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ABSTRACT 

Photonic Generation of Millimeter-Waves Using Two Cascaded Electro-Absorption 

Modulators in Radio-over-Fiber Systems 

Liwen Wu 

The development of wireless communication services requires broader access bandwidth. 

To meet this requirement, unlicensed millimeter wave (mm-wave) band has been 

considered as a potential carrier for the next generation wireless communications. 

However, due to high attenuation loss in mm-wave signal transmission, the number of the 

picocell base station (BS) should be increased in the coverage area. Radio over fiber 

(RoF) transport scheme is a good option to face the challenge of mm-wave wireless 

distribution, because it takes advantages of long transmission distance, large bandwidth 

and immunity to electromagnetic interference. 

In RoF technique, optical mm-wave signal generation is one of the crucial issues. 

There are two major schemes to generate optical mm-wave signals, optical heterodyning 

technique and optical frequency multiplication (OFM) technique, in which OFM 

technique can provide simpler BS configuration. One of the most popular OFM 

techniques is optical harmonic generation using optical external modulators. There are 

mainly two options of external modulator: one is Mach-Zehnder Modulator (MZM) and 

the other is Electro-Absorption Modulator (EAM). 

The objective of this thesis is to propose a novel photonic frequency doubling and 

quadrupling technique for the generation of mm-wave signal using two cascaded EAMs. 

The two cascaded EAMs driven by a low frequency radio frequency (RF) signal and the 

phase shift between the two EAMs is 180 degree. Theory of techniques using two 
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cascaded EAMs with identical characteristics and two cascaded EAMs with different 

characteristics is investigated and verified by simulation based on VPI Transmission 

Maker. Good agreement is achieved between theory and simulation. It is shown that 

power of doubling and quadrupling signal is increasing with RF modulation index, and 

bias voltages of EAMs also have a great impact on the performance of the system. It is 

found that by using cascaded EAMs with identical characteristics, odd-order optical 

harmonics are perfectly suppressed while even-order harmonics are maximized, and as a 

result high quality frequency doubling and quadrupling signals can be generated; by 

using cascaded EAMs with different characteristics, good system performance still can be 

achieve when phase shift, RF modulation voltage and bias voltages are optimized. Power 

fading induced by fiber chromatic dispersions is also investigated and an optical filter is 

adopted in order to make the system immune to chromatic dispersions at frequency 

quadrupling. 

Experiment is also carried out to verify the concept of the proposed technique. A 

low cost electro-absorption modulator integrated laser (EML) is used in experiment to 

achieve a cost-effective system. Good quality doubling signal and quadrupling signal are 

generated while noise level is reasonable. It suggests that the proposed technique is 

efficient for mm-wave generation using frequency doubling or quadrupling. 
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Chapter 1 

Introduction 

1.1 Preface 

The availability of traditional wireless local access network (LAN) frequencies in the 2.4 

and 5 GHz bands and the price reduction of radio technology result in wireless networks 

service expanding at an unprecedented pace, which causes severe congestion at those 

frequencies. Since too many systems in the same space (frequency), it is difficult to 

achieve very high data rate such as 100 Mb/s and beyond. Moreover, the traditional 

wireless networks are easily and cheaply intercepted, which is not good for security 

services. Fortunately, unlicensed millimeter-wave (mm-wave) band (57-64 GHz), which 

offers much more bandwidth, is available world-wide and with better efficiency and 

security than traditional wireless LAN frequencies. In addition, the antenna systems can 

be millimeter size since higher frequencies mean shorter wavelengths [35]. Therefore, 

mm-wave is one of good choices for future wireless communications. 

When mm-wave band is used for future wireless communications, there are three 

transmission options: mm-wave over air, mm-wave over coaxial cable and mm-wave 

over fiber. Why choose mm-wave over fiber? mm-wave over air transmission is limited 

to tens of meter due to high transmission loss; mm-wave over coaxial cable transmission 

is limited by the coaxial cable bandwidth and high cost as well as high transmission loss. 

It is well-known that optical fiber has much broader bandwidth, low loss and very low 

cost. Moreover, broad-band wireless distribution based on mm-wave over fiber enables 
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transparent delivery of mm-wave radio signals to remote base stations without 

interferences existing in other two distribution methods [2]. 

Key improvements needed in communication system are capacity, bandwidth, 

security, mobility and flexibility. Optical fiber technology can provide tremendous 

bandwidth, but it does not support user mobility or flexible system reconfiguration. 

Wireless communication systems using traditional RF and microwave frequencies can 

provide user's mobility, but they do not support high data rates and security. However, 

when these two technologies are combined together, the bandwidth and mobility can be 

achieved at the same time. 

