

 

 

 

 

 

 

 

Fig.5.6 EVM Vs. up-converted RF frequency 
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5.3.4 Power amplification investigation 

The sampling process essentially converts a continuous time signal to a discrete time signal 

in the time domain, while in the frequency domain; it redistributes the power in each Nyquist 

window following the square sinc function. Fig. 5.7 shows the power spectrum of the 

sampled IF band signal carrying all three wireless services when the sampling rate is 50 MHz 

and this spectrum covers over the range from 0 to 2.5 GHz. It is evidently shown that the 

power distribution of the sampled IF band signal follows a square sinc function where most 

power is concentrated at the lower frequencies. This implies that the power levels for images 

at higher frequency vary in accordance to the wireless carrier frequencies for different 

wireless signals. Since for the downlink path, the signal reconstruction originates from the 

high frequency image of the sampled signal, the amount of amplification in the receiver of 

this DRoF-HFR link is adjusted accordingly for each wireless signal.  

 

 

 

 

 

 

 

 

 

Fig.5.7 Frequency spectrum of the reconstructed signal on the receiver side 
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In the downlink DRoF-HFR link, the amount of amplification required is dependent on 

which Nyquist zones the wireless signals with the desired carrier frequencies reside. To 

quantify this, we experimentally investigate the amount of amplification needed to upconvert 

the IF band GSM signal to different wireless carrier frequencies. The results were measured 

using a sampling rate of 50 MHz and are depicted in Fig. 5.8. The amount of amplification 

increases rapidly with the up-converted RF carrier frequency when the wireless carrier 

frequency is < 500 MHz (where the spectrum image for signal recovery is located in the 20th 

Nyquist zone). When the upconverted wireless carrier frequency is > 500 MHz, the rate of 

increase in the amount of amplification decreases before it saturates at an amplification of 50 

dB. Since the power allocation of a sampled signal in frequency domain is determined by the 

order number of Nyquist zone and regardless of the carried data, this result is also applicable 

in WiMAX and UMTS cases. Therefore, in the HFR-DRoF downlink transmission, under the 

condition of reconstructing the signal with an acceptable SNR, the RF amplification required 

will at most be 50 dB. 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.8 Amplification requirements for different RF frequencies 
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5.3.5 Link performance of the uplink 
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Fig.5.9 EVM performance in uplink 

The uplink EVM performances are given in Fig. 5.9. The EVM varies in a similar trend as 

compared to the downlink case (Fig. 5.4) and a sampling rate of 50 MHz is sufficient to 

achieve error-free transmission in the uplink path. The spectra of the first four Nyquist 

windows for the reconstructed IF band signals are shown in Fig. 5.10a-e. Similarly, with 

increasing sampling rate, the SNR improves and the spectrum becomes more distinct for all 

three wireless services. Comparing with the RF power of the up-converted RF signal in the 

downlink path, the RF power of the down-converted IF signal in the uplink is much higher 

while the noise power is the same for both down and uplink. However, the interference 

power level is much higher comparing to the noise power for the uplink path, which makes it 

dominate the SNR. Therefore, despite the larger signal power for the uplink path, the EVM 

performance is similar to that of the downlink transmission which is attributed to the higher 

interference level.  
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We quantify the impact of inter-channel interference for the uplink transmission.  Table 5.2 

lists the EVM and SNR values of the three wireless services for the uplink transmission with 

a sampling frequency of 50 MHz (when transmitted separately and simultaneously). Fig. 

5.11a-c show the spectra of the reconstructed IF signals of the wireless services within the 

first two Nyquist zones when transmitted separately. Fig. 5.11d shows the regenerated IF 

spectrum for simultaneous transmission. The results clearly illustrate that the inter-channel 

interference level for the simultaneous transmission is relatively higher which results in a 

higher EVM as evident in Table 5.2. In other words, simultaneous transmission improves the 

spectral efficiency and minimizes hardware usage but at the expense of increased inter-

channel interference that may compromise the overall performance. Since the key factor 

determining the inter-channel interference level is the channel spacing, increasing the 

channel spacing is the most effective way to weaken the inter-channel interference and 

improve the link performance. After bandpass sampling, the channel spacing is proportional 

with the sampling rate and inversely proportional to the number of wireless services, which 

means we have to either increase the sampling rate or reduce the number of services. 

Therefore, to implement the uplink transmission of HFR signals based on DRoF technique, 

the balance among the hardware sharing, the spectral efficiency and the ADC sampling rate 

must be considered. 

Table 5.2 Comparison of separate and simultaneous transmissions 

Separate Transmission Simultaneous Transmission 
Wireless Services 

GSM UMTS WiMAX GSM UMTS WiMAX 

EVM(%) 1.3 3.0 2.9 5.5 5.9 6.0 

SNR(dB) 30 28 25 25 16 14 
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(b)                                                                         (c) 

 

 

 

 

 

 

 

 

(d)                                                                        (e) 

Fig.5.10 Frequency spectrum of the uplink down-converted IF signals with sampling 

rates at (a) 25 MHz, (b) 50 MHz, (c) 100 MHz, (d) 125 MHz, and (e) 250 MHz 
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Fig.5.11 Regenerated IF signal of (a) GSM, (b) UMTS, and (c) WiMAX when 

transmitted separately; (d) Regenerated IF signal bands of three wireless services when 

transmitted simultaneously 

 

5.4 Summary 

In this chapter, we proposed an efficient bidirectional transmission scheme for Hybrid 

Fiber-Radio access using digitized RF-over-fiber technique that supports multiple wireless 

signals distribution for both uplink and downlink. The frequency allocation theory was 

presented to minimize the inter-channel interference of the sampled signal and to ensure that 
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zone. This scheme enables multiple wireless signals to be transported simultaneously and 

simplifies the BS design by performing the frequency translation processes without the needs 

of analog devices such as mixers and local oscillators.  

We have experimentally demonstrated a proof-of-concept DRoF-HFR link for the 

simultaneous transmission of GSM, UMTS and WiMAX wireless services. Error-free 

transmission can be achieved for all three wireless signals in both the downstream and 

upstream directions when the sampling rate is >= 50 MHz and the total optical data rate after 

digitization is >= 400 Mb/s.  

Experimental results show that in the downlink transmission the link EVM performance is 

linearly related to the up-converted wireless carrier frequency. Therefore, a higher sampling 

rate should be considered in order to maintain a good link performance when up-converting 

to high RF frequencies in the downlink path. The amount of amplification required for 

wireless services at different wireless carrier frequencies have been quantified, and the 

results indicate that a significant amount of amplification is required when the image with the 

desired wireless carrier frequency resides in the 20th or larger Nyquist zone. In the uplink 

transmission, although the noise power is relatively the same as in the downlink, the inter-

channel interference level is much higher. The performance of the uplink is limited by inter-

channel interference.  
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Chapter 6 

High-frequency RF transport over Enhanced 

Digitized RF-over-fiber link 

 

6.1 Introduction 

The growing demand for multimedia services and broadband access has placed a huge 

bandwidth demand on the existing optical access network infrastructure. Radio-over-fiber 

technique is highly recognized as a promising solution to the last-mile access systems with 

high capacity and good mobility. However, the current wireless services operate at lower 

microwave frequencies (2-5 GHz), which put a burden on the signal bandwidth. This is the 

driving force that leads to new wireless technologies operating at higher frequencies with 

larger bandwidths, such as millimeter-wave. Nevertheless, the large propagation loss of high 

frequency radio signal leads to small transmission distance. For covering large areas by a 

broadband communication system, a huge number of microcell/picocell base stations are 

required. This large amount of base stations give rise to new system design criteria, whereas 

simplicity of base station design is the most important feature [6.1]. It becomes economically 

attractive to locate the radio generation and modulation at the central office, and keep the 

antenna base stations simplified only with the functionalities of optical-to-electrical 

conversion, wireless signal emitting and receiving [6.2]. Such analog RF-over-fiber link has 

stringent requirements on the bandwidth and the linearity of the optoelectronic devices, i.e. 

laser, external modulator and photodetector, which are still very costly according to the 
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current techniques. And also fiber dispersion compensation techniques will be essential at 

long fiber lengths. 

In Section 6.2 of this chapter, we realize the transmission of high frequency RF signal up 

to 18 GHz via a digitized RF-over-fiber link, which takes advantage of the high performance 

and the straightforward implementation of digital optical links. This digitized RF-over-fiber 

link [6.3, 6.4] is based on intensity modulation-direct detection (IM-DD) optical link with 

low-cost digital optical transmitter and receiver, and realizes a highly linear optical link due 

to the lower optical data rates contributed by bandpass sampling [6.5]. The RF signal, which 

operates at 18 GHz with 50 Mbps of BPSK modulated data, is directly digitized using an 

ADC with 8 bit resolution and 500 MHz sampling rate. The bandpass sampling process 

generates image replicas of the wireless signals in lower frequency region as such the 18 

GHz wireless signal can be downconverted without using any mixer and local oscillators.   

At the receiver, the wireless signal is reconstructed by using images at lower frequency 

region using a DAC. Experimental results show that there is a trade-off between the system 

performance and the hardware requirements for different optical data rates and ADC 

resolutions, and investigations are carried out by varying the ADC bit resolutions and the 

sampling rates.  

Despite that the optical bandwidth of the digitized RF-over-fiber transmission is lower than 

in direct analog RF-over-fiber transmission, the overall bit rate in optical link could still be 

extremely high [6.6] since it equals to the sampling rate multiplied by the ADC bit 

resolution.  This places a heavy bandwidth demand on the hardware requirements of 

optoelectronics devices in the optical link. Due to the interplay between the ADC sampling 

rate and bit resolution, the overall data rates after digitization do not vary significantly.. 

