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Abstract  

Radio astronomy research is rapidly expanding across the African continent. At the same time, 

the fifth generation (5G) of mobile communication systems are also being researched and 

developed. Throughout history, mobile communication networks are known to affect the 

activities of radio astronomy. If not carefully managed, radio frequencies from mobile 

communication devices can severely affect radio astronomy observations. To that end, many 

techniques have been proposed to protect the radio astronomer from RFIs coming from radio 

communication networks.                     

 Some of the proposed techniques such as RFI quite zones and spectrum assignment by 

regulatory authorities will not be convenient during the implementation of 5G mobile networks. 

This is because 5G radio communication systems are expected to support spectrum-hungry 

application such as video-on-demand, augmented realities, high-definition television and so 

on. To realize this, the 5G networks will be forced to have access to protected radio spectrum, 

including those at which radio astronomy activities are being researched. To facilitate this, the 

5G radio communication networks should have the intelligence to coexist within such protected 

spectrums without the consequences of radio frequency interferences (RFI) to the primary user.

 In this thesis, we present novel 5G networks with the intelligence that allow them to coexist 

within radio astronomy areas without introducing RFIs to the primary user. We proposed a 

photonic solution, keeping in mind the characteristic requirements for future 5G radio 

communication networks.                       

 The thesis begins by reviewing the current trend of radio astronomy research in Africa. It 

was found that radio astronomy research in Africa is growing rapidly. Many African countries 

such as South Africa and Ghana are at advanced stages when it comes to radio astronomy 

research. Therefore, the finding and proposal of this thesis will be valuable to such countries.

 In order to develop a radio access network (RAN) that can coexist within radio astronomy 

areas, the thesis reviewed past and present state-of-the-art RANs. Each access network was 

analyses for its feasibility to be implemented within radio astronomy areas to realize mobile 

communication without the consequences of RFIs to the astronomer. It was motivated that the 

current centralized radio access network (C-RAN) the best solution to be developed for radio 

communication within radio astronomy areas. This is because the C-RAN architecture is 

centralized by pooling network resources to a common point. From such pool, network 

resources can be controlled and shared among 5G network user, including radio astronomers 

and the surrounding communities.                    

 The next chapters reviewed photonic RF transmitters and their associated lasers currently 

being proposed to be used within C-RANs. The review showed that photonic RF transmitters 

based on optical heterodyning of two independent laser and  those using optical frequency 

combs are feasible and attractive to be used within radio astronomy areas to realize radio 

communications services. This is due to their simplicity and flexibility, both in their designed 

and the generation of RF carrier signals. In the same review, it was found that vertical cavity 

surface emitting lasers (VCSELs) will offer the possibility of realizing simple and cost-

effective C-RANs within radio astronomy areas.                

 In the experiment of chapter 5, we investigated the transmission characteristics of a photonic 

RF transmitter based on optical heterodyning of two independent VCSELs. It was reported that 

VCSELs are able to provide high data rates to astronomical users by adopting high-level pulse 

amplitude modulation (PAM) formats. In our demonstration, we transmitted 17 Gbps 4-pulse 

amplitude modulation (PAM-4) data over 24 km of optical fiber. These results highlighted the 

potential of adopting VCSEL-based heterodyning to realize advanced 5G radio services within 

radio astronomy.  According to our knowledge, this was the first time that this cost-effective 

and high-bandwidth 5G C-RAN was reported.                  
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In the same chapter 5, we investigated the transmission performance of a VCSEL-based optical 

frequency comb as the photonic RF transmitter for 5G C-RANs within radio astronomy areas. 

The VCSEL was gain switched with an electrical signal to generate the needed optical comb. 

More than 10 coherent comb lines were obtained using such a low-power optical device. From 

the generated comb, up to 16 Gbps of binary data were transmitted across a photonically-

generated radio carrier frequency of 56 GHz. Bit error rates of 10-9 were recoded after 20.5 km 

standard single mode fiber with optical powers below -15 dBm. These results gave guidelines 

toward a future were low-cost VCSELs can be used to realize coherent and high data rate 5G 

networks within radio astronomy areas.                 

 Many proposed techniques use complex configuration to realize flat optical frequency 

combs for 5G radio communication. The reasons and motivations for using such complicated 

architectures is not yet validated. Chapter 6 of this thesis reports on novel results suggesting 

that low-cost non-flat optical frequency combs can find application in 5G radio networks to 

achieve similar performance as those using complicated flat optical comb generators. It was 

found that no-flat optical frequency combs reduce the 5G network cost by using low-loss 

optical modulator while enhancing the quality of serves to both wireless and the fixed users. 

By carefully controlling the power ratio between two optical lines form a non-flat frequency 

comb, the 5G network could support both fixed and wireless user with error-free data.  

 The generated optical frequency comb of chapter 5 was used in chapter 7 to demonstrated 

novel and exciting results. In the current radio astronomy areas, both the observed data and the 

reference clock signals for telescope synchronization are transmitted over optical fibers using 

independent lasers. In our numerical demonstration of chapter 7, we used a single VCSEL to 

transmit both data and reference clock signals for radio astronomy applications. The reported 

configuration is attractive as it reduces the management of independent laser sources. It also 

reduces the cost of purchasing individual lasers for each network transmission scenario.  

 Chapter 8 of this thesis numerically demonstrated a novel fixed-wireless 5G C-RAN. The 

optical comb of chapter 5 was also used in chapter 8 to realize the fixed-wireless 5G radio 

communication network. The technique of frequency reuse was used for optimal uses of the 

local oscillator power. The optical local oscillator signal was used for downlink, uplink, and 

for photonic up-conversion to RF carriers. To our knowledge, it was for the first time this type 

of network was demonstrated. In both case, the network was able to deliver error-free data to 

the intended users. This network will be attractive for application within radio astronomy areas 

as both fixed and wireless users seek to connect to the internet without any threat of RFI to the 

observing telescopes.                       

 While chapters 5, 6, 7, and 8 demonstrated the feasibility of photonic 5G C-RANs to support 

the radio astronomer with advanced communication services, their ability to mitigate RFI was 

not shown even though comments were made to highlight how such networks will avoid 

interferences. In chapter 9 of this thesis, we have reported a novel 5G networks where the RFI 

effects are mitigated as soon as they are detected. The network adopted the optical heterodyning 

scheme as the photonic transmitter. The system was shown to maneuver across the assigned 

spectrum to avoid any frequency collision with the primary user. The systems response was 

measured to be around 3 microseconds. This result, together with the data transmission results 

reported in the previous chapters, showed that radio communication services can coexist with 

radio astronomy without the consequences of RFIs, thanks to the flexibility associated with the 

photonic generation of RF  carrier signals.                   
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Chapter 1: Introduction 

The subject of photonics is well-understood by researchers to be a key enabling technology for 

overcoming the limitations imposed by its electronic counterpart. Photonics is defined as ‘The 

technology of generating and harnessing light and other forms of radiant energy whose 

quantum unit is the photon.’ [1]. This is realized through light generation, detection, 

manipulation, processing, and amplification, if necessary. Photonics finds application in areas 

such as communication systems, radar systems, radio astronomy (Astrophotonics), optical 

spectroscopy, medical, and computing to name but a few. Even though photonics covers a wide 

range of technical applications over the whole spectrum, most applications are in the range of 

visible and near-infrared light. This thesis is focused on the application of photonics in radio 

astronomy within the 1550nm wavelength region.    

1.1 Astrophotonics – application of photonics in radio astronomy 

Astrophotonics bridges the subject of astronomy and photonics. It is defined simply as the 

application of photonics to astronomical instrumentation [2]. The field of Astrophotonics has 

emerged over the past decade in order to address the ever-increasing demand with astronomical 

research. Early years have seen a successful application of photonics in astronomy. Worth-

mentioning include but not limited to: (i) photonic waveguides to combine signals from widely 

spaced telescopes in stellar interferometry [3], (ii) frequency combs for ultra-high precision 

spectroscopy to detect planets around nearby stars (dual-comb spectroscopy) [4], (iii) ultra-

broadband fiber Bragg gratings (FBG) to suppress unwanted background noise, (iv) photonic 

lanterns that allow single-mode behaviour within a multimode fiber, (v) planar waveguides to 

miniaturize astronomical spectrographs [5], (vi) large mode area fibers to generate artificial 

stars in the upper atmosphere for adaptive optics correction, and (vii) liquid crystal polymers 

in optical vortex chronographs and adaptive optics systems. Astrophotonics, a field that has 

already created new photonics capabilities, is now extending its reach down to the Rayleigh 

scattering limit at ultraviolet wavelengths, and out to mid infrared wavelengths beyond 

2500nm. We review some state-of-the-art applications of Astrophotonics in the following 

paragraphs.                          

 Several fiber channels are installed on existing facilities and provide routine astronomical 

observations. The attenuation due to the propagation through the fibers is negligible when 

compared to the transmitted optical signal. The flexibility of optical fibers has enabled a set of 

existing telescopes to be integrated into an interferometric [6]. This flexibility also allows more 

advanced optical dissemination of data and clock signals to the telescopes [7].      

 For extremely large telescopes (ELT) to attain their full diffraction limit, the distortion 

induced by the turbulent atmosphere should be corrected. Adaptive optics has now been 

demonstrated successfully on existing telescopes and is already integrated into the design of 

ELTs [8]. This change in telescope flexibility is expected to provide a major gain in sensitivity. 

It will also lead to greatly improved coupling of photonic devices at the telescope core point.

 Review on recent developments in Astrophotonics open the doors to many possible 

adaptations of photonics to assist with the issue of radio frequency interference.  Adaptive 

photonics can be used not only to correct for the distortion cause by external turbulences, but 

also to realize full co-existence of these turbulence within the observation spectrum. 

Coexistence will accelerate the realization of communication systems within radio 

astronomical areas. The restriction of mobile services in radio astronomy borders is a subject 

of great concern especially now that mobile service has become an integral part of every 
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astronomer. This can be addressed by Astrophotonics. This thesis will act as a guideline toward 

that exciting future.   

1.2 The outline of the thesis 

Before developing systems for radio astronomy application, it is important to analyze and get 

an understanding of Africa’s current interest in radio astronomy. Chapter 2 will briefly discuss 

radio astronomy in Africa. Special emphasis will be given to the background and relevance of 

radio astronomy in Africa. There has been a great interest in radio astronomy within the African 

continent. South Africa is one of the African countries that embraced the field of radio 

astronomy and it continues to do so. The Square Kilometer Array (SKA) telescope currently 

under operation in South Africa is evidence of the nation’s interest in the field. In section 2.1.2, 

we will briefly introduce and discuss the SKA South Africa (SKA-SA) project. Like any other 

big scale scientific projects, the SKA-SA project has brough about both positive and negative 

developments. The economy of people, especially those within the identified observation areas 

have seen good economic developments. At the same time, measure was to be taken to mitigate 

radio frequency interference to telescope observations. These could be caused by mobile 

services providers and mobile users within these areas. As a result, mobile service in these 

areas is limited, affecting the indigenous farmers and the local community.      

 In the last section of chapter 2, we will review the existing RFI mitigation techniques 

proposed by different literatures. The section highlights a need to introduce innovative 

solutions to avoid RFI distortions. In this thesis, we propose a novel solution to realize mobile 

communication services within radio astronomy areas. This proposed solution brings radio 

communication services within astronomical facilities without the effects of RFI. The proposed 

solution is photonic and innovative. In the experimental chapters, we will demonstrate our own 

novel photonic solution for RFI mitigations. This can ultimately relax the mobile 

communication restriction currently imposed on radio astronomy communities.       

 In chapter 3, the thesis reviews the history of radio communication systems. The review will 

cover from the third generation (3G) of mobile communication networks to the currently-

researched fifth generation (5G) radio communication systems. This review is necessary to 

identify and address some of the challenges which made it difficult to combine radio astronomy 

and mobile communication systems. The review will also assist with identifying a radio access 

network architecture of the communication system which offers the best possibility of getting 

integrated within astronomical areas without the effects for RFIs.         

 Based on convincing evidence presented in chapter 3, the thesis identified and proposed a 

5G communication system with its radio access architecture as the best solution to be 

intergraded within radio astronomy areas. A 5G communication systems is based on the 

application of photonic RF transmitters to realize high RF carriers to support high data rate 

transmission. Chapter 4 will review some of the laser technologies used to design photonic RF 

transmitters, the basic subsystem of a radio access network (RAN). This review is necessary to 

identify suitable lasers that can be used to design our proposed photonic solution to realize 

mobile services while radio astronomy while mitigating RFI. Discussion will be focused on 

edge emitting continuous lasers such as distributed feedback laser (DFB) and other lasers such 

as fiber lasers and dual-mode laser as they continue to find applications in 5G radio 

communication systems. Chapter 4 also identifies the recently-developed vertical cavity 

surface emitting lasers (VCSELs) as ideal optical source to be used in mobile commutation 

systems, especially those requiring low-cost photonic RF transmitters with improved power 
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efficiency. Chapters 5-9 are experimental chapters, where the implementation and results of 

our proposed VCSEL-based 5G radio communication systems are presented and discussed. In 

section 4.2, we will review the proposed design techniques to realize photonic RF transmitters 

using the lasers reviewed in section 4.1. This review will prove useful as we present and 

demonstrate our proposed photonic RF transmitter design that offers the possibility of being 

adopted within radio astronomy areas.                  

 Most reported works on the application of microwave photonics for 5G radio 

communication uses high-power semiconductor lasers such as distributed semiconductor or 

fiber lasers. These lasers are power-hungry and bulky to be used in future 5G systems requiring 

system integration. In Chapter 5, we will experimentally demonstrate the application of 

VCSELs in 5G radio communication systems. The first demonstration involves a novel 

application of independent low-power VCSELs for optical heterodyning to generate high-

frequency RF signals for application in 5G networks. In the same chapter, we will also 

demonstrate a novel 5G radio communication system using a VCSEL-based optical frequency 

comb as the photonic RF transmitter.                   

 In chapter 6, the thesis will experimentally-demonstrate and discuss important results about 

the effects of optical local oscillator power in VCSEL-based optical comb on the generated RF 

carrier signal and on the transmitted baseband information. The effects are analyzed using bit 

error rates (BERs) of the baseband signal and RF power analysis for the wireless signal. The 

findings of this chapter clarify the general theory where flat optical frequency combs are 

believed to necessary for application in 5G radio communication systems.       

 Chapter 7 numerically-demonstrate a VCSEL-based optical frequency comb for application 

in wavelength division multiplexing (WDM) 5G radio communication systems. The chapter 

demonstrate the unreported capabilities of a VCSEL-based optical frequency comb for 

application in WDM-based 5G radio communication systems where both clock and data signals 

are transmitted simultaneously. The results of the chapter will also be useful for designing 

economical optical networks in radio astronomy where both reference clock and astronomical 

data are transmitted simultaneously through optical fibers. Current systems use different lasers 

to achieve this. In our proposed solution, a novel technique is demonstrated using a single low-

cost VCSEL carrier.                       

 Multilevel modulation formats are important to maximize the spectral efficiency of the 

network. In chapter 8, we will demonstrate a VCSEL-based 5G radio communication network 

where multilevel modulation formats are used to achieved improved spectral efficiency. This 

will be demonstrated by using 4 pulse amplitude modulation (PAM-4) and 16 quadrature-

amplitude modulation (16-QAM) modulation formats.            

 Chapter 9 will experimental demonstrate a novel and intelligent 5G radio communication 

system to be used within radio astronomy areas without introducing RFI. The emphasis is on 

the application of photonic RF transmitters, regardless of the type of lasers used, to realize a 

flexible 5G radio communication systems with RFI mitigation capability in astronomical areas. 

Chapter 10 will summarize and give concluding remarks.  
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Chapter 2: Radio Astronomy  

Radio astronomy is the study of celestial objects emitting at radio frequencies. Radio 

astronomy uses either single telescope or several telescopes that are linked together and utilizes 

the techniques of radio interferometry [9]. The field of radio astronomy have observed radiation 

coming from the Milky Way. Subsequent observations have identified several different sources 

of radio emission. These include stars and galaxies, as well as entirely new classes of objects, 

such as radio galaxies, quasars, pulsars, and masers. The discovery of the cosmic microwave 

background radiation, regarded as evidence for the Big Bang theory, was made through radio 

astronomy. Therefore, radio astronomy is a field of science that explores the universe to have 

a good understanding of the space. Like any other scientific research, radio astronomy comes 

with its own challenges. The most common problem to radio astronomy is RFI due to radio 

emitting devices such as mobile cellular units. To continue the exploration and the discovery 

of the hidden treasures of the universe through radio astronomy, the RFI challenge associated 

with this field needs to be addressed using innovative techniques. This thesis present one of 

such innovative solutions. The use of the interferometry technique allows radio astronomers to 

achieve high resolution images. At the same time, this increases the base line and consequently 

makes the telescope prone to RFI.    

2.1 Radio astronomy in Africa  

Africa, like any other continents, have embraced the subject of astronomy at radio frequencies. 

In the next section, we highlight some of the African countries that have welcomed the field of 

radio astronomy. In the same discussion, we will list some note-worthy astronomical research 

projects pursued by each of these countries. In section 2.1.2, we will take a closer look at the 

SKA South Africa (SKA-SA), an exciting astronomical research project that South Africa as 

country has embarked on.  

2.1.1 African countries undertaking astronomy research 

South Africa is one country that has embrace the study of the universe through radio astronomy. 

This is evident when looking at the number of radio astronomy research facilities available in 

the country. The Hartebeesthoek Radio Astronomy Observatory (HartRAO) is one of South 

Africa’s oldest radio astronomy facility, and it is estimated to be about 30 years old [10]. The 

country continues to make developments in radio astronomy related facilities with its current 

seven-dish MeerKAT precursor array (KAT-7) [11]. The 64-dish MeerKAT, part of the large 

SKA, is another exciting radio astronomy research facility in south Africa. Together with SKA, 

it will be used for transformational radio astronomy research. The baseline and the square size 

of this telescope is large. This ultimately means exposing this large array of telescopes to a vast 

majority of RFIs. The effect due to RFI becomes a serious concern. Therefore, the SKA 

telescope at large is of most interest as far as this thesis is concern. In south Africa for example, 

an enlarged area of approximately 135 000 ha was obtained [12]. It is understood that this area 

will be declared a protected area in order to mitigate the negative effects due to RFI. We seek 

to replicate these efforts by designing and establishing novel photonic 5G communication 

solutions that can coexist within the SKA telescope array without introducing any further RFI 

effects. Additionally, in the Karoo region, the Hydrogen Intensity and Real Time Analysis 

eXperiment (HIRAX) telescope will be established, co-existing with the SKA-SA site. This 

project is expected to have an important synergy with the 64-dish MeerKAT, thus experiencing 

the same type of RFI [13].                      

 Ghana is another example of an African partner country to the SKA. The country has been 
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mentored by South Africa over the past six years and will soon emerge as a leading partner in 

the field of radio astronomy. Ghana is expected to have a science-quality 32m dish converted 

from a redundant satellite communication antenna to a radio astronomy research facility. 

Initially, it will be fitted with 5 GHz and 6.7 GHz receivers to be followed later by a 1.4-1.7 

GHz receiver [14]. We notice that these are the same frequencies proposed for 4G and 5G 

communication systems [15]. This means that the radio telescope is expected to face serious 

RFI from 5G radio communication services if novel RFI mitigation solutions are not 

implemented. The telescope is being designed for use as a single dish observatory and for 

participation in the developing African Very Long Baseline Interferometry (VLBI) Network 

(AVN) and the European VLBI Network. Ghana is expected to host a remote station during a 

possible SKA Phase 2. The location of the country on 5 degree north of the Equator gives it 

the distinct advantage of viewing the entire plane of the Milky Way galaxy and nearly the 

whole sky. Evidently, the RFI effect due radio communication is expected to expand and will 

affect any partner country to the SKA. The novel RFI mitigations solutions presented by this 

thesis will thus benefit countries such as Ghana.               

 In 1992, Mauritius also appeared on the scene with its meter-wave Fourier Synthesis T-

shaped array, the Mauritius Radio Telescope (MRT) [16]. The radio telescope was designed to 

study the southern sky for point sources at 151.6 MHz in the declination of -70◦ to -10◦ and 

sensitivity of 200mJy [16]. The MRT survey produced a southern sky equivalent of the Sixth 

Cambridge Catalog (6C) of bright radio sources [17].          

 Different aspects have contributed to the accelerated development of radio astronomy in 

Africa. For example, more efficient and cheaper undersea fiber optic cables for 

telecommunication signal transport are already submerged in the Indian and Atlantic Ocean of 

the African continent. The KAT-7 [18] and the recent 64-dish MeerKAT all became successful 

astronomical projects. Due to all these factors, and with the decision that Africa would host a 

large part of the SKA, many redundant satellite communication antennas were converted to 

assets for radio astronomy research. Ghana has such an asset converted to radio astronomy 

observatory as can be seen in figure 2.1b below [19]. This was a redundant satellite 

communication antenna at its Kuntunse Intelsat Satellite Communication Earth Station.  

 In the mid-2000’s, Botswana, Ghana, Kenya, Madagascar, Mauritius, Mozambique, 

Namibia, and Zambia were all invited to partner with South Africa in its bid to host the SKA. 

This produced new motivation for countries on the continent to accelerate their efforts in 

embracing radio astronomy studies and research.              

 Figure 2.1a shows SKA’s footprint across Africa, showing how the continent is accelerating 

the study of radio astronomy research. Therefore, parallel research needs to be taken to support 

such developments by providing innovative solutions to potential challenges expected from 

such scientific developments. As the majority of the expected RFI will come from radio 

communication devices, the solution proposed in this thesis will facilitated a significant 

reduction in RFI to radio astronomers across the African continent. It will also give the 

regulation authorities across the African continent, the opportunity to embrace a full utilization 

of the already-scarce spectrum resource.    

2.1.2 The SKA-SA telescope array – The South African component of the SKA 

The SKA will be one of the telescopes probing the entire electromagnetic spectrum ranging 

from radio to gamma-rays and even beyond. It will be studying subterrestrial spectrums such 

as gravitational waves, cosmic rays, and neutrinos. The SKA project will be a radio telescope  
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Figure 2.1 SKA footprint across Africa (a) [20] and The Ghana’s Kuntunse 32m converted 

telecommunication antenna (b) [19].  

with an apertures above 1000 square meters [21]. With such a large aperture size, this telescope 

will be subjected to millions of people connected to different types of radio networks. As a 

result, it will have to deal with great RFI from people across the globe. The project was 

formulated from the very beginning by a team of international bodies, institution, and 

astronomers. After a thorough process, two sites, one in the Karoo region of central South 

Africa and the other in the state of Western Australia, were identified as suitable for most of 

the SKA's intended wavelength range. Fifteen funding agencies now regularly discuss SKA 

development and funding options [22]. The project timeline has the telescope operational 

below 10 GHz by 2022. Although the precise range of wavelengths has not yet been 

determined, the SKA will eventually produce images and other data over wavelengths from 

∼4.3 m (70 MHz) to ∼1 cm (30 GHz) [23], the same frequency of interest as far as 5G radio 

communication networks are concern. Innovative solutions are needed to be established to 

mitigate the anticipated challenges of realizing parallel developments these two important 

fields of science.                            

 The operational centre for the SKA-SA is being established on two farms that the 

government bought in the early 2000s. These are namely the KAT-7 that South Africa built as 

part of its bid to host the SKA and the 64-receptor array known as MeerKAT which is nearing 

completion [24]. In 2007 the South African parliament passed a legislation to advance and 

protect areas in which astronomy and related scientific projects of national strategic importance 

can be undertaken. Any activity which interferes in any other way with astronomy and related 

scientific project in those areas should be avoided. This includes activities which could cause 

radio frequency interference (RFI), the major threat to radio astronomy.        

 One of these issues is evidently RFI due to radio communication services. Regulation have 

tried to protect a few windows in the radio spectrum, but many applications now need to have  

(a) (b) 
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Table 1. Frequency bands which SKA-SA operates in 

 

Bands Frequency 

1 

2 

3 

50 – 850 MHz 

900 – 1670 MHz 

1750 – 3500 MHz 

access to parts of the spectrum within the reserved regions. The SKA spectral domain is given 

in table 1. Much of the frequency ranges in table 1 are shared with the communications 

industry, an industry that is critical to the modern society. The key point is therefore the 

definition of interference from the perspective of both the consumer and the astronomer. What 

an astronomer considers an interference the consumer considers it as a useful signal. We 

propose a novel photonic-assisted 5G communication system, aiming to introduce a new 

mutual definition of the term “interference” to both the astronomer and the radio consumer. 

Before such a solution is technically demonstrated, we deem it necessary to review some of the 

existing and proposed RFI mitigation techniques for astronomical areas such as the SKA-SA. 

It is important to note that the solutions to be review in section 2.2 are those intendent to avoid 

RFI due radio communication devices, the same RFI that this thesis seeks to address.      

2.2 RFI mitigation techniques for astronomical areas such as SKA-SA 

Every use of the radio frequency spectrum – broadcast radio and TV, cell phones 

communication, navigation satellites, as well as all the wireless control and monitoring 

systems, has the potential to affect radio astronomy observations. Cell phones and satellites 

communication contribute mostly to the RFIs that affect the astronomer. To that end, different 

RFI mitigation techniques to protect radio astronomy from cell phones and satellites 

communication have been proposed in recent years. RFI mitigation is a well-established 

research topic in other areas [25], but it is relatively recent in radio astronomy. This section 

presents a review on recent developments in RFI mitigation strategies for the radio astronomer. 

The review focuses on strong local RFI that is not coherent over the telescope array. This type 

of RFI plays a damaging role because telescope antennas subject to a local RFI have a high 

system noise, which ultimately reduces the signal-to-noise ratio of astronomical data. This is 

likely to be the case in modern telescope arrays like the SKA. The SKA is expected to extend 

over large baseline distances where the RFI is likely to be local to a subset of the array's 

antennas or local to just a single antenna within the array.  

2.2.1 Proactive Mitigation Strategies 

2.2.1.1 Regulations 

Proactive strategies provide the best defense of all, keeping the spectrum clean by removing 

the sources of RFI. One of such strategies is regulation. Through the International 

Telecommunication Union (ITU-R), the international community has made a great effort to 

balance the need of the community for wireless communication service with the interest of the 

radio astronomers through the allocation of reserved spectral bands. The ITU-R 

Recommendation ITU-R RA-769 [26] outlines the protection criteria and defines the harmful 

limits. The CRAF Handbook for Radio Astronomy [27] and the ITU Handbook on Radio 

Astronomy [28] provides a good discussion.             

 Regulations as an RFI mitigation solution probably offers the easiest way to protect 
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astronomers from RFI but have some note-worthy disadvantages. The obvious disadvantage is 

the static assignment of spectrum resource to a single application, avoiding other applications 

from accessing the same spectrum. In [29], the authors proposed a policy where regulations 

can put in place a solution which allow astronomers to occupy a certain spectral band for given 

period of time, leaving the spectrum open to different applications when the observation time 

has collapsed. Our proposed solution seeks to support this conveniency by allowing mobile 

radio communication systems have access to the same spectrum resources when the astronomer 

is not observing at that particular frequency. This remove the inconveniency of static spectrum 

assignment as it is currently being done by different international regulatory bodies.     