To better access and manage networks, a central station (CS) will control a 

number of base stations (BSs) where mm-wave antennas radiate mm-wave signals to 

users. The connection between a CS and BSs can be realized with fiber ring, fiber tree or 

fiber star topologies that are used to distribute mm-wave wireless signals to remote base 

stations. However, the main drawback of mm-wave band is that the mm-wave wireless 

communications suffer from high transmission loss due to atmospheric conditions by 

GHz frequency. As a result, to maintain the Quality of Service (QoS), the distance 

between the BSs should be reduced and a larger number of the BSs are needed in mm-

wireless networks than in traditional wireless LAN networks. Therefore, another reason 

why we choose mm-wave over fiber is that mm-wave over fiber can provide a system 

configuration with simple, small and cheap BSs. 

Radio over fiber (RoF) system was first proposed in 1990 by A. J. Cooper [44]. In 

such systems, the radio signal is generated at a CS before distributed through a fiber link 

to a number of remote antenna base stations for wireless distribution. A basic RoF system 
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is shown in Fig. 1.1. When the signal is transmitted between the CS and the BS, 

electrical-to-optical (E/O) and optical-to-electrical (O/E) converters are needed before 

and after the signal distributed over an optical fiber, respectively. 

Centre Station Base Station Mobile Terminal 

Tx E/O Mobile 

Rx O/E 

| Fiber Links! 

,1 <n i E/O K^ Mobile 

_ y 

Figure 1.1 Basic RoF system 

RoF technique has become a promising solution of mm-wave transmission 

nowadays thanks to its feasibility of the broadband wireless access network by 

facilitating the implementation of simple and compact BSs. This could be possible by 

generating a radio signal at the CS and delivering it to the simplified BSs. Complicated 

signal processing such as modulation, demodulation, up-conversion, coding, routing can 

be performed at the CS, while the BS simply consists by O/E and E/O converters, RF 

amplifiers and an antenna. In such transport scheme, the transmission distance between 

the CS and mobile users can be largely extended, compared to the direct RF free-space or 

coaxial cable transport scheme [45]. There are many possible applications for RoF 

technique. For instance, RoF technique can be used in the backbone of both outdoor and 

indoor wireless networks. Fig. 1.2 shows both indoor and outdoor RoF systems where the 

CS (the base transceiver station (BTS) or access point (AP)) and the BS (the remote 

antenna units (RAU)) are communicated through the single-mode fiber (SMF). 



Single Mode Optical Fiber 

Figure 1.2 Application of the RoF technique in indoor and outdoor wireless networks [46]. 

1.2 Review of Related Technologies 

With the rapid development of wireless communications, the techniques of mm-wave 

frequency range of 57-64GHz has attracted a growing interest in recent years because of 

limited bandwidth and spectral congestion at low microwave frequencies. When it comes 

to the transmission of mm-wave signals, RoF system is considered as a broad-bandwidth 

and cost-effective solution [ 1, 2]. As a result, how to generate mm-wave signals over RoF 

system has become an attractive topic recently. A number of techniques for mm-wave 

signals generation have been proposed, such as optical carrier suppression [2, 5, 4,10, 11, 

41], optical frequency multiplication (OFM) [2-5, 7, 10, 11, 18, 41], optical heterodyne 

detection with optical interleaving [1, 12], frequency up-conversions using optical 

amplifier [6, 9] and four-wave mixing [13-15], and so on. 



The common objective of all techniques of mm-wave generation is to provide 

high frequency mm-wave signal at the BS by applying low frequency driving RF at the 

CS. One of the key issues of RoF system design is cost efficiency which means to 

maintain the required QoS by using lowest cost equipments. In industry, RF electrical 

components and equipment with frequency response of higher than 26 GHz are much 

more expensive than those of below 26 GHz. So if mm-wave signal can be 

generated by using RF driving signal lower than 26 GHz, the cost of system will be 

largely reduced. 