Therefore, we are not able to just reduce the ADC sampling rate or bit resolution to lower the 

hardware requirement of optoelectronics devices while maintaining the same link 

performance.  
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In Section 6.3, we propose a modified DRoF link utilizing oversampling and decimation to 

enhance the ADC bit resolution and reduce the overall bit rate in the optical link. Moreover, 

the energy consumption of the ADC and DAC will be greatly improved as power dissipation 

is exponentially related to the bit resolution; and the noise performance will also be improved 

for higher frequency operation using the oversampling and decimation scheme. 

In Section 6.4, we introduce a multi-level optical link to the digitized RF-over-fiber 

technique, which reduce the overall optical data rate, moderate the requirements of O-E and 

E-O devices, and also maintain a simple base station configuration. The experimental setup 

to realize the digitized RF-over-fiber using multi-level optical transmission is proposed and 

the results show that four-level optical link using RZ signal is a promising solution to 

implement digitized RF-over-fiber transmission. 

6.2 High-frequency RF transport using digitized RF-over-fiber technique 

6.2.1 Experimental demonstration 

 

 

 

 

 
 

 

 

 

Fig.6.1 Experimental setup 
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To minimize the interference due to spectral aliasing as a result of bandpass sampling, we 

need to maximize the spacing between adjacent bands to be half of the sampling frequency. 

The RF carrier frequency is chosen to be 18GHz + Fs (sampling rate)/4. 

The experimental setup of a digitized RF-over-fiber transmission link is shown in Fig. 6.1. 

The 18.125 GHz BPSK modulated RF signal is generated by mixing the baseband data and a 

local oscillator signal. In the BS, the Tektronix TDS6154C Digital Sampling Oscilloscope 

(DSO) with a sampling rate fixed at 500 MHz is employed as an ADC to perform the 

bandpass sampling function, and the quantization and the parallel-to-serial (P/S) conversion 

are done in software. The digital data stream is used to intensity-modulate the optical signal 

from a 1550 nm VCSEL biased at 5 mA, and converted to an optical signal which is sent to 

the CO over a 26.4 km SMF. In the CO, a PIN receiver with a received power at -23 dBm 

helps to achieve the direct detection. The detected digital data stream is converted from serial 

to parallel in software, and then imported into the Tektronix AWG7000 Arbitrary Waveform 

Generator (AWG) for the signal band regeneration at the corresponding IF frequency in 

every Nyquist zone, where the AWG acts as a DAC with the same sampling rate used for the 

A/D conversion in the BS. Finally a bandpass filter is used to extract the desired IF band in 

the first Nyquist zone. The performance evaluation of this digitized RF-over-fiber link is 

implemented by recovering the data from the IF signal in a vector signal analyzer. 

Fig. 6.2a and Fig. 6.2b show the RF spectra of the original RF signals when the central 

frequency is at 18.125 GHz with a bit rate at 100 Mbps and when the central frequency is at 

18.0625 GHz with a bit rate at 50 Mbps, respectively. The ADC sampling rates are set to be 

500 MHz and 250 MHz for these two RF signals according to their bandwidths. After the 

bandpass sampling function, the RF bands are replicated in every Nyquist zone, and each of 

the bands carries the same data as the original RF bands.  
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(a)                                                                (b) 

Fig.6.2 RF spectrum of the original RF signal at (a) 18.125 GHz with a bit rate of 100 

Mbps and (b) 18.0625 GHz with a bit rate of 50 Mbps 

 

 

 

 

 

 

 

Fig.6.3 RF spectra of the regenerated IF signals with a bit rate at 100 Mbps 

Fig. 6.3 and Fig. 6.4 show the RF spectra of the regenerated IF bands within 0-1000 MHz. 

It is clearly shown that the original RF band at 18.125 GHz has been down-converted to IF 

bands at 125 MHz, 375 MHz, 625 MHz and 875 MHz, and the original RF band at 18.0625 

GHz has been down-converted to IF bands at 62.5 MHz, 187.5 MHz, 312.5 MHz, 437.5 
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MHz, 562.5 MHz, 687.5 MHz, 812.5 MHz, and 937.5 MHz. The reconstructed IF carrier 

frequencies strictly match the theoretical values at FRF+FS/2*L (L is an integer). Moreover, 

the power of the regenerated IF signal concentrates in the band between 0 and Fs/2, which is 

the first Nyquist zone. Therefore, the IF band with the lowest carrier frequency is chosen to 

recover the wireless data. 

 

 

 

 

 

 

 

Fig.6.4 RF spectra of the regenerated IF signals with a bit rate at 50 Mbps 

6.2.2 Performance evaluation 

Fig. 6.5 shows the measured EVM values of the BPSK modulated signal with RF carrier 

frequency varyingfrom 10 GHz to 18 GHz. The blue curve is measured with the sampling 

rate fixed at 250 MHz and the bit rate (BR) fixed at 50 Mbps. It shows that the EVM value 

increases slowly with the increasing RF carrier frequency before increases rapidly for carrier 

frequency more than 16 GHz. The red curve is measured with the same bit rate as the blue 

one and the sampling rate is increased to 500 MHz. The EVM performance of the digitized 

RF link improves when we double the sampling rate; and the link can still achieve error free 

(BER<10-12) when the RF frequency goes up to 18 GHz. The green curve shows the EVM vs. 
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RF frequency when the sampling rate stays 500MHz and the bit rate goes up to 100 Mbps. It 

is evident that: error free cannot be achieved after the RF frequency goes beyond 12 GHz. 

We are still able to achieve a  BER<10-8 for RF carrier frequency < 15 GHz and  beyond that 

the  EVM increases dramatically and the wireless data recovery cannot be recovered. 

 

 

 

 

 

 

 

Fig.6.5 Measured EVM vs. RF carrier frequency 

Fig. 6.6 illustrates the relationship between the link EVM and the bit rate. These results are 

measured with the sampling rate fixed at 500 MHz. All of the four curves show that 

increasing bit rate deteriorates the link performance. The solid red line and solid blue line, 

with the same ADC resolution of 8 bits, indicate that the digitized RF link can achieve a 

maximum bit rate at 50 Mbps and 80 Mbps with error free performance when the RF 

frequencies are 18 GHz and 15 GHz respectively.  
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Fig.6.6 Measured EVM vs. bit rate at different ADC bit resolutions 

6.2.3 Discussion on hardware requirement 

 

 

 

 

 

 

 

 

Fig.6.7 EVM vs. sampling rate vs. optical data rate (RF=18GHz, bit rate=50Mbps) 
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To implement the digitized RF-over-fiber link, the AD/DA (analog-digital and digital-to-

analog) conversion and the O-E/E-O (optical-to-electrical and electrical-to-optical) 

conversion are the crucial elements. According to the high sampling rate ADC design 

technique, large bit resolution is very difficult to realize and also it is extremely costly and 

energy-consuming [6.7]. On the other hand, in digital optical transmission, the optical data 

rate is the limiting factor for O-E/E-O conversion with cost increases exponentially with 

speed. This section discusses how the ADC resolution and the overall optical data rate affect 

the digitized RF-over-fiber link. 

In Fig. 6.6, the dashed blue line and the dotted blue line are for the same RF frequency as 

the solid blue line but with an ADC resolution reduced to 6 bits and 4 bits respectively. It is 

evident that before the bit rate reached 50 Mbps, 8 bits resolution achieves better link 

performances. However, for the bit rate from 50 Mbps to 100 Mbps, the EVMs are at the 

same level for the resolution at 8 bit and 6 bits. 4 bits resolution always gives the worst link 

performance, and the data cannot be recovered when the bit rate goes beyond 80 Mbps. 

Therefore, for the error-free transmission at 15 GHz, an ADC resolution at 6 bits is sufficent 

for the digitized RF-over-fiber link. 

Fig. 6.7 shows the EVM performances and the total optical data rates after digitization 

plotted as a function of ADC sampling rates. It is obvious that by increasing the sampling 

rate, the digitized RF link can achieve a better link performance; however, the optical data 

rate also increases with the sampling rate, which will place a more stringent requirement on 

the optical link. Therefore, there is a trade-off between the link performance and the 

hardware requirements for the optical link. The red point shows that with an ADC resolution 

of 8 bits, the sampling rate at 1 GHz offers the best compromise in terms of link performance 

and optical data rate. The red, blue and green solid and dashed lines are for ADC resolution 

of 8 bits, 6 bits and 4 bits, respectively. To achieve the same EVM, different ADC 

resolutions will require very different sampling rates.  In this case to achieve error-free EVM, 
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we require sampling rates of 500 MHz, 600 MHz, and 1050 MHz for ADC resolution of 8, 6 

and 4 bits respectively. Despite the different sampling rates for different bit resolutions, the 

total optical data rate after sampling does not vary much for the three cases investigated (~4 -

4.5Gb/s). Therefore there is a tradeoff between sampling rate and bit resolution in ADC and 

the interplay between these two parameters have to be taken into account while designing 

such a link.  In this investigation, the best choice of sampling rate and resolution bit to realize 

a digitized RF-over-fiber link for the transmission of an RF signal at 18 GHz with a bit rate at 

50 Mbps would be an ADC with 6 bits resolution and 600 MHz sampling rate.  

6.3 Bit resolution enhanced digitized RF-over-fiber link 

As discussed above, the trade-off between the link performance and the hardware 

requirement due to the high optical data rate after digitization place a burden on the 

implementation of DRoF links. To moderate the hardware requirement due to the high 

optical data rate while maintaining a good link performance, we propose a modified DRoF 

link utilizing oversampling and decimation to enhance the ADC bit resolution and reduce the 

overall bit rate in the optical link. In this link, the noise power induced by the ADC is 

mitigated by oversampling and decimation and the power dissipations in both the ADC and 

the DAC are also moderated. 