2.2.1.2 Radio Quiet Zones 

The second proactive strategy is the creation of radio astronomy sites free of any RFI sources. 

This is made possible through a number of ways. Firstly, natural topographies can be used for 

protection of astronomical activities against any RFI. For example, the National Radio 

Astronomy Observatory (NRAO) Green Bank Observatory is in a shielded valley in West 

Virginia, USA [30]. The Dominion Radio Astrophysical Observatory (DRAO) Penticton 

observatory is also in a protected valley in British Columbia, Canada [30]. Radio quite zones 

can also be realized through some national licensing authorities, those who have the power to 

declare “Radio Quiet Zones” around specific observatories. The South African government has 

taken similar steps to protect the Karoo region by declaring it a radio quite zone [31]. Australian 

government has also implemented the same solution to protect the radio astronomy park set up 

by the state government of Western Australia [32].              

 The radio quite zone RFI mitigation strategy has several disadvantages. Firstly, to create 

such radio quiet zones, the existing community have to be migrated far away from the identified 

sites. This causes many inconveniences as many tend to lose their ancestral land and culture. 

Secondly, existing radio communication infrastructures have to be removed completely, 

resulting in a loss of capital, revenue, and employment. Additionally, this strategy can provide 

no protection from satellite downlinks, nor from airborne radar systems. The solution proposed 

and presented in this thesis seeks to address these challenges. For example, when a new 

astronomical site is identified where some communication systems already exist, the radio 

astronomer can coexist with the existing radio infrastructures as these systems does not offer 

any RFI threat to the astronomer. The community does not have to move from their lands for 

reason of having mobile radio devices. Ultimately, the country experiences a true parallel 

development in both astronomy and telco services.   

2.2.1.3 The observatory community 

Some authors [33] have pointed out that observatories themselves could be the cause for a 

significant fraction of RFI. These local RFI sources include modem computers and high-speed 

electronics within the observatory receiver systems. Solutions to this include eternal vigilance 

and serious monitoring of all new equipment for sound design and RFI-containment practices 

[33]. The main control complex could be designed to have extensive RFI shielding. For 

example, the Karoo Array Processor Building (KAPB) that hosts the storage and computing 

for the radio instrumentation and the correlator for the KAT-7 and MeerKAT arrays is designed 

with high RFI-attenuation capabilities [34]. Furthermore, visitors accessing the site could be 

screen of any potential RF sources within their possession. This is also the case when visiting 

the Hartebeesthoek of South Africa, the oldest observatory in the country.       

 Similar to the radio quite zone mitigation strategy, restricting radio devices, especially 
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mobile cellphones could be a cause for serious inconveniences. This is especially true in this 

era where astronomers need to have their mobile internet handy for reasons such as personal 

research and developments. In this thesis, we have proposed a novel photonic solution to 

mitigate inherent RFI due to mobile radio devices. This thesis seeks to bridge the gap by 

innovatively designing intelligent radio communication system that does not possess any 

danger to radio astronomy research. The photonic part of the solution also addresses the natural 

RFIs due to electronic systems and accelerate the idea of coexistence [35].   

2.2.2 Reactive Mitigation Strategies  

With these mitigation strategies, the assumption governing the receiver's response is that it is 

linear. This puts a requirement on the receiver designers to provide adequate reserve against 

overloading with excessive power that can drive the electronics into nonlinearity [36-38]. 

When the receiver is driven into nonlinearity, high-order harmonics are generated which can 

cause serious ambient RFI to the radio astronomer. This will render the design solution 

ineffective.  

2.2.2.1 RFI Blanking in Time or Frequency  

Modern digital signal processing makes it possible to perform quite sophisticated blanking. 

The incoming data stream can be processed in blocks of samples to derive the noise 

characteristics. The blanking window can also be tailored to remove low-level RFI on bursts 

of RFI [39-40]. Blanking can be applied in a radio telescope arrays. However, there is a 

possibility of identifying the RFI that is coherent between antennas. This makes it necessary to 

refine the process of identifying the RFI. An impressive RFI mitigation tool on the Westerbork 

Array was described [41]. The effectiveness of this process was achieved by setting the 

interference-to-noise ratio to an extend where the RFI dominated the system noise. Low-level 

RFI do not possess a serious issue. In some experiments, it was required that long integrations 

time was needed in order to detect weak objects. These weak objects only showed up at the 

end of the setup or the integration time. The post-correlation technique was proposed in [42] 

to address this long integration time needed to monitor these weak RFIs.    

2.2.2.2 The Adaptive Filter 

The canonical adaptive filter [43] was introduced to the radio-astronomical community as a 

powerful tool for removing RFI in 1998. To date the design of the filter has improved. In a 

recent paper [44], the filter was designed by developing a real-time, digital adaptive filter 

implemented on a Field Programmable Gate Array (FPGA) capable of processing 4096 spectral 

channels in a 1 GHz of instantaneous bandwidth. The filter was able to cancel a broad range of 

interference signals and quickly adapted to changes on the RFI source. This minimized the data 

loss without any assumption on the astronomical or interfering signal properties. The correction 

speed was measured to be 208.1 μs for a broadband noise-like RFI signal and 125.5 μs for a 

multiple-carrier RFI signal. In chapter 9, we developed a RFI mitigation system that adapt to 

the observing spectrum. The response time was recorded to be approximately 3 μs.    

 In some cases, it is not avoidable to blank the receiving system when the RFI exceeds a 

given threshold. The outcome will not be as good as in the RFI-free case. This is because there 

could be a reduction in signal-to-noise ratio, and possibly a reduction in the imaging fidelity. 

Other techniques make the science goals achievable. In some of these techniques, this is 

achieved by designing a system that does not have to rely on the signal-to-noise ratio [45]. 

  



10 
 

2.2.2.3 RFI Excision 

A powerful set of cancellation schemes is available if the RFI signal can be identified. The 

identification key for the RFI could be its location, its power, its trajectory, its statistical 

properties, or its detailed properties. A number of successful RFI excision strategies operate 

within its physical implementation. This means the strategy identifies the potential RFI source, 

performs an automated task to mitigate the potential risk. The potential reduction in computer 

processing power using the pre-correlation scheme, when compared to mitigation strategies 

such as those operating on raw data streams (post-correlation), makes these strategies attractive 

options. In addition, they extend the effectiveness of their RFI mitigation to much lower ranges 

of interference-to-noise ratio systems [46]. In chapter 9, we will demonstrate how a novel RFI 

excision strategy can be adopted to realize mobile communication in astronomy areas. A novel 

RFI cancellation scheme that automatically detect and correct for interference will be 

demonstrated based on a simple photonic RF transmitter technique. This was made possible by 

designing a radio access network (RAN) that have a photonic RF system as its transmitter. The 

following sections will review different mobile communication RANs. The review is necessary 

to guide the reader toward the choice of RAN implemented in this thesis that can coexist within 

radio astronomy areas without the consequences of RFI.    
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Chapter 3: Mobile Communication RAN Systems 

In chapter 2, we have discussed how radio astronomy research is expanding across the African 

continent. We have also identified that RFI due to mobile communication devices will 

negatively affect the progress in radio astronomy research. We reviewed some of the proposed 

solutions to mitigate RFI from radio communication systems. We established that the present 

solutions are rather unscalable and ineffective to support future developments where networks 

will be converged and the spectrum resource will be shared among different applications.   

 In this thesis, we propose an RFI mitigation solution by designing a wireless communication 

network which is flexible and able to coexist within radio astronomy areas without introducing 

RFI. Our solution is unique because at the moment, radio communication networks do not exist 

within radio astronomy observatory areas. Our solution will also support network convergence 

and spectrum sharing.                        

 In order to propose a radio communication system that can coexist within radio astronomy 

borders, it is necessary to review past and existing radio communication technologies. Many 

radio communication systems were proposed in the 1990s [47]. In the following sections, we 

will briefly review the evolution of radio communication systems. This review will focus on 

radio access network (RAN) architectures for each generation. This is necessary to identify a 

RAN architectures that can be integrated into radio astronomy areas. Criteria such as RAN 

flexibility, RAN scalability, data transmission speed, and their associated systems and 

subsystems will be used to motivate the RAN of choice proposed in this thesis.   

3.1 The third-generation mobile networks  

We start our review with the third generation (3G) of mobile communication networks. 3G is 

the upgrade for 2.5G General Packet Radio Service (GPRS) [48] and 2.75G Enhanced Data 

Rates for The Global System for Mobile Communications GSM Evolution (EDGE) mobile 

networks [49]. It was proposed for faster data transfer. Later 3G releases 3.5G and 3.75G 

provided mobile broadband access of several Mbit/s to smartphones and modems in laptop 

computers. This allowed these standards to be applied to wireless voice telephony, mobile 

internet access, fixed-wireless internet access, video calls, and mobile TV technologies. This 

makes 3G a potential candidate to be integrated within radio astronomy areas. For this network 

to be integrated within radio astronomy areas however, the RAN scalability, network speed, 

and other important criteria should outperform latest generations such as the fourth generation 

(4G) and fifth generation (5G) mobile networks. We take a review on RAN architecture for 3G 

networks and discuss it potential for integration within radio astronomy facilities.  

3.1.1 RAN architecture for 3G mobile networks  

In order to meet the traffic demand, to build cost-efficient networks, and to provide enhanced 

quality of service (QoS) to the end user, numerous RAN architectures and technologies have 

been proposed for radio communication networks of each generation. Figure 3.1 shows a RAN 

architecture for 3G radio communication network. The 3G RAN is also known as the Universal 

Mobile Telecommunications System (UMTS) Terrestrial RAN (UTRAN). The UTRAN is 

built up on the previously existing 2G standard. It is therefore strongly influenced by this RAN 

architectures.  
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Figure 3.1 The UTRAN architecture for 3G RAN [50]. 

As illustrated in figure 3.1, the UTRAN consists of one or more Radio Network Subsystems 

(RNSs), each having at least one Radio Network Controller (RNC) and a number of base 

stations [50,51]. The RNC communicates with Node B and the core network (CN) over two 

transmission links known as the Iub interface and the Iu interface, respectively. There are two 

types of Iu interfaces: one for circuit-switching core networks (CNs) and the other for packet-

switching CNs. The base station and air interface in the UTRAN are called Node B and Uu, 

respectively.                         

 UTRAN uses Wideband Code Division Multiple Access (WCDMA), which is based on 

Direct Sequence Spread Spectrum (DSSS) and Code Division Multiple Access (CDMA) [52]. 

Both WCDMA and CDMA are used in 3G networks in order to achieve higher speed and 

support more simultaneous user links. What is attractive about the CDMA aspect of UTRAN 

is the fact that a single frequency is used for each base station. If this RAN is to be implemented 

for radio communication in astronomical areas, it will be relatively easy to control a number 

of base station from a central station as they both use the same radio transmitter. This is in 

contrast with the Time Division Multiple Access (TDMA) and the Frequency Division 

Multiple Access (FDMA) technologies which were previously adopted for 2G systems.  

 The RNC is the central element of the UTRAN, which is responsible for mobility 

management of user equipment (UE) and Radio Resource Management (RRM) of all attached 

cells. Moreover, the RNC is also responsible for the setup, release, and maintenance of Radio 

Barriers (RBs) [53]. With the RNC controlling a number of base stations, it is easy to manage 

network resources from a central point. The RFI mitigation algorithm is also simplified and 

centralized. The control algorithm can be extended to all other connected base stations without 

designing a different solution for each subsystem. This makes the 3G RAN scalable. For 

example, when government wants to extend the radio observatory area. They might occupy 

new areas with existing base stations. Instead of designing a different control system for the 

new radio astronomy area, the same control circuits from the previous RNC can be used to 

mitigate RFI at the new radio astronomy site. Spectrum efficiency is also improved when using 

the CDMA because all the BSs are using the same RF carrier frequency.      

 The most common 3G standards are the universal mobile telecommunications service 

(UMTS), standardized by the 3rd Generation Partnership Project (3GPP) [54]. UMTS 

standards are used mostly in Africa and other regions predominated by infrastructure used by 
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GSM of the second generation (2G) [54]. It will therefore be economical to use existing 2G 

resources and expertise to integrate the existing 3G RAN infrastructures within radio 

astronomy areas.                         

 However, we notice that the use of a single frequency to support a number of base stations 

could make the integration of 3G RAN architecture within radio astronomy areas difficult. The 

reason is that in the case of RFI at a certain radio astronomy observatory area. Shifting the 3G 

radio carrier frequency will result into a shift in the radio spectrum for all the base stations 

connected to that RNC. An RFI affecting only one particular local point will be interpreted as 

affecting the entire radio network (RN). This can be a source for inconvenience.     

 Another drawback for the 3G RAN architecture is that they are mostly designed using legacy 

electronic RF transmitters. Even if an electronic 3G RAN can be designed with some 

intelligence to control RFI due to the RF carrier frequency, the constituting electronic devices 

of the RF transmitter system can cause ambient RFIs which could be very difficult to control. 

This will initiate other control mechanism for these weak electronic signals, ultimately making 

the RAN costly and bulky. In our proposed design, we used photonic systems to avoid these 

challenges.      

3.1.2 Data transmission performance for 3G 

To meet the International Mobile Telecommunication 2000 (IMT-2000) standards, a 3G 

system is required to provide peak data rates of at least 200 kb/s [55]. However, many 3G 

systems are designed to offer higher data rates than the minimum technically required for a 3G 

service. In particular, 3.5G and 3.75G releases provide mobile broadband access of several 

Mb/s to smartphones and laptop mobile modems [56]. Depending on the capacity and the 

population of people surrounding the radio astronomy area, this data rate can be reasonable to 

be implemented within radio astronomy areas. Of course, with the current demand for high 

bandwidth, the end user is expected to have some degree of bandwidth inefficiency. However, 

it is worth remembering that this will be the first step toward realizing radio communication 

services within radio astronomy areas. Therefore, it is expected that the 3G network bandwidth 

will be acceptable to the radio astronomer.                 

 The 3G RAN can support data rates up to 2 Mb/s for stationary/walking users and 348 kb/s 

for moving vehicles [57]. The high-speed packet access (HSPA) technology specifications, 

representing an intermediate phase toward the fourth generation (4G), initially supported an 

increased peak data rates of up to 14 Mb/s in the downlink and 5.76 Mb/s  in the uplink [57]. 

The predecessors for 4G technology are 3GPP Long Term Evolution (LTE) offering 100 Mbit/s 

in the downlink and 50 Mbit/s in the uplink over 20 MHz carrier frequency in the radio access 

network [57]. The 20 MHz RF carrier frequency used in LTE are within the SKA spectrum 

given in table 1. Thus, the 3G RAN architecture could be a feasible solution to be designed 

within radio astronomy areas as far as the network speed is concerned. Before that, it will be 

reasonable to look at other RAN technologies after them. In the next section, we review the 

RAN architecture and the data transmission performance for 4G networks.  

3.2 The fourth-generation mobile networks  

The fourth generation (4G) of broadband cellular networks is the technologys succeeding 3G. 

A 4G system must provide capabilities defined by ITU in IMT Advanced [58]. These 

requirements include coverage, data rates, allowable error rates, and delay [58]. Potential and 

current applications include amended mobile web access, IP telephony, gaming services, high-

definition mobile TV, video conferencing, and 3D television. These applications will be needed 
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within radio astronomy as they continue to contribute toward personal and organizational 

developments. The 4G network is commercialized upon the first two standards.    

 The first is called the long-term evolution (LTE) standard. It was commercially deployed in 

countries such as Sweden in 2009. In telecommunications, LTE is a standard for wireless 

broadband communication for mobile devices and data terminals. The standard is based on the 

GSM/EDGE and UMTS/HSPA technologies. It increases the capacity and speed using a 

different radio interface together with core network improvements. To date, the LTE standard 

has since been deployed throughout most parts of the world, including Africa. As a matter of 

fact, the study in [59] showed that 97% of the African society is supported by 4G LTE network 

infrastructure. Most of the RFI which will be experienced by the African radio astronomers 

can therefore be assumed to come from the LTE radio communication infrastructures. Few of 

these networks can be re-engineered to novel radio communication systems which can 

automatically avoid RFI to radio astronomers. The work demonstrated in this thesis is a 

commitment toward that era.                     

 The second standard is called the mobile Worldwide Interoperability for Microwave Access 

(WiMAX) standard [60] which was commercially deployed in South Korea in 2006 and has 

since been deployed in most parts of the world. Even though the mobile WiMAX standard 

exists within some part of  Africa, they are rather very uncommon and does not possess a great 

risk of RFI to radio astronomy research.                      

3.2.1 RAN architecture for 4G mobile networks  

The RAN architecture for 4G radio communication networks is based on the Evolved UTRAN 

(E-UTRAN). It was standardized together with the LTE in Rel. 8 and Rel. 9 [61,62]. Compared 

with the base station subsystem (BSS) and UTRAN for 2G RAN and 3G RAN, respectively, 

the E-UTRAN have no centralized controller but only base stations which are called eNodeB, 

as illustrated in figure 3.2 [61]. The eNodeBs are interconnected with each other through X2 

interface, and to the Evolved Packet Core (EPC) through S1 interface. Additionally, every 

eNodeB is connected to the Mobility Management Entity (MME) and the Serving Gateway (S-

GW) through S1-MME and S1-U interfaces, respectively. The interface that connects eNodeB 

with the UEs is known as LTE-Uu [63].                 

 Unlike previous RANs, the E-UTRAN for the 4G RAN integrates all functions including 

radio resource management (RRM), header comparison, security, etc., into the eNodeBs, which 

leads to a reduced latency and an improved efficiency [64]. We also notice the difference of 

4G RAN with the 3G RAN architecture. While the RNC in 3G RAN acts as the main system 

and controls a number of base stations in a centralized manner, the 4G RAN empowers each 

base station to act as a single and independent entity called the eNodeB. This empowerment of 

the base station comes with some advantages. When the base station is design to control its 

own network resources, it can then be redesigned to mitigate RFI independently of the other 

base stations outside the radio astronomical areas. This means that when RFI occurs which is 

local to a specific base station, the other base stations do not have to change their RF carrier 

frequency. This is because they are completely independent from the base station experiencing 

RFI. Only the base station with RFI can act to mitigate the effects.         

 The disadvantage of the 4G RAN is that it is not scalable. Since the base stations are 

independent from each other, integrating them into new radio astronomy areas will require the 

design of new base stations for each location. Each base station will require its own RFI 

mitigation system. This can be costly.                   
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Figure 3.2 The E-UTRAN architecture for 4G RAN [61]. 

In the 4G RAN, multiple enhanced packet core (EPC nodes), i.e., MME/S-GW in figure 3.2 

supports a single eNodeB through the S1 interface. This scheme allows load sharing and 

eliminates the risk of single-point failure for the EPC nodes. This could be a good reason to 

select 4G RAN over 3G RAN when using them within radio astronomy areas. Similar to the 

3G RAN, the 4G RAN is also build using electronic devices. Even if the current 4G RAN can 

be re-design with the intelligence for mitigating RFI at their operational frequency, the 

constituting electronic devices of the transmitter system can cause ambient RFIs which could 

be very difficult to control. This will initiate other control mechanism for these weak electronic 

signals, ultimately making the RAN costly and bulky.      

3.2.2 Data transmission performance requirements for 4G 

4G radio communication technologies provide a comprehensive and secure all-IP-based 

solution. ITU-R specified in March 2008 the set of requirements for 4G standards and IMT-

Advanced specification [65]. The peak speed requirements for 4G service are 100 Mbit/s for 

high-mobility communication links (such as from trains and cars) [65]. The data rate is 1 Gbit/s 

for low-mobility communication links (such as pedestrians and stationary users) [65]. The LTE 

Advanced is essentially an enhancement to LTE. The LTE advanced comes with the 

coordinated multipoint transmission that allows for higher system capacity and helps handling 

the enhanced data speeds. The peak download data rate is 1 Gb/s, while the peak upload data 

rate is 500 Mb/s [65]. On the other hand, the IEEE 802.16m represents the evolution of 802.16e 

offering 1 Gb/s data rate for stationary reception and 100 Mb/s for mobile reception. Together 

with the advantages for the 4G RAN discussed above, the data rates for this radio 

communication technology makes it an attractive solution for integration within radio 

astronomy areas. Principal 4G technologies can be summarized as follows: 

(i) Multi-antenna and multiuser concept. 

(ii) Frequency-domain equalization and frequency-domain statistical multiplexing. 

(iii) Turbo codes are used as channel codes to reduce the required signal to noise ratio 

(SNR) at receiver side.  

(iv) Channel-dependent scheduling is used to utilize the time-varying channel.  

(v) Link adaptation is used based on adaptive modulation and error-correcting codes.  

(vi) Relaying is used including fixed relay networks and the cooperative relaying 

concept.                         
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3.3 State of the art 3G/4G RAN architecture 

The 3G RAN and 4G RAN discussed above have both been improved into a new configuration 

[66]. In this new RAN, the radio and signal processing units of the UTRAN and the E-UTRAN 

are separated from each other. This new RAN architecture is shown in figure 3.3 and is called 

the distributed RAN (D-RAN). In fact, the 5G RAN to be discussed next is a slight 

improvement to the D-RAN. In D-RAN, the radio unit is set close to the 3G/4G macro-BS. It 

is called the Remote Radio Head (RRH) or Remote Radio Unit. The baseband signal processing 

unit is located in a convenient and easily accessible location. It is called the Baseband Unit 

(BBU) or the Data Unit (DU). The BBU dynamically allocates network resources to its 

corresponding RRHs with respect to the network requirements [66]. The D-RAN on figure 3.3 

is attractive for deployment in radio astronomy areas. This is because it retains the advantages 

of 3G RANs discussed in section 3.1.1. It also improves both the 3G and 4G RANs in many 

ways. For example, each RRH is interconnected to its corresponding BBU through a transport 

network known as the Common Protocol Radio Interface (CPRI). This new development 

allows the transmission of In-phase and Quadrature (IQ) radio frequency (RF) signal as well 

as baseband digital signals. Both optical fiber and microwave can be deployed for the link 

between RRH and BBU, which is called the fronthaul. The use of optical fiber allows these 

newly developed RANs to be converted into photonic systems. Photonic systems will eliminate 

the inherent RFI noise from electronic transmitters. According to [67], the distance between 

BBU and RRH can reach up to 40 km, which leads to processing and propagation delays. A 

white-paper published by EXPO suggests that the length of optical fiber connecting RRH and 

BBU should be limited to 15-25 km [68], which is therefore the recommended length limit of 

fronthaul links. The use of optical fibers will also allow these RANs to be more flexible and 

facilitate for high data transmission. To the best of our knowledge, the D-RAN is one of the 

efficient RAN solutions for realizing radio communication services within a radio astronomy 

facilities.                         

 

Figure 3.3 New D-RAN architecture for 3G/4G, where RRHs and BBUs are separated, 

however, every RRH is connected to its own dedicated BBU through fronthaul [66]. 
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The inherent capability for each BBU to control its own RRH means that a solution can be 

implemented within that BBU for RFI mitigation independently without affecting any other 

RRHs outside the radio astronomy facility. The use of optical fibers as fronthaul links allow 

for high-speed data transmission. Nevertheless, the D-RAN for 4G/3G is neither scalable, nor 

efficient enough to deliver the high bandwidth, low latency and cost-efficient services expected 

by 5G mobile applications. The fifth generation (5G) RAN offers an exciting opportunity to be 

implemented within radio astronomy areas. It will be discussed in the following sections.  

3.4 The fifth-generation mobile networks    

The fifth-generation (5G) of radio communication networks have been deployed by mobile 

network operators worldwide since 2015 [69]. It is the planned successor to the 4G networks 

which is widely deployed network to date. 5G radio communication networks are expected to 

support more than 1.7 billion subscribers worldwide by 2025, according to [70]. To the 

astronomer, this is a very serious concern for RFI, unless innovative measures are taken to 

mitigate such interferences. The RFI mitigation techniques discussed in chapter 2 will not be 

able to protect the astronomers from 5G-related interferences. This is because 5G networks 

will support spectrum-hungry applications, forcing these radio communication networks to 

share spectrum with other telco and big data science projects such as radio astronomy. This 

thesis proposes a novel solution to solve this challenge. We propose a photonic 5G RAN which 

is flexible enough to coexist within radio astronomy areas. Our proposed RAN is photonic and 

is designed to share spectrum with radio astronomy observatories in order to support the 

spectrum efficiency required by these 5G services. We propose a centralized RAN architecture. 

Contrary to the latest RAN for 3G and 4G discussed in section 3.3, our proposed RAN groups 

all the BBUs into a centralized and cloudified BBU pool.   

3.4.1 Centralized RAN architecture for 5G mobile networks 

As the amount of user-data continues to increase due to various QoS requirements, network 

operators are forced to fulfill these requirements through centralization and cloudification of 

the D-RAN architecture, either by centralizing only the BBUs or the BBUs and their 

corresponding RRHs. This new centralized and cloudified RAN, where network resources are 

pooled in a centralized BBU pool, is known as centralized RAN (C-RAN) [71,72]. C-RAN 

was first proposed by IBM using the name Wireless Network Cloud (WNC) [73]. A detailed 

review in [74] showed the viability of C-RAN. This includes the integration of advanced 

technologies such as common public radio interface compression, single fiber bidirectional, 

and wavelength-division multiplexing. As given in figure 3.4, the main basic concept behind 

C-RAN is to remove all BBUs from their corresponding RRHs, and to pool them into a 

centralized, cloudified, shared, and virtualized BBU pool [75]. Each RRH is then connected 

through a fronthaul link to this centralized BBU pool. Each BBU pool is able to support up to 

tens of RRHs and connected through a backhaul link with the core network. To the best of our 

knowledge, C-RAN is an excellent RAN solution for realizing mobile communication services 

within radio astronomy borders. The C-RAN will be scalable, and efficient enough to deliver 

the high bandwidth, low latency and cost-efficient services expected by 5G mobile 

applications. The C-RAN architecture decreases the capital expenditure (CAPEX) and 

operational expenditure (OPEX) of mobile network operators (MNO). It will reduce the energy 

consumption, increases the network scalability, and simplify RFI management and 

maintenance. The centralization aims to optimize network control performance, improves the 

spectral efficiency, and decrease energy consumption. 
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Figure 3.4 The C-RAN architecture, where RRHs and BBU are separated, however, all RRHs 

are connected to a shared and centralized baseband processing unit in a virtualized BBU pool 

through fronthaul [75] 

The C-RAN can be divided into two subcategories, depending on the splitting of functions 

between RRH and BBU. The two categories are Fully-Centralized C-RAN and Partially-

Centralized C-RAN. In a fully-centralized C-RAN, all functions related to layer 1, layer 2, and 

layer 3 are all located in the BBU. In this architecture, the RRH remains only a passive unit, 

having only the antenna to radiate the wireless radio signal. Both fully and partially centralized 

C-RANs are discussed at detail in [76]. To our knowledge, a fully centralized C-RAN brings 

advantage to 5G mobile network for expansion into radio astronomy areas as they can support 

multi-standard operation, independent of the air interface [77].           

 Both fully- and partially-centralized RANs have been studied and developed from the 

perspective of 5G radio communication networks. The deployment of both or either of them 

depends on the radio network characteristics. For example, if the service provider is willing to 

expand their network coverage or split the cell in order to improve the capacity, it will be easy 

to deploy new RRHs in the fully-centralized RAN. This can be done by connecting the newly 

deployed RRHs with the BBU pool. On the contrary, if the service provider notices an increase 

in the network load, it will only be required to upgrade the hardware in the BBU pool of a 

partially-centralized RAN so as to increase the processing capacity without investing on the 

upgrading of the RRH.                         