One of the most cost-effective options for the mm-wave generation is to use 

external optical modulators (single one or cascaded ones) driven by a low RF signal to 

generate high-order optical harmonic sidebands [2-5, 7, 10, 11, 18, 41], which is called 

optical harmonic generation technique or OFM technique. An external optical modulator 

restrains the light and allows the amount of light passed to vary from some maximum 

amount to some minimum amount according to its transfer function. When the light 

source is injected into the external modulator driven by an RF signal at frequency/, the 

harmonic sidebands will be generated at±f,±2/,— >±nf relative to the optical carrier. At 

the photodetector, these optical sidebands will beat with each other and generate RF 

signals a t / ,2 / , . . . ,n f . In this way, the mm-wave signals doubling, quadrupling or even 

sextupling of the low driving RF signal can be produced. For example, RF power at 2 / 

(frequency doubling of/) mainly consists of two parts, beating between the second-order 

optical sideband and the optical carrier, and the other beating between the two first-order 

optical sidebands; RF power at 4/(frequency quadrupling off) is also constituted by two 

parts, beating between the two second-order optical sidebands, and the other beating 
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between the forth-order optical sideband and the optical carrier. Therefore, to achieve 

high quality desired mm-wave signal, optical sidebands contributing in the generation of 

the mm-wave signals should be maximized while the undesired optical sidebands should 

be minimized. There are two commonly used types of external optical modulators: the 

Electro Absorption modulator (EAM) and the Mach-Zehnder modulator (MZM). The 

normalized power transfer functions for the two popular external optical modulators are 

shown in Fig. 1.3 (a) and (b), respectively. 

0 0.5 1 1.5 2 2.5 3 3.5 4 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 

Bias Voltage (V) Applied voltage (Vm) 

(a) (b) 

Figure 1.3 Transfer functions for the external optical modulators: (a) EAM and (b) MZM. 

A number of techniques for mm-wave generation using MZM as external 

modulator have been reported [3-5, 7]. The transfer function of MZM shown in Fig. 1.3 

(b) can be expressed as/OJ,,(0 = Mm cos2(^Km(0/2P^), where /o„,(0i s the transmitted 

intensity, // is the insertion loss, 7,„is the input intensity, andF^ is a specified driving 

voltage needed to obtain a n phase shift between the MZM arms. The modulation 

voltage Vm{t) that is applied to the MZM can be divided into a constant bias and a time 
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varying modulation. According to the dc bias, three bias points are available as shown in 

Fig. 1.3 (b), which are minimum transmission bias (MITB) point (biased at ±Vn ), 

quadrature bias (QB) point (biased &t±V!! 12 ), and maximum transmission bias (MATB) 

point (biased at V0), respectively. 

Mohmoud Mohamed et al. have investigated the photonic generation of ram-

waves using OFM technique with dualelectrode MZM, considering the three bias cases of 

the MZM in [7]. The system setup for the technique in [7] is shown in Fig. 1.4. The 

continuous wave (CW) light is injected into a MZM driven by an RF signal at 7.5 GHz. 

The RF signal is applied to both electrodes of the MZM with a 180° phase-shifter. The 

output signal from the MZM is amplified by an EDFA before distributed over a single 

mode fiber with attenuation loss of a = 0.21 dB/km and chromatic dispersion of 16 

ps/(nm.km). The optical signal is transmitted through 24 km fiber and detected by a high­

speed PD with a 3 dB bandwidth of 40 GHz and a responsivity of 0.62 AAV. The biasing 

of the MZM at MATB, MITB and QB was placed under consideration. Beating between 

the optical harmonic sidebands at the photodetector generates RF signals at frequency 

doubling (15 GHz), quadrupling (30 GHz) and sextupling (45 GHz) of the driving RF 

signal at 7.5 GHz. It has been found that MATB is the best bias for frequency 

quadrupling and MITB is the best for frequency doubling and sextupling. However, when 

the MZM is biased at the either minimum or maximum point of transfer function, and the 

bias drifting would happen so that the desired optical sidebands are not maximized any 

more, introducing poor system robustness [16]. 



. . . . fRF=7,5GHz 
1550 nm / - j * 
OdBm « ? Bias S M | . 

CD 
f\ JLNn . . . . ^ P^ 24km 
* Q52) E D F A oe=0.2tdB/Km _ _ „ 

X J D=16ps.nm/km f3ffi-4CGHz 
CW Laser °"62 ^ W 

Figure 1.4 System setup for the mm-wave generation using OFM with a dual-electrode MZM [7]. 

EDFA: erbium-doped fiber amplifier, RSA: RF spectrum analyzer, PD: photodiode, and SMF: 

single-mode-fiber. 

Besides MZMs, electro-absorption modulators (EAMs) have also been 

extensively studied as a low-power-consumption and low-cost external modulator. An 

EAM has many advantages, such as low drive voltage, high extinction ratio, polarization 

independence and monolithic integration capability with other optical components 

compared to an MZM. A comparison photograph of EAM and MZM is shown in Fig. 1.5. 