6.3.1 White noise approximation of ADC quantization noise 

The power spectral density (PSD) is the Fourier transform of the autocorrelation function 

(Eq. 6.1). The autocorrelation function is given in Eq. 6.2; therefore the PSD can be rewritten 

as Eq. 6.3. Here, S is PSD; R is correlation; and F is Fourier transform; x(t) is the input 

signal; x’(t) is the quantized signal; ν(t) is the quantization noise. Since x and v are 

uncorrelated, the last term in Eq. 6.3 can be dropped [6.8]. 
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Q(x) is the quantization characteristic, x’ = Q(x); Qν(x) is the quantization noise 

characteristic, ν = Qν(x). Quantizer characteristics of a rounding quantizer are shown in Fig. 

6.8. The quantized value is given by Eq. 6.4, and the quantization noise is given by Eq. 6.5. 

 

(6.4)                                  





1

1 /))/2sin(()1(
k

k
v kqkxqQ   

(6.5)                            





1

1 /)/2sin()1())(()(
k

k
v kqkxqtxQtv 


 

 

The quantized signal can be expressed as a sum of phase-modulated signals by Eq. 6.6 

(time domain) and Eq. 6.7 (frequency domain), and the spectrum of each term can be 

expressed with the probability density function (PDF) of the derivative of the signal x(t) (Eq. 

6.8). Therefore, the noise spectrum can be approximated to be as described in Eq. 6.9. 
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The quantization noise spectrum for sine input signal (x(t)=2f0t+) is investigated as 

following. The PDF of its derivative is given in Eq. 6.10. 

 

(6.10)  

 

 

 

 

 

 

 

Fig.6.8 Characteristic of the input–output quantizer and the quantization noise 

So, the quantization noise spectrum when the input signal is a sine wave is obtained in Eq. 

11, where the condition means that for each value of f only those terms are summed for 

which the condition is satisfied. This spectrum is a sum of sine spectrums weighted inversely 

by k3, as shown in Fig. 6.9. The irregularity occurs when qAkff /2 0 . 
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Fig.6.9 Quantization noise spectrum for sine input signal 

Both quantization and sampling processes occur in analog-to-digital conversions. The 

spectrum of a sampled signal is associated with a folding of the corresponding spectrum 

around the sampling frequency, given by Poisson summation formula (Eq. 6.12). So, the 

quantization noise power spectrum of an ADC with a sampling rate at fs is obtained in Eq. 

6.13. 
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irregularity occurs in the quantization noise spectrum. According to Eq. 6.13, the ADC 

quantization noise spectrum in DRoF link can be considered as white noise. 

6.3.2 White noise approximation of aperture jitter noise 

ADC signals sampled at nT without and with jitter noise are expressed using Fourier series 

expansion in Eq. 6.14 and Eq. 6.15. The jitter error is given by Eq. 6.16 and error 

autocorrelation function is described by Eq. 6.17 [6.9]. 
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Aperture jitter stands for the random sampling time variation in ADCs, which is commonly 

modelled as a stationary white Gaussian process. The corresponding sampling time variations 

Jap
n=tn-nT are assumed to be independent identical distributed Gaussian random variables 

with zero mean and the variance ap. Hence, the characteristic functions of Jap
n and Jap

n-Jap
m 

are given in Eq. 6.18 and Eq. 6.19. Substituting them into Eq. 6.17 yields the error auto-

correlation function for aperture jitter (Eq. 6.20), which is composed of two terms: the first  
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is accounted for a periodic part and the second is for an aperiodic part. We are able to obtain 

the PSD function (Eq. 6.21) after transforming to the frequency domain.  
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The transformation of the periodic part yields a periodic line spectrum comprising the 

spectral components of the input PSD weighted with the squares of the spectral gain. The 

transformation of the aperiodic error auto-correlation term yields a constant component in the 

error power spectrum, which is the white part of the error power spectrum. For majority 

applications the spectral gain is relatively small so that the aperture jitter noise spectrum can 

be approximated as a constant and the aperture jitter noise can be treated as white noise.  

6.3.3 Oversampling effect on white input noise 

Under the assumption that ADC noise is white noise, the noise power is uniformly distributed 

between DC and half the sampling frequency. With a constant noise power, the noise PSD is 

linearly related to the sampling rate. If the sampling rate of the ADC is multiplied by L times 
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(F’
s=L Fs), the same amount of noise power spreads over a bandwidth which is L times the 

previous bandwidth as shown in Fig. 6.10. Only a relatively small fraction of the total noise 

power falls in the signal band (0-Fs/2), and the noise power outside the signal band can be 

greatly attenuated by a decimation filter with a decimation factor (DF) of L and passband 

from 0 to Fs/2. As a result, the total noise power is spreaded over a wider band and the SNR 

increases by L-fold (PSD’=PSD/L, SNR’=L*SNR). Therefore, oversampling and decimation 

can successfully enhance the bit resolution [6.10]. 

 

 

 

 

Fig.6.10 Sampling rates effect on the PSD of white ADC input noise 

In high-frequency wide-bandwidth radio transport, the implementation of digitized RF-

over-fiber technique is limited by the transmission of high bit-rate digital data over optical 

fiber and the increased noise level when working at high frequencies. Fig. 6.11 illustrates the 

signal-to-quantization-noise ratio (SNR_Q) and signal-to-jitter-noise ratio (SNR_J) in the 

DRoF link. SNR is limited by low ADC bit resolution and high RF carrier frequency. In 

practical networks, RF carrier frequency is fixed for certain wireless service. To maintain an 

acceptable SNR performance in such DRoF system, sufficient bit resolution is necessary. 

However, high bit resolution is against the requirements of a relatively low optical data rate 

which is proportional to ADC resolution and sampling rate.  
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Fig.6.11 SNR_Q vs. resolution, and SNR_J vs. RF carrier frequency 

As we have discussed before, in the DRoF link, the ADC quantization noise and the 

aperiodic term of jitter noise can be considered as white noise, which can be reduced by 

oversampling and digital filtering; and only the non-white part of jitter noise determines the 

upper limit for the achievable SNR. According to the previous discussion, the signal-to-

white-noise-ratio increases linearly with the sampling rate. On the contrary, the optical data 

rate also increases linearly with the sampling rate. Therefore, to maintain a low data rate, 

downsampling should be employed to reduce the sampling rate in conjunction with digital 

signal processing functions in the DRoF link.  In this case, the DAC in the receiver also uses 

the low sampling rate.  

6.3.4 Proposed scheme and experimental setup 

We introduce oversampling and decimation in DRoF link to enhance the bit resolution 

while maintaining the same effective sampling rate, such that the noise due to ADC is 

moderated and the overall bit rate over optical link is reduced. 
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Fig.6.12 Scheme of oversampling and decimation for DRoF link  

 

 

 

 

 

 

Fig.6.13 Experimental setup of bit resolution enhanced DRoF link 

The scheme to realize bit resolution enhancement for DRoF link is illustrated in Fig. 6.12. 

The RF signal is pre-filtered and then sampled by an ADC with a sampling rate at L times the 

sampling rate determined by the bandpass theory and with a lower bit resolution. The 

resulting high bit rate digital signal is processed in a decimator, which contains a digital filter 

to mitigate the band white noise and a downsampler to obtain a lower data rate. The 

bandwidth of the digital filter is half of the sampling frequency given by bandpass sampling 

theory, and the passband is centred at the signal carrier frequency. The decimation factor 
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(DF) is set to L in order to convert the sampling rate back to the one determined by the 

bandpass sampling theory. Therefore the effective sampling rate after oversampling and 

decimation processes will be the same as that in regular DRoF links while the bit resolution 

and the digital optical data rate are lower. The low data rate digital signal output from the 

decimator can then be operated following the same procedures as in normal DRoF links. To 

demonstrate the merits of the bit resolution enhancement in DRoF link, we experimentally 

realize our proposed scheme with the setup as shown in Fig. 6.13 and compare it with our 

previous demonstration [6.6]. 

6.3.5 Experimental results and analysis 

To demonstrate the advantages of oversampling and decimation in DRoF links, we 

implement the bit resolution enhanced scheme using the same physical parameters as in our 

previous experiment setup, and compare the results when with and without the oversampling 

procedure.  

Table 6.1 EVM and eye opening comparison 

Resolution 

at 4 bits 
Fs=500 MHz Fs=2.5 GHz

Fs=2.5G 

with decimation

EVM 27% 14.5% 16% 

Eye Opening 1.3875 1.6125 1.5675 

Optical bit rate 2Gb/s 10Gb/s 2Gb/s 

SNR(dB) 5.14 7.13 6.65 
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(c) 

Fig.6.14 PSDs and eye diagrams of (a) reconstructed IF signal over conventional DRoF 

link with a sampling rate at 500 MHz, (b) reconstructed IF signal after electrcal B2B 

transmission with a sampling rate at 2.5 GHz, (c) reconstructed IF signal over bit 

resolution enhanced DRoF link with a sampling rate at 2.5 GHz. 

In our demonstration, the RF carrier frequency is set to 18.125 GHz, the data rate is 50 

Mbps, and the ADC bit resolution is 4 bits. Fig. 6.14a shows the RF spectrum and the eye 

diagram of the reconstructed IF signal when the sampling rate is 500 MHz, which results in 

an overall bit rate for the optical link of 2 Gbps. When the sampling rate is increased to 2.5 

GHz, the corresponding overall bit rate for the optical link becomes 10 Gbps and the RF 

spectrum of the reconstructed IF signal and the eye diagram are shown in Fig. 6.14b. Fig. 
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6.14c shows the power spectrum and the eye diagram of the reconstructed IF signal using our 

proposed bit resolution enhanced DRoF technique, with the sampling rate for oversampling 

of 2.5 GHz and a DF of 5. This gives an effective sampling rate of 500 MHz and an overall 

bit rate of 2 Gbps for the optical link. The comparison between Fig. 6.14a and Fig. 6.14c 

illustrates that the bit resolution enhanced DRoF link achieves a cleaner spectrum with an 

improved SNR while maintaining the same optical bit rate of 2 Gbps. Table 6.1 lists the 

EVM, eye opening, overall bit rate, and SNR for the above three cases under investigation. It 

is evident that a sampling rate at 2.5 GHz provides a much better link performance 

comparing with a sampling rate at 500 MHz; however, without decimation the overall bit rate 

will be 10 Gbps which places a stringent constraint on the optical interface. Through the 

implementation of decimation (with a DF of 5) for a sampling rate of 2.5 GHz, the overall bit 

rate is reduced from 10 Gbps to 2 Gbps, comparable to the case where a  sampling rate at 500 

MHz without decimation but with much improved link performance (EVM of 16% 

comparing to EVM of 27%)).  