 In this thesis, we propose a fully centralized C-RAN based on photonics technologies. A 

typical configuration of a photonic and fully centralized C-RAN is given in figure 3.5. Similar 

to the fully-centralized RAN in figure 3.4, our proposed RAN also have all its functions 

integrated into the BBU pool. In our proposed design, this is defined as the central office (please 

see figure 3.5). Using this network configuration, it is possible to avoid RFI to the astronomer 

by controlling the photonic RF transmitter without affecting any other 5G radio communication 

networks connected to a different central office. The C-RAN of this thesis is also scalable as it 

centralizes all the network function into the central office. Our proposed C-RAN supports the 

current trends for 5G networks where photonic techniques are being used to facilitate the 

generation of high-frequency RF carriers in the mmW range.  
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Figure 3.5 A fully-centralized photonics C-RAN [77] 

The mmW range proposed for 5G radio communication networks is necessary to support the 

high data rates expected from 5G radio access networks. These high frequency signals are 

difficult to generate electronically. In the next section, we look at the data transmission 

performance requirements expected for 5G radio access networks. Our proposed C-RAN is 

also expected to meet these requirements. In chapters 5, 7, 8, we will numerically and 

experimentally demonstrate how our proposed 5G C-RAN meets the data transmission 

requirements.  

3.4.2 Data transmission performance requirements for 5G  

The main advantage for 5G radio communication networks is that they will have a greater 

wireless bandwidth, giving higher download speeds, approximately up to 10 Gbit/s [78]. The 

increase in speed will be enabled by using additional higher-frequency radio waves in addition 

to the low and medium band frequencies used in 3G and 4G networks.        

 A 5G radio communication network will be an Ultra-Dense Heterogeneous Network, 

consisting up to three different types of cells [79]. Each cell will require specific antenna 

designs and will provide tradeoff between download speed, distance, and service area. Mid-

band 5G will operates at microwaves frequencies (2.5–3.7 GHz). These frequencies allow 

speeds up to 100–900 Mbit/s and provide service up to several kilometers in radius. 5G 

networks operating at microwave frequencies are the most anticipated to be deployed in many 

African countries by 2023. We notice immediately that these are the same frequencies under 

which the SKA telescope will operates as given in table 1. On the positive side, this means that 

a single cell tower will be able to provide 5G radio communication services to different radio 

astronomy areas. This will save both implementation and maintenance costs. It will also means 

subjecting the radio astronomer to less radio base stations, consequently less RFI. On the 

negative side however, this will also mean that the present spectrum under which the SKA 

operates will be subjected to a greater 5G radio communication interferences. Hence the need 

to develop novel solutions to mitigate these effects.               

 5G speeds will range from about 50 Mb/s to over 1 Gb/s. The fastest 5G speeds would be 

realized in the mmWave bands and is expected to reach > 20 Gb/s using carrier aggregation 

and multiple-input and multiple-output (MIMO) technology [80]. Sub-6 GHz 5G band (mid-

band 5G) is by far the most common. This band is expected to deliver between 100 and 4400 

Mb/s, and have a longer reach than mmWave, especially in outdoors [81]. The Low-band 

spectrum offers the greatest range, thereby a greater coverage area for a given site. Its speeds 

however are lower than the mid and high bands. The full 5G networks are expected to fulfill 

the following Next Generation Mobile Networks Alliance requirements [82,83]:  
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(i)  Supporting tens of thousands of users with data rates of tens of Mb/s. 

(ii)  For metropolitan areas data rates of 100 Mb/s should be supported. 

(iii) The workers located on the same floor should get 1 Gb/s simultaneously. 

(iv)  For wireless sensors networks, we should be able to establish several hundreds of 

thousands of simultaneous connections. 

(v)  Significantly higher spectral efficiency compared to 4G. 

(vi)  The coverage must be improved significantly. 

(vii)  Latency must be reduced significantly compared to LTE. 

(viii)  The signalling efficiency must be improved.  

At high frequencies, data rates in 5G radio communication networks will certainly be limited 

by propagation conditions such as multi-path etc. [81]. The primary constraining factor 

however is the terminal transmitter power, which increases linearly with the bandwidth. This 

implies that to cover a large area at high data rates, dense infrastructures need to be deployed. 

This will cause an increase in the number of terminal transmitters. When multiple radio 

transmitter terminals are used within the same spectrum means, the radio link will be subjected 

to internal interferences from other RATs, possibly in an uncoordinated manner. Reliably 

estimating, for instance, the carrier to interference ratio (C/I) as a basis for RRM decisions will 

considerably be more difficult. In chapter 9 of this thesis, we will propose a simple and cost 

effective RRM algorithm for future 5G C-RAN operating at high frequency signals. This will 

include mechanisms for dynamically reallocating and/or sharing the spectrum between 

astronomers and radio access terminals (RATs).  
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Chapter 4: Photonics-assisted 5G C-RAN 

This thesis proposes, for the first time, the use of photonic-assisted 5G C-RANs to realize 5G 

radio communication networks within astronomy areas. However, the design of photonic-

assisted 5G C-RANs for general 5G radio communication started about two decades ago and 

continues to be studied to date. For example, researchers have been proposing the use of 

photonic-assisted RF transmitters to be used in 5G C-RANs for generation of higher frequency 

RF carriers to realize the eMBB requirement [84-86]. High frequency RF carriers will be very 

challenging to generate using electronic means.                  

 In this chapter, we will review some latest developments in the design of photonic-assisted 

5G C-RAN architectures. The main component of a photonic 5G C-RAN is the photonic RF 

transmitter. When designing a photonic 5G C-RAN to coexist within radio astronomy areas 

without causing RFI, the flexibility at the photonic RF transmitter plays a major role. These 

photonic RF transmitters are designed using lasers. Different laser types have been proposed 

to implement photonic RF transmitters. In the following sections, we will discuss some of these 

laser technologies. Section 4.2 will review some of the latest photonic RF transmitter 

configurations proposed for application in 5G C-RANs. Section 4.3 will study the flexibility 

of photonic RF transmitters to enable them for RFI mitigation in photonic 5G C-RAN.   

4.1 Lasers for photonic-assisted 5G C-RAN 

Millimeter-wave signals for 5G C-RANs are generated using commercially available single-

and dual-frequency laser sources. We will review some of these lasers in the following sections. 

For each laser type, we will discuss its design, advantage, and disadvantages.  

4.1.1 Fabry Perot Lasers  

The simplest laser technology is the Fabry-Perot light source [87]. The typical configuration 

of Fabry Perot laser is shown in figure 4.1. In this laser technology, there are two broad-band 

reflectors (mirrors) at the two ends of the lasing optical cavity. The light resonates between 

these two mirrors and forms the dominant mode of the laser device [88]. The back reflector is 

generally having a higher reflectivity while the front mirror has lower reflectivity. The light 

that escapes at the front mirror forms the output of the laser device. Due to the broadband nature 

of the mirrors, the laser normally supports multiple longitudinal modes or standing waves at 

the same time. This causes the spectrum to be broad and unstable. At the optical communication 

wavelengths between 1.55 um and 1.3 um, over unspecified temperatures, it was noted in [188] 

that the peak gain typically moves about 0.4 nm to the longer wavelengths as the temperature 

increases, and the longitudinal modes shift about 0.1 nm to the longer wavelengths. With this 

type of wavelength shifting, the photonic RF transmitter designed using these lasers will 

becomes unstable. For example, when applying this laser type in radio astronomy for photonic 

5G communication systems while avoiding RFI, the photonic RF transmitter cannot stay at the 

intended RF frequency. The RF spectrum will shift rapidly across the observing spectrum, 

causing even more RFI to the astronomer.                 

 In Fabry Perrot lasers, frequency or wavelength tuning is realized by varying the distance 

between the two mirrors. With this frequency tuning mechanism, it will be difficult to apply 

this laser in the design of flexible RF transmitter for application in radio astronomy areas. This 

is because when RFI occurs, the mirrors have to be shifted mechanically in order to generate a 

new RF frequency at which the 5G C-RAN can now operate. Ultimately, this will make the  



22 
 

 

Figure 4.1 A typical configuration of Fabry Perot laser [88].  

whole transmitter system complex, bulk, and costly.  Due to their broad spectrum and their 

mechanical nature, Fabry Perot laser hardly find application in areas such optical 

communication and microwave photonics. Another drawback for this laser technology is the 

broad optical spectrum they possess. Our proposed 5G C-RAN, intendent to be deployed within 

radio astronomy areas, will use optical fibres to transport the photonically-generated RF signals 

to the RRH (see figure 3.5). When each wavelength propagates through the fiber at slightly 

different velocity, the resulting optically generated RF carrier will have a large linewidth due 

to chromatic dispersion in the fiber [89], affecting the overall performance of the 5G C-RAN.   

4.1.2 Distributed Feedback Fiber Lasers    

Distributed Feedback (DFB) fiber lasers comes both as single-frequency and dual-frequency 

lasers [89,90]. Both single- and double-frequency DFB lasers have drawn interest for 

application in 5G C-RAN due to their outstanding performance in term of low noise, narrow 

linewidth, and their inherent long coherence length emerging from the use of fibers as their 

cavity [89]. The unique geometry of the fiber gain medium allows for efficient heat dissipation 

due to the large surface-area-to-active volume ratio. This makes it easy to control thermal 

parameters of single-frequency fiber lasers and benefits the laser power scaling. This is an 

excellent property when using these lasers to design photonic RF transmitter within high 

temperature astronomical areas such as the Karoo in South Africa [91]. The confinement of 

laser radiation in the fiber waveguide structure ensures very good output beam quality. 

Thermally-induced mode distortion is normally encountered in traditional solid-state lasers. In 

DFB fiber lasers, this can significantly be avoided if accompanied by a specific physical design 

of the fiber. The use of a single structure to design the laser eliminates the need for complicated 

alignment of free-space optical components and thus simplifies the laser architecture. This 

contributes to the compactness and ruggedness of the photonic RF transmitter for RFI 

mitigation.                           

 Low-noise, single-frequency fiber laser sources with linewidths close to several kilohertz or 

even sub kilohertz were developed in different configurations [89].  The small linewidth of 

fiber lasers allows them to be used with precise control for RFI mitigations because the 

resulting RF carriers generated from these lasers are coherent and does not contain extra radio 

frequencies which can occupy forbidden frequencies outside their assigned bandwidth.  

 As the research on single-frequency fiber lasers continued to develop, different 

configurations have been proposed to demonstrate single-longitudinal-mode operation. In 

general, single-frequency fiber laser can be summarized as distributed feedback (DFB) fiber 

lasers [92-94], distributed bragg reflector (DBR) fiber lasers [95,96], and ring cavity fiber 

lasers [97,98]. In a DFB single-frequency fiber laser configuration, the laser contains a piece 

of FBG written directly in the active fiber. This FBG introduces a phase change in the middle 

of the grating area. The resulting system functions as a very narrow optical filter that generates 

single mode oscillation.                     
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 When designing photonic RF transmitters to coexist within radio astronomy areas, there are 

still some limitations with respect to the applications of fiber lasers. Firstly, although 

achievable, the compatibility between the active specialty fiber and the passive silica present 

in other fiber components of the laser cavity could be costly to achieve. When this compatibility 

is not achieved, the mechanical strength of the splice joints becomes weaken, owing to the 

different physical properties of these two glasses. This implies that the laser needs to be 

maintained continuously to keep the 5G C-RAN stable and avoid unnecessary RFI due to 

photonic RF transmitter system failure. Secondly, although fusion splicing between the highly 

doped soft glass fiber and silica fiber with low loss can be achieved with specialized fusion 

splicers, it is still challenging and requires careful handling. This can make the entire 5G C-

RAN sophisticated.                        

 As far as the design of a photonic RF transmitter for 5G C-RAN is concerned, fiber lasers 

emitting multiple wavelengths simultaneously is attractive. This is because they can provide 

useful features such as the generation of narrow linewidth and low noise RF signals. To realize 

dual-frequency operation in fiber lasers, two 180-degree phase shifts are introduced in an FBG 

[99]. Dual-frequency fiber lasers can also be achieved by using two independent single-

frequency Er-doped fiber lasers [100]. The Brillouin fiber cavity introduces common mode 

noise cancellation between the two laser modes sharing a common cavity. This allows to 

achieve high frequency stability of the optical modes without using a supercavities.   

 Others have proposed and demonstrated simple schemes to generate highly stable dual-

wavelengths fiber lasers. Their setup is pumped by a single-frequency distributed feedback 

semiconductor laser, and two different kinds of fibers are inserted in the cavity. The generated 

wavelengths are equivalent to the difference between the Brillouin Stokes shifts in the two 

fibers [101]. Without using any frequency-stabilized mechanism on the light source, the 

generated dual frequencies exhibit high stability both for the injected pump wavelength 

variation and the environmental temperature fluctuation.             

 Despite such exciting discoveries concerning the development of dual frequency fiber laser, 

their configurations are quite complex. An example is given in figure 4.2. It will therefore take 

time before adopting dual frequency fiber lasers in real and practical systems.  

 

Figure 4.2 Typical schematic of a dual-frequency DFB fiber laser [101]. 
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Figure 4.3 Structure of DFB semiconductor laser [102] 

4.1.3 Distributed Feedback Semiconductor Lasers 

One key requirement for a photonic RF transmitter for 5G C-RAN is that it should be compact 

in order to reduce OPEX and CAPEX. With an integral frequency selective element, DFB 

semiconductor lasers are promising candidates to fulfil this requirement [102]. This is because 

of their capability for stable single-mode operation under direct modulation at high frequencies. 

A typical DFB semiconductor laser structure is shown in figure 4.3. A semiconductor DFB 

laser is a laser where the whole resonator has a periodic structure in the laser gain medium 

[102]. This structure acts as a distributed Bragg reflector in the wavelength range of laser 

action. Typically, the periodic structure is made with a phase shift in its middle. The device has 

multiple axial resonator modes, but there is typically one mode which is favored in terms of 

cavity losses [103]. This is true in single-frequency semiconductor DFB lasers [103]. 

Therefore, single-frequency operation is often easily achieved despite spatial hole burning due 

to the standing-wave pattern in the gain medium. With the single frequency operation, together 

with its compactness, the DFB semiconductor laser is promising for designing RF transmitters 

that can coexist within radio astronomy areas.           

 Semiconductor DFB lasers are designed to operate in different wavelengths between 0.8 μm 

and 2.8 μm [104]. The wavelength of interest in our study is that around 1.5 μm. Typical output 

powers are some tens of milliwatts [105]. The linewidth is typically a few hundred of MHz 

[106], larger than the DFB fiber lasers discussed in the preceding section. Tuning within the 

free spectral range of the laser resonator can be achieved with a separate phase section, which 

can for example be electrically-heated. Tuning can also be simply by varying the temperature 

of the gain region with the drive bias current [107]. During this process, the injected current 

produces a recombination of electrons and holes. The recombination process produces heat 

which in the cavity which then affect the wavelength at which the laser is operating. Using the 

drive bias current is the common mechanism for tuning the wavelength of DFB semiconductor 

lasers. We have adopted this tuning mechanism to realize a flexible photonic RF transmitter in 

chapter 9. The wavelength tuning in DFB semiconductor laser is significantly bigger than for 

an ordinary single-mode laser diode. This is an excellent requirement when narrow spectra 

bands are needed to be occupied by the 5G C-RAN in order to avoid RFI. The typical bias 

current for a DFB semiconductor laser can be as high as 130 mA [108]. The threshold can be 

as high as 10-50 mA [108]. Temperature stabilization systems are normally used to achieve a 

high wavelength stability in semiconductor DFB lasers at the chosen bias current. This 

wavelength stabilization system was used in our study of chapter 9. The used temperature 
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Figure 4.4 Dual-wavelength semiconductor DFB laser [109] 

 control system improved the overall stability of the designed photonic 5G C-RAN, leading to 

a stable RFI mitigation system.                    

 When designing a photonic 5G C-RAN, a photonic RF transmitter based on a two-mode 

DFB semiconductor laser will be desirable. During the last 20 years, a great number of 

monolithically integrated multi-section semiconductor laser (MI-MSSLs) have been proposed 

to realize dual-frequency DFB semiconductor lasers. This is done for a better performance in 

comparison with the conventional single-section semiconductor lasers. The first structure of an 

MI-MISLs contained only two DFBs laid back-to-back as shown in figure 4.4 [109,110]. In 

figure 4.4, due to the rather short distance between the two DFB lasers, their polarizations are 

automatically matched, making the polarization controller not necessary. Due to the shortage 

of the polarization matching enabled by the short distance between the lasers, the light emitted 

from the two individual DFB laser sections will optimally interact with each other at the 

photodiode. This thus make it able to generate coherent radio frequency and mmW signals. 

This also results into a more simplified photonic RF transmitter for used in 5G C-RANs. In the 

conventional single-section semiconductor DFB lasers, the working wavelength is controlled 

by adjusting the corresponding control current or working temperature of the semiconductor 

laser through the effect of heat and carrier density variation. Unfortunately, using temperature 

parameter to control the wavelength does not work for laser configuration of figure 4.4. This 

is because the two DFB laser sections are fabricated together on the same Peltier refrigerating 

tablet and are packaged in one chip. Therefore, both temperatures of two DFB laser sections 

share the same value. Thus, the laser wavelength in this device can only be tuned independently 

by the respective injection currents.                    

 Recently, a novel development of a three-section dual-frequency semiconductor DFB laser 

was presented in [111,112]. Its structure is depicted in the figure 4.5. Compared to the previous 

structure of figure 4.4 which consisted only of two DFB laser sections, one more 400-um-long 

grating-less phase-tuning section is added. This is used to tune the coupling strength and the 

coupling time delay between the two 400-um-long DFB lasers. This was found to have 

significant influences on determining the locking or unlocking behavior of the dual-frequency 

semiconductor DFB laser. By tuning the current of the phase-tuning section, the selectivity of 

the dynamic lasing modes can be enhanced. This is as a result of the constructive and 

destructive interferences of the optical fields in the two coupled laser cavities. The designs in 

figures 10 and 11 give the photonic 5G C-RAN designer a degree of freedom as to the type of 

lasers to be used in their photonic RF transmitters. Each design has its own advantages and 

disadvantages. 
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Figure 4.5 Three-section dual-wavelength semiconductor DFB laser [111] 

4.1.4 Vertical Cavity Surface Emitting Lasers 

The VCSEL is a class of semiconductor lasers that can monolithically be fabricated. A typical 

structure shown in figure 4.6. Initial designs operated in the wavelength regions of 1300 nm 

and they were demonstrated in the year 1979 [113,114]. They were fabricated on GaAs and 

InP materials for active region. VCSELs based on GaAs have been extensively studied. The 

first room temperature continuous wave (CW) operation devices using GaAs material were 

demonstrated and commercialized into lightwave systems by 1988 [115-117]. Aiming at 

exploring applications in the 1300–1550-nm-long wavelength region, considerable effort made 

these devices being developed and are now readily available. Long-wavelength VCSELs in the 

1550nm region have been used for long-distance metropolitan area networks. It should be noted 

that continuous and wide range wavelength tunability is a distinct characteristic for VCSELs 

operating at 1550 nm wavelengths. This makes them the best choice for designing photonic RF 

transmitter for 5G C-RANs. Chapters 5, 6, 7, and 8 of this thesis used VCSELs in the 1550-nm 

wavelength region to demonstrate novel 5G C-RANs for adaptation in radio astronomy areas.

 The structure of a VCSELs (figure 4.6) consists of two parallel reflectors which sandwiches 

a thin active layer. The VCSEL structure may provide a number of advantages. These 

advantages include the ultralow threshold operation due to its small cavity volume 𝑉. When 

these devices are applied for photonic RF transmitters to be used within radio astronomy areas, 

the overall 5G C-RAN systems becomes power-efficient. The threshold current of surface-

emitting lasers and common to most semiconductor lasers is the volume-dependent [117]. This 

means it is important to reduce the volume of the active region in order to decrease the threshold 

current of the VCSEL. When comparing the dimensions of VCSELs and conventional edge-

emitting lasers, it is noticeable that the volume for VCSELs is smaller. This directly reflects 

the low threshold currents requirement for the VCSEL. A typical threshold current for an edge-

emitting lasers is about tens of mA or higher. For the VCSEL, it can be less than a sub 

milliampere (sub-mA). It could be even as low as several tens of microamperes by 

implementing sophisticated carrier and optical confinement structures. In [118] for example, 

the authors demonstrated the importance of identifying and reducing cavity losses in high-Q 

cavities in order to obtain very low threshold currents with high slope efficiency in VCSELs.

 The modulation response is very important for any laser device. The laser modulation  
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Figure 4.6 The 3-D structure of a VCSEL [119]. 

frequency is inversely proportional to the square root of the active volume [119]. It can be 

enhanced by reducing the volume as much as possible. VCSELs are inherently low-volume 

devices. They therefore possess good modulation frequencies. VCSELs having modulation 

speed of 10 GHz are available. In this thesis, we have used a 10-GHz VCSEL to demonstrate 

novel 5G C-RAN offering high data rates to the radio astronomer without any concern for RFI.

 Compared with standard edge emitting lasers, the VCSEL may provide a number of 

advantages as follows: 1) ultralow threshold operation is expected from its small cavity 

volume; 2) dynamic single-mode operation; 3) wide and continuous wavelength tuning; 4) 

large relaxation frequency even at small driving current; 5) easy coupling to optical fibers; 6) 

monolithic fabrication and easy device separation without perfect cleaving requirement; 7) 

vertical stack integration by microelectromechanical system (MEMS) technology.     

    The VCSEL device has been contributing to the realization of green information, 

communication, and energy technologies in various aspects. It has also been already applied to 

different lightwave subsystems, including gigabit Ethernet and storage area networks. Optical 

interconnect of largescale integration, and circuit boards in supercomputers and personal 

computers, are the most interesting applications of VCSELs. VCSEL-based photonics also 

created other various fields such as laser printers, computer mice, optical sensors, and so on.

 The VCSEL device technology will be very useful in 5G C-RANs systems for their great 

ability to be integrated into practical photonic systems. Despite the many advantages associated 

with VCSELs, their applications for designing 5G C-RANs is yet to be demonstrated. This 

thesis presents the first step toward the application of VCSELs in coherent 5G radio 

communication networks.                     

 Different laser technology such as those discussed in  section 4.1 have been applied in the 

design of photonic RF Transmitters for 5G C-RANs. Different design architectures have been 

proposed. We review few of these design techniques relevant to this thesis in the following 

section.         
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4.2 RF generation techniques using photonic RF transmitters 

In section 4.1, we discussed the different types of laser that are commonly used in the design 

of photonic RF transmitters for 5G C-RANs. Using these lasers, many photonic RF transmitter 

configurations have been proposed. In this chapter, we will review some of these design 

techniques. The advantages and disadvantage for each transmitter configuration will be 

highlighted. As this thesis seek to adapt these photonic RF transmitter configurations for 5G 

radio communication services within astronomical areas, there is an important need to select 

the best technique to meet the overall system requirements, hence the review.    

4.2.1 RF generation technique based on heterodyning of independent laser 

The techniques of optical heterodyning of two independent lasers rely on the principle of 

coherent mixing in the photodiode to generate the RF signal. It is considered to be the simplest 

photonic transmitter configuration to generate high-frequency RF signals. The technique is 

generally referred to as Remote Heterodyne Detection (RHD). The system configuration is 

illustrated in figure 4.7. While performing optical to electrical conversion, the photodiode also 

acts as a mixer thereby making it a key component in RHD-based 5G radio communication 

systems. The principle of optical heterodyning is theoretically explained as follows [120]. If 

two optical fields with angular frequencies ⍵1 and ⍵1 can be represented as: 

                                                            𝐸1 = 𝐸01 cos(⍵1𝑡)                                                         (1) 

                                                            𝐸2 = 𝐸02 cos(⍵1𝑡)                                                       (2) 

and when both fields are incident on a photodetector, the resulting photocurrent at the output 

of the photodiode will be proportional to the square of the sum of the optical fields. The 

normalized photocurrent will be:  

                                                           𝑖𝑃𝐷 = (𝐸1 + 𝐸2)2                                                                            (3) 

                  = 𝐸01𝐸02𝑐𝑜𝑠[(⍵1 − ⍵2)𝑡] + 𝐸01𝐸02𝑐𝑜𝑠[(⍵1 + ⍵2)𝑡] +high order terms 

The term of interest is 𝐸01𝐸02𝑐𝑜𝑠[(⍵1 − ⍵2)𝑡], which shows that by carefully establishing the 

difference in wavelength ⍵1 and ⍵2  between the two optical fields, RF signals of any 

frequency can be generated. The bandwidth limitation of the used photodiode determines the 

maximum frequency that can be generated. In chapters 5 and 9, we used the technique of optical 

heterodyning with a 10-GHZ photodiode. Therefore, our demonstrated 5G C-RAN could only 

operate up to 10 GHz RF frequencies. The technique has high spectral flexibility; thus, it can 

be used to maximize the spectrum efficiency of the 5G C-RAN. However, this requires lasers 

with excellent wavelength tunability. In this thesis, it will be demonstrated, for the first time, 

that VCSELs are excellent optical sources to achieve this requirement.      

 When consider optical power signals instead of optical fields, the generated photocurrent is 

given as follows:  

                      𝑖𝑃𝐷(𝑡) = 2𝑅√𝑃1(𝑡)𝑃2(𝑡). cos[{⍵1(𝑡) − ⍵2(𝑡)}𝑡 + 𝜃1(𝑡) − 𝜃2(𝑡)]                 (4) 

where R is the responsivity of the photodetector, 𝑡 is the time, 𝑃1(𝑡) and 𝑃2(𝑡) are the two 

instantaneous optical power signals having instantaneous frequencies, ⍵1(𝑡)  and ⍵1(𝑡) , 
respectively.  
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Figure 4.7 Configuration of a heterodyning technique using two free-running lasers.  

The instantaneous phases of the signals are given by 𝜃1(𝑡) and 𝜃1(𝑡), respectively. Equation 1 

shows that the stability of the instantaneous frequency of the generated signal depends on the 

instantaneous frequency difference between the two independent lasers being mixed. 

Therefore, in this technique, it is necessary to control the instantaneous frequency difference 

accurately in order to keep the frequency of the generated RF signal stable. When the RF 

frequency is not stable, this technique will be unsuitable to use for RFI -free 5G communication 

services in radio astronomy areas. Equation 1 shows that the phase noise of the generated RF 

signal is influenced by the optical linewidth of the two lasers. Given that the laser emission 

frequency is highly sensitive to temperature variations, temperature stabilization techniques are 

used to maintain the required frequency offset and RF phase noise performance. In our 

demonstration, we used laser diode controllers to keep the lasing wavelength stable in order to 

achieve stable RF carrier frequency.                

 Heterodyning produces high link gain and higher carrier-to-noise ratio. The high link gain 

is due to the fact that the optical powers of both lasers contribute to the total power of the 

generated RF signal. Using optical heterodyning it is possible to achieve a 100% intensity 

modulation depth [121]. Many benefits are associated with optical heterodyning technique for 

RF generation. These includes photonic signal processing such as phase control, filtering, and 

frequency conversion [122].                     