It is seen that the EAM has much smaller size than the MZM. Moreover, the EAM in the 

Fig. 1.5 is an electro-absorption modulator integrated laser (EML) which is much cheaper 

than an MZM and an individual EAM. An EML consists of a CW DFB laser followed by 

an EAM. Both the DFB laser and the EAM can be integrated monolithically on the same 

InP substrate as shown in Fig. 1.6, and a compact design and low coupling losses 

between the two devices can be achieved [47]. The transfer function of EAM shown in 

Fig. 1.3 (a) can be given as 

T(V) = exp(a0+ay + a2V
2+... + amVm) (1.1) 

where the voltage V = Vb + V,f denotes the driving voltages to the EAM, where Vt, is bias 

voltage. The coefficients cik{k = 0,1,2...in ) are related to the transfer function of the EAM. 



Suppose that the RF signal is given by V^ = V0cos(27rft) for the EAM, where/and V0 

are the radio frequency (RF), modulation voltage, respectively. Before this thesis, no 

technique for mm-wave generation using EAMs was proposed. 

Figure 1.5 Photograph of EAM (up) and MZM (down). 

DFB Laser EA Modulator 

p 

irntrmn inn 
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Light 

Figure 1.6 Integrated laser and EAM [47]. 
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1.3 Motivation 

Wireless communication systems using mm-wave bands provide broadband and secure 

data transmission platforms and have brought considerable benefits to telecommunication 

industry. However, the cost of the electrical equipments using for transmission of mm-

wave signals is extremely high. Moreover, high transmission loss of the mm-wave 

transmission suggests that for applications of mm-wave spectrum, only short distance 

communications links will be supported [36]. Fortunately, RoF technology offers a 

potential solution to this issue. In RoF systems, mm-wave signal is transferred from 

electrical domain to optical domain at the CS and transported over an optical fiber to the 

BS. Compared to electrical cables, optical fibers have many economic advantages such as 

lower price, broader bandwidth, lower transmission loss and higher security. Furthermore, 

development of optical up-conversion techniques provides another cost-efficient benefit 

because only low RF equipment is need at the CS (while high frequency electrical 

equipment is very expensive). 

However, there are still many challenges to the research of mm-wave systems in 

the near future. 

• Nowadays, the number of BSs needed in a wireless service network increases 

with rising requirement for the amount and quality of customer service. On the 

other hands, though mm-wave band is a promising candidate for future broadband 

wireless communication systems, the free space-propagation attenuation of mm-

wave band is very high. As a result, the key issue of cost efficiency of the RoF 
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system design is to reduce cost and size of the BS. The structure of the BS should 

be as simple as possible and cheap equipment should be used at the BS. 

• Since the BSs should be kept simple and cheap, the complexity and expensive 

devices are shift to the CS. Generally, signal generation, processing and 

modulation are completed at the CS. Therefore, another important issue of the 

RoF system design is to generate high quality mm-wave signal using low cost 

equipments at the CS. 

• In wireless communications using RoF technique, one of the most important 

limitations to the system performance is fiber chromatic dispersion which could 

cause serious power fading after signal is transported over fiber. Therefore, the 

techniques used to deal with fiber chromatic dispersion effect should be provided 

to improve system performance. 

• There are two popular options for mm-wave generation based on OFM technique, 

one is frequency doubling method and the other is frequency quadrupling method 

as defined in previous sections. By using frequency doubling method, high quality 

mm-wave signal can be generated; however, this method is not suitable for the 

mm-wave generation higher than 60 GHz because the cost of the system will be 

very high. As a result, frequency quadrupling method becomes a better choice for 

60 GHz mm-wave generation since RF devices lower than 20 GHz can be used at 

the CS. Therefore, frequency quadrupling technique which can generate high 

quality mm-wave signal should be investigated. 

i i 



1.4 Thesis Scope and Contributions 

The objective of this thesis is to develop novel modulation techniques for the generation 

and distribution of mm-wave signal based on optical frequency multiplication (OFM). 

Effective solutions are investigated for the two most importance design goals for RoF 

system: mitigate chromatic dispersion effect and low-cost BS configuration. In this thesis 

for the first time to our knowledge, the structure of two cascaded EAMs is used to 

generate mm-wave signals. The main contributions of this thesis are: 

1. A novel technique for the optical mm-wave signal generation using frequency 

doubling and quadrupling technique is proposed. The mathematical model of the 

OFM technique based on two cascaded EAMs is introduced and then verified using 

Matlab and VPI Transmission Maker [48]. 

2. The performance of the mm-wave generation system using two cascaded EAMs is 

investigated in details. Theoretical analysis of back-to-back transmission and 

transmission over optical fiber is carried out considering phase shift, bias voltages of 

the cascaded EAMs and RF modulation index. In addition, experiments are 

conducted and verified by our theoretical analysis and good agreement is achieved. 