Table 6.2 Overall bit rate and EVM comparison 

 Fs=500 MHz Fs=2.5G With Decimation 

Resolution 8 bits 6 bits 4 bits 4 bits 

EVM 17% 21% 27% 16% 

Bit rate 4Gb/s 3Gb/s 2Gb/s 2Gb/s 

 

We vary the bit resolution from 4 to 8 bits whilst maintaining the sampling rate at 500 

MHz and then compare the results to that incorporating decimation (DF of 5) with a 

sampling rate of 2.5 GHz and a bit resolution of 4 bits. The results are tabulated in Table 6.2. 
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The results indicate that: an increase of the bit resolution in a conventional DRoF link 

improves the link performance; when the bit resolution is 8 bits, the link performance of the 

conventional DRoF link with a sampling rate at 500 MHz matches the performance of the bit 

resolution enhanced DRoF link with a bit resolution at 4 bits; however, the overall bit rate in 

the conventional DRoF link is twice that of the bit resolution enhanced DRoF link. 

We also investigate the bit resolution enhanced DRoF link when utilizing different 

sampling rates and bit resolutions. In this case the decimation factors are determined by the 

sampling rates to ensure that the same overall bit rate is achieved for the same bit resolution. 

The following results are obtained when the RF carrier frequency is fixed at 15.125 GHz 

with data rate of 100 Mbps, and bit resolution of 4 bits. Fig. 6.15 illustrates the EVM 

performances after electrical back-to-back transmission of the digitized RF signals with 

different sampling rates. It is obvious that: the link performance is better when sampling rate 

is increased; however further increment in the sampling rate after 5 GHz does not warrant 

further improvement in the EVM. The increase in bit resolution also improves the link 

performance, however the impact of bit resolution becomes less pronounce with increasing 

sampling rate.  

Fig. 6.16 shows the EVM performance versus bit resolution in the bit resolution enhanced 

DRoF links. It is seen that the overall data rate is reduced from 4 Gbps (when sampling rate 

at 500 MHz, and bit resolution at 8 bits) to 1.5 Gbps (when sampling rate at 1.25 GHz, DF of 

2.5, and bit resolution at 3 bits) with a similar EVM performance at around 17%.  

Alternatively, the total bit rate can also be reduced from 4 Gbps to 2 Gbps (using a sampling 

rate of 1.25 GHz, DF of 2.5, and bit resolution at 4 bits) and achieves a better EVM of 14 %. 

From Fig. 6.16 it can be seen that the performance of our proposed bit resolution enhanced 

DRoF links degrades with increasing sampling rate despite the noise reduction characteristics 

of the digital decimation filter.  This is due to the same decimation filter used for all the 

sampling rates investigated in our analysis which is optimized for lower sampling rates.  We 
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require a digital filter with a narrower passband for higher sampling rates which necessitates 

the use of higher order digital filter which demands for more complicated signal processing.  

 

 

 

 

 

 

 

 

Fig.6.15 EVM perfomance after electrical B2B transmission 

 

 

 

 

 

 

 

Fig.6.16 EVM performance in bit resolution enhanced DRoF link 
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6.4 Multi-level optical link for digitized RF-over-fiber technique 

As we have discussed in Section 6.2, the ultra high overall optical data rate places a heavy 

burden on the implementation of digitized RF-over-fiber links for high frequency RF signal 

transmission. In order to reduce the overall optical data rate and also maintain a simple base 

station configuration, we introduce another technique based on a multi-level intensity-

modulated optical link [6.11] to the digitized RF-over-fiber technique. Here, we use a four-

level optical link instead of normal binary optical link to transmit the digitized RF signal over 

fiber. Therefore, we can easily reduce the optical data rate to half of the original one, and the 

required bandwidths of the transmitter and receiver are also reduced by a factor of two. 

6.4.1 Proposed multi-level optical link 

 

 

 

 

 

 

 

 

Fig.6.17 Four-level optical link for DRoF transmission 

Fig. 6.17 demonstrates the experimental setup of the digitized RF-over-fiber using multi-

level optical transmission. In this schematic, the serial digital data stream generated after the 

ADC in the regular digitized RF-over-fiber link is converted to two digital data streams. The 
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second stream goes through a 6-dB attenuator and reduces its power by half. After that, the 

two digital data streams are combined to generate the four-level electrical signal before 

intensity-modulating the distributed feedback laser (DFB). At the receiver side, the received 

signal is split into two halves, and sent to the decoder circuit [6.12] which uses three Data 

flip-flops (DFF) connected as shown in Fig. 6.17. 

6.4.2 Experimental results analysis 

 

 

 

 

 

 

 

 

Fig.6.18 SNR performance of the four-level optical links 
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SNR deteriorates by more than 5 dB for the entire data rate investigated.  ; However the SNR 

does not degrade by much with the inclusion of 23 km of transmission fiber. Another 

important observation from Figure 6.18 is that RZ signals have better SNR performance 

compared to NRZ. Fig. 6.19a and Fig. 6.19b show the eye diagrams of 1-Gbps 4-level NRZ 

signal and RZ signal after transmission over 23 km optical link respectively. Clearly, we can 

see that the eye diagram of the NRZ signal is noisier, and the eye opening is smaller than in 

the case of RZ signal.  This can be attributed to the higher average power of NRZ signal and 

the response characteristic of semiconductor lasers.  

 

 

 

 

 

Fig.6.19 Eye diagrams of 1Gbps 4-level NRZ signal (a) and RZ signal (b) after 

transmission over 23 km optical link 

We also investigate the SNR of the RF signal for the cases investigated in Fig. 6.18. Since 

one sample of the RF signal is converted to several bits of digital data according to the bit 

resolution of the ADC used, the SNR of the RF signal has to be higher than the SNR of the 

digital data. The SNR relationship between the digital data and the RF signal is given in Fig. 

6.20. According to Fig. 6.20, a digital link with a SNR more than 11.5 dB can secure the 

SNR of the whole RF transmission link to be above 20 dB. With a minimum detectable SNR 

of 20 dB, by applying the four-level optical link in digitized RF-over-fiber technique, we 
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only need to make sure that the SNR of the optical link is above 11.5 dB, which is easy to 

achieve in practice.  

 

 

 

 

 

 

 

Fig.6.20 Digital SNR vs. analog SNR 

 

 

 

 

 

 

 

Fig.6.21 Overall SNR of RF signal after digitized RF over 4-level optical link 
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Based on this relationship, we can measure the SNR of the RF signal after transmission 

over a digitized RF-over-fiber link employing the four-level optical link and the results are 

shown in Fig. 6.21. It can be seen that the RZ signal performs better than NRZ for a 4-level 

digitized RF transportoptical link. Therefore, the four-level optical link using RZ signal 

offers a promising approach to reduce the overall optical data rate and moderate the hardware 

requirement of digitized RF-over-fiber link. 

6.5 Summary 

In this chapter, firstly we demonstrated a digitized radio-over-fiber link for 18 GHz RF 

signal transmission, and implemented error-free transmission with an optical data rate of 4 

Gbit/s. We also investigated the impact on the system performance from the link parameters, 

such as carrier frequency, bit rate, ADC resolution and sampling rate. For RF frequency at 18 

GHz and 15 GHz, a digitized RF link with 8-bit resolution and 500 MHz sampling rate 

reaches bit rate at 50 Mbps and 80 Mbps separately with error free. There is a trade-off 

between the link performance and the optical hardware requirements in this technique. An 

ADC with 6 bits resolution and 600 MHz sampling rate implements the best digitized RF-

over-fiber link for the transmission of an 18 GHz RF signal with the bit rate at 50 Mbps. 

Secondly, we have further improved our previous DRoF technique by taking advantage of 

oversampling and decimation to enhance the bit resolution that reduces the overall bit rate for 

the optical link as well as the hardware requirements on optoelectronics devices in the DRoF 

link. Furthermore, the noise power induced by the ADC is mitigated by oversampling and 

decimation and the power dissipations in both ADC and DAC are moderated. The 

mathematical AWGN approximation of the link noise in digitized RF over-fiber technique is 

given in terms of ADC quantization noise and jitter noise, and the oversampling effect is 

analyzed based on the AWGN assumption. Experimental demonstration of the bit resolution 

enhanced DRoF link is realized. By using the bit resolution enhanced DRoF technique 
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instead of the previous DRoF technique, the overall data rate is reduced from 4 Gbps to 1.5 

Gbps with a similar EVM performance at around 17%, or to 2 Gbps with a better EVM at 

14%. 

We proposed another approach to reduce the overall optical data rate, which is to apply a 

multi-level optical link to the digitized RF-over-fiber technique. By doing so, we not only 

reduce the overall optical data rate, but also moderate the requirements of O-E and E-O 

devices while maintaining a simple base station configuration. The experimental setup to 

realize the digitized RF-over-fiber using multi-level optical transmission is proposed by 

employing simple electrical devices like attenuator, power combiner/splitter and DFF. The 

experimental results show that four-level optical link using RZ signal is a promising solution 

to implement the digitized RF-over-fiber transmission. 
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Chapter 7 

Energy consumption of Integrated Optical-Wireless 

Access Networks 

 

7.1 Introduction 

In the last decade, global warming has become an increasingly important item on the 

global political agenda. In December 2008, the European Commission (EC) decided to cut 

greenhouse gas emissions by 20%, to establish a 20% share for renewable energy, and to 

improve energy efficiency by 20% [7.1]. Information and communication technology (ICT) 

has a profound impact on the environment, and the energy consumption of ICT is currently 

becoming a social and political issue [7.2]. Telecommunication network that forms the heart 

of Internet remains a major contributor to the overall energy consumption of ICT and thus 

has attracted specific focus on a global scale towards the development of energy efficient 

(“green”) networking solutions [7.1-7.4].  