 The most noteworthy drawback for optical heterodyning is its strong dependance on the 

phase noise and the optical frequency variation of the used laser sources. The generated RF 

carrier signal is negatively affected if the used lasers have significant phase and frequency 

variations. Since semiconductor lasers have non-zero spectral widths, care needs to be 

exercised to reduce the linewidth of the generated RF signals. One way is by using temperature 

and wavelength stabilizing systems as highlighted above. This is done as follows.

 Techniques used to reduce phase noise sensitivity include Optical Phase Locked Loops 

(OPLL) and Optical Injection Locking (OIL). However, this is often  to an expenses of more 

complex systems. To keep the system as simple and natural as possible, recent studies have 

investigate the use optical heterodyning without having to establish the complex techniques for 

RF phase noise and linewidth enhancement techniques. For example, in chapter 5 of this thesis, 

we demonstrate the use of optical heterodyning of two independent DFBs without any complex 

control mechanism. The technique of envelop detection was used to cancel the associated RF 

noise from the system.                          

  DFB fiber laser, DFB semiconductor lasers, and VCSELs have been applied in the 

technique of optical heterodyning of two independent light sources. A recent study presented 

a high-resolution temperature sensor using the beat frequency between the longitudinal modes 

of twin single-mode distributed feedback fiber lasers [123]. Combining the light from the two 
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single frequency fiber lasers on a photodetector produced a RF beat frequency signal which is 

dependent on temperature. Experimental results showed a sensitivity of 1900 MHz/°C, leading 

to a precision of 0.0007 °C. The stability of the generated RF signal motivates the application 

of these lasers for high frequency RF generation for application in 5G mobile communication 

networks.                        

 Semiconductor DFB lasers with non-narrow linewidth were heterodyned where one of the 

lasers was directly modulated for the experimental generation of up to 2-Gb/s orthogonal 

frequency division multiplexing (OFDM) signals and their transmission over a 25-km long 

fiber span [124]. The DFB lasers had a combined linewidth of 2.1 MHz, and the resulting BER 

from the transmission and modulation of the generated RF signal was below 10-3.     

 The beating of two VCSELs for photonic RF signal generation is attractive to realize 

compact and power-efficient photonic RF transmitters for 5G C-RANs. Generation of 

microwave signals by optical heterodyning using a VCSEL array was demonstrated in 1991 

[125], where no optical locking was used, and the linewidth was quite high at about 109 MHz. 

It has been shown in [126] that optical heterodyning of two VCSELs can generate  narrow 

linewidth microwave signals below 100 MHz. In a recent study [127], we presented the first-

reported vertical VCSEL-based heterodyne technique in context of four-level pulse amplitude 

modulation (PAM-4) over 15 km single mode fiber (SMF) and 12 m RF wireless link. Two 

low-cost temperature stabilized VCSELs with an extinction ratio (ER) of 4.6 dB and 

aggregated bit rate of 7 Gbps on-off keying (OOK) data to meet the high data demands in 

wireless connectivity are heterodyned to dynamically generate low phase noise 37.9 GHz RF 

for 30 m wireless transmission link. Despite such interesting demonstration, VCSEL-based 

photonic RF transmitter based on both coherent and no-coherent techniques are yet to be 

demonstrated for their data transmission capabilities. Chapters 5 through 8 will demonstrate 

these novel VCSEL-based coherent and no-coherent 5G systems.  

4.2.2 RF Generation technique using dual mode lasers   

As discussed in section 4.2.1, the main disadvantage for optical heterodyning using two 

independent lasers is the sensitivity to phase noise of the two heterodyning optical signals. The 

dependence of the RF beat signal on the polarization state difference of the two heterodyning 

carriers is also a drawback. Techniques have been developed to improve the phase noise 

associated with heterodyning of independent lasers. Example of such techniques are frequency-

locked loops [128] and phase-locked loops [129]. These techniques, even though effective, are 

complex and sensitive to temperature fluctuations.                

 To reduce the beat signal phase noise, the heterodyning optical modes are made to be 

correlated. One way to achieve this is by using dual mode lasers. The design and operation dual 

mode lasers is discussed in section 4.1. A study in [130] demonstrated the use of widely tunable 

dual wavelength distributed feedback (DFB) laser for THz communication application. The 

wavelength separation between the two modes could be thermally tuned between 96 GHz and 

1510 GHz. The device could be directly modulated by high-speed data at up to 25 Gb/s, which 

facilitated high speed data modulation in a THz communication system.       

 A recent study developed a dual wavelength DFB laser for the generation of a widely tunable 

microwave signal [131]. Utilizing the reconstruction-equivalent chirp (REC) technique, dual-

wavelength lasing was obtained by introducing two symmetric equivalent phase shifts in a 

chirped sampled Bragg grating. The laser operated at 1650 nm and the wavelength spacing was 

about 0.8 nm at room temperature. The frequency of the beat signal between the two 

wavelengths was 88.47 GHz, and the linewidth of the beat signal was 5.1 MHz.     
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 A dual-wavelength fiber laser was demonstrated experimentally for the generation of RF 

signals in the millimeter band (up to -110 GHz) [132]. The fiber laser was based on a nonlinear 

polarization rotation ring-cavity consisting of erbium-doped fiber and a high birefringence fiber 

of 1 m and 10 m length, respectively. By properly adjusting the laser cavity birefringence via 

the polarization controllers, the laser output spectrum could be tuned to attain a dual-

wavelength spacing in the range of 0.1 nm–0.89 nm to generate flexible and stable millimeter 

waves with an adjustable span of 12.3 GHz to 110 GHz.            

 Both VCSELs and Fabry Perot lasers are inherently dual mode lasers. Naturally however, 

the secondary mode has less power compared to the dominant mode. This makes it difficult to 

generated RF signals without injection locking technique. Using injection locking schemes, 

both these lasers have been applied for high frequency RF signals generation. In [133] for 

example, they propose and demonstrate a new technique of generating microwave frequency 

combs using a single mode Fabry Perot laser. The laser was obtained by modifying the 

commercially available Fabry Perot laser diode (FP-LD) by adding an external cavity. This 

provided only single longitudinal mode at the output and had a tunability range of about 10 

nm. The basic principle involved injecting the modulating beam to any of the side modes of 

the laser. In this way, one of the sidebands is locked with the corresponding injected mode. 

The injected beam had a negative wavelength detuning to the corresponding mode. It did not 

matter whether it was the dominant mode or the side mode of the laser that was injected. By 

heterodyning the injected modulated beam with the dominant mode, an RF frequency comb 

was generated.                          

 In [134], an optically-heterodyned 28-GHz RF carrier generated for 5G communication was 

reported by using an orthogonally-polarized dual-mode VCSEL as the frontend transmitter. 

The power envelope detection was employed for self-heterodyne down-conversion of the 

generalized frequency division multiplexing data stream. The demonstrated radio over fiber 

link exhibited superior immunity to the residual frequency and phase noises as well as the inter-

carrier interference induced by the free-running dual-mode carrier. In comparison with the 

mutual heterodyned from two incoherent optical carriers, the self-heterodyned frequency 

fluctuation can be suppressed between 500 and 330 MHz with significantly suppressed phase 

noise.                               

 The main advantage for using the dual mode approach is that it does not require complex 

feedback circuitry as does the different optical injection locking methods. The application of 

dual mode laser for RFI mitigation in 5G C-RANs will be attractive because of their 

demonstrated wide wavelength tunability. However, it will be at an expenses of complex 

transmitter architectures. 

4.2.3 Multicarrier generation for RF signal generation 

The multicarrier technique for photonic RF generation can be divided into two categories. The 

first technique is called the optical frequency comb method and the second is known as the 

Harmonic Generation method. Both these schemes generate a number of optical carries from a 

single-mode laser source. The resultant optical modes are normally coherent with each other 

since they come from the same laser cavity. This technique is different from the above-

discussed technique of RF generation from a dual mode laser in two ways. First, the technique 

of multicarrier generation does not produce the extra optical carriers by physically modifying 

the optical cavity of the laser. Instead, external optical or electrical devices are used to achieve 

the multicarrier optical spectrum. Secondly, the generated spectrum is not limited to two optical 

modes but can range from three up to more than 50 modes, depending on the system 
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configuration. In chapter 5 of this thesis for example, we demonstrated the generation of an 

optical frequency comb having more than 20 coherent optical lines. The resultant optical 

carriers were used to design novel 5G C-RANs reported in chapters 6, 7, and 8. We will discuss 

the two techniques of optical frequency comb and harmonic generation in the following 

subsections, starting with the optical frequency comb method.   

4.2.3.1 Optical Frequency Comb Generation Technique  

The optical frequency comb generation technique involves directly modulating the laser by 

applying an electrical signal to the RF terminal of the laser [135]. This generates a number of 

optical spectral lines (optical comb) which are separated by the value of the electrical frequency 

of the switching electrical signal as shown in figure 4.8. Any two sidebands from the generated 

optical comb source, separated by the required mmWave are then filtered out for radio-over-

fiber transmission [136]. The selected sidebands are allowed to beat at the photodiode and mix 

coherently to generate the desired RF signal as explained earlier in the content of optical 

heterodyning of two independent lasers. Different techniques such optical filtering using filters 

or through optical injection locking can be used to select the required sidebands [137]. Using 

any of the two techniques, the required sidebands can be selected while the rest are rejected. 

During our demonstration in chapters 7 and 8, we used wavelength selective switches to select 

the desired wavelengths. The approach of optical filtering was used to remotely deliver mm-

wave signals at 54 GHz, 90 GHz and 126 GHz to a RRH fed by a 9-km SMF link [138]. The 

filtered optical signal was transmitted over the length of the fibre link, amplified, and detected 

with a waveguide based photomixer. In our studies, we used a 10-GHz photodiode to realize 

optical to electrical conversion. In [138], the power of the detected mm-wave signal at 90 GHz 

was -8 dBm. The measured phase noise of the 90 GHz signal at 100 kHz offset was -95 dBc/Hz, 

which was about 13-dB higher than that of the 22.5 GHz reference signal.      

 The article in [134] identified two problems associated with the optical frequency comb 

generation scheme for RF generation. They particularly highlighted polarisation sensitivity 

attributed to the photomixer and the severely limited tuning range as the main draw back for 

the technique. However, there are some noteworthy disadvantages associated with the 

technique. For example, the sideband selection system must accurately track any shifts in the 

position of the sidebands. Therefore, adopting this technique for 5G C-RANs in radio 

astronomy areas with RFI mitigation capabilities will require novel stabilization techniques for 

keeping the sidebands fixed. Additionally, optical filters having high quality factor will need 

to be used, which maybe expensive. These issues will tend to increase the complexity of the 

5G C-RAN architecture.                       

 The advantages of the optical frequency comb technique are normally attributed to the fact 

that the mixing sidebands are generated by the same laser source, and they are well correlated 

[139]. Therefore, this technique is capable of generating high frequency RF signals with small 

linewidth. For example, a linewidth of just 10 Hz at 35 GHz was reported in [140]. Depending 

on the overall system requirements, the network designer can choose to compromise on system 

cost when for example, the network is required to transmit coherent data signals. We have 

demonstrated the application of this technique for coherent data transmission in chapters 8, 

showing the benefits of adopting this technique when the network cost and complexity is not a 

serious concern to the service provider.                     
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Figure 4.8 The technique of Optical Coherent Mixing based on the FM Laser [142]  

The technique of optical frequency comb generation has been investigated using both 

semiconductor and fiber lasers. In [141], a Fabry Perot laser was used to generate an optical 

frequency comb by using the gain-switching technique. The work investigated the performance 

of an externally injected Fabry Perot laser under gain switching for optical frequency comb 

generation. Due to the inherent multimode characteristic of a Fabry Perot cavity, a single mode 

was selected by externally injection-locking it with a master laser. At the same time, it was 

being gain-switched by an electrical signal. They demonstrated the generation of an optical 

frequency comb with a free spectral range of 6.25 GHz to 25 GHz and wavelength tunability 

of 31 nm. The phase noise of the tones generated from the optical comb was measured to be 

similar to that of the externally injected light. The measured optical linewidth was ~ 40 kHz.

 DFB semiconductor lasers are naturally single mode, and therefore do not require optical 

injection to produce optical combs via gain-switching. A study in [143] demonstrated, through 

experimental and numerical results, the optimum conditions to generate an optical frequency 

comb via gain-switching of a single-mode DFB semiconductor laser. The DFB laser was biased 

appropriately and gain-switched with a large amplitude electrical signal. This resulted in the 

generation of a train of short optical pulses. The study established that the conditions for 

creating an optical frequency comb exist when the modulation frequency is greater than or 

equal to the relaxation oscillation frequency of the laser. In our demonstration of chapter 5, the 

10-GHz VCSEL was gain-switched with a 14-GHz RF signal which was indeed close to the 

relaxation oscillation frequency of the laser. In [143], corresponding optical pulses were shown 

to exhibit lower levels of temporal jitter at these optimum points of operation.     

 In the experimental and numerical chapters 6 to 9, we will demonstrate, for the first time, 

the application of VCSELs-based optical frequency comb in a 5G C-RAN. However, the 

characteristics of a VCSELs-based optical frequency comb have been analyzed and reported. 

A study in [144] analyzed the performance of an optical frequency comb source from a VCSEL 

diode. The direct gain switching technique was used together with other techniques such as 

electro-optic modulation. They observed that the combination of gain-switching and electro-

optic modulation technique gave birth to an enhanced optical frequency comb. The combined 

optical frequency comb offered an improvement in terms of frequency span, flatness, and 

coherence with respect to the case when single technique was used independently. Very 

recently [145], a broadband optical frequency comb generation by a gain-switching a VCSEL 

subjected to optical injection was investigated experimentally. In their experimental setup, a 

1550 nm VCSEL under a large signal current modulation was driven into the gain-switching 

state with a broad noisy spectrum. By further introducing an optical injection, a high-
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performance optical frequency comb was produced. The experimental results demonstrated 

that under proper optical injection parameters, two sub-combs originate from the two 

orthogonally-polarization components of the VCSEL and splice into a broadband total comb 

with stable comb lines having high coherence, wide bandwidth, and low phase noise at the 

fundamental frequency.  

4.2.3.2 Modulation Sideband Techniques 

Using a Mach Zehnder modulator (MZM), optical sidebands can be generated. Two or four 

sidebands can be generated, centre at the optical lasing wavelength. Depending on whether two 

or four sidebands are generated, the technique of sideband modulations can be categorized into 

two methods known as the 2f and 4f methods, respectively. The modulation sideband method 

is different from the technique of optical frequency comb generation discussed above. Firstly, 

the optical frequency comb method relies on the nonlinearity of the gain-switched laser to 

generate the needed modes. However, the technique of modulation sidebands generates high-

order harmonics by exploring the inherent non-linear transfer characteristic of the MZM itself.

 When the MZM is biased at the maximum transmission point, the optical carrier is 

suppressed together with the even modulation harmonics [142]. The remaining are the two 

strong components separated by twice the modulating frequency of the signal. The higher-order 

odd terms have lower amplitudes and can be reduced to 15-dB below the two major 

components by careful control of the bias point [146].  It is important to note that when this 

system is applied in radio astronomy to realize 5G mobile services while avoiding RFI, these 

higher order terms need to be optimally suppressed. Otherwise, they will generate additional 

unwanted RF carriers which can interfere with astronomical observations. Adding data 

modulation to the generated mm-waves is achieved by filtering one of the optical sideband 

components and then modulating it with the data before combining and transmitting both 

sidebands.                           

 The 2f method is capable of generating high-frequency mm-waves. However, their 

performance depends on very careful control mechanisms to avoid Stimulated Brillouin 

Scattering (SBS) that can significantly affect the phase noise performance of the RF system. In 

some designs, a phase modulator modulated with an RF modulation frequency of 300 MHz is 

used to avoid this effect after the MZM [147]. However, when this stabilization method is 

adopted, the overall system becomes bulky. Additionally, the bias voltage of the MZM needs 

be carefully controlled. If the bias voltage is not maintained, different RF signal are generated 

with different power, depending on the bias drift. Using such an unstable photonic RF 

technique for radio astronomy 5G system could bring more RFI to the astronomer unless 

sophisticate control systems are designed.               The 2f 

method has some strong advantages. Since the same MZM generates both optical fields, the 

phase noise is highly correlated resulting in very narrow linewidth RF signal. It is believed that 

the performance of this method in terms of phase noise is comparable to the OPLL system. The 

modulation depth achievable with this technique in practice is larger than in FM-filter 

techniques. For example, the maximum modulation depth for the 3rd harmonic is about 0.7. A 

comparison between the theoretically and practically achievable modulation depths is reported 

in [121].                          The 2f 

method for RF signal generation has been investigated using laser discussed in section 4.1 of 

this thesis. A very recent numerical study in [148] demonstrated a radio-over-fiber architecture 

transmitting 60-GHz wireless signals. The sideband modulation technique was used for 
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delivering in-building wireless personal area network data. With the proposed system, an 

acceptable bit error rate of less than 10–9 with a reasonably good carrier suppression of 40-dB 

was achieved after modulation. This facilitated lower power consumption architecture for 

future 5G networks.                        In 

[149], the authors demonstrated a technique to produce eightfold mmW frequency by using the 

same setup as that of the 2f method. They propose a novel and simple scheme to achieve 

eightfold increase in RF frequency with optical carrier suppression based on only one single-

drive MZM. According to their theoretical analysis and experimental demonstration, by 

adopting the bias voltage of the MZM and the amplitude of the radio frequency drive signal, 

two fourth-order optical subcarriers are generated via a single-drive MZM. Furthermore, the 

corresponding optical central carrier and undesired sidebands are suppressed simultaneously. 

Based on their proposed scheme, the generation of 72-GHz optical mm-wave by an RF signal 

of 9 GHz without any optical filtering was experimentally demonstrated. The radio-over-fiber 

system with 3.5-Gb/s binary data downstream link based on the generated 72-GHz signal was 

also experimentally demonstrated. To their knowledge, it was the first time to realize eightfold 

increase in mm-wave signal generation with simultaneous carrier suppression by using only 

one single-drive MZM in an experiment.                  

 The review on the sideband modulation technique presented here is necessary to give the 

reader an idea on the number of matured photonic techniques to generate flexible RF carrier 

signals. Any of these technique can be adopted to design a 5G C-RAN that can coexist within 

radio astronomy areas without introducing any RFI effects. In this thesis, the modulation 

sideband technique was not demonstrated. As the research area expands and gain interest, this 

technique can also be used to achieve similar results.  

4.3 Proposed RFI mitigation solutions in 5G networks 

To achieve network convergence, two options are proposed to realize integrated 5G radio 

communication networks without the consequences of RFI. The first proposed solution is to 

slice the network into small chunk of spectrums [150]. Depending on the network capacity and 

requirements, these slices can either be shared among different applications or be dedicated to 

a unique service [151]. Sharing of network slices brought about a great research interest to 

mitigate the co-channel interferences within the shared spectrums. Co-channel interference 

(CCI) is a crosstalk from two different radio transmitters using the same channel [152]. It is 

one of the RFIs that radio astronomers experience. Co-channel interference can be caused by 

many factors ranging from weather conditions to administrative and design issues. The type of 

co-channel interference experienced by radio astronomer normally come from radio network 

design and administrative issues. In radio astronomy, co-channel interference occurs when 

external radio devices are not properly managed or designed such that they occupy the 

spectrum at which the telescope is observing. Thus, besides the intended signal from the space, 

signals at the same frequencies (co-channel signals) arrive at the telescope from the undesired 

transmitters located far away or closer to the observatory areas, leading to a deterioration in 

telescope receiver performance. In this thesis, we seek a solution to co-channel interference 

caused by radio network design imperfections. If the 5G radio communication systems 

proposed here do not contain good RFI mitigation techniques, they will introduce additional 

co-channel interferences to the radio astronomer. In our proposed 5G networks to be 

demonstrated in the coming chapters, carefully-designed RFI control algorithms were 
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demonstrated to avoid such effects. In sections 4.3.1 and 4.3.2, we will review recent 

techniques developed to avoid co-channel interference in 5G shared networks.   

4.3.1 Radio resource management for CCI mitigation 

Radio communication systems of the 5G era are facing challenges of supporting a huge number 

of users, better quality of service, and higher energy consumption. All these challenges result 

in an increasing demand for spectrum resource. Evidently, the traditional spectrum allocation 

policies are no longer appropriate for 5G communication systems [153]. Cognitive radio is 

proposed as one of the most promising approaches that can improve the spectrum efficiency 

and alleviate the spectrum scarcity problem. Cognitive radio is a novel radio spectrum resource 

management approach where secondary users can access vacant spectrum resource without 

causing unacceptable interference to primary users in the licensed and shared system [154,155]. 

This thesis takes up this challenge by introducing novel 5G systems which are able to occupy 

vacant radio astronomy spectrum without causing RFIs.            

 At present, there are three access paradigms for cognitive radio networks. They are underlay, 

overlay, and hybrid [156]. In the overlay paradigm, secondary users are only allowed to access 

the spectrum if these channels are not used by primary users. In the underlay paradigm, 

secondary users are allowed to transmit simultaneously and coexist with primary users if the 

interference caused by secondary user at primary user receivers is under a tolerable threshold 

called interference temperature [156]. The hybrid paradigm is a mixed approach of overlay and 

underlay. It is more complex to implement than the other two paradigms. The underlay sharing 

mode is known to be more efficient in terms of spectrum utilization than the overlay sharing 

mode. The overlay technology can easily be implemented than the hybrid sharing mode. 

 The cognitive radio technology enables the network to perform self-organization roles such 

as spectrum sensing, spectrum sharing and adaptive transmission [157-159] It is also used to 

determine the level of transmit power in order to minimize interference and maximize the 

throughput of primary user in a statistical way [160].             

 Most of the existing cognitive radio-based radio resource management algorithms reported 

in literature do not effectively address the problems of co-channel interference because they 

assume accurate spectrum sensing. However, this is not always the case in real-life 

implementation of radio communication networks. Moreover, most of the algorithms are not 

scalable and do not consider the design factors such spectral efficiency.        

 Studies in [161-163] have all proposed cognitive-based radio resource management 

algorithms. These algorithms were mainly software-based. Implementation of such radio 

resource management schemes for radio frequency interference mitigation and management 

could be costly and power-hungry. Inherently, they will require digital signal processing 

systems which are naturally the sources for ambient RFI to the astronomer.      

 In this thesis, we present a self-organizing radio resource allocation scheme for radio 

frequency interference management based on flexible photonic RF transmitter technology. The 

radio resource allocation problem is formulated as a two-objects optimization problem and the 

performance of the proposed algorithm is evaluated in a laboratory setting. Our proposed 

method is simple to implement. This is due to the fact that the flexibility required for radio 

resource management is implement at the photonic RF transmitter hardware. These transmitters 

are inherently flexible and can easily be designed to scan a given spectrum. In our 

demonstration, we adopted an overlay approach were our 5G C-RAN occupy vacant radio 

astronomy spectrum without causing RFIs. In the next section, we will conduct a review on the 

currently proposed flexible photonic RF transmitter designs.   



37 
 

4.3.2 Flexible photonic RF transmitter for CCI mitigation 

Dynamic spectrum allocation enabled by a flexible photonic radio transmitter is currently a 

subject of great research interest.                     

 A very recent study [164] presented an innovative tunable software-defined RF transmitter 

based on integrated photonics. The RF transmitter was able to work in 1-50 GHz with very fast 

tuning. The system has been characterized and verified in a communication scenario. They 

presented a novel implementation using hybrid integration technology with silicon nitride with 

high-Q resonators for extremely low linewidth and polymer with low permittivity material for 

highly efficient radiation.  Even the innovative, the used materials and technique is not yet 

matured and it will take time before such solution can be realized in practical applications.

 Another study [165] proposed and demonstrated a novel approach for flexible and 

simultaneous generation of millimeter waves at microwave and millimeter wave. They 

demonstrated that by injecting multiple external beams in a spatial-mode laser diode, they 

could generate simultaneously, multiband signals with negative wavelength detuning. The 

generated signal ranged from microwave to terahertz. In their study, they injected four external 

beams in a spatial-mode laser diode to generate RF frequencies that lied in the Ku-, K-, Ka-, 

V-bands, and higher millimeter waves. The frequency of generated signals could be tuned from 

a few gigahertz to several terahertz. The maximum linewidth of the generated RF signals with 

multiple input beams (up to 42.5 GHz) was found to be about 300 kHz.       

 The possibility of having two single-frequency wavelength-tunable lasers on a single chip 

is a promising approach to address the issues of optical heterodyning of independent laser 

sources (discussed in detail in section 4.2.1). It was motivated that when the two laser sources 

are on the same chip, both would experience the same environment fluctuations reducing the 

drift. Using monolithic integration on Indium Phosphide, a fully-integrated millimeter-wave 

photonic RF transmitter including two distributed feedback (DFB) lasers was achieved [166]. 

The results showed 1.5 nm (~ 188 GHz) wavelength tuning range for each DFB laser and 

optical linewidth greater than 1 MHz, a figure that is common for this type of devices.  

 Even those these latest design are attractive; they are still very costly to realize. They require 

sophisticated algorithms to maintain the wavelength differences and thus make the entire 

system prone to unplanned failures. In this thesis, we will demonstrate the use of simple optical 

devices to realize high-performance flexible photonic RF transmitters. Their application and 

performance for in practical flexible 5G C-RANs will be presented in the experimental 

chapters, starting with chapter 5.  
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Chapter 5: Application of VCSEL in flexible 5G C-RAN systems 

In section 3.4.1, we established that a 5G centralized radio access network (5G C-RAN) is the 

best radio access network (RAN) architecture to be used within astronomical areas to realize 

radio communication services without introducing radio frequency interferences (RFIs). 

Section 4.1 discussed the different types of fiber and semiconductor lasers used in the design 

of photonic RF transmitters. We have also established that VCSELs are power- and cost-

effective semiconductor lasers which possess excellent wavelength tunability for designing 

flexible photonic RF transmitters to be used in 5G C-RANs. Additionally, Section 4.3 reviewed 

the commonly adopted techniques to design photonic RF transmitters. We also noted that 

despite the attractive characteristics of VCSELs, they still do not find application in  designing 

photonic RF transmitters for 5G C-RANs. It was mentioned in the preceding chapters that 

photonic RF transmitter based on optical heterodyning of two independent lasers is attractive 

as it is simple to implement and wavelength tuning is relatively easy to achieve. In this chapter, 

we will demonstrate, for the first time to our knowledge, the application of VCSEL-based 

photonic RF transmitter in 5G C-RANs. The optical heterodyning of two independent lasers 

scheme will be used to realize this.   

5.1 Electrical and optical characteristics of VCSELs  

The optical and electrical characteristics for the used VCSELs were first experimentally 

analyzed. Two 10-GHz Raycan VCSELs were optically heterodyned to generate flexible RF 

carrier signals photonically. The electrical characteristics for the two VCSELs in terms of their 

bias current is shown in figure 5.1. As can be seen in that figure, each of the two VCSELs has 

a threshold current of about 1.2 mA and a saturation current below 10 mA. Such low-current 

characteristics make VCSELs attractive for designing photonics 5G CD-RAN requiring low-

power optical RF transmitters.                        