The modern telecommunication network can be generally divided into three parts, namely 

the access network, the core network and the transmission network. The energy 

consumptions of these three parts are extremely different. Among them, the access network 

remains a major contributor since it encompasses a large number of active elements. The 

proportion of access network in the modern telecommunication network may vary from 50% 

to 70% as a result of different operating environments [7.3], and it is foreseen to continue to 
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be the major internet energy consumer for the next decade with its ever-increasing demand 

for bandwidth [7.4]. 

The wireless base station, which accounts for up to 70% of the total power consumption in 

a number of mobile operators, is found to have the most feasible energy-saving potential 

[7.3]. Furthermore, wide spread deployment of broadband wireless access networks would be 

required to meet the rising demand for mobile broadband, scale and bandwidth of future 

wireless systems would rise and their energy consumption would need to be a big factor in 

design and deployment of next generation wireless access networks. 

In recent years, there are many research dedicated in greening the wireless base station and 

can be catalogued into three groups according to different approaches used in reducing 

energy waste. The first approach is to simplify the base station architecture, eliminate the 

active elements, and improve energy efficiency of base station components, especially the 

power amplifier [7.5-7.6]; the second one is to reduce power consumption during leisure time 

and build up an energy aware network [7.2]; the third one is focusing on the energy saving of 

base station cooling system [7.7]. Our research is dedicated to the first category. 

Radio-over-fiber (RoF) technique has been long considered as an energy efficient way of 

simplifying the architecture of remote antenna base stations and realizing high-performance 

backhaul networks that connect the base stations to the central offices. In this chapter we will 

investigate the power consumptions and energy-saving potentials of the radio-over-fiber 

techniques. It is organized as follows. In Section 7.2, we study the power consumptions of 

the fiber optical backhaul and the conventional microwave backhaul. The fiber optical 

backhaul shows its energy-saving advantage in terms of both link propagation loss and 

hardware power consumption. In Section 7.3, we first demonstrate an estimating model of 

the base station power consumption, and apply to various base station architectures in 

accordance with different transport schemes of wireless signals; secondly we investigate and 
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compare the base station power consumptions for baseband-over-fiber, RF-over-fiber, IF-

over-fiber, DIF(digitized IF)-over-fiber, and DRF(digitized RF)-over-fiber transmission 

schemes. In section 7.4, we focus on the digitized RF-over-fiber link and investigate the 

power consumption of ADCs for bandpass sampling. The sampling rate and the bit resolution 

are found to be the deciding parameters of the ADC power consumption. In the digitized RF 

technique, the sampling rate is reduced by bandpass sampling and the bit resolution 

requirement can be loosened using enhanced DRoF technique. Therefore, the power 

consumption of the ADC employed in the proposed digitized RoF link is much less than that 

in the direct-digitized RF link. 

7.2 Energy issues in backhaul networks 

Two common backbone networks are utilized in delivering wireless signals from central 

offices to base stations. One is the conventional point-to-point microwave link, and the other 

is the growing fiber-optical link. In telecommunication market, they both have a standardized 

interface, and the main difference is the transmission medium, which is also the key factor 

determining the propagation loss and consequently the link power consumption.  

In a microwave link, the path loss is the largest and most variable quantity in the link 

budget. It depends on frequency, antenna height, receiver terminal location relative to 

obstacles and reflectors, and link distance, among many other factors. Usually a statistical 

path loss model or prediction program is used to estimate the median propagation loss in dB. 

The estimate takes into account the situation -- line of sight (LOS) or non-LOS -- and general 

terrain and environment using more or less detail, depending on the particular model. Here, 

the Free Space Path Loss model [7.8] is used to estimate the optimistic situation, since it only 

takes into consideration distance and frequency. Eq. 7.1 gives the path loss using the Free 

Space Pass Loss model, where F is the RF frequency of the transmitting signal and L is the 

transmitting distance. 
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(7.1)                         )log(20)log(206.36 LF  Loss Path  

 

On the other hand, the propagation loss of a fiber-optical link is linearly related with the 

transmission distance, and nearly immune to the environmental changes. The fiber loss is 

around 0.2 dB/km for single mode fibers, and about 2 dB/km for multi-mode fibers. Based on 

the above analysis, we calculate the propagation losses in both microwave and optical links 

as given in Fig. 7.1, where we assume that the RF frequency is 6 GHz and the fiber loss is 

0.25 dB/km. It is clearly shown that the propagation loss in microwave link is remarkably 

larger than in optical link. When the transmission distance between the base station and the 

central office is 10 km, path loss in microwave link is around 130 dB whilst it is only 2.5 dB 

in optical link. Large amount of power is wasted in the channel of microwave link. In order 

to achieve a desired link budget, power consumption of the microwave transmitter/receiver 

will be much larger than it in optical link. Alcatel-lucent 9500 microwave cross-connect [7.9] 

and FIBERER-OLT/ONU [7.10] are used to demonstrate the power consumptions of both 

links in practical uses. As a result, the microwave backhaul consumes 129 W of energy, and 

the fiber optical backhaul shows its energy-saving advantage with a less power consumption 

of 5.5 W. 

Point to point microwave backhaul: 

Transmitter: Alcatel-lucent 9500 microwave cross-connect terminal 

Outdoor unit and indoor unit power consumption 50+10=60 W 

Output power: 28.5 dBm (QPSK, F=6 GHz) 

Receiver: Alcatel-lucent 9500 microwave cross-connect node 

Outdoor unit and intelligent node unit power consumption 50+6+3+4+4+2=69 W 

Receiver sensitivity: -92 dBm (QPSK, 7MHz channel spacing, F=6 GHz) 

Free space loss=36.6+20log (F) +20log (L) =28.5-(-92)       

Transmission distance L=13 km  

Link power consumption: 129 W 
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Fiber optical backhaul: 

OLT: FIBERER-OLT supporting 32 EPON long-distance ON equipments 

Power consumption: 15 W 

ONU: FIBERER-ONU 

Power consumption: 5 W 

Transmission distance up to 20 km  

Link power consumption: 15/32+5=5.5 W 
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Fig.7.1 Propagation loss vs. distance 

7.3 Base station power consumption  

7.3.1 Power consumption modeling  

Previously a power consumption model of a macro base station was introduced, which 

focused on each component within the base station [7.11]. In this section, we present a 

generic power consumption model for RoF wireless base stations, which supports various 

wireless transport schemes. It is well-established that the power consumption of a base 

station varies with traffic load. The higher the traffic, the higher the power consumed by the 
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base station. To simplify the model, we only consider the network when the traffic is at its 

peak and is heavily loaded. 

The architecture of a conventional base station utilizing baseband-over-fiber transmission 

scheme is shown in Fig. 7.2. It includes the following units.  

Baseband Unit (BBU) is mainly comprised by digital signal processor (DSP) to realize 

MAC layer functionality, modulation and demodulation, etc. 

Data converter unit contains digital up/down converter (DUC/DDC), digital pre-

distortion (DPD), and AD and DA converter (ADC/DAC) including auto gain control.  

RF unit puts the signal on the desired radio frequency, and includes local oscillator, and 

mixer.  

Power amplifier is for the wireless signal amplification. The power consumption of power 

amplifier (PA) is determined by the transmitting power and amplifier efficiency. Class-A and 

B amplifier efficiency can be increased from 15% to 25% by digital pre-distortion. The 

power consumption of the low noise amplifier (LNA) in the uplink is negligible comparing to 

the power amplifier. 

Feeder connects the base station and the antenna which may be located in a location 

different from the base station, using a copper coaxial cable with a loss of 3 dB. 

Clock management provides synchronized clock for each unit. 

Power supply and battery backup The loss within these two components is typically 

10%-15% of the functional power consumption, and mainly depends on the employed 

technology. 
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Cooling depends on the environmental conditions, and the cooling loss is typically 

between 0 and 40% of the functional power consumption. 

Sector number A cell is subdivided to a fixed number of fields, every one of which is 

illuminated from an antenna that concentrates the flow of power within a particular area of 

the cell, known as sector. Every field can therefore be considered like one new cell. A typical 

structure is the trisector, in which there are three sectors. 
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Fig.7.2 Base station architecture for baseband-over-fiber transmission scheme 

The power consumptions and the factors regarding power consumptions of the elements 

within each unit are approximated using the commercial-available devices [7.11] and listed 

in Table. 7.1. The power consumption of a base station using baseband-over-fiber 

transmission scheme can be estimated by the Eq. 7.2 using parameters given in Table. 7.1. 

The result is 1619 W, which matches the power consumption of the currently used base 

station in the telecommunication market [7.12].  

(7.2)  
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Table 7.1 Power related parameters in Base Station 

Parameter 
Estimated 

value 
Parameter 

Estimated 

value 

Power consumption of 

baseband unit (PBBU) 
58 W 

PA efficiency 

(PA) 
25% 

Power consumption of 

DUC/DDC (PDUC/DDC) 
3 W 

Transmitting 

power (PTX) 
40 W 

Power consumption of 

ADC/DAC (PADC/DAC) 
2 W Feeder loss (Lfeeder) 0.5 

Power consumption of digital 

pre-distortion (PDPD) 
5 W 

Power supply loss 

(LPS) 
0.15 

Power consumption of RF 

unit (PRFU) 
2 W 

Cooling efficiency 

(C) 
0.2 

Power consumption of clock 

management (PC) 
1 W 

Number of sectors 

(Nsector) 
3 

 

Assuming when using different transmission schemes the power regarding factors of each 

element remain the same, we can apply the model to other transmission schemes. The base 

station configurations for analog RF-over-fiber, analog IF-over-fiber, digitized IF-over-fiber, 

and digitized RF-over-fiber transmission schemes are illustrated in Fig. 7.3a-d. Table 7.2 lists 

the elements required in different transmission schemes, and the corresponding power 

consumptions estimated using this model. 
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Table 7.2 Elements and power consumption in each link 

Transmission 

scheme 
BBoF DIFoF DRFoF 

Power related 

elements 

Baseband unit 

DUC/DDC 

ADC/DAC 

DPD 

Clock 

management 

RF unit 

Power amplifier 

Feeder 

Power supply 

Cooling 

ADC/DAC 

DPD 

Clock 

management 

RF unit 

Power amplifier 

Feeder 

Power supply 

Cooling 

ADC/DAC 

DPD 

Clock 

Management 

Small signal amplifier 

Power amplifier 

Feeder 

Power supply 

Cooling 

Total power 

consumption 
1619 W 704 W 696 W 

Transmission 

scheme 
IFoF RFoF  

Power related 

elements 

Clock 

management 

RF unit 

Power amplifier 

Power supply 

Cooling 

Power amplifier 

Power supply 

Cooling 

 

Total power 

consumption 
1116.5 W 1104 W  
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Fig.7.3 Base station architectures of analog RF-over-fiber (a), analog IF-over-fiber 

(b), Digitized IF-over-fiber (c), and Digitized RF-over-fiber (d) 

In analog RF-over-fiber (RFoF) case (Fig. 7.3a), only the power amplifier in the base 

station architecture is needed. The base station can be located near the antenna, so no feeder 

loss should be considered. However no digital pre-distortion function can be performed in the 
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analog domain, the PA efficiency will only be about 15%. Eq. 7.3 is the formula to calculate 

the power consumption in analog RFoF links. 

(7.3)                 WLPNP CPSPATxtorRFoF 1104)1()1()/(sec    

 

In analog IF-over-fiber (IFoF) case (Fig. 7.3b), the situation is similar as in analog RF-

over-fiber except that the RF unit and the clock block are required. Eq. 7.4 is the formula to 

calculate the power consumption in analog IFoF links. 

 (7.4)         WLPPPNP CPSCRFUPATxtorIFoF 5.1116)1()1()/(sec    

 

In digitized IF-over-fiber case (Fig. 7.3c), the baseband unit and the digital up/down 

converter are located in the central office comparing with baseband-over-fiber scheme. The 

digital pre-distortion can still be used to increase the PA efficiency to 25%. Since the BBU is 

mitigated, the base station can be smaller enough to be located near the antenna and make the 

feeder loss ignorable. Eq. 7.5 is the formula to calculate the power consumption in digitized 

IFoF links. 

(7.5)     WLPPPPPNP CPSCRFUDPDDACADCPATxtorDIFoF 704)1()1()/( /sec     

 

In digitized RF-over-fiber case (Fig. 7.3d), comparing with digital IF-over-fiber link, the 

RF unit is no longer needed. Since in digitized RF-over-fiber link the power of the RF signal 

generated by bandpass sampling is very low (about -50 dBm) [7.13], a small signal amplifier 

will be required before the power amplifier, and the power consumption of this amplifier is 
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approximately 0.1 W. Eq. 7.6 is the formula to calculate the power consumption in digitized 

RFoF links.  

 (7.6)  WLPPPPPNP CPSACDPDDACADCPATxtorDRFoF 696)1()1()/( /sec    

 

7.3.2 Analysis and comparison 

 

 

 

 

 

 

 

 

Fig.7.4 Amplifier efficiency effect on power consumption 

In Section 7.3.1, we have estimated the base station power consumptions of five radio-over-fiber 

transmission schemes. The digitized RF/IF-over-fiber techniques show an evident advantage in 

energy-saving, whilst the currently used baseband-over-fiber technique consumes the most 

power. This large power consumption can be attributed to the high active element and 

component count within the baseband unit of the base station. Although analog RF/IF-over-

fiber techniques need fewer elements compared to the digitized RF/IF-over-fiber techniques, 
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the power consumptions are ~400W larger. From the model, we can see that the amplifier 

efficiency parameter plays a very important role in the total power consumption. In the 

digitized RF/IF-over-fiber techniques, digital pre-distortion is employed to improve the 

amplifier efficiency, and it consequently leads to lower power consumptions relative to the 

analog techniques. Fig. 7.4 illustrates the impact of the amplifier efficiency on the base 

station power consumption for the investigated transport schemes. The power consumption 

changes with the amplifier efficiency with the analog techniques being more sensitive 

compared to the digital schemes (BBoF, DRFoF, and DIFoF). Amplifier efficiency is a 

sensitive parameter for base station power consumption as well as an essential factor in the 

overall energy-saving. 

 

 

 

 

 

 

 

 

Fig.7.5 Transmitting power Vs. Power consumption 

Another parameter with high energy-saving potential is the transmitting power, which is 

also the key parameter determining the cell size of mobile networks. Fig. 7.5 shows the 

curves of transmitting power vs. link power consumption in cases of baseband-over-
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microwave, baseband-over-fiber, analog RF-over-fiber, analog IF-over-fiber, digitized IF-

over-fiber, and digitized RF-over-fiber. The power consumption is linearly increasing with 

the transmitting power in each case, with baseband links having the largest increment rate 

and digitized links having the lowest. This result indicates that the digitized techniques have 

bigger energy-saving ability with larger transmitting power. Fig. 7.6 shows the energy saving 

in percentage, and illustrates the energy savings of the advanced base station architectures 

become more significant when the transmitting power is small. As the mobile cell is getting 

smaller and smaller, the implementation of radio-over-fiber techniques will not only realize a 

simplified architecture, but also make a great contribution on greening the mobile access 

networks. 

 

 

 

 

 

 

 

 

Fig.7.6 Energy saving in percentage 
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7.4 ADC power consumption in digitized RF-over-fiber 

Besides the power amplifiers, the ADC power consumption plays a significant role in the 

total energy consumption of the base station transceiver. As we discussed before, the ADCs 

in the digitized RF-over-fiber technique is used to perform the bandpass sampling function, 

which have different characteristics compared to the normal ADCs used in direct-digitized 

RF transceivers. The received analog bandwidths of these ADCs should match the carrier 

frequencies of the RF signals, while the required sampling frequencies are much lower 

comparing to the analog bandwidths due to bandpass sampling theory. In this section, we will 

investigate the power consumption of this type of ADCs used in digitized RF-over-fiber 

links, and discuss the practicability of digitized RF-over-fiber technique with regards to 

energy efficiency. 

7.4.1 ADC power consumption modeling 

During the past two decades, the rapid evolution of digital integrated circuit technologies 

has led to ever more sophisticated signal processing systems. One of the keys to the success 

of these systems has been the advancement in ADC technology which convert the 

continuous-time signals to discrete-time, binary-coded form [7.14]. In the 

telecommunications arena, advances in software radio development and AD conversion 

technologies have provided impetus for the digital RF distribution in fiber-wireless access 

networks. Consequently, the power consumptions of ADCs are one of the key issues in 

implementing digitized fiber-wireless access networks. A generic form of ADC is shown in 

Fig. 7.7 and consists of an anti-alias filter, a sample-and-hold circuit, a method of converting 

the (now constant level) analog voltage into a digital word (the “quantizer”), and finally a 

digital buffer. The quantizer element may be implemented in a wide variety of ways, 

including flash, successive approximation, sigma-delta, bandpass sigma-delta, and 
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subranging. The analysis presented below is independent of the implementation technology 

and is based on the requirements of the sample-and-hold element [7.15]. 

 

 

 

 

 

Fig.7.7 Generic form of an A/D converter 

One of the basic operations performed by an ADC is the data sampling, which can be 

performed either in a separate circuit or inherently inside the ADC. The power needed to 

perform sampling is therefore the lower bound to the power dissipation. The noise of the 

sampling circuit is given in Eq. 7.7, where CS is the sampling capacitor. In a Nyquist ADC, is 

typically chosen large enough such that the sampling noise is comparable to or at least not 

significantly larger than the converter’s quantization noise, which is given by Eq. 7.8. Here, n 

and VFS are the ideal bit resolution and full-scale range of the ADC, respectively. We assume 

that the sampling noise is assigned to be equal to the quantization noise as in commercial 

ADCs, so the sampling capacitor is given by Eq. 7.9 [7.16]. 
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To charge this capacitor to VFS within the sampling aperture t which is inversely 

proportional to the RF carrier frequency, we need a current of I=CSVFS/t. The power 

consumption of the sample and hold element is expressed as Eq. 7.10. 

(7.10)                                 t
n

FSS kTIVP 2212   

 

In the quantizer element, comparators are the major energy-consuming components. In 

comparators, a fundamental limitation on the available resolution stems from thermal noise, 

and the input-referred noise of the widely used regenerative-latch comparator is given by Eq. 

7.11, where is the so-called thermal-noise factor (for a long-channel device), CLC is the load 

capacitance at the bandwidth-limiting node of the comparator, and is a constant that 

depends on the comparator architecture. Equalizing this noise voltage to the quantization 

noise of an n-bit converter gives a minimum load capacitance that satisfies the constraint in 

Eq. 7.12 [7.17, 7.18]. 
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The speed of the comparator is controlled by its time constant t=CLC/gm. Since the 

comparator must be able to resolve a voltage of VFS2-n within a certain decision time 

Td=1/2fS, we find the minimum gm can be expressed as Eq. 7.13. 
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In order to achieve this minimum gm, we need a minimum supply current ID to the 

transistor. Defining a parameter Veff, the minimum supply current can be written as Eq. 7.14. 