 

Figure 5.1 Bias current characteristics for VCSEL 1 and VCSEL 2 
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Figure 5.2 The wavelength flexibility of the VCSEL as function of bias current 

To design a flexible photonic RF transmitter base on optical heterodyning of two independent 

VCSELs, it is necessary that one or both lasers have a varying wavelength. The two VCSELs 

used in our experiment have a bias current-dependent wavelength. When the bias current is 

varied, the corresponding wavelength also changes. In our study, the bias current for one of the 

VCSELs was varied to demonstrate their wavelength tunability. The bias current was varied 

from 1.2 mA to about 10 mA. The corresponding wavelength spectrums were measured and 

are shown in figure 5.2. We can see on that figure that the VCSEL could produce different 

wavelengths from 1548 nm to 1549 nm. This feature was exploited for cost-effective and 

flexible RF carrier generation for spectral resources optimization.     

5.2 VCSEL-based optical heterodyning as RF transmitter for 5G C-RAN 

Co-channel interference in radio astronomy areas where telescopes are subjected to 5G radio 

communication transmitters can be eliminated by designing flexible photonic RF transmitters 

for dynamic radio resource management. Choosing among the photonic techniques discussed 

in the preceding chapters could depend on a number of factors. These may include factors like 

the required maximum capacity that the 5G radio communication network is expected to 

support, the phase-noise tolerance of the 5G radio communication system, the flexibility 

needed for the 5G radio communication network, and the cost needed to implement the 5G 

radio communication network. Coherent photonic RF transmitter schemes can generate high-

quality RF signals for 5G radio communication networks [167]. However, this is achieved at a 

cost of complex photonic RF transmitter architectures. Non-coherent photonic RF transmitter 

techniques are however simple and cost-effective to implement. The simplest non-coherent 

photonic RF transmitter system is based on optical heterodyning of two independent lasers 

[120]. However, this scheme generates RF carriers with high phase and amplitude noise. 

Additionally, this photonic RF transmitter have low spectral efficiency since information is 
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preferably encoded only in the amplitude of the RF carrier. Furthermore, the use of amplitude 

modulation with non-coherent photonic RF transmitter systems requires good signal-to-noise 

ratio in order to realize error-free data transmission [168]. When a solution is presented that 

can mitigate the above limitations of non-coherent photonic RF transmitter systems, they can 

be adopted to realize cost-effective flexible 5G C-RANs within radio astronomy areas without 

RFI effects.                            

 In [124], it was shown that the envelop detection scheme is insensitive to RF phase noise 

associated with non-coherent photonic RF transmitters such as the optical heterodyning of two 

free-running lasers scheme. This eliminates the phase-noise limitation of non-coherent 

photonic RF transmitters. The spectrum efficiency of non-coherent RF transmitters can be 

enhanced if advanced amplitude modulation techniques are used [169]. Additionally, the high 

RF power requirement associated with advanced amplitude modulation techniques can be 

supported using novel RF power enhancement techniques. The scheme in [170] demonstrated 

RF power enhancement using optical pulse compression without the need for an electrical 

amplifier. Finally, 5G network implementation cost can be reduced considerably if cost- and 

power-efficient optical sources such as VCSELs are used [169, 171, 172].       

 A network that is designed using the combination of solutions in [124], [169], [170], and 

[171-172] will be cost-efficient, flexible, and attractive for 5G C-RANs that can coexist within 

radio astronomy areas services without the effects of RFI. However, to the best of our 

knowledge, such a 5G C-RAN is yet to be demonstrated experimentally.     

 Previous reports demonstrated the use of energy-efficient VCSELs as optical sources in 

designing cost-effective microwave photonic transmitters [144]. However, the reported design 

architectures are relatively complex. In [173], a seemingly less-complex photonic RF 

transmitter system based on VCSELs was demonstrated. However, attempts were not made to 

improve the spectral efficiency of the system. Recently, we demonstrated the use of VCSELs 

and PAM-4 modulation format to realize a simple and spectrally-efficient wireless network 

[174]. However, most of the reported work in [174] was done numerically. In the following 

section, we will present and discuss novel results based on our simple and yet spectrally-

efficient 5G C-RAN. We have used a VCSEL-based optical heterodyning scheme and PAM-4 

modulation format to realize this.      

5.2.1 Demonstration of the VCSEL-based heterodyning transmitter for 5G C-RAN  

The experimental procedure was divided into three subsections. The first subsection 

demonstrates a VCSEL-based flexible RF signals generator. PAM-4 modulation format was 

used in the experiment to double the spectral efficiency of the network. The second subsection 

describes our laboratory-based PAM-4 signal generator. The last subsection discusses the full 

experimental setup for the proposed 5G C-RAN to be used within radio astronomy areas.    

5.2.1.1 VCSEL-based optical heterodyning for flexible high-frequency RF generation 

High-frequency RF carrier generation based on the proposed transmitter was demonstrated 

using the setup in figure 5.3. The frequency instability of the used VCSELs due to thermal 

variation requires careful temperature control of the laser cavities before application. This is 

especially important in radio astronomy areas where such photonic transmitters are proposed 

to be used to realize 5G radio communication without RFIs. If the VCSEL frequency 

instabilities are not taken into consideration, the photonically-generated RF spectrum will drift 

rapidly across the assigned frequency.  
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Figure 5.3 VCSEL-based Optical Heterodyning scheme      

This will cause serious system failure as the control mechanism try to track this RF shift and 

correct for RFIs. In our work, this was avoided by using temperature controller boards to 

stabilize the emission wavelength of the two VCSELs. To generate the 10-GHz RF carrier, 

VCSEL 1 was biased at 7.69 mA while VCSEL 2 was biased at 8.83 mA. Their outputs were 

combined at the optical coupler and allowed to heterodyne at the photodiode (PD). The 

polarization controllers (PC1 and PC2) were used to ensure that the coupled light at the 

photodiode had the required coupling efficiency for maximum beating to occur. By keeping 

the bias current of one VCSEL constant while tuning that of the other, different RF carrier 

signals could be generated, limited by the bandwidth of the photodiode. The flexibility of the 

VCSELs in term of RF generation was reported in our work [174].         

 The generated 10-GHz RF spectrum is given in figure 5.4 (right). As discussed in the theory 

chapters above, the generated RF carrier frequency equals the wavelength difference between 

the two heterodyning VCSELs. The 3-dB bandwidth of the photodiode limited the maximum 

RF carrier signals that could be generated. In our demonstration, the generated RF carrier 

signals were limited to 10 GHz. The phase-noise performance of the photonically-generated 

10-GHz RF signal using the two VCSELs was also reported in [174].        

 For many applications, sufficient RF power is necessary to provide error-free data 

transmission, especially when amplitude modulation is used, which is normally the case with 

non-coherent optical heterodyning technique. As can be seen in figure 5.4 (right), our VCSELs 

could generate an RF carrier signal with -20-dBm optical power. At this RF power, the use of 

RF power amplifiers with gain below 30-dB is possible to reach the RF power requirement for  

 

Figure 5.4 Optical spectrums of the VCSELs (left) and the resultant 10 GHz RF carrier (right) 
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future 5G C-RANs [175]. The beating optical spectrums of the two VCSELs is given in figure 

5.4 (left). As can be noted in that figure, both VCSELs had output optical powers above -2 

dBm. The optical coherency of the two VCSELs can also be seen where the two optical 

spectrums are clearly visible.  

5.2.1.2 M-Level electrical pulse generator   

PAM-4 modulation format offers a spectral efficiency of 2 bits/symbol. Real-time PAM-4 

transmitters are commercially developed [176]. In a laboratory where a PAM-4 transmitter is 

not available, an electrical PAM-4 signal can be generated by using a two-port/channel pulse 

pattern generator (PPG). Figure 5.5 shows the configuration of our PAM-4 signal generator 

realized from a two-channel PPG in our laboratory. PAM-4 bit-error rate (BER) can be 

calculated in real-time or offline by developing software-based PAM-4 receivers using 

platforms such as MATLAB. Our laboratory-based PAM-4 generator was configured as 

follows: two channels, the pseudorandom binary sequence (PRBS) channel and the inverted 

logic PRBS channel (N and P channels) of our pulse pattern generator (PPG), were used. The 

first channel was attenuated by 9-dB while the second channel was attenuated by 3-dB. These 

two channels were then decorrelated using a longer RF cable in one of the two electrical arms. 

This was necessary to make the two channels be in-phase and also so that they can overlap 

effectively. These two channels were then combined using an electrical T-connector. The 

output produced an electrical PAM-4 signal. The PAM-4 electrical signal is shown in figure 

5.6, both as an electrical pattern (left) and as an electrical eye (right). We can see the 

effectiveness of our laboratory-based PAM-4 signal generator. The four amplitude levels are 

clearly visible. The corresponding eye diagram is also showing three distinct eye which are 

clearly open. This makes this configuration practical for PAM-4 data transmission experiments.   

5.2.1.3 Fiber transmission performance of the VCSEL-based 5G C-RAN 

Data transmission performance of the VCSEL-based optical heterodyning transmitter scheme 

was investigated using the setup in figure 5.7. Figure 5.7 shows a fully centralized 5G radio 

access network (C-RAN) as described in section 3.4.1. The C-RAN architecture is attractive 

for application in radio astronomy areas to realize mobile services. Firstly, as the name implies, 

the C-RAN is a centralized network. This means that all the radio resource control algorithms 

can be shared with other base station from a central location. This central location is chosen to 

be at the radio astronomy observation office. As will be demonstrated in chapter 9, when this 

photonic RF transmitter is adopted, the 5G C-RAN can easily shifted its RF carrier to a different 

frequency by changing the bias current of one of the VCSELs. When this happens, a different 

wavelength is generated and the beating of the two VCSELs at the photodiode will generate a 

different RF signal. The 5G system is therefore able to mitigate any RFI effects.       

 

Figure 5.5 Configuration of a PAM-4 generator from a two-channel PPG 
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Figure 5.6 PAM-4 electrical signal pattern (left) and eye diagram (right)  

 

Figure 5.7 Full experimental setup of VCSEL-based RF generation and PAM-4 modulation 

Since the RAN architecture in figure 5.7 is designed to offer 5G services to radio astronomy 

areas without any RFI effects, it is also expected to fulfil 5G data transmission requirements as 

discussed in section 3.4.2. In our demonstration, these requirements were achieved as follows. 

To act as the baseline for system performance evaluation, an 8.5-Gbps binary data modulation 

without optical heterodyning was performed. A Mach-Zehnder modulator (MZM) was used to 

modulate VCSEL 1 with 8.5-Gbps binary data. The 8.5-Gbps binary data was received from 

the N channel of the PPG when the switch in figure 5.7 was at position 1. The modulated single 

optical signal from VCSEL 1 was transmitted and received after 24-km of non-zero dispersion 

shifted fiber (NZ-DSF) before being detected by a 12.1-GHz photodiode as shown in figure 

5.7. Since no RF carrier was generated in this case, the signal generator and the mixer were not 

used. The binary signal was received by the oscilloscope immediately after the photodiode. 

The BERs were then calculated numerically from the saved data to determine systems 

performance.                         

 Figure 5.8 (left) is the BER results for 8.5 Gbps binary data when only a single VCSEL was 

used and no optical heterodyning was implemented. This was necessary to get results against 

which the performance of the optical heterodyning-based 5G C-RAN transmitter could be 

validated. The BER results shown in figure 5.8 (left) were calculated before and after 24-km  
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Figure 5.8 BER results for 8.5 Gbps binary (left) and 8.5 Gbps binary with optical 

heterodyning (right)  

fiber transmission. We can see in figure 5.8 (left) that in this case when only a single VCSEL 

was used, error-free BER of 10-9 was achieved with an optical power of less than -22 dBm. 

This power is below the receiver sensitivity of the used photodiode which is -21 dBm [177]. A 

transmission penalty of 0.4-dB was achieved in this case when a single VCSEL was modulated 

at 8.5 Gbps.                             

 In the second demonstration, to photonically generate a 10-GHz RF carrier signal with data, 

VCSEL 1 was modulated with the same 8.5 Gbps data before being coupled with VCSEL 2. 

The combined signal was also launched into the same 24-km fiber before being detected by the 

12-GHz photodiode. A signal generator and a mixer were used to down-convert the 10-GHz 

RF signal to an intermediate frequency (IF) of 4 GHz. The 4-GHz signal was saved on the 

oscilloscope for offline BER calculations.                

 Using our designed digital receiver in MATLAB, the received IF carrier at 8.5 Gbps was 

demodulated offline first by using a digital low pass filter before BER calculations. It was 

important to design a digital filter that removes any IF signal. If part of the IF signal remained, 

it could distort the data pattern and will negatively affect the BER results. The designed filter 

was numerically optimized considering the current hardware mixers available in the market. 

The performance of our designed digital filter in MATLAB is given in figure 5.9 (right) for the 

8.5 Gbps binary data. In figures 5.9 (right), we can see that our digital filter was able to remove 

the high-frequency IF signals, allowing only the baseband pattern to pass through from which 

BER could be calculated.  

 

Figure 5.9 Unfiltered binary data (left) and filtered binary data (right) 
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Figure 5.8 (right) shows the BER results for the second case when VCSEL 2 was added to 

generate an optical heterodyning-based 10-GHz RF carrier signal that is modulated with 8.5 

Gbps binary data. In this case, an error-free transmission BER of 10-9 was achieved at a receiver 

sensitivity of -19 dBm and a 4-dB transmission penalty. These results shows that when two 

VCSEL are used as RF transmitters in radio astronomy areas to realize 5G services, the 

designed 5G network is expected to offer a data rate of at least 8 Gbps without data error. The 

optical power needed to achieve this is also low, avoiding the necessity for optical amplifiers 

that can make the entire 5G C-RAN complex and costly. The remote radio head (RRH) can 

also be extended up to 24 km to support distant communities with 5G services.     

 In the third demonstration, VCSEL 1 was modulated with 17 Gbps PAM-4 data to improve 

the spectral efficiency of the 5G C-RAN. The photonically-generated and modulated 10 GHz 

RF signal was again transmitted over the same 24-km NZ-DSF to the photodiode. During this 

steps, due to the needed RF power for high-level amplitude modulation formats such as PAM-

4, a low-noise linear electrical amplifier (EA) was used to amplify the received photonically-

generated and modulated PAM-4 signal. An electrical mixer was also used to down-convert 

the 10-GHz RF carrier to an IF of 4 GHz. This was achieved using our 20-GHz signal generator 

to generate a 6-GHz local oscillator signal for the local oscillator port of the mixer. The output 

of the electrical mixer was an IF signal that was then recorded by an oscilloscope for offline 

signal processing.                         
 On the figure 5.10 (right), we can see the PAM-4 signals after filtering. We can see that our 

digital filter was also able to remove the high frequency IF carrier signals, allowing only the 

baseband PAM-4 pattern to pass through from which BER could be calculated.      

 Improving network capacity without the need for additional spectrum is attractive, 

especially when low bandwidth optical sources such VCSELs are used in 5G C-RANs. The 

BER performance using PAM-4 signal is shown in figure 5.11 (left). When a minimum BER 

of 10-9 is considered, an extrapolation of figure 5.11 (left) shows that this BER could be 

achieved with an optical power of about +2 dBm. This translates to a transmission penalty of 

16-dB as can be determined in figure 5.11 (left). This power can be achieved using either low-

gain optical amplifiers or electrical amplifiers after the photodiode. Forward error correction 

techniques could also be adopted to improve the BER [178].              

 In figure 5.11 (right), the system performance at 8.5 Gbps binary data using a single VCSEL, 

at 8.5 Gbps binary when optical heterodyning two VCSELs, and at 17 Gbps PAM-4 when  

 

 

Figure 5.10 Unfiltered pam-4 data (left) and filtered PAM-4 data (right) 
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Figure 5.11 BER for 17 Gbps PAM-4 (right); 8.5 Gbps binary single VCSEL, 8.5 and 17 

Gbps optical heterodyning (left)  

optical heterodyning two VCSELs is shown in term of BERs. Both BERs were measured after 

24 km fiber transmission. We can see in that figure that both systems were able to give error-

free data with optical powers within +2 dBm. On figure 5.11 (right), when considering a 

minimum BER of 10-9, binary data transmission using a single VCSEL performed better. 

Comparing the performance of a single VCSEL with optical heterodyning of two VCSELs at 

8.5 Gbps, a transmission penalty of 3-dB was achieved. A transmission penalty of 15-dB was 

recorded when optical heterodyning of two VCSELs was modulated with 17-Gbps PAM-4 

data. Figure 5.11 (right) shows that it is possible to use low-power VCSELs to enhance the 

system capacity using PAM-4 modulation format. This was possible within a practical optical 

power below 0 dBm. These results motivate the potential of adopting VCSELs and PAM-4 

modulation formats in designing flexible, high bit rate, low-cost, and less complex 5G C-RANs 

within radio astronomy areas without the consequences of RFI to the astronomer. 

5.3 VCSEL-based OFC as RF transmitter for 5G C-RAN 

In section 5.2, we have demonstrated a simple and cost-effective 5G C-RAN system at 10-GHz 

RF frequency using VCSELs as light sources. The spectral efficiency was doubled by adopting 

a four-level pulse amplitude modulation (PAM-4) scheme. We realize however that, using two 

free-running VCSEL lasers for designing photonic RF transmitter is attractive if the 5G C-

RAN is intendent to operate at low data rates. Radio astronomers will require enhanced data 

rates to have access to novel applications that 5G radio access network will support. Therefore 

VCSEL-based 5G C-RAN with enhanced data throughputs are necessary. However, this will 

require coherent VCSEL-based photonic RF transmitters.           

 Recent studies showed both numerically and experimentally that gain-switched VCSELs 

can generate coherent optical frequency combs (OFC) for potential application in 5G C-RANs 

[179-180]. Despite such promising findings, their application in designing future 5G C-RANs 

is yet to be demonstrated both numerically and experimentally.              

 In this section, for the first time to our knowledge, we will present numerical results showing 

the application of VCSEL-based optical frequency combs to realize coherent high-performance 

5G C-RANs. Special emphasis is placed on the feasibility of these photonic RF transmitters in 

designing 5G radio communication network which can coexist within radio astronomy areas 
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without the effects of RFI. We have investigated the study in the frequency band around 60-

GHz, frequency of interest for future 5G radio communication networks.  

5.3.1 Demonstration of VCSEL-based OFC for 5G C-RAN  

The section is divided into two subsections. The first subsection will discuss the configuration 

of a VCSEL-based optical frequency comb generator. The second subsection discusses the full 

schematic used to realize the reported VCSEL-based flexible 5G C-RAN for radio astronomy.  

5.3.1.1 VCSEL-based optical frequency comb generation  

Features of VCSELs discussed in section 4.1.4 make them attractive optical sources for use in 

cost- and power-sensitive 5G C-RANs for radio astronomy. One of the VCSELs used for the 

study in section 5.2 was first characterized to extract its intrinsic parameters which are 

necessary for numerical analysis. These parameters were calculated and are given in table 2. 

Using these parameters, we numerically generated and evaluated the characteristics of the 

optical frequency comb generated by the system. The numerical study was carried out using 

Optiwave software version 17.0. At the time of demonstration, this was the latest version from 

the producer.                           

 For exclusively generating the optical frequency comb and the RF carrier signals, as well as 

for studying the dynamics of the resultant optical frequency comb, figure 5.12 was modified 

as follows. The polarization controller (PC), Mach Zehnder Modulator (MZM), the pulse 

pattern generator (PPG), the optical fiber, and the bit error rate tester (BERT) were initially not 

connected. As discussed in the preceding theoretical chapters, it is suggested that the electrical 

switching frequency from the sine generator should be close to the relaxation oscillation 

frequency of the VCSEL, and the modulation current should be determined empirically [180]. 

Increasing the modulation current from the sine generator will need to be compensated by 

reducing the bias current of the VCSEL below the saturation current and above the threshold 

current.                         

Table 2. Measured VCSEL Intrinsic Parameters 

Parameter Name Value 

Wavelength 1552.43 nm 

Bias Threshold Current 8 mA 

Active layer volume 2.5e-012 cm3 

Group velocity 8.5e+009 cm/s 

Quantum efficiency 0.4 

Differential gain coefficient 0.25e-015 cm2 

Mode confinement factor 1 

Carrier lifetime 2.73e-009 s 

Photo lifetime 60e-012 s 

Spontaneous emission factor 1e-006 

Gain confinement coefficient 10e-018 cm3 

Linewidth enhancement factor 2.8 
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Injection efficiency 1 

 

Figure 5.12 Experimental schematic of the proposed VCSEL-based fronthaul system; BT, 

Bias Tee.      

Adhering to the above suggestions, the switching frequency of our sine generator was set at 14 

GHz, slightly above the 10-GHz relaxation oscillation frequency of the VCSEL. The switching 

current of the sine generator was set at 10 mA, also just slightly above the saturation current of 

the VCSEL. It is worth mentioning that these operating points of the system were to be 

determined empirically by the system designer.              

 Figure 5.13 shows the generated optical frequency comb. The results show a well-spaced 

optical frequency comb with clearly resolved spectral lines. Remarkably, at such low bias 

current and low modulation current, the VCSEL-base system was able to give a 3-dB 

bandwidth with 11 comb lines.                      

 In the same study, an investigation was carried out to determine the dependency of the 

frequency comb on both the electrical switching frequency and the modulation current above 

or below their optimum values. Figures 5.14 and 5.15 show how the comb behaved when the 

modulation current was reduced above and below the optimum modulation current, 

respectively. When the modulation current was above the optimum value, the comb kept its 

shape, but the extinction ratio for each comb line was reduced. The side modes of the comb 

were also consumed as can be seen in figure 5.14. This was because at high modulation currents 

from the sine generator, the VCSEL received power above its maximum saturation bias current. 

As a result, the VCSEL was driven into a highly-nonlinear regime. In this regime, the dynamics 

in the VCSEL cavity modifies its gain bandwidth, resulting into new optical lines being 

generated between each pair of the comb lines. Below the optimum modulation peak power, 

the combs lines remained clearly visible, but the number of comb lines were reduced as can be 

seen on figure 5.15. These behaviours were well-reported in a numerical study of a gain-

switched VCSEL [179]. We have reported them here for completeness.        

 It is very important to note that when the 5G network designer choses to use this photonic 

RF transmitter scheme when designing a 5G C-RANs within radio astronomy, these comb 

dynamics needs to be taken into consideration, and they should be avoided. For example. When 

the 5G radio communication system designer does not optimize and maintain the optimal 

operation conditions of the photonic RF transmitter, a shift in parameters will deteriorate the 

generated optical frequency comb. The systems could therefore stop to work completely, 

affecting the 5G end-user or it can shift to unmonitored RF signals that will become an RFI to 

the radio astronomer.  
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Figure 5.13 The generated optical comb of the gain-switched VCSEL laser at optimum 

switching current and frequency  

 

Figure 5.14 The generated optical comb when VCSEL laser is switched with current above 

optimal 
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Figure 5.15 The generated optical comb when VCSEL laser is switched with current below 

optimal 

When care is exercised to keep these operating parameters constant, the optical frequency 

comb of figure 5.13 generated through the proposed technique of figure 5.12 can be a good 

solution for designing photonic RF transmitters to coexist within radio astronomy areas. For 

example, the generated comb lines are coherent. Any two combs, spaced by the desired RF 

carrier frequency at which the 5G C-RAN should operate, can be filtered out and heterodyne 

them at the photodiode to generate the wireless signal. The resultant RF signal will be very 

coherent and will have very narrow linewidth because both optical lines are from the same 

optical cavity. This will be demonstrated in the following section. Higher frequency RF carriers 

can be generated, limited by the span of the achieved optical frequency comb. This feature 

allows the 5G C-RAN to operate at high bandwidth. Most importantly, the system is flexible. 

By changing the switching frequency of the electrical oscillator, the spacing between two 

consecutive comb lines can be varied resulting in a different RF carrier. It is important to note 

however that this will require some electrical or optical filters that can accurately tracks the 

shift in each comb line as discussed in section 4.2.3. Digital tunable optical filters can be used 

to select the desire comb line in case of RFI with the radio astronomer. This action will generate 

a different RF carrier which different from which the astronomer is observing. The most 

noteworthy advantage of this photonic RF transmitters is that only a single laser is used. In the 

next section, we will demonstrate the data transmission performance of this photonic RF 

transmitter when applied in a 5G C-RAN.   

5.2.1.3 Fiber transmission performance of VCSEL-based OFC 5G C-RAN   

We proposed a 5G C-RAN operating at 56-GHz carrier frequency for enhanced bandwidth to 

realize high data rates to the radio astronomer. The proposed network is based on the same 

configuration as figure 5.12. During this demonstration however, the PC, the MZM, the PPG, 

the optical fiber, and the BERT were now connected. Two optical channels at 1552.2048-nm 

and 1552.6549-nm, separated to give an RF carrier frequency of 56-GHz, were selected by a 

wavelength selective switch (WSS).                    

 It is important to realize that it is possible to use this photonic system to realize radio 

communication services in radio astronomy without the effect of RFI. When RFI occurs, one 

of the selected channels can be changed to produce an RF carrier different from that at which 

the telescopes are observing. It is also worth noting that the WSS is needed for the experimental 
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characterization only. It is not needed for a real-world implementation, where instead a passive 

WDM splitter could be used to reduce network costs.             

 One of the filtered channel was modulated with data. The modulated channel was connected 

to a PC to match its polarization to that of the MZM biased at quadrature point [181]. To 

emulate a PPG, pseudo random bit sequence of 10- and 16.3-Gbps were generated and passed 

to the pulse generator. This resulted into 10- and 16.3-Gbps electrical data to the MZM. The 

modulated wavelength was combined at the optical coupler with the unmodulated wavelength 

acting as a local oscillator. The two combined wavelengths were then transmitted over a 20.5-

km of standard single mode fiber (SSMF) to a 60-GHz PIN photodiode having a responsivity 

of 0.8 A/W. The optical spectrum analyzer (OSA) was used to monitor the two optical channels. 

The variable optical attenuator (VOA) was used to vary and keep the power to the photodiode 

constant. The modulated RF carrier signal at the output of the photodiode was monitored on an 

electrical spectrum analyzer (ESA) before amplification with an electrical amplifier of 26-dB 

gain. The low-pass filter (LPF) acted as an envelope detector and was then used to recover the 

transmitted baseband data. System performance analysis was performed based on bit error rate 

calculations using the BERT.                      

 The two filtered wavelengths with one wavelength modulated with data is shown in figure 

5.16. We notice in figure 5.16 that the WSS was able to accurately select the desired comb 

lines. The power of the two comb lines is also comparable, showing that the used WSS is not 

wavelength-dependent across its design bandwidth. The resultant 56-GHz RF carrier signal is 

shown in figure 5.17. The same data that was carried in one of the filtered wavelengths in figure 

5.16 is also transferred to the generated 56-GHz RF carrier of figure 5.17.       
        

 

Figure 5.16 The two photonically-filtered comb lines with one comb carrying data  
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Figure 5.17 The resultant 56-GHz RF carrier signal amplitude-modulated with data  

 

Figure 5.18 The BER curves for B2B and after 20.5-km fiber transmission at the 10-Gbps 

data rate  

 Data transmission performance of the VCSEL-based coherent 5G C-RAN was determined 

using BER calculations at both bit rates. The BER measurements were carried out for back-to-

back (B2B) and over 20.5-km SSMF. The BER results at 10 Gbps data rate at B2B and over 

20.5-km SSMF are shown in figure 5.18. As can be seen in figure 5.18, considering a BER of 

10-9, a fiber transmission penalty of 2-dB was obtained with a receiver sensitivity of -22.4 dBm. 

These results indicate that RF carrier signals generated from a gain-switched VCSEL comb are 

competitive for designing 5G C-RANs at 10-Gbps with fronthaul distance beyond 20 km. In 

section 3.4.1, we stated that the 5G C-RAN will have its central office located at the radio 

astronomy observing station. The 20-km distance over which the RF signal was transmitted in 

this demonstration shows that this photonic 5G C-RAN can be used to support remote areas 

around the astronomy areas at 20 km or less. By using optical fiber cables as fronthaul links 

from the radio astronomy station, neighboring farms and villages can be supplied with 5G 
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services. As the transmitter has the capability to mitigate RFI, both the astronomer and the 5G 

user in the community can enjoy advanced 5G applications supported by the photonic network.

 The eye diagram at 10-Gbps after 20.5-km fiber transmission is given in figure 5.19. The 

eye is clearly open even after 20.5-km fiber transmission. The eye has an extinction ratio of 

2.65-dB, qualitatively supporting the BER results.               

 Figure 5.20 shows the system performance at 16.3-Gbps data transmission for B2B and over 

20.5-km SSMF. Considering the same BER of 10-9, a slightly high transmission penalty of 7-

dB was obtained with a receiver sensitivity of -18 dBm. Nevertheless, the system still 

demonstrated an attractive data transmission performance even at such a high bit rate. This 

further demonstrates the potential of VCSEL-based optical frequency combs for application in 

the proposed 5G C-RAN for high-speed data transmission. Corresponding eye diagram at 16.3-

Gbps after 20.5-km fiber transmission is given in figure 5.21. The eye was still well open and 

had an extinction ratio of 2.49-dB.                       

  

 

Figure 5.19 The Eye diagram after 20.5-km fiber transmission at the 10-Gbps data rate 
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Figure 5.20 The BER curves for B2B and after 20.5-km fiber transmission at 16.3-Gbps data 

rate 

 

Figure 5.21 The Eye diagram after 20.5-km fiber transmission at 16.3-Gbps data rate 

The results reported in this section have shown that VCSEL-based optical frequency combs 

can support error-free data transmission above 16-Gbps and could therefore be an attractive 

solution for designing the proposed 5G C-RAN in radio astronomy areas. Considering the 

broadband requirement for future 5G networks, our demonstration fulfilled this by delivering 

enhanced data rates beyond 10 Gbps.   

Chapter Summary 

In this chapter, we have demonstrated the application of VCSELs to realized intelligent 5G C-

RANs which can be designed to coexist within radio astronomy areas. In the first 

demonstration, we developed a VCSEL-based photonic RF transmitter that is based on optical 

heterodyning of two independent VCSELs. The bias current-dependent wavelength for the 

VCSEL was interrogated to realize a flexible photonic 5G C-RAN that are capable of 

mitigating RFI due to spectrum collision with any radio system observing or operating at that 

same RF frequency. The limitations encountered by optical heterodyning as a photonic RF 

transmitter was mitigated by proposing novel techniques to overcome the resultant RF phase 

noise associated with this photonic RF generation scheme. The spectral efficiency was 

increased, for the first time, to an impressive data rate of 17 Gbps using advanced pulse 

amplitude modulation.                         

 In the same chapter, we demonstrated an alternative technique to overcome the limitations 

of non-coherent photonic RF transmitters such as the optical heterodyning of independent 

lasers. We demonstrated a VCSEL-base coherent RF transmitter by gain-switching a single 

VCSEL. The advantages and adoptability of this novel photonic RF transmitter for use in radio 

astronomy areas without the effects of RFI was also unpacked. Improved data rates were 

demonstrated using this techniques. The results reported in this chapter are novel. They pave 

the way toward an exciting future. A future where low-cost VCSEL lasers are used to realize 

intelligent 5G systems that can be used in radio astronomy to realize radio communication 

services without the threat of radio interference to the astronomer.  
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Chapter 6: Optical Carrier Power Optimization in VCSEL-based 

OFC Generation 

A well-known photonic technique for generating high-frequency RF carrier signals was 

discussed in section 4.2, and it was demonstrated for the first time, using low-cost VCSELs, in 

section 5.3. This photonic RF transmitter is based on optical frequency comb (OFC) generation. 

Section 5.3 demonstrated how this photonic RF transmitter can be used in 5G centralized radio 

access networks (5G C-RAN) to realize radio communication service within radio astronomy 

areas without the effects of radio frequency interference (RFI) to the astronomer. The results 

of section 5.3 showed the efficiency of the photonic RF transmitter for such applications.   

 In the optical frequency comb generation technique, the photonic generation of RF signals 

involves filtering out two optical signals and optically heterodyning them at a high-speed 

photodiode [182]. One of the filtered signals is modulated externally with an optical modulator 

and the other unmodulated signal acts as a local oscillator. High frequency RF signal generation 

based on optical frequency comb generation [182] is more attractive because it can generate 

coherent multi-mode optical sources. The generated multi-mode optical spectrum (see figure 

5.13) consists of phase-correlated wavelengths. Any two optical lines from generated comb 

can be filtered and be heterodyned to generate RF carriers with good phase noise performance 

[183]. For radio astronomy areas to realize mobile communication services, the optical 

frequency comb generation technique is considered attractive both in its design and the phase-

noise performance of the resultant RF signals. The advantages and disadvantages for optical 

frequency comb generation technique were discussed in section 4.2.3 of this thesis.    

 In optical comb generation techniques, the quality of the comb is measured by the number 

of combs lines generated by the system. The flatness of the resultant optical frequency comb 

is also a factor of merit [184]. Many techniques have been suggested to expand and improve 

the flatness of a single-stage optical comb generation generator [185]. Such techniques seek to 

ensure that any two filtered optical lines from the comb should have equal optical powers to be 

detected by the photodiode. The main reason for improving the optical span of the comb is to 

enable the generation of high-frequency RF carriers in the terahertz region [182]. However, 

achieving both flat and wide optical frequency combs is rather costly and complex. This can 

jeopardize the application of such photonic RF transmitters for novel 5G communication.

 Researchers have suggested that for radio communication purpose, the flatness of the comb 

is more critical. They have also suggested that the useful comb lines are those having an optical 

power ratio of 3-dB or 10-dB relative to the most powerful comb line [144]. However, this 

requirement is yet to be validated. The effects of the optical power ratio between the two optical 

lines selected from an optical frequency comb on the generated RF carrier signal and on the 

baseband data signal is yet to be studied. It is not yet clear whether there is necessity that both 

optical comb lines should have equal powers. It is also not clear how the power ratio between 

the two selected optical lines affects the 5G C-RAN performance.         

 In this chapter, for the first time to our knowledge, we numerically investigated the effects 

of optical local oscillator signal power on a photonically-generated RF carrier signal power and 

on the baseband signal. We used a VCSEL-based optical frequency comb in our study. The 

study was considered in the frequency band around 60-GHz, frequency of interest for future 

5G C-RANs.   
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6.1 Study on effects of optical power ratio between two selected comb lines 

To investigate the effects of optical power ratio between the two selected comb lines on the 

generated RF carrier signals and the transmitted baseband signal, we adopted a 5G C-RAN 

architecture given in figure 5.12. The two channels chosen by the wavelength selective switch 

(WSS) are 1552.20-nm and 1552.65-nm. For the purpose of this study, and in order to replicate 

a flat comb that is being suggested by many researchers, both channels were chosen to have 

comparable optical powers of -7.19 dBm and -8.01 dBm, respectively. The channel spacing 

was selected to give a 56-GHz RF beat frequency. The wavelength with -7.19-dBm optical 

power was then connected to an MZM biased at quadrature point [181] and modulated with 

16-Gbps baseband signal. The modulated optical carrier signal was connected to a polarization 

controller (PC) to align the light polarization to that of the MZM. A pseudo random bit 

sequence of 16-Gbps was generated and used to modulate the optical carrier. The modulated 

optical carrier signal was then combined with the optical local oscillator signal at the optical 

coupler. These two combined signals were then amplified by an optical amplifier with 20-dB 

gain and 6-dB noise figure. The signal was then transmitted over 21-km SSMF to a photodiode. 

The variable optical attenuator just after the fiber was used to vary and keep the power to the 

photodiode constant. For baseband signal analysis, the RF carrier signal at the output of the 

photodiode was then amplified with a transimpedance amplifier (TIA) having a noise figure of 

3-dB and a 700-ohm feedback resistor. A low-pass filter (LPF) with 16-GHz cut-off frequency 

was then used to recover the transmitted baseband data signal for its analysis. The RF carrier 

signal was received immediately after the photodiode so that the effect of the electrical 

amplifier is not included in its analysis.    

6.2 Results and analysis on the effects of optical power ratio   

We present and discuss the effects of optical power ratio between the two selected wavelengths 

on both the generated RF carrier signal and the transmitted baseband signal. The investigation 

was to study how the BER results are affected when the power of the optical local oscillator 

signal is above that of the modulated optical carrier signal. Figure 6.1 shows the two filtered 

optical lines before modulating one. At this point, we notice that both optical signals had equal 

powers. The optical carrier signal at lower wavelength was then amplitude-modulated with 16-

Gbps binary data using an MZM. Due to the MZM’s insertion losses, the power of the 

modulated optical carrier signal was reduced below the power of the optical local oscillator 

signal. This is visible in figure 6.2. It is important to realize that figures 6.1 and 6.2 is how a 

typical two-tone spectrum, filtered from a flat optical frequency comb will appear, before and 

after modulation of the optical carrier signal, respectively. The two signal of figure 6.2 were 

then transmitted to the photodiode to generate a photonically-modulated RF carrier signal. The 

photonically-modulated RF signal now have both the baseband and the RF carrier signal.

 Figure 6.3 is the RF spectrum when the optical signals of figure 6.2 were beating at the 

photodiode. The RF power of the carrier signal is -15.3 dBm. Figure 6.4 is the time waveform 

of the spectrum of figure 6.3. We notice in figure 6.4 that when the optical spectrum of figure 

6.2 was beating at the photodiode, the generated RF carrier signal fully filled up the baseband 

pattern. Figure 6.5 shows the eye diagram for the time waveform of figure 6.4 after envelop 

detection using a low-pass filter. We observed on figure 6.5 that the 0-bit value of the data 

signal is shifted above zero. It will be shown in this section that the eye diagram of figure 6.5 

was strongly influence by the optical power ratio between the optical carrier signal and the 

optical local oscillator signal.  
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Figure 6.1 Two comb lines separated by 56 GHz before one comb line being modulated. The 

-100-dBm noise floor is due to the WSS used to filter the two signals.  

 

Figure 6.2 Two comb lines separated by 56 GHz after one comb line is being modulated. 

MZM insertion losses introduced a power reduction in the modulated line.   
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Figure 6.3 The 56-GHz RF carrier with 16-Gbps data before attenuation of the optical local 

oscillator signal power. 

 

Figure 6.4 RF and baseband signals time waveforms when optical local oscillator signal 

power is above the optical carrier signal power, corresponding to an attenuation value of 0-

dB on figure 6.7.  
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Figure 6.5 Eye diagram at BER of 10-9 before attenuation of the optical local oscillator signal 

power  

The next step was to determine the bit error rate (BER) results under the condition of figure 

6.2. This was necessary to determine how the 5G C-RAN will perform under the condition 

when the optical carrier power is below the optical local oscillator power, a situation inherently 

experienced with flat optical frequency combs due MZM losses. The BER calculations were 

determined for back-to-back (B2B) and over 21-km SSMF. For baseband signal analysis, the 

RF carrier signal was filtered out for BER calculations. It is very important to explain the reason 

for filtering out the RF carrier in this case.                   

 It is worth mentioning that the 5G C-RAN proposed in this thesis can find application not 

only in wireless communication networks, but also in next-generation hybrid systems where 

both mobile and fixed user are supported. This case was demonstrated in chapter 8 of this 

thesis. In such hybrid 5G networks, wavelength division multiplexing (WDM) will be used. It 

will involve the multiplexing of two or more optical lines to support both fixed and wireless 

users [186]. It is therefore necessary to investigate how the power ratio between the selected 

optical lines affects both the fixed and wireless astronomical user. Therefore, the filtering out 

of the RF carrier  signal applies to a case when the 5G C-RAN is connecting a fixed astronomer 

who does not need the photonically-generated high-frequency RF signal.        

 The effects on the fixed user were determined by calculating the BER values. The results 

are shown in figure 6.6. As can be seen in that figure, when considering a BER of 10-9, a power 

penalty of 14-dB was obtained. The receiver sensitivity at this BER value was 7.5 dBm. In 

figure 6.6, we can notice how the BER values improved after fiber transmission when 

considering optical powers of -15 dBm and above. It was demonstrated in [170] that RF carrier 

signal power can be enhanced in photonic-based RF generation when the optical pulse is 

compressed through fiber transmission. This effect could have ultimately contributed to the 

improved BER results after fiber transmission and after envelop detection when filtering out 

of the RF carrier signal to receive the baseband pattern.  

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
m

p
lit

u
d

e
 (

a
.u

)

Time (Bit period)



60 
 

 

Figure 6.6 BER for B2B and after fiber transmission before attenuation of the optical local 

oscillator signal power.  

In the next study, we investigated how reducing the optical local oscillator signal power below 

the power of the modulated carrier will affect both the RF power and the baseband signal. 

Naturally, as seen in figure 6.2, due to the intrinsic insertion losses of the MZM, especially in 

a system employing a flat optical frequency comb [187], the optical local oscillator signal 

power will always be high relative to the power of the modulated optical carrier signal. We  

were interested on how reducing the optical local oscillator signal power below the power of 

the modulated optical carrier signal affects both the baseband signal and the RF carrier power.

 It is worth mentioning that the case when the optical local oscillator power is below the 

modulated optical carrier signal can only be obtained if the generated optical frequency comb 

is not flat and an MZM with some insertion loses is used. As highlighted in the preceding 

paragraphs, the generation of flat optical frequency comb is complex and requires additional 

systems to achieve them. Additionally, low-insertion-loss MZMs can be expensive to realize. 

In our proposed 5G C-RAN, we needed to make the photonic RF transmitter as simple as 

possible. This can only be realized if the necessity for a flat optical combs is avoided, and when 

cheap MZMs with some reasonable insertion losses are used. However, before these 

recommendations, we needed to validate our arguments that flat optical combs and low-

insertion-loss MZMs are not strict requirements in designing 5G C-RAN based on optical 

frequency comb photonic RF transmitters.                 

 To study the effects of reducing the optical local oscillator signal power below the power of 

the modulated optical carrier signal, the optical local oscillator signal power was attenuated 

using a variable optical attenuator before being combined with the modulated optical carrier 

signal at the optical coupler. These results are shown in figure 6.7. We can see that when 

increasing the attenuation for the optical local oscillator signal power, the BER results are 

improved. However, attenuating the optical local oscillator signal power results into a loss of 

power in the generated RF carrier signal. These effects can be explained intuitively as follow.

  

-30 -25 -20 -15 -10 -5 0 5 10
-9

-8

-7

-6

-5

-4

-3

-2

-1

0

L
o

g
 B

E
R

 

Optical power (dBm)

  BER at B2B

  BER after 21 Km fiber



61 
 

 

Figure 6.7 Effects of optical local oscillator signal power attenuation on both the BER 

(baseband signal) and the RF carrier signal. 

 

 

Figure 6.8 RF and baseband signals time waveforms when optical local oscillator signal 

power is below the optical carrier signal power  

When the optical local oscillator signal has more power than the modulated optical carrier 

signal, the cross talk between the two optical signals is increased. Therefore, the beating 

frequency at the two heterodyning optical signals at the photodiode is increased. This can be 

seen in figure 6.4 where the signal at the beat frequency is flooding the baseband signal. 

Without effective filtering at the receiver, the received baseband signal will be erroneous, as 

supported by figure 6.6 and can be noted in figure 6.7.              
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However, when the optical local oscillator signal power is below the power of the modulated 

optical carrier signal, the beat frequency power is reduced. This is evident on figure 6.8. This 

favors the baseband signal and hence a better BER is expected, supported by figure 6.7.  

 To validate this, we calculated the BER values when the optical local oscillator signal power 

is below the power of the modulated optical carrier signal. From figure 6.7, we can see that 

minimum BER was obtained with a 15-dB attenuation of the optical local oscillator signal 

power. We therefore evaluated the transmission penalty and the receiver sensitivity at this 

attenuation value. The two filtered comb lines with the optical local oscillator signal power 

being attenuated are given in figure 6.9. The BER curves and the eye diagram as a result of 

figure 6.9 are given in figure 6.10 and figure 6.11, respectively. We can see that the same BER 

value of 10-9 was now achieved with a lower receiver sensitivity of -13dBm compared to the 

power at the same BER when the optical local oscillator signal had more power.    

 A careful analysis of figure 6.7 shows that, by keeping the optical local oscillator signal 

power fixed and attenuating the optical carrier signal power, there can exist a power ratio 

between the two optical signals where the power of the RF carrier signal could be enhanced.

 From the above findings, we can conclude that when this technique is used for hybrid 5G 

C-RAN to the astronomer, the RF designer can optimize the power of the RF carrier such that 

both the fixed user and the wireless user does not suffer any consequences due to the presence 

of the other. For example, when a 5-dB attenuation is applied to the local oscillator signal, the 

wireless carrier signal will have about -14 dBm of RF power. This power can be radiated to 

support 5G mobile devices. In case this power is not enough, low-gain electrical amplifiers can 

be used to achieve the needed link gain. At the same attenuation of 5-dB, the fixed user will 

receive error-free data with an excellent BER of 10-25, way below the recommended minimum 

BER of 10-9.                             

 Figure 6.12 shows BER performance of the 5G C-RAN before and after attenuation of the 

local oscillator signal power. We can notice on that figure that, for the baseband signal, a power 

penalty of more than 18-dB is introduced when care is not taken to attenuate the optical local 

 

Figure 6.9 Two comb lines separated by 56 GHz after optical local oscillator signal power 

attenuation. 
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oscillator signal power optimally to reach an error-free BER. This power penalty can get worse 

in amplitude-modulated and high-bit-rate networks. The attenuation of the optical local 

oscillator power below the optical carrier power produced more than 18-dB improvement in 

term of receiver sensitivity. This is also supported by figure 6.11 where the 0-bit value was 

lowered toward the minimum value, consequently improving the extinction ratio and the BER 

of the system.     

 

Figure 6.10 BER after attenuation of optical local oscillator signal power.   

 

Figure 6.11 Eye diagram after attenuation of the optical local oscillator signal power. 
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Figure 6.12 BER after and before 15-dB attenuation of the optical local oscillator signal 

power 

Chapter Summary 

In summary, this chapter has demonstrated that complex photonic RF transmitter 

configurations to achieve flat optical frequency combs in photonic 5G C-RANs is not a strict 

requirement. Also, the study demonstrated that optical frequency comb-based RF transmitters 

can be used with MZMs having reasonable insertion losses to the advantage of the network 

user. By appropriately selecting the heterodyning comb line powers, guided by figure 6.7, the 

5G network designer can use non-flat optical frequency combs and low cost MZMs to achieve 

excellent network performance for both the fixed and wireless user. This ultimately reduces 

the over photonic RF transmitter cost.                  

 The results reported in this chapter will also help 5G C-RAN designers to determine the 

degree to which the neighboring combs lines can be attenuated to achieve a certain BER value. 

This will in turn assist with the selection of appropriate WSS to meet the required system 

performance. Figure 6.7 also predicted that by reducing the power of the modulated optical 

carrier signal below the power of the optical local oscillator signal, the RF carrier power could 

be increased. Interestingly, results reported in this chapter suggest that indeed MZM with some 

degree of insertion loses can improve the RF power in system where flat optical frequency 

combs are used as flexible photonic RF transmitters.             

 At this point of the study, the dependence of the effect optical local oscillator power on the 

modulation format, system bit rate, transmission distance, and the driving and bias voltages of 

the MZM cannot be generalized. However, we can conclude from the findings that amplitude-

modulated systems are likely to be affected positively when care is exercised to reduce either 

the optical local oscillator signal power (for baseband signals) or the optical carrier signal 

power (for the wireless RF carrier signal).   
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Chapter 7: VCSEL-based OFC for Application in WDM-based 

5G C-RAN  

The fifth generation (5G) of radio communication networks target unprecedented performance, 

not only in terms of higher data rates per user and lower latency, but also in terms of network 

intelligence and capillarity. Hybrid 5G centralized radio access networks (5G C-RANs) based 

on wavelength division multiplexing (WDM) are considered as outstanding candidates for 

realizing such performances. The WDM network can be used to transport different services 

across the 5G network. Each wavelength can be used to transport a unique data signal to the 

intendent user. In chapter 5, we demonstrated two 5G C-RANs based on vertical cavity surface 

emitting lasers (VCSELs). Section 5.3 of that chapter specifically used a VCSEL-based optical 

frequency comb to transmit coherent wireless data signals at high bit rates to the astronomer. 

In that demonstration, the 5G C-RAN was used to support only a single application where only 

the wireless 5G user was served by the network. The optical comb in figure 5.13 has more than 

50 comb lines, each with good optical power. These optical carrier can be harnessed to support 

multiple applications.                         

 In this chapter, we will demonstrate for the first, a novel VCSEL-based 5G C-RAN where 

an optical frequency comb (OFC) is used as the photonic RF transmitter to support more than 

one application scenario. Recall that the photonic 5G C-RANs proposed in this thesis are to be 

used in radio astronomy areas to realize radio communication services. In addition to that 

purpose, chapter 7 will demonstrate an additional application of a VCSEL-based optical 

frequency comb. The new application to be demonstrated is very relevant to radio astronomy. 

It involves the coherent dissemination of clock signals over optical fibers to the telescope 

arrays. Telescope arrays are synchronized with precise RF clock signals for accurate time-

stamping of the observed data [188]. The clock signals are transported to the telescope through 

optical fiber. In legacy network, different lasers are used for the transmission of data and clock 

signals [188]. This becomes costly to implement and manage. In this chapter, we demonstrate 

a novel technique where a single VCSEL is used to transport both 5G data signals and clock 

signals for telescope synchronization. The VCSEL laser is gain-switched to obtain an optical 

frequency comb such as that in figure 5.13. The resultant comb lines were used for the 

transmission of 5G data and reference clock signals to the telescopes.          

 It is important to keep in mind that the clock performance results reported here were 

discussed in the content of 5G network latency monitoring. However, the same clock can also 

be used for synchronization of radio telescope arrays. This means that by using a single VCSEL 

carrier, the radio astronomer realizes a photonic systems that is able support three distinct 

services simultaneously. Firstly, a single VCSEL carrier is used to realize 5G radio 

communication services to the astronomer without the effects of RFI. Secondly, the same 

VCSEL is used to disseminate reference clock signals to the radio telescopes. Finally, same 

clock can be used to monitor the network latency of the implemented 5G C-RAN. To our 

knowledge, this is the first time such a 5G network scheme is reported.  

7.1 Demonstration of VCSEL-based clock and data signals transmission 

We have proposed a 30-Gbps VCSEL-based WDM 5G C-RAN with three amplitude-

modulated optical channels at 10-Gbps and one carrier with amplitude-modulated 50 MHz 

reference clock signal which can be used either for telescope synchronization or for 5G network 

latency monitoring purpose. Our proposed network architecture is given in figure 7.1.  
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Figure 7.1 Experimental schematic of the proposed WDM VCSEL-based 5G C-RAN 

In figure 7.1, the “VCSEL-OFC” box represents the setup in figure 5.12 where the VCSEL is 

gain-switched by an electrical signal from the sine generator to generate the optical frequency 

comb.                             

 In order to mitigate the cross-talk effects, the switching frequency of the signal from the 

sine generator was increased to 20 GHz. The effect of increasing the switching frequency 

reduces the number of comb lines, but the spacing between two consecutive comb lines is 

increased. Increasing the frequency spacing between comb lines is necessary for high-speed 

data transmission. In our network, the number of comb lines within the 10-dB envelop were 

reduced to 5 comb lines from the 11 comb lines generated at 14 GHz switching frequency. 

 Four wavelength channels at 1552.27-nm, 1552.42-nm, 1552.59-nm, and 1552.75-nm were 

selected by an optical bandpass filter (OBPF) having a 100-GHz bandwidth. Using the 

circulator and a fiber Bragg grating (FBG), the fourth wavelength at 1552.75-nm was selected 

and amplitude-modulated (AM) with a 50-MHz clock signal meant either for latency 

monitoring at each optical network unit or for synchronization of telescope arrays. The three 

optical channels modulated with data were connected to a polarization controller to supply the 

MZM with the required polarized light. The MZM was biased at quadrature point [181]. To 

emulate a PPG generator, pseudo random bit sequences of 5- and 10-Gbps were generated and 

passed to an electrical pulse generator. The three modulated wavelengths were combined at the 

optical coupler with the fourth wavelength carrying the clock signal. The four channels were 

then amplified with a 20-dB gain and 6-dB noise figure optical amplifier before being 

transmitted over the 21-km standard single mode fiber to the receiving end.      

 For BER testing, the variable optical attenuator (VOA) was used to vary and keep the power 

to the photodiode (PD) constant. The baseband data signals at the output of the 10-GHz-

bandwidth photodiodes (PD 1 to PD 3) ware amplified with a transimpedance amplifier having 

a noise figure of 3-dB and a 700-ohm feedback resistor. The BER tester (BERT) was used to 

calculate the bit error rate for each channel.                 

 For clock signal recovery, a second photodiode (PD 2) with 10-GHz bandwidth was used to 

recover the 50-MHz electrical frequency. Due to the high bandwidth of the photodiode, the 

crosstalk effect on the clock signal was minimized by using a 50-MHz electrical bandpass filter 

(EBPF) having a 1-MHz bandwidth [189]. The recovered clock signal was then visualized on 

an oscilloscope (OSC).  
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7.2 Clock and data signals transmission performance 

In this section, we will present and discuss the results from the procedures of section 7.1. The 

data transmission performance for the three optical carrier signals selected from the VCSEL-

based optical frequency comb will be given and discussed in section 7.2.1, and the clock 

performance will be discussed in section 7.2.2.   

7.2.1 Data transmission performance of optical carriers from the VCSEL OFC  

The three optical carriers were simultaneously amplitude modulated with 5- and 10-Gbps 

binary data to model a broadcasting network where each end-user receive the same information 

[190]. Figures 7.2 and 7.3 show the four optical carriers before and after modulation, 

respectively. Both optical carriers had optical powers above -7 dBm, excellent optical powers 

to enable them to be transported over fiber distances beyond 20 km. Data transmission 

performance for the three optical carriers was determined based on bit error rate (BER) 

calculations. The BER calculation were based on the Q-factor method. The performance for 

each channel was determined independently. BER were calculated for back-to-back (B2B) and 

over 21-km standard single mode fiber (SSMF).                