For a classical MOS transistor in strong inversion Veff=(VGS-VT)/2, where VGS and VT are the 

gate-to-source and threshold voltages, respectively. In modern technologies (e.g., 90-nm 

CMOS) Veff=80-100mV are typical values for high-speed design. Assuming that the 

comparator runs continuously with a supply voltage of VFS, the power dissipation per 

comparator can be expressed by Eq. 7.15. For a comparator that is constrained by noise, we 

can substitute Eq. 7.12 into Eq. 7.15 to obtain Eq. 7.16. 
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In an n-bit flash ADC, (2n-1) comparators are used in the quantizer, so the quantizer power 

consumption is given in Eq. 7.17. Using a cross-coupled inverter-type comparator, the input 

capacitance is equal to the load capacitance, and Eq. 7.17 can be rewritten as Eq. 7.18. 

Consequently, the total power consumption of an ideal ADC can be expressed as Eq. 7.19. 
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Current ADCs are very far from meeting the theoretical limit discussed above. However, 

the power consumption performance of an ADC can be quantified by the energy per 

conversion and per unit of resolution. For a non-ideal converter, the conversion energy ECR 

exceeds the ideal value of kT (Eq. 7.20), where ENOB is effective number of bits. 

(7.20) 

 

The ratio ECR/kT represents an excess power consumption factor, and is defined as ADC 

factor of merit (Eq. 7.21), which is around 105 in current AD conversion technology [7.16]. 

An ideal converter would have a factor of merit of unity. Therefore, the power consumption 

of a practical ADC is given by Eq. 7.22. 
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7.4.2 Power consumption comparison of direct and bandpass sampling  

According to Eq. 7.22, the sample-and-hold device should dominate the ADC power 

consumption. However, in practical ADCs, the sample-and-hold device consumes a fraction 

of the power of the complete chip (10-15%), and it indicates that the other technology areas 
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consumption. As we can see, no matter what kind of ADC design techniques is used, the total 

power consumption of an ADC grows exponentially with bit resolution. Moreover, the power 
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the power consumption of the quantizer element is proportional to the sampling frequency. 

Since the quantizer dominates the total power consumption, apart from designing techniques, 

the sampling rate and the bit resolution are the deciding parameters of the ADC power 

consumption. 

Based on the above results, we compare the power consumptions of ADCs for direct 

sampling and bandpass sampling. For an RF signal at 2.4 GHz with a bandwidth of 100 

MHz, the sampling frequencies for direct Nyquist and bandpass sampling are 5 GHz and 250 

MHz respectively. We assume that the sample-and-hold element consumes 10% power. By 

reducing the sampling rate to 1/20, the quantizer power consumption is reduced to 1/20, and 

the total power consumption is reduced to 15%, where the sample-and-hold element becomes 

dominant in the total power consumption. Furthermore, as we discussed in Chapter 6, in the 

digitized RF link, a decimation filter can be employed to reduce the bit resolution. 

Consequently the power consumptions in both the sample-and-hold element and the 

quantizer can reduce exponentially with minimal additional power consumption for signal 

processing functionality. 

7.5 Summary 

In this chapter we investigated the power consumptions and energy-saving potentials of the 

fiber-wireless integration techniques.  

In Section 7.2, we have studied the power consumptions of the fiber optical backhaul and 

the conventional microwave backhaul. The propagation losses in both links were modelled 

and compared. To achieve a same link budget, power consumption of the microwave 

transmitter/receiver will be much larger than it in optical links. The power consumptions of 

both links in practical uses are demonstrated. As a result, the microwave backhaul consumes 
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129 W of energy, and the fiber optical backhaul shows its energy-saving advantage with a 

less power consumption of 5.5 W. 

In Section 7.3, we first proposed an estimating model of the base station power 

consumption by evaluating each component within the base station, and applied to various 

base station architectures in accordance with different transport schemes of wireless signals; 

secondly we investigated and compared the base station power consumptions for baseband-

over-fiber, RF-over-fiber, IF-over-fiber, digitized IF-over-fiber, and digitized RF-over-fiber 

transmission schemes. The digitized RF/IF-over-fiber techniques consume the least power, 

whilst the currently used baseband-over-fiber technique consumes the most power. In the 

model, the amplifier efficiency parameter and the transmitting power are the key parameters 

with high energy-saving potential. 

In section 7.4, we investigated the power consumption of ADCs in digital RF distribution 

techniques, which inceases exponentially with bit resolution. Reducing the bit resolution 

using enhanced DRoF technique can lead to a big reduction in power consumption. 

Moreover, the quantizer power consumption dominates in direct-digitized ADCs and is 

proportional to the sampling rate. Therefore, the power consumption of the ADC for 

bandpass sampling operating at a low sampling frequency in the proposed digitized RF 

technique is much less than that in the direct-digitized RF link. 
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Chapter 8 

Conclusions 

 

8.1 Thesis overview 

The integration of wireless broadband access and the optical access network infrastructure 

via a common backhaul network can lead to significant benefits to network operators through 

savings in operational and capital expenditure associated with the broadband deployment. 

This thesis is focused on the investigation and development of novel technologies for the 

implementation of fiber-wireless integration networks in order to realize ultra-high-speed, 

high-quality, and multi-service links that connect large numbers of radio base stations with 

the central office, simplify the architecture of remote base stations, and achieve both cost and 

energy efficiency.   

In Chapter 2, a comprehensive literature review on the investigation of the radio-over-fiber 

technology has been presented. The radio-over-fiber systems and their benefits were 

introduced. Three conventional analog radio-over-fiber schemes (BBoF, IFoF and RFoF) and 

two novel digital radio-over-fiber schemes (Digitized IFoF, Direct-Digitized RFoF) were 

presented and discussed. Some implementation issues and previous research were reviewed 

in terms of RF signal generation, linearization techniques, chromatic compensation, base 

station simplification techniques, and multiplexing techniques. The last section of this 

chapter introduced the power consumption issues and energy-efficient solutions in the 

current research of access networks.  
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In Chapter 3, we first introduced the digitized RF-over-fiber technique based on bandpass 

sampling theory and commercial-available ADCs/DACs. It takes advantage of the higher 

performance of digital optical links, the benefits of direct RF distribution to realize simpler 

base stations, and the use of existing optical access and metro network infrastructures. 

Secondly, we theoretically analyzed the digitized RF-over-fiber link in terms of different 

noise sources, such as ADC jitter noise, ADC quantization noise, bandpass sampling aliasing 

noise, DAC jitter noise, and photo-receiver noise. We have also carried out a comparison of 

SNR and dynamic range between digitized and analog RF-over-fiber links. The results 

indicated that for digitized link, the increase of the laser launched power has no impact on the 

SNR but it increases the fiber transmission distance. However, in the analog link, the 

transmission distance does not increase with laser launched power due to system nonlinearity. 

The dynamic range in the analog link decreases steadily with fiber length; while in the digital 

link, it remains constant until the transmission distance reaches a specific length where the 

power goes beyond the sensitive of the link. The high dynamic range of digitized RF 

transport offers a distinct advantage over an analog link. Finally, we experimentally 

demonstrated a low-cost digitized RF-over-fiber uplink transmission using commercially 

available FPGA boards.  Our studies have confirmed that digitized RF-over-fiber links can 

support extended reach well in excess over 60 km and can easily be integrated with any 

digital optical transmission technologies. We also have experimentally investigated the link 

performance of digitized RF-over-fiber transport for different ADC resolutions, different 

carrier frequencies, different symbol rates and different sampling rates. The results indicated 

that: (1) 8 bits resolution was sufficient to construct a high-performance cost-effective 

digitized RF over fiber link; (2) link EVM performance improved almost linearly with carrier 

frequency and symbol rate; (3) link performance was independent of sampling rate, as long 

as the sampling rate satisfies the bandpass sampling theory. 
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In Chapter 4, we proposed a multi-channel RF transmission scheme using digitized RF-

over-fiber technique, and realized frequency conversion processes using a single ADC and a 

single DAC. Bandpass sampling for multiple distinct bands is employed to sample and 

downconvert the subcarrier multiplexed RF signals to IF bands ensuring no overlapping of 

the multiple frequency bands within each Nyquist window. The SNR and dynamic range of a 

multi-channel system are analyzed in both analog and digitized RF-over-fiber links. 

Intermodulation distortion is the main reason for performance deterioration in analog links, 

while in digitized links the increased aliasing noise and quantization noise worsen the link 

performance. The degradations of SNR and dynamic range due to increasing channel number 

are quantized, and the results show that the degradations in digitized links are less severe 

than in analog links. Moreover, we experimentally implemented a DRoF link for multi-

channel RF systems by employing commercially available FPGA and ADC, and recovered 

the data with satisfactory EVM performance. We have experimentally shown that all the RF 

bands can be downconverted to the same Nyquist region, and recovered without the physical 

needs of a mixer and a local oscillator. Our experimental results show that the noise level in 

the DRoF link is -40 dBm, and the level of inter-channel interference on the middle channel 

after DRoF transport is not dependent on the initial channel spacing at the transmitter. It is 

dependent on the channel spacing after downconversion via bandpass sampling at the 

receiver. Our investigation shows that the EVM of the middle channel remained constant 

regardless of the initial channel spacing before transmission. Both theoretical and 

experimental results indicate that the digitized RF-over-fiber technique provides a more 

efficient approach than analog transmission to implement multi-channel radio optical 

networks. 