      

 

Figure 7.2 The four selected optical carrier channels before being modulated with data and 

clock signal. Channels 1 to 3 were used to carry data while channel 4 was used to carry the 

clock signal 

 

1550 1551 1552 1553 1554 1555

-80

-60

-40

-20

0

20

channel 4

channel 3

channel 2

channel 1

P
o

w
e
r 

(d
B

m
)

Wavelength (nm)



68 
 

 

Figure 7.3 The four selected optical carrier channels after being modulated with data and 

clock signal. Channel numbers are as marked in figure 7.2 above.  

The results for the three optical carrier at 5-Gbps binary modulation is shown in figure 7.4. 

As can be seen in figure 7.4, when considering a BER of 10-9, a negligible fiber transmission 

penalty was obtained after 21 km fiber transmission. This was the case for channels 1 and 2. 

Channel 3 had a slightly high transmission penalty compared to the other two channels since 

this carrier was sandwiched between a data- and a clock-carrying carrier. It performed less 

effectively compared to channel 2 which was also sandwiched between two data-carrying 

carrier because channel 2 had much power relative to channel 3. Nevertheless, both carriers 

were able to deliver error-free data at receiver sensitivities less than -18 dBm. These results 

indicated that a gain-switched VCSEL optical frequency comb can be used to in 5G C-RANs 

to support error-free data transmission at 5-Gbps over optical fiber lengths exceeding 20 km. 

The 20-km fronthaul distance reported here is attractive. This is because in cases where a 5G 

network designer choses to locate the central office some 20 km away from the radio astronomy 

area, the 5G C-RAN can still support the astronomer with high-speed data without the 

consequences of RFI.                         

 The results for the three optical carrier at 10-Gbps binary modulation is shown in figure 7.5. 

As can be seen in figure 7.5, when considering a BER of 10-9, fiber transmission penalties of 

0.7-dB, 2.5-dB, and 4.8-dB were obtained after 21 km fiber transmission for channel 1, channel 

2, and channel 3, respectively. Channel 3 had a high transmission penalty compared to the other 

two channels since this carrier channel was sandwiched between data- and clock-carrying 

carriers and therefore experienced more cross talk. It also performed less effectively compared 

to channel 2 which was also sandwiched between two data-carrying carrier because channel 2 

had much power relative to channel 3. Nevertheless, both carriers were able to deliver error-

free data at a receiver sensitivity of less than -10 dBm. Channels 3 and 2 had an error floor at 

10-9 and 10-14, respectively. These results indicated that a gain-switched VCSEL optical 

frequency comb can also support error-free data transmission at 10-Gbps over optical fiber 

lengths exceeding 20 km. The high data rates reported here are also useful because the radio  
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Figure 7.4 BER at 5-Gbps for the three data-carrying optical carriers  

 

Figure 7.5 BER at 10-Gbps for the three data-carrying optical carriers  
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Figure 7.6 BER performance at 5- and 10-Gbps for the three optical carriers 

astronomer will be provided with novel mobile and fixed applications requiring such 

bandwidths. For example, most of the applications for 5G will require broadband 

communication systems. Our 5G C-RAN proposed here is therefore promising to fulfil the 

network requirements for modern and future application scenarios.         

 Figure 7.6 shows a summary of the transmission performance for the three optical carrier 

signals at 5- and 10-Gbps. From figure 7.6, we can notice that the three optical carriers had a 

comparable performance at 5-Gbps. Both carriers had a receiver sensitivity of around -17.9-

dBm after 21-km fiber transmission. Increasing the system capacity from 5 Gbps to 10 Gbps 

resulted in a transmission penalty of 2-, 4-, and 6-dB for channel 1, 2, and 3, respectively. The 

receiver sensitivity for channels 1, 2, and 3 were -16 dBm, -14 dBm, and -12 dBm, respectively. 

These optical powers for the three channels at this BER are all practical and they can be attained 

in physical systems without the need for expensive optical amplifiers.   

7.2.2 Clock transmission performance of optical carriers from the VCSEL OFC  

We proposed a VCSEL-based WDM 5G C-RAN where a clock signal is transmitted together 

with the data signals. The clock signal can be used for monitoring of network latency or for 

time-stamping of astronomical data. For latency monitoring in future 5G C-RANs, the clock 

integrity in term of phase-noise should be good enough for strict system optimization. Since 

the clock was amplitude-modulated on the optical carrier, its spectrum can affect the data of its 

immediate adjacent carrier. This is especially true when the bandwidth between the clock-

carrying carrier and the data-carrying carrier is not big enough to avoid cross-talk effects. We 

have shown in section 7.2.1 that, at 20-GHz frequency spacing between a data-carrying carrier 

and a clock-carrying carrier, the clock signal does not affect the data integrity of the network. 

Error-free data transmission was achieved at both bit rates when the clock was transmitted 

together with the data carrying carriers. In this section, we will show the effect of the data-

carrying carriers on the performance of the transmitted clock signal. These results are shown 

in figures 7.8 and 7.9 for 5- and 10-Gbps data rates, respectively.         

 Figure 7.7 is the spectrums for the clock signal at the network bit rates for B2B and after 

fiber transmission. The power of the electrical clock signal was -0.83 dBm. The power was 
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slightly reduced to -0.96 dBm at B2B (before transmission over fiber). Fiber attenuation 

reduced the clock power to -16.2 dBm. This gave a transmission power penalty of about 15.37 

dB. From figure 7.8, it can be seen that the amplitude-modulated 50-MHz clock signal was 

recovered without any phase-shift penalties when transmitted with optical carriers which are 

amplitude-modulated at 5-Gbps data rate. Apart from a reduction in the amplitude of the clock 

signal, the time-domain phase of the received clock signal is similar to that of the electrical 

clock signal. On the same figure 7.8, the peak-to-peak amplitude of the electrical clock signal 

was 0.05 a.u. This clock amplitude was reduced to 0.032 a. u and 0.014 a. u at B2B and after 

21-km fiber transmission, respectively.   

 

Figure 7.7 50-MHz clock spectrum transmitted at 5- and 10-Gbps data rate 
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Figure 7.8 50-MHz clock signal transmitted with data at 5-Gbps bit rate 

 To investigate the effect of increasing the data rate on the clock performance, the clock was 

transmitted with optical carriers which were amplitude-modulated at 10-Gbps. The results are 

shown in figure 7.9. Comparing figures 7.8 and 7.9, we can notice that there are no penalties 

introduced as the results of increasing the data rate.  In both cases, a noticeable amplitude 

reduction was observed. Due to fiber attenuation, the clock suffered an amplitude reduction of 

about 0.036 a.u.                           

 The numerical software used in this study did not have a system to quantify the phase-noise 

performance of the clock. However, it was observed that the numerical results reported here 

are very comparable to the experimental results reported in [191] which used phase modulation 

and a 20-MHz clock signal. This gives us a platform to estimate the phase-noise performance 

of this numerical system. With that in mind, we can estimate a single sideband phase-noise 

values of plus/minus -70 dBc/Hz for this system. The applicability and superiority of a clock 

signal with such performance characteristic over other commercially available clock systems 

is well explained in [191].                       

 The time domain results on figures 7.8 and 7.9 demonstrates the superiority of our 5G C-

RAN in disseminating clock signals through fiber to be used either for network latency 

monitoring or for telescope synchronization. It is impressive how a single VCSEL carrier was 

able to generate a multi-wavelength system to facilitates these sophisticated applications.  

 

 

 

Figure 7.9 50-MHz clock signal transmitted with data at 10-Gbps bit rate 
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Chapter Summary  

Chapter 7 demonstrated a novel application of VCSEL-base optical frequency combs to realize 

advance 5G radio communication services at high data rates within radio astronomy. The 

flexibility of the adopted photonic RF transmitter allows it to be used within radio astronomy 

areas to realize mobile communication service without the effects of radio frequency 

interference. The coherence of the generate optical modes enabled them to deliver high data 

rates up to 30 Gbps without errors. The multiwavelength nature of the photonic RF transmitter 

was harnessed for simultaneous transmission of different application services. In our 

demonstration, the multi-wavelength optical frequency comb was used for simultaneous 

transmission of clock signals and the data signals. Both the transmitted clock and data signals 

were received with integrity. This chapter also demonstrated that a single VCSEL laser can be 

used for transmission of reference clock signals to telescope arrays for time-stamping of 

astronomical data signals. Currently, this application is being realize through the use of 

independent laser sources. Our novel results are a steppingstone toward a great future where 

low-cost photonic devices such as VCSELs are used to design integrated photonic systems for 

real applications. The spectral efficiency of the 5G network was also enhanced through the 

application of advanced techniques such as wavelength division multiplexing to optimally 

utilizing the enormous bandwidth of optical fibers currently deployed across the majority of 

telescope facilities.  
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Chapter 8: VCSEL-based Fixed-Wireless Coherent 5G C-RAN  

In the preceding chapters, we successfully demonstrated the design of 5G centralized radio 

access network (5G C-RANs) based on cost- and power-efficient vertical cavity surface 

emitting lasers (VCSELs). Chapter 5 proposed the design of two novel VCSEL-based flexible 

5G C-RAN. In both cases, the studies demonstrated the use of photonic RF transmitters to 

generated high-frequency RF carriers for application in high-bandwidth 5G C-RANs. In 

chapter 7, we demonstrated a novel 5G C-RAN based on wavelength division multiplexing 

(WDM) where both clock and data signals are transmitted using a single VCSEL carrier. The 

WDM technique was used in chapter 7 to realize an effective use of the enormous bandwidth 

of optical fibers currently connecting radio telescopes.           

 Contrary to chapter 5 where the designed C-RAN connected an astronomer to a 5G radio 

communication network while mitigating RFI effects, chapter 7 demonstrated the application 

of a VCSEL-based photonic RF transmitter to support the astronomer with fixed optical 

network. However, a superior 5G C-RAN should simultaneously support the radio astronomer 

with both fixed and wireless 5G services, while avoiding RFI effects. The network will be more 

attractive if it can use spectrally-efficient modulation formats with a single laser sources to 

realize fixed-wireless transmission. Spectral efficiency is a key factor to improve and optimize 

fixed-wireless communication networks evolving from generation to generation. 5G C-RANs 

promise to deliver the gigabit experience to mobile users. At the physical layer, high-level 

modulation format such as QAM are being pursued [192]. Fixed-wireless implementation is 

necessary to realize an effective use of network infrastructure to support both the fixed and the 

wireless user.                         

 There are several reported fixed-wireless 5G C-RANs. However, they suffer from common 

limitations. Firstly, in these networks, the used wavelengths carry similar data to both the 

wireless user and the fixed user. This results into broadcasting networks, which are spectrally-

inefficient [193]. A unicast coherent fixed-wireless 5G C-RAN will provide an excellent use 

of the optical spectrum. Wavelength reuse could be used to realize unicast coherent fixed-

wireless 5G C-RANs as will be demonstrated for the first time in this chapter. Wavelength 

reuse techniques includes driving an optical amplifier in the saturation region [194,195] and 

the phase modulation of the downstream signal with amplitude-modulating the upstream signal 

[196]. Some authors reported fixed-wireless networks where wavelength reuse techniques are 

adopted. However, the optical spectrum was not efficiency utilized. For example, the optical 

power contained in the optical local oscillator signal was not harness for downstream 

transmission, upstream transmission, and for photonic up conversion to high frequency RF 

signals for the wireless user. Additionally, they used power-hungry centralized laser sources 

such as DFBs in an uplink direction to realize these networks [197].          

 In this chapter, for the first time to our knowledge, we proposed a simple and cost-effective 

coherent fixed-wireless 5G C-RAN with optimal use of the optical local oscillator signal. In 

this proposed architecture, a VCSEL-based optical frequency comb of figure 5.13 was used. In 

our demonstration, the optical local oscillator signal was optimally used for three different 

network scenarios. Firstly, the optical local oscillator signal was used to carry downstream data 

for the fixed user. Secondly, it was reused for photonic up-conversion to high-frequency RF 

signal for the downstream transmission of coherent data to the wireless user. Lastly, it was 

reused for upstream transmission of data signal from the fixed user to the central office. 

Additionally, high order modulation formats were used to increase the spectral efficiency of 

the 5C-RAN.  
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8.1 Demonstration of a coherent VCSEL-based fixed-wireless 5G C-RAN  

We numerically designed and demonstrated a 28-Gbps 16-QAM wireless and 8.5-Gbps 

downstream/upstream fixed coherent 5G C-RAN assisted with wavelength reuse technique. 

The numerical network configuration is given in figure 8.1. It is worth mentioning that the 

VCSEL-based optical frequency comb (OFC) of chapters 5 and 7 was also used in this chapter 

as the photonic RF transmitter for the fixed-wireless 5G C-RAN. To mitigate the cross-talk 

effects, the switching frequency of the electrical local oscillator was increased to 20 GHz. 

Increasing the switching frequency reduces the number of comb lines, but the spacing between 

two consecutive comb lines is increased. Increasing the frequency spacing between two comb 

lines is necessary for high-speed coherent data transmission both in the fixed and wireless 

domain. In our network, the number of comb lines within 10-dB spectral envelop were reduced 

to 5 from 11 obtained at 14-GHz electrical local oscillator switching frequency.    

 From the numerically-generated optical frequency comb, two wavelength channels at 

1552.204-nm and 1552.655-nm were selected by a practical wavelength selective switch 

(WSS) with a 5-GHz (0.04 nm) center-frequency bandwidth for each channel [198]. The WSS 

was used to select each transmitting channel in order to measure its performance independently. 

The WSS is needed for experimental characterization only. It is not needed for a real-world 

implementation. Instead, a passive wavelength division multiplexing (WDM)  splitter could be 

used to reduce the network cost.                    

 One channel was modulated with 28-Gbps 16-QAM downstream data meant for the wireless 

user. The other channel was modulated with 8.5-Gbps downstream binary data meant for the 

fixed user. The two channels were combined at a 3-dB optical coupler, amplified with an 

erbium-doped fiber amplifier (EDFA) with 20-dB gain. The combined signal was launched 

into a 24-km standard single mode fiber (SSMF) having a loss of 0.2 dB/km. To achieve full-

duplex transmission, the optical circulators before and after the fiber were used for switching 

the downstream and upstream signals between the three ports.          

 After fiber transmission, we used a circulator and a fiber Bragg grating (FBG) centered at 

the second wavelength (1552.665 nm) to select the wavelength carrying downstream data for 

the fixed user from the combined channels. The selected channel by the FBG was split into two 

paths using a 3-dB optical coupler. One path of the coupler was demodulated to recover the 

transmitted 8.5-Gbps downstream data. This was done by using a 10-GHz photodiode and a 

variable optical attenuator for BER measurements. The second path of the coupler was 

amplified by a second EDFA to a high-power signal to saturate the second semiconductor 

optical amplifier, consequently removing the data. This wavelength channel was thus 

recovered.                            

 The recovered channel was recombined with the optical carrier having the downstream data 

for the wireless user at another 3-dB optical coupler. The combined signal was filter by an 

optical bandpass filter (OBPF) to remove the out-of-band frequencies. The filtered optical 

signal was fed to a high-frequency photodiode having a 60-GHz frequency response. The 

output of the photodiode produced a 56-GHz RF carrier for wireless transmission.     

 In case of RFI with radio astronomy at this generated RF frequency, the system can be 

shifted to a new RF carrier signal by tuning either the switching electrical oscillator or by tuning 

the optical filter to select a different optical carrier. This will avoid radio frequency interference 

to the astronomer while supporting radio communication services to users.      

 The generated 56-GHz RF carrier was amplified with an electrical RF amplifier having a 

gain of 25-dB and a bandwidth of 52-63 GHz. The amplified signal was fed to a horn antenna  
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Figure 8.1 Experimental schematic of the proposed fixed-wireless WDM-PON using 

VCSEL-based  

and then launched into a modelled wireless channel. A second horn antenna was placed 4-m 

away from the transmitting antenna. This receiving antenna was connected to an electrical 

mixer to mix the received RF signal with a locally-generated RF signal at 52 GHz.  This 

generated a 4-GHz intermediate frequency (IF) signal which was amplified using an IF 

amplifier and analyzed with digital sampling scope.                

 The same recovered wavelength was remodulated with 8.5-Gbps upstream data. This data 

was transmitted and recovered at the central office using a second low-frequency (10-GHz) 

photodiode. It should be noted that an electrical low-pass filter with 10-GHz cut-off frequency 

was used after each low-frequency photodiode.                

 At this point, the designed VCSEL-based 5G C-RAN has supported both the fixed and 

mobile radio astronomer with information and communication technologies. The flexibility of 

the used photonic RF transmitter ensures that no radio frequency interferences are experienced 

by the radio astronomer while being supplied with these ICT services.  

8.2 Performance of the VCSEL-based fixed-wireless 5G C-RAN  

Figure 8.2 shows the two filtered optical comb lines at the output of the optical coupler after 

each was modulated with data. Due to different optical modulator loses, the optical carrier 

signal carrying the coherent data had power lower than the optical local oscillator carrier signal.  

 

Figure 8.2 The two filtered optical carriers each carrying downstream data  
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The separation between these optical carriers gave an RF signal of 56 GHz. The two optical 

signals were transmitted over the fiber to a remote site.            

 Since the 5G C-RAN presented here is to be located at the radio astronomy office, the radio 

access point can be some few meters within the radio astronomy area where the remote radio 

head (RRH) is located. In case when the 5G C-RAN is expanded to support new remote radio 

astronomy stations, the fiber distance can be extended to reach these new astronomy sites. In 

case of RFI at these newly established radio astronomy areas, the interferences can be control 

by using the already-available mitigation techniques at the old site where the 5G C-RAN is 

located. Very important to note that the 5G C-RAN can also be used to supply 5G services to 

communities around the radio astronomy areas. This can be realized by pulling optical fiber 

cables to these surrounding areas. This makes the network scalable. It also results in excellent 

use of the network resources, greatly reducing the capital expenditure.        

 At remote site, the optical local oscillator signal was filtered from the two transmitted 

signals. The filtered signal is given in figure 8.3. The FBG that was used is able to attenuate 

the optical carrier signal wavelength by more than 30-dB. The reflected wavelength of figure 

8.3 was split into two parts using a 3-dB optical coupler. One part was used to recover the 

downstream data of the fixed user. The second part was erased of the downstream data and 

reused. The recovered wavelength after data removal is given in figure 8.4. The recovered 

wavelength was again split into two parts using another 3-dB optical couple. The first part was 

recombined with the signal at the output of the FBG having the downstream data for the 

wireless user. This was done to photonically-generate an RF carrier of high frequency. The 

optical spectrum is given in figure 8.5. It is worth noting that due to insertion losses at the first 

coupler after FBG reflection, the power spectrum of figure 8.4 is lower than that of figure 8.3.  

 

Figure 8.3 The reflected optical carriers at the FBG having the downstream data for the fixed 

user 
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Figure 8.4 The reflected optical carriers at the FBG without the downstream data of the fixed 

user 

 

Figure 8.5 The reflected optical carriers with erased downstream data recombined with the 

wireless data optical carrier 

8.2.1 Upstream and downstream data transmission performance for the fixed user  

For the downstream data transmission to the fixed user, the optical carrier was amplitude-

modulated with 10 Gbps binary data. Figure 8.6 shows the bit error rate (BER) for the 

downstream data to the fixed user. As can be seen in figure 8.6, when considering a BER of 

10-9, a negligible penalty was obtained after 24-km fiber transmission. We can see in figure 8.6 

that BER values were not dependent on the optical signal power for powers of -17 dBm and 

above. This is evident on figure 8.6 where at optical powers of around -17 dBm and above, the 

performance for both back-to-back and after fiber transmission was the same. Nevertheless, an 

error-free data transmission was obtained at a receiver sensitivity of less than -18 dBm.  

 The BER results for the upstream data by the fixed user at 10 Gbps binary modulation using 

the recovered wavelength is shown in figure 8.7. In figure 8.7, when considering a similar BER 
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of 10-9 as in the case of the downstream data, a fiber transmission penalty of 0.6 dB was 

recorded. The recovered and remodulated carriers was able to deliver error-free data at a 

receiver sensitivity of less than -18.6 dBm. Results in figures 8.6 and 8.7 indicated that a gain-

switched VCSEL-based optical frequency comb can be used as a photonic RF transmitter to 

support error-free data transmission for both upstream and downstream links. The excellent 

performance in the upstream data transmission is due to the effective carrier recovery of the 

adopted wavelength reuse technique.   

   

 

Figure 8.6 BER for the downstream data to the fixed user 

 

Figure 8.7 BER for the upstream data of the fixed user  
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8.2.2 Downstream data transmission performance for the wireless user   

Our proposed 5G C-RAN is designed innovatively where the recovered optical wavelength is 

optimally used for simultaneous transmission of downstream data to the fixed user, upstream 

transmission by the fixed user, and for photonic up-conversion to 5G signal. Figure 8.8 is the 

electrical spectrums of the 56-GHz wireless signal at the output of the 60-GHz photodiode. It 

should be noted that this was the signal before RF amplification. We investigated the error 

vector magnitude (EVM) values against the wireless distance. The results are given in figure 

8.9. This was done by varying the separation between the transmitting antenna and the 

receiving antenna from 1 m to 11 m. At the minimum distance of 1 m, the EVM value was 7%. 

Increasing the distance by tenfold gave an EVM of 13%. It should be noted that this was done 

at a fixed fiber distance of 24 km. We evaluated our proposed coherent fixed-wireless 5G C-

RAN at fixed distances of 24 km and 4 m for fiber and for wireless, respectively. The wireless 

performance evaluation was carried out quantitatively in term of EVM calcuation against 

optical power delivered at the 60-GHz photodiode. This was done at back-to-back and after 4-

m wireless distance. The term “back-to-back” here refers to the case when the wireless signal 

is evalauted at the output of the photodiode without any wireless transmission. The results are 

given in figure 8.10. We observe in figure 8.10 that EVM values decreased from 13% to 7% 

with optical power increase from -10 dBm to 2.5 dBm. A flooor is evident where power 

increase from 2.5 dBm to 7 dBm did not have any positive effect on the signal performance. 

This effect can be attributed to the intrinsic phase-noise of the used photonic RF generation 

technique and the choice of the laser used.    

 

Figure 8.8 The 56-GHz wireless carrier at the output of the 60-GHz photodiode  
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Figure 8.9 EVM performance against the wireless distance 

 

Figure 8.10 EVM performance against the optical power for back-to-back and after 4- 

wireless 

We plotted the constellation diagrams for the 16-QAM 28-Gbps data in order to qualitatively 

analyze the wireless carrier’s performance. This was done at EVMs of 7% and 21%, a 33% 

degradation in signal quality. The wireless distance was 4 m. The results are given in figure 

8.11 left and right for EVM of 7% and 21%, respectively. At a fixed fiber length of 24 km and 

fixed wireless distance of 4 m, the constellation at the right of figure 8.11 can be improved to 

that on the left of the same figure with a 12.5-dB increase in optical power, as supported by 

figure 8.10. Where powerful DSP tools are readily available, such optical power requirements 

can be relaxed. Predistortion techniques can also be used to improve the 14% EVM of figure 

8.11, relaxing the need for sophisticated DSP kits [199].  
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Figure 8.11 EVM performance qualitatively in term of constellation mapping 

Chapter Summary  

In this chapter, we have demonstrated a novel 5G C-RAN using a low-cost VCSEL. We 

adopted a gain-switched optical frequency comb generation technique as our flexible photonic 

RF transmitter. The photonic RF transmitter demonstrated its ability to generate coherent  

optical carriers to be used within radio astronomy for both fixed and wireless data transmission 

without the effects of RFI. The technique of wavelength reuse was demonstrated for the first 

time to support both downstream transmission, upstream transmission, and photonic up 

conversion to high-frequency RF carrier signals. The network through put was increased by 

using advanced coherent modulation formats. We achieved a network bit rate of 10 Gbps for 

the fixed user and 28 Gbps for the wireless user, using a single low-cost and low-power 

VCSEL. We propose that through innovative control of the generated RF carrier signals for the 

wireless user, this 5G C-RAN can be adopted in radio astronomy areas to realize advanced ICT 

service to both the fixed and mobile network user without any negative consequences such as 

RFIs.   
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Chapter 9: Application of photonic 5G C-RAN in radio 

astronomy without RFI effects 

To date, the issue of radio frequency interference (RFI) due to mobile communication systems 

remain a challenge to a radio astronomer. As discussed in section 2.2, there are several 

proposed techniques to avoid RFI due to mobile communication systems in radio astronomy 

areas. Most of these techniques are proactive techniques based on government regulations.  

 Figure 9.1 depicts future converged communication networks where both mobile and fixed 

networks are shown. Future converged networks will promote coexistence by integrating 

different network access technologies such as optical access network (OAN), wireless radio 

access networks (RAN), together with other big-data science projects such as radio astronomy. 

These networks are expected to compete for spectrum resources. Evidently, the reported 

techniques of section 2.2 will soon become unproductive and inefficient as future converged 

networks compete for spectrum resource. New RFI mitigation techniques for 5G networks will 

require solutions that promote coexistence and spectrum sharing. Future 5G networks will need 

to be flexible at their transmitter subsystems to coexist with other telco services and big-data 

science projects.                        

 In additional to the flexibility requirement for 5G networks to realize spectrum sharing and 

coexistence, future converged 5G access networks are also expected to meet the enhanced 

mobile broadband (eMBB) requirement [200]. The eMBB requirement is expected to be 

achieved through the use of high-frequency RF carrier signals. These high-frequency carrier 

signals are difficult to generate using electronic techniques. Therefore, we propose that a flex-

spectrum photonic solution is necessary to support both spectrum sharing and easy generation 

of the needed high-frequency RF carrier signals.               

 The preceding chapters 5, 7, and 8 demonstrated the data transmission performance of 

photonic RF transmitter based on optical heterodyning and optical frequency comb generation. 

The results highlighted the capabilities of these photonic RF transmitter systems to support the 

radio astronomer with advanced high-bandwidth fixed and wireless 5G services. In both 

chapters 5, 7, and 8, the issue of RFI due to these 5G photonic RF transmitter was discussed 

briefly, pointing out features that makes these transmitters capable of controlling and mitigating 

the RFI effects. However, the actual performance in term of their intelligence to mitigate RFI 

to the astronomer was not demonstrated.                   

 In this chapter, we will demonstrate for the first time, the flexibility of a photonic RF 

transmitter for automatic mitigation of radio frequency interference. The solution is intendent 

to promote spectrum sharing and coexistence. We intuitively suggest the following criteria for 

a feasible photonic RF transmitter to achieve spectrum sharing and coexistence. These criteria 

are necessary to integrate these photonic RF transmitters within astronomical areas to achieve 

5G radio services without RFI effects. Firstly, the flex-spectrum photonic RF transmitter 

system should have a fine-tuning spectral resolution, i.e., the transmitter system should have 

small spacing between two consecutive spectral lines. Secondly, the ability for dense spectral 

signal generation, i.e., the ability to pack as many RF carriers as possible within a given spectral 

band. Additionally, the generated RF quality is also important, especial for coherence data 

transmission. However, in this study, the main focus is to demonstrate how a simple optical 

heterodyning scheme, without phase-locking mechanisms, can be used to realize 5G mobile 

services within a radio astronomy area without the effects RFI.         

 The optical heterodyning technique is considered to be the simplest photonic RF transmitter 

architecture [120]. This technique is depicted in figure 5.3 and is discussed in detail in section 

4.2.1 of this thesis. Therefore, in our experimental demonstration, the optical heterodyning of 

two free-running lasers will be used as the flexible photonic RF transmitter to show its 

capability for automatic mitigation of RFI to the radio astronomer.           
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Figure 9.1 Future converged optical and wireless networks  

It is worth noting that the capabilities for these transmitters to automatically mitigate RFI does 

not lie in their physical configuration. It is the separation between the two heterodyning modes 

that needs to be flexible. Therefore, any other photonic RF transmitter such as the optical 

frequency comb generation technique of chapters 5, 7, and 8 can also be adopted to achieve the 

same performance without any change to their physical configuration.       

 Therefore, the non-coherent optical heterodyning RF transmitter scheme is adopted in this 

thesis for the following reasons. Firstly, it has been shown that phase-noise of RF signals 

generated from optical heterodyning is insensitive when using envelop detection scheme [124]. 

This was demonstrated in chapter 5. Secondly, the phase noise associated with optical 

heterodyning can be mitigated through phase-locking mechanism [120].    

9.1 Demonstration of a flexible 5G C-RAN with RFI mitigation capability    

This section will experimentally demonstrate the application of optical heterodyning of two 

independent lasers to realize 5G mobile communication services within radio astronomy 

facilities without introducing RFIs. Chapter 3 discussed in detail, the different radio access 

networks (RAN) architectures starting from 3G until 5G.           

 As the amount of user-data has been increasing with respect to different quality-of-service 

requirements, network operators are forced to fulfill these requirements through centralization 

and cloudification of baseband units (BBUs) and their corresponding remote radio heads 

(RRHs). This new centralized and cloudified RAN, where network resources are pooled in a 

centralized BBU pool, is known as the centralized RAN (C-RAN) [71,72]. The main idea 

behind C-RAN is to bring all BBUs and their corresponding RRHs together and locate them 

into a centralized, cloudified, shared, and virtualized BBU pool. Every RRH is then connected 

through a fronthaul link to the BBU pool. Every BBU pool can support nearly tens of RRHs. 

The BBU pool is connected to the core network through backhaul links such as optical fibres. 

A detailed discussion on 5G C-RAN is given in section 3.4 of this thesis.    
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To our knowledge, as far as this thesis is concerned, the 5G C-RAN architecture is the best 

solution to realize mobile communication services within radio astronomy areas. When radio 

functions are fully centralized, it will be easier to manage the radio spectrum resources at the 

central office, consequently reducing and avoiding RFI to the astronomer. The flexibility of 

photonic RF transmitters will make it possible to manage RF resources from a central station 

where these systems are pooled. This also facilitate the design of a heterogeneous radio network 

that support different service scenarios using the same infrastructure. In this manner, the C-

RAN architecture will decrease the CAPEX and OPEX of mobile service provider. It will also 

reduce the energy consumption and increases the network scalability. Additionally, C-RAN 

architecture simplifies network management and maintenance. It will improve the spectral 

efficiency and the network throughput. All these are attractive qualities which can facilitate 

mobile communication services within radio astronomy areas. Therefore, we have considered 

a fully-centralized 5G C-RAN as our radio access solution to demonstrate the integration of 

5G communication systems within radio astronomy areas without the consequences of radio 

frequency interference.  

9.1.1 Characterization of the used photodiodes in our experiment  

The bandwidth of the photodiode needed to be characterized carefully to ensure that the 

wireless RF signals to be used are within this bandwidth. In our demonstration, we used a 10-

GHz PIN photodiode. High bandwidth photodiodes are readily available and can be used to 

extend the wireless RF frequency of the 5G C-RAN. Figure 9.2 shows the electrical bandwidth 

of the used photodiode. The photodiode device was characterised in two steps. During the first 

step, the heterodyning RF frequency was tuned from low frequencies (brining the wavelengths 

of the two DFB lasers together) to higher frequencies (slowly tuning the wavelength of one 

DFB laser away from the other) while allowing them to beat at the photodiode. The results are 

given as black curve in figure 9.2. During the second step, the heterodyning RF frequency was 

tuned from high frequencies (tuning the wavelength of the two DFB lasers apart) to low 

frequencies (slowly tuning the wavelength of one DFB laser toward the other) while allowing 

them to beat at the photodiode. The results are given as the red curve in figure 9.2. In both 

cases, the spectrum is similar as can be supported by figure 9.2. Therefore, this photodiode can 

be used in the design of 5G C-RAN operating within 10 GHz RF frequencies.        

 

Figure 9.2 Electrical bandwidth of the used photodiode 
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It is rather necessary to mention that the bandwidth of the photodiode is very important when 

designing a photonic 5G C-RAN to coexist within radio astronomy areas without introducing 

RFI. For example, if the bandwidth of the used photodiode is not carefully characterized. 

During RFI, the system could be tuned to an RF signal outside the bandwidth of the photodiode. 

This signal will be small in power to be detected as an RFI by the RFI detector. But it can 

severely affect the radio astronomer. Therefore, it is important to know the correct bandwidth 

of the photodiode so that the 5G C-RAN is operated within this bandwidth.    

9.1.2 Experimental setup of the heterodyning-based 5G C-RAN in radio astronomy 

The conceptual diagram is given in figure 9.3. The radio astronomy area acts as the central 

station where all the BBUs and radio equipment controller (REC) are centralized, hence the 

name C-RAN (see figure 3.5). The REC assigns radio resources to the RRH, in this case the 

matching circuit and the passive antenna unit. The frequency at which the astronomer is 

observing is monitored by the RF detector. When this frequency collides with the frequency at 

which the 5G C-RAN is operating, interference occurs. The control algorithm instantly detects 

and corrects for such an RFI, consequently avoiding it. The 5G C-RAN can be extended to 

support surrounding areas with the required 5G services by pulling optical fiber cables, acting 

as fronthaul links to those locations. The centralization of the REC and DU at the astronomy 

site ensures that the network hardware and software are used to supply 5G services to both the 

radio astronomer and the surrounding community, thereby effectively using the network 

infrastructure.                         

 Figure 9.3 shows the experimental setup. Incoming baseband optical data is converted to 

electrical format by photodiode 2 (PD 2 on figure 9.3). The two continuous-wave, free-running 

lasers were used to create a heterodyne-based RF carrier signal by combining them at the 

optical coupler and allowing them to beat at the photodiode (PD 1).      

 

 
 

Figure 9.3 Conceptual diagram of 5G services within a radio astronomy area.  



87 
 

 

Figure 9.4 Experimental configuration of the proposed C-RAN with RFI mitigation 

capability.   

We adopted distributed feedback (DFB) lasers to improve both the signal-to-noise ratio [201] 

and the phase noise [202,203] of the generated RF carrier signals. The thermal instabilities and 

the absence of thermal control board for our VCSEL rendered them unsuitable for this 

application. However, VCSELs are power-efficient optical sources which are relatively 

cheaper to purchase. With the right stabilization equipment, VCSELs could have been excellent 

light sources to be used in this experimental demonstration.           

 The wavelength for DFB laser 1 was fixed to 1550.0 nm with 3.1-dBm optical power, while 

the wavelength for DFB laser 2 was automatically tuned whenever the generated RF signal 

matched that at which the telescope dish was observing. The power for DFB laser 2 was fixed 

to 4.1-dBm. The MZM, optical coupler (OC), electrical coupler (EC), RF selector, continuous 

wave laser 3 (CWL 3), and the antenna were included in figure 9.3 to show how a complete 

photonic 5G C-RAN system can be configured in a practical setup to allow full-duplex 

transmission. In this demonstration, no data modulation and transmission were carried out. The 

data transmission performance for this 5G C-RAN was dementated earlier in chapter 5. The 

main aim for this chapter is to demonstrate how RFI caused by two colliding RF sources could 

be avoided using this architecture. This will consequently allow two systems to operate within 

the same spectral band. This will be the case when these 5G C-RANs are adopted within radio 

astronomy areas where the descopes do not observe at their full frequency bands at all times.

 The resultant unmodulated RF carrier signals were measured using an electrical spectrum 

analyzer (ESA) after the photodiode (PD 1). The dish was represented by our 20-GHz RF 

source. A recent report suggested the frequency range under which the SKA telescope will 

operate on [204]. The other frequencies are also given in table 1. With these frequency ranges 

in mind, the interfering source, in this case our 20-GHz RF generator representing the SKA 

dish, was automatically tuned to generate these interfering frequencies.       

 To monitor any collision between the unmodulated RF carrier from the photodiode (PD 1) 

and the interfering signal from the 20-GHz RF sources, an electrical mixer with intermediate 

frequency (IF) bandwidth from DC to 4 GHz was used as the primary RFI detector. An 

electrical mixer is a simple passive electrical device that generates an IF frequency at its IF 

port. The IF signal frequency equals the different in frequency between the local oscillator port 

and the RF port of the mixer. When the two frequencies at the local oscillator and RF ports are 

the same, the signal at the IF port matches the bandwidth of the IF port of the electrical mixer. 

This signal can therefore pass through to the control circuit, in this case the threshold detector, 
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and is used to trigger the control circuit. However, when the signal frequencies at the local 

oscillator and RF ports of the mixer are completely far from each other, a high-frequency RF 

signal, outside the bandwidth of the IF port of the mixer is generated. This frequency is blocked 

by the IF port of the mixer as it does not match its bandwidth. Therefore, it does not trigger the 

threshold detector, leaving the 5G C-RAN system undisturbed. It is interesting to note that the 

bandwidth of the IF port of the electrical mixer determines the bandwidth of the 5G C-RAN.

 For the control circuit, we used a data acquisition board (DAQ) from our lab. When the 

DAQ is interfaced, it can detect signals at its input ports and send signals at its output ports. 

So, the detected signal passed by the IF port of the mixer is send to the DAQ. The DAQ then 

sends a predetermined electrical signal to the laser diode controller (LDC in figure 9.3). The 

LDC works by shifting the bias current of the laser when it detects a certain voltage at its eternal 

port. It also stabilizes the cavity of the laser through thermal control. The shift in bias current 

results into a shift in the wavelength of the second DFB laser (CWL 2). As a result, the beating 

frequency at the photodiode generated through the optical heterodyning of the two lasers, with 

the second laser now having a new wavelength, results into a new RF carrier signal generated. 

This will be the new frequency at which the 5G C-RAN will operate on. At this instant, the 

difference in frequency between the local oscillator port and the RF port of the mixer is at high 

frequency. This high-frequency RF signal is blocked by the IF port of the mixer. Therefore, it 

does not trigger the control circuits. The 5G C-RAN system then remains at the new RF 

frequency. The process repeats again when a change in frequency occurs at the 20-GHz RF 

source (the telescope dish) such that its frequency matches the frequency at which the 5G C-

RAN is operating.                        

 We designed our own IF amplifier and threshold detector. The amplification of the IF signal 

from the IF port of the mixer is necessary to avoid using low resistor value to set a low reference 

voltage at the threshold detector. It also avoids ambient noise from triggering the system. This 

was achieved by setting the reference signal of the comparator (threshold detector) circuit to 2 

volts (2 V). The incoming error signal is amplified by the IF amplifier. The resultant amplified 

signal is then sent to the comparator (threshold detector). The threshold detector circuit had a 

rectification part. This was necessary to generate a constant control DC signal which can be 

send to the control circuit. This control DC signal was constant, determined by the components 

of the threshold detector circuit. This in turn gave a very good system stability for RFI control 

and mitigation.     

9.1.3 RFI mitigation results and discussion  

Figure 9.5 shows the IF signal from the mixer before and after amplification by the IF amplifier. 

The IF signal (error signal) was not a complete DC as it is expected when two exact frequencies 

interfere. This is avoided because if the interfering signal should collide completely with the 

information signal before correcting for RFIs, both the radio astronomy data and the 5G data 

will be affected. To avoid this, the system was designed to correct itself as soon as the 

interfering signal is within a specified bandwidth of the information signal. As highlighted 

above, this bandwidth is determined by the spectral bandwidth of the IF port of the mixer. Thus, 

it is expected that the IF signal will not be a complete DC signal as can be seen in figure 9.5.

 From figure 9.5, we can see that our designed IF amplifier was able to amplify the error 

signal from 500 mV to 6 V. Remarkably, the linearity of the error signal is maintained across 

the entire signal duration. The amplified signal was rectified to allow the system to be 

interfaced with any DC systems. However, in our design, it was not necessary to use the DC 

signal from the IF amplifier because we rectified the IF signal after the threshold detector 

circuit. Depending on electronic circuit available and the preference of the system designer, 

rectification can be done either after the IF amplifier or after the threshold detector circuit.  The 

amplified IF signal was then passed on to the threshold detector circuit.         
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The operation of the threshold circuit is as follows. When the IF signal amplitude is above 2 V, 

the output goes to the positive bias voltage of 5 V. However, when the input IF signal amplitude 

is below 2 V, the output of the comparator goes to -5 V. These results are given in figure 9.6. 

It becomes obvious from the signal pattern in figure 9.6 that the average DC value for the 

comparator output signal will be 0 V. This signal will not be detected by the input port of the 

DAQ systems and therefore will not trigger the system to correct for RFI. This is why a rectifier 

circuit immediately after the comparator circuit was needed. The signal was then rectified by 

using a simple silicon diode device that will only allow the positive cycle of the signal to pass, 

while blocking the negative cycle. At this point, the output of the comparator is a fixed DC 

value, determined by the average of the positive cycles of the rectifier output.     

 

 

Figure 9.5 The unamplified and amplified error/IF signal used to trigger the threshold 

detector 

 

 

Figure 9.6 The unamplified and amplified error/IF signal used to trigger the threshold 

detector   
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We used two DFB lasers due to the availability of their temperature stabilization boards in our 

laboratory. The DFB lasers were wavelength-tuneable through the LDC. When the output of 

the comparator, a fixed DC value determined by the average of the positive cycles of the 

rectifier output, is applied to the LDC, the bias current can be changed. This change in bias 

current will then shift the wavelength of the DFB. The detail discussion on DFB laser and their 

wavelength tunability and flexibility is given in section 4.1.3. When tuning the wavelength of 

one DFB laser while keeping that of the other DFB laser constant while allowing them to beat 

a photodiode, different RF frequency can be generated.            

 Figure 9.7 shows some of the RF spectrums generated by the DFB laser-based heterodyning 

scheme. The photonically-generated RF spectrums can be extended to other high frequencies, 

normally limited by the bandwidth of the photodiode. In figure 9.7, we can see that the adopted 

photonic RF transmitter system could generate both spectral lines that co-exist around the 

SKA-SA frequency bands as given in table 1. Open transmission RF frequencies where the 

telescope does not observe would include: 850- to 900-MHz, 1670- to 1750-MHz, and above 

3500-MHz. The flex-spectrum photonic RF transmitter system can then be tuned to the unused 

in-band telescope frequencies during times when the telescope is not measuring at all the three 

bands concurrently. This further allows the applicability of 5G C-RAN in future radio 

astronomy areas to realize mobile communication services without RFI.    

 Photonic RF synthesizers such as optical heterodyning have advantages over the current 

electronic synthesizers. Electronic synthesizers work at low frequencies below 5-GHz [26]. 

Future 5G C-RANs are expected to work at frequencies well above the current limits of 

electronic synthesizers. The optical heterodyning scheme adopted here can support these high 

frequency requirements. The heterodyning scheme have several other advantages. Firstly, it is 

easy to implement  and achieving RF flexibility is relatively easy and straight forward. This 

reduces the frequency control/tuning algorithm. As a result, the CAPEX and OPEX of the 

network can be reduced. The generated spectrum is in the gigahertz ranges, supporting future 

5G RANs which require high frequency RF carriers to achieve the eMBB requirement. The RF 

transmitter is optical, supporting future 5G RANs which will mostly use optical fiber to 

distribute RF signals to RRHs as demonstrated in chapters 5,7 and 8.            

 

Figure 9.7 RF flexibility of the heterodyning DFB continuous wave lasers used 
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It is worth mentioning that the choice of the photonic RF transmitter to be implemented within 

radio astronomy areas will depend on the application and performance requirements of the 5G 

C-RAN. For example, in application systems where narrow spectral bands have to be exploited 

to maximize spectrum efficiency, while also avoiding RF interference, the optical heterodyning 

scheme reported here can be improved to generated low phase noise RF carriers. This can be 

achieved through phase-locking mechanisms [120]. Other proposed photonic techniques 

discussed in section 4.2 of this thesis can be adopted to meet the intended system requirements.

 Figure 9.8 is the results showing how the system responded when an interfering frequency 

is detected. In figure 9.8, the RF carrier frequency (the RF frequency at which the 5G C-RAN 

is operating) is initially set at 4 GHz. The interfering frequency (representing a frequency at 

which the telescope is observing at that particular time) is automatically varied from 0 GHz (it 

can start at any frequency) towards the frequency of the RF carrier. When the interfering 

frequency is within the forbidden bandwidth of the 5G C-RAN (in this case close to the 4 GHz 

frequency at which the 5G C-RAN is operating), the system detected a large error signal, 

alarming the presences of an RFI. The value of this error signal is fixed by the threshold 

detector circuit to 2.01 V. At this instant, the RF frequency of the 5G C-RAN is shifted to a 

new RF frequency to operate on. In this example on figure 9.8, this new frequency is around 

4.8 GHz. At the same time, the error signal goes off, showing that danger is cleared and no RFI 

is present. The 5G C-RAN then stays at this new RF frequency until other system (or until the 

telescope shift and observe at this new frequency) comes and interferes with it. It will then shift 

to a new RF frequency to operate on, leaving the other system (in this case the telescope) to 

occupy the previous spectrum of the 5G C-RAN. Noteworthy in figure 9.8 is how spectrally-

rich the system is. When carefully analysing figure 9.8 (blue curve), we can see that the shift 

in RF carrier frequency is small. The adopted photonic RF transmitter system could generate 

RF carrier frequencies in steps of less than 1 GHz. For instance, in our previous example, the 

shift was only 0.8 GHz. This shows that the adopted RF transmitter can achieves coexistence 

and high spectral efficiency by exploiting narrow gaps in the ambient spectrum.    

 Additionally, we analysed how the wavelength difference of the two lasers shift when an 

RFI is detected. The results are given in figure 9.9. The RF carrier frequency is set at 4 GHz 

initially. The interfering frequency is automatically varied from 0 GHz towards the frequency 

of the RF carrier. When the interfering frequency is within the forbidden bandwidth of the 5G 

C-RAN, the system detected a large error signal, showing that a different system is interfering 

with it. At this instant, the wavelength for the DFB laser (CWL 1 on figure 9.3) is shifted to a 

new wavelength. At the same time, the error signal goes off, showing that no RFI is present. 

The system then stays at this new wavelength until another system comes and interferes with 

it. It will then shift to a new wavelength to operate on.                 
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Figure 9.8 Shift in RF carrier frequency for C-RAN when RFI is detected 

 

Figure 9.9 Shift in CWL 2 wavelength for C-RAN when RFI is detected  

Figure 9.10 shows how the RF carrier frequency and the wavelength shift when an interfering 

frequency collides with the operating frequency of the 5G C-RAN. We can see that both the 

wavelength and the RF carrier frequency shift instantly when the system detects an interfering 

frequency. It is worth noting that the wavelength value on figures 9.9 and 9.10 is not the shift 

in wavelength for CWL 2, but rather it is the difference in wavelength that results when CWL 

2 is shifted by the system or trigger by the threshold detector circuit. We can see that when RFI 

occurs, the wavelength difference between CWL 1 and CWL 2 increases. This increase in 

wavelength difference corresponds to a new RF carrier frequency generated at which the 5G 

C-RAN can now operate. For example, when the RF carrier collides with an intruding RF signal 

at 6 GHz, the wavelength difference becomes 1550.06 nm, corresponding to a heterodyning 

RF frequency of about 7 GHz.  
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Figure 9.10 Shift in CWL 2 wavelength and RF carrier for the C-RAN when RFI is detected 

For the proposed 5G C-RAN system to operate effectively without compromising, the reaction 

time for the system to RFIs is very important. The system should correct for RFIs as fast as 

possible without any compromise on both the transmitted data for the 5G C-RAN and the 

observed astronomical data. We have measured the time response of our proposed system. 

Figure 9.11 summarizes these findings. In figure 9.11, we measured the time when the error 

signal rises and when it falls. The time when the error signal rises symbolize the presence of 

an RFI. When it falls, it symbolizes the absence of an RFI. The difference in time is the 

system’s response time. When this time was measured for our systems, we found that the 

system was able to correct for RFI within a time frame of about 3 microseconds. This means 

that when the system detects an RFI, it is able to correct for that interference within 3 

microseconds.                       

 The time response of our network is recommendable when considering the data rates these 

5G C-RANs are expected to achieve. For example, a 5G C-RAN using the mid-band 

frequencies between 1 and 6 GHz is expected to transmit at the download and upload speed of 

100 Mbps and 50 Mbps, respectively [205]. This means that within a fraction of a second, 

before another 50 megabits are transmitted, our 5G C-RAN system should has already 

corrected itself, and the new data to be transmitted will not be affected. Since the RFI mitigation 

algorithm is implemented at the photonic RF transmitter, the 5G user will have to tolerate for 

a transmission delay of around 3 milliseconds while the network is correcting for an RFI. In 

fact, the most crucial part is that the newly generated RF frequency should also be a 5G signal 

to accommodate the next data to be transmitted. This is the case when we look at figures 9.8. 

These results clearly demonstrate the applicability of our proposed solution for RFI mitigation 

when two networks are sharing the same RF spectrum for different applications.  
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Figure 9.11 Time response of the system when RFI is detected  

Chapter Summary  

Chapter 9 experimentally demonstrated the flexibility of a photonic RF transmitter based on 

optical heterodyning of two DFB laser in mitigating RFI due to frequency collisions. This 

demonstration will find application in future converged networks where different telco services 

are expected to share spectrum resources. When this system is used within radio astronomy to 

realize mobile communication without the consequences of RFI, it was found that the photonic 

RF transmitter is able to respond to interference within 3 milliseconds. This fast response time 

was achieved by designing a network that flexibly shift the wavelength of one of the 

heterodyning lasers in order to generate a new beating RF carrier signal at the photodiode. The 

system proved to be spectrally rich by generating RF carriers in steps of less than 1 GHz when 

the network shift from one RF carrier to the next at the time of interference. This means our 

photonic RF transmitter can be find application in tightly-park spectral bands to realize 

effective utilization of radio frequency resources.   
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Chapter 10: Conclusions 

Radio astronomy research in Africa is growing rapidly. South Africa and other SKA partner 

countries such as Ghana have taken a keen interest in radio astronomy research. The 

unprecedented interest for radio astronomy research is due to the overall undeniable benefits 

that these big data science projects have in overall economy of a partaking country. These 

benefits include job creation, advanced infrastructure development, and the creation of 

technically-skilled societies.                       

 In a parallel manner, 5G communication systems are also continuously being research and 

deployed across the African continent. South Africa is also expected to realize 5G mobile 

services by 2023. The advantages of 5G communication systems are clearly visible, especially 

when considering the digital revolution that is expected by the 21 century.     

 Throughout history, the developments in either radio astronomy or radio communication 

network is known to weigh negatively on each other. For example, radio communication 

services are known to have negative impact on radio astronomy research.        

 To that end, different techniques have been proposed to mitigate the radio frequency 

interference to the radio astronomer due to radio communication networks. Few of these 

techniques include, but not limited to government regulations, radio quite zones, and design of 

advanced electronic transmitter solutions. The establishment of proposed techniques such as 

radio quite zones have resulted into contradicting opinions from the society. In the opinion of 

the authors, the currently proposed solutions to mitigate radio frequency interference are 

ineffective, unscalable and creates inconvenient.               

 Next generation networks will be converged. This means that different telco services will 

have to share spectrum resource without one application affecting the other. To achieve this, 

advanced RFI mitigation solutions are needed.                 

 In this thesis, we proposed advanced novel photonic solution to improve the use of the 

already-scarce radio frequency spectrum. We have proposed for the first, the use of flexible 

photonic RF transmitter to design 5G radio communication systems within radio astronomy 

areas without the threat of radio frequency interference to the radio astronomer. This proposed 

solution will greatly improve the utilization of radio frequency resources by designing 

networks that share spectrum without affecting one another.            

 In chapter 5, we developed an experimental photonic 5G communication system based on 

cost-effective vertical cavity surface emitting semiconductor lasers. These lasers are low-

power and have excellent wavelength tenability to enable them for this novel application. 

Chapter 5 demonstrated how an optical heterodyning scheme use independent VCSELs can be 

used to achieve flexible 5G network that offer high data rate to the radio astronomer.  Advanced 

modulation and demodulation techniques were implemented to achieve the unprecedent 

network performance. In the same chapter, we demonstrated a novel 5G photonic transmitter 

system by gain-switching a VCSEL laser to generate multichannel optical source. The resultant 

coherent optical lines were used to transmit high data rates to the radio astronomer. The 

flexibility for the novel transmitter to achieve RFI-free applications in radio astronomy was 

also highlighted and discussed.                      

 In chapter 6, we numerically analyzed the effects of optical power ratio between two 

heterodyning optical signals on the generated RF carrier signal and the baseband signal. 

Recommendation based on the findings were given to help 5G network designer realize simple 

photonic RF transmitters. The finding for chapter 6 will help 5G network designers realize 

simplified 5G photonic RF transmitters without compromising on the data transmission 
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performance of the network.                    

 Chapter 7 demonstrated the novel use of a single vertical cavity surface emitting laser to 

transmit both reference clock signals and data signals in radio astronomy networks. 

Wavelength division multiplexing technique was used to maximize the use of the enormous 

bandwidths of optical fibers. A 30-Gbps network was demonstrated. In our demonstration, both 

the clock and the data signals were received error-free. For the transmitted data, bit error rate 

of 10-9 were achieved for the three transmitted channels. This technique is expected to assist 

radio astronomers by avoiding the use of independent lasers to transmit both clock and data 

signals. Using independent laser sources makes the network costly and difficult to manage.

 Future radio astronomy facilities will require the presence of both fixed and wireless 

network. The radio astronomer will require these advanced telco services without 

compromising on the issue of radio frequency interference. In chapter 8, we developed a novel 

5G network that simultaneously provide fixed and wireless communication services to an 

astronomer. In our demonstration, a single low-power and low-cost vertical cavity laser was 

used for the first time to achieve this hybrid application. Up to 28 Gbps error-free data were 

delivered to a wireless user. The fixed user was supported with advanced data rates up to 8.5 

Gbps. Both results were realized with a novel photonic transmitter systems that automatically 

control and mitigate the RFI effects expected from these radio networks.      

 The intelligence of a photonic RF transmitter to mitigate radio frequency interference was 

demonstrated for the first in chapter 9. We developed an optical heterodyning-based photonic 

RF transmuter using DFB lasers to demonstrate the application of these systems in radio 

astronomy to realize RFI-free radio communication services. The developed photonic 

transmitter system was able to response and correct for RFI within an impressive time duration 

of 3 milliseconds.                         

 As network providers seek and continue to research on novel solutions to maximize the 

spectral efficiency of future 5G communication systems, results reported in this thesis serve as 

a guide toward that exciting future. Through the findings of this thesis, network designer can 

look toward a future where telco networks will coexist in harmony without any threat to one 

another. In this thesis, we have laid a foundation toward a network revolution where low-cost 

optical devices such as VCSELs and photodiodes are used to achieve radio communication 

service within areas where these systems are otherwise known to be avoided.  
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