In Chapter 5, we proposed an efficient bidirectional transmission scheme for Hybrid Fiber-

Radio access using digitized RF-over-fiber technique that supports multiple wireless signals 

distribution for both uplink and downlink. The frequency allocation theory was presented to 
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minimize the inter-channel interference of the sampled signal and to ensure that the signal 

bands were located at the same position with a maximum spacing in each Nyquist zone. This 

scheme enables multiple wireless signals to be transported simultaneously and simplifies the 

BS design by performing the frequency translation processes without the needs of analog 

devices such as mixers and local oscillators. We have experimentally demonstrated a proof-

of-concept DRoF-HFR link for the simultaneous transmission of GSM, UMTS and WiMAX 

wireless services. Error-free transmission can be achieved for all three wireless signals in 

both the downstream and upstream directions when the sampling rate was >= 50 MHz and 

the optical data rate was >= 400 Mb/s. Experimental results showed that in the downlink 

transmission the link EVM performance was linearly related to the up-converted wireless 

carrier frequency. Therefore, a higher sampling rate should be considered in order to 

maintain a good link performance when up-converting to high RF frequencies in the 

downlink path. The amount of amplification required for wireless services at different 

wireless carrier frequencies has also been quantified, and the results indicated that significant 

amount of amplification was required when the image with the desired wireless carrier 

frequency was located in the 20th or larger Nyquist zone. In the uplink transmission, 

although the noise power was similar to that in the downlink path, the inter-channel 

interference level was much higher. The performance of the uplink was limited by inter-

channel interference.  

In Chapter 6, firstly we have demonstrated a digitized radio-over-fiber link for 18 GHz RF 

signal transmission, and implemented error-free transmission with an optical data rate at only 

4 Gbit/s. We also investigated the impact of carrier frequency, bit rate, ADC resolution and 

sampling rate on the system performance.  For RF carrier frequencies at 18 GHz and 15 GHz, 

a digitized RF link with 8-bit resolution and 500 MHz sampling rate is able to transport a 

wireless data rate of 50 Mbps and 80 Mbps with error-free reception respectively. There is a 

trade-off between the link performance and the optical hardware requirements. An ADC with 
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6 bits resolution and 600 MHz sampling rate implements the best digitized RF-over-fiber link 

for the transmission of an 18 GHz RF signal with a bit rate at 50 Mbps. Secondly, we have 

further improved our previous DRoF technique by taking advantage of oversampling and 

decimation to enhance the bit resolution that reduces the overall bit rate for the optical link as 

well as the hardware requirements on optoelectronics devices in the DRoF link. Furthermore, 

the noise power induced by the ADC was mitigated by oversampling and decimation and the 

power dissipations in both the ADC and the DAC were moderated. The mathematical 

AWGN approximation of the link noise in digitized RF over-fiber technique was given in 

terms of ADC quantization noise and jitter noise, and the oversampling effect was analyzed 

based on the AWGN assumption. We have demonstrated this scheme in a proof-of-concept 

experiment. By using the bit resolution enhanced DRoF technique instead of the previous 

DRoF technique, the overall data rate was reduced from 4 Gbps to 1.5 Gbps with a similar 

EVM performance at around 17%, or to 2 Gbps with a better EVM at 14 %. Thirdly, we 

proposed another approach to reduce the overall optical data rate, which was based on multi-

level optical link in conjunction with thedigitized RF-over-fiber technique. By doing so, we 

not only reduce the overall optical data rate, but also moderate the requirements of O-E and 

E-O devices while maintaining a simple base station configuration. The experimental setup 

to realize the digitized RF-over-fiber using multi-level optical transmission was carried out 

using simple electrical devices like attenuator, power combiner/splitter and DFF. The 

experimental results showed that four-level optical link using RZ signal was a promising 

solution to implement digitized RF-over-fiber transmission. 

In Chapter 7, we investigated the power consumptions and energy-saving potentials of the 

fiber-wireless integration techniques. We have studied the power consumptions of the fiber 

optical backhaul and the conventional microwave backhaul. The propagation losses in both 

links were modelled and compared. To achieve a same link budget, power consumption of 

the microwave transmitter/receiver will be much larger than it in optical links. The power 
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consumptions of both links in practical uses were demonstrated. We have proposed model for 

estimating the base station power consumption by evaluating power consumption of each 

component within the base station and applied to various base station architectures in 

accordance with different transport schemes of the wireless signals. Using this model, we 

compared the base station power consumptions for baseband-over-fiber, RF-over-fiber, IF-

over-fiber, digitized IF-over-fiber, and digitized RF-over-fiber transmission schemes. The 

digitized RF/IF-over-fiber techniques consume the least power, whilst the currently used 

baseband-over-fiber technique consumes the most power. In the model, the amplifier 

efficiency parameter and the transmitting power are the key parameters with high energy-

saving potential. We also investigated the power consumption of ADCs in digital RF 

distribution techniques, which was exponentially increasing with the bit resolution. Reducing 

the bit resolution using enhanced DRoF technique can induce a big reduction in power 

consumption. The quantizer power consumption dominates in direct-digitized ADCs and is 

proportional to the sampling rate. Therefore, the power consumption of the ADC for 

bandpass sampling operating at a low sampling frequency in the proposed digitized RF 

technique is much less than in the direct-digitized RF link. 

8.2 Future Work 

The experimental studies and theoretical analysis that are presented in this thesis consists 

of detailed investigations of high-performance low-cost fiber-wireless integration networks, 

novel radio-over-fiber techniques using digitized RF distribution, energy consumptions in 

radio-over-fiber access networks. In carrying out this work, a number of related topics were 

identified but could not be pursued as part of this thesis, which would be interesting for 

further investigations. 

 In the digitized radio-over-fiber transmission scheme that we proposed in Chapter 

3, we use a DAC at the receiver side to convert the digital data stream back to 



Chapter 8 Conclusions 

  189 

analog signal and recover the information. Since the received signal is in digital 

domain, further work should be done to recover the data in digital domain and 

avoid using any analog devices at the receiver side. 

 According to the analytical and experiment results of this work, there are tradeoffs 

between the link performance and the hardware requirement in the digitized RF-

over-fiber links. Works should be done to balance the ADC sampling rate, the 

signal bandwidth, and the RF carrier frequency. We have proposed two methods to 

improve the digitized RF-over-fiber technique. However, additional processes are 

required in both. More detailed analysis should be carried out to evaluate the 

benefits comparing to the original digitized RF-over-fiber technique.  

 New wireless technologies that can exploit the large unused bandwidths of sub-

millimeter or millimeter-wave (mm-wave) frequency regions have been recognized 

by researchers for the provision of future broadband wireless services. One 

particular band of interest is the unlicensed 60 GHz frequency band (57–64 GHz) 

which is targeted towards short range in-building high-speed applications, and has 

gained significant popularity in the last few years. The investigation of 60 GHz RF 

over fiber transmission using the DRoF technique will dramatically reduce the 

sampling rate of 60 GHz transceivers and make it possible to distribute multiple 

MMW signals via a simple fiber-optical link. 

 The fiber-wireless integration networks based on digitized RF-over-fiber technique 

transmit digital data instead of analog signal over fiber, which will enable the radio-

over-fiber access networks to coexist with the optical access networks. The 

investigation on such converged optical access networks need to be carried out in 

order to maximise the hardware sharing and cost effectiveness. 
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 As we discussed, the ADCs for bandpass sampling purpose have different 

characteristic requirements, such as sampling rate and analog bandwidth. 

Nowadays the commercial ADCs are designed for Nyquist sampling. The design of 

ADCs with the sample-and-hold device having quick response as commercial 

ADCs and quantizer having sampling rates much lower will be necessary to 

practically implement digitized RF-over-fiber technique in optical access networks. 

 In Chapter 7, we evaluate energy consumption in fiber-wreless integration networks. 

The transmitting power and amplifier efficiency are the key parameters determining 

the total power consumption of a wireless base station. Therefore, the investigations 

on reducing the transmitting power requirement and improving the amplifier 

efficiency will be interesting topics to achieve energy efficiency. 
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Appendix: Acronyms 

ADC analog-to-digital converter 

ADSL asymmetric digital subscriber line 

AWG arrayed waveguide gratings 

AWG arbitrary waveform generator 

AWGN additive white Gaussian noise 

BB baseband 

BPF bandpass filter 

CO central office 

DAC digital-to-analog converter 

DAS distributed antenna system 

DFB distributed feedback laser 

DFF data flip-flops 

DRoF digitized RF-over-fiber 

DSB double-sideband 

DSL digital subscriber line 

DSLAM DSL access multiplexer 

DSO digital sampling oscilloscope 

DSP digital signal processing 

DSSC double-sideband suppressed-carrier 

EAM electro-absorption modulators 
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EVM error vector magnitude 

FBG fiber bragg grating 

FDM frequency division multiplexing 

Fi-Wi fiber-wireless 

FPGA field-programmable gate array 

FTTH fiber to the home 

FTTN fiber to the node 

FWM four-wave mixing 

GSM global system for mobile communications 

HD harmonic distortion 

HDSL high data rate digital subscriber line 

HFC hybrid fiber coax 

HFR hybrid fiber-radio 

ICT information and communication technology 

IF intermediate frequency 

IMD third-order intermodulation 

IM-DD intensity-modulation and direct-detection 

IP3 3rd-order input intercept point 

LAN local area network 

LO local oscillator 

LPF low pass filter 

LSB least significant bit 
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MMF multimode fiber 

mm-wave millimeter wave 

MZI Mach Zehnder Interferometer 

MZM Mach-Zehnder modulator 

NF noise figure 

OLT optical line terminal 

ONU optical network unit 

OSSB+C optical single sideband with carrier 

PMD polarization mode dispersion 

PS power splitter 

PSD power spectral density 

RF radio frequency 

RN remote node 

RoF radio-over-fiber 

SCM subcarrier multiplexing 

SDSL symmetric digital subscriber line 

SFDR spurious free dynamic range 

SIR   signal-to-interference ratio 

SMF single mode fiber 

SNR signal-to-noise ratio 

SNR_J signal-to-jitter-noise ratio 

SNR_Q signal-to-quantization-noise ratio 
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TSSB tandem single-sideband 

VCSEL vertical cavity surface emitting lasers 

VSA vector signal analyzer 

VSG vector signal generator 

WDM wavelength division multiplexing 

WiMAX worldwide interoperability for microwave 

access 

XPM cross-phase modulation 
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