3. The effect of fiber chromatic dispersion on the proposed system performance is 

investigated. Also, the robustness to bias and phase drifting of the proposed system is 

investigated, since the drifting problems are very normal to a reality RoF system. 
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1.5 Thesis Outline 

This thesis is composed of seven chapters. The rest of the thesis is organized as follows: 

In Chapter 2, an overview of RoF technology and a review of the techniques of 

optical mm-wave signal generation and distribution over optical fiber links are introduced. 

Advantages and disadvantages of presented techniques are investigated. 

In Chapter 3, theoretical analyses of OFM technique based on two cascaded 

EAMs are given. Both systems of cascaded EAMs with identical characteristics and 

cascaded EAMs with different characteristics are investigated. The mathematical model 

of method by using a filter to remove fiber chromatic dispersion is also induced. The 

theoretical analysis is then verified by simulation. The comparison of effects of fiber 

chromatic dispersion to system performance before and after using filter is presented. 

Also, robustness of the system relative to bias drifting and phasing drifting is investigated. 

In Chapter 4, experimental setup for the system using a low cost EML cascaded 

with an isolate EAM is introduced. 

In Chapter 5, the conclusion of this thesis with the potential benefits of the 

proposed novel technique is presented. The continued work of this research in future is 

also discussed. 
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Chapter 2 

Background Knowledge of RoF Technology 

2.1 Introduction 

As previously presented in Chapter 1, mm-wave band can offer broad bandwidth and 

high security to the future wireless access networks. Moreover, RoF techniques are 

considered as a cost-efficient option for the distribution of the future mm-wave wireless 

access networks to reduce high attenuation loss and provide simple BSs. As a 

consequence, much research has focused intensively on mm-wave over fiber systems in 

which generation of optical mm-wave signals is one of the key technologies. 

This chapter is organized as follows. Three typical RoF link configurations and 

the advantages of RoF techniques are given in Section 2.1. Section 2.3 gives a review of 

techniques of optical mm-wave signal generation and transmission over fiber, also the 

advantages and disadvantages of all presented generation techniques are given. Finally, 

the main conclusions of the chapter are given in Section 2.4. 

2.2 Radio over Fiber Technology 

Radio-over-Fiber (RoF) technology refers to the use of optical fiber links to distribute RF 

signals from a central station (CS) to remote controlled base stations (BSs). In RoF 

systems, the light modulated by a RF signal is transmitted over optical fibers between a 

CS and a set of BSs before being radiated through the air. Recently, RoF technology has 
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been considered as one of the most potential solutions for the distribution of the future 

wireless access networks due to its cost-effectivity and reliability. Such a technology can 

be used for millimeter-wave signal distribution in cellular systems or for the "last mile" 

delivery of broadband data, since it provides an end user with a truly broadband access to 

the network while guaranteeing the increasing requirement for mobility. Furthermore, 

RoF technology enables efficient provisioning of broadband wireless services in 

particular when combined with flexible optical routing and dispersion-robust RoF 

transport techniques, such as optical frequency multiplying (OFM), to improve the 

network's throughput and operational efficiency [22]. 

2.2.1 RoF link configurations 

We have several possible approaches to transporting radio signals over optical fiber in 

RoF systems, which is usually classified into three main categories (Intermediate 

frequency (IF) transmission over fiber, Baseband (BB) transmission over fiber, and RF 

transmission over fiber) depending on the frequency range of the radio signal to be 

transported [23, 24]. The three fundamental techniques are shown in Fig. 2.1 [23]. 
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Figure 2.1 Radio signal transport schemes for RoF systems [23]. 

IF transmission over fiber -Fig. 2.2(a) shows shows a scheme required for 

downstream signal transmission in an RoF system based on the distribution of the 

radio signal at an IF (Intermediate Frequency) radio signal with a lower frequency 

(less than 10 GHz). In the scheme, the data is directly modulated onto an optical 

carrier in the IF band at the CS, while at the BS, the modulated signal is detected 

by a photodetector (PD) and then up-converted to the desired RF band. IF-over-

fiber scheme offers the advantage that the effect of fiber chromatic dispersion on 

the distribution of IF signals is really small. However, the requirement for 

frequency conversion at the BS increases the complexity and cost of the BS 

architecture particularly at the applications in the millimeter wave frequency 

region since expensive mm-wave band oscillators and mixers are needed for 

remote frequency conversion. In addition, when there is a system upgrade 

required changes in RF frequency, the up-conversion circuitry at all BSs should 

be upgraded. 



• Baseband transmission over fiber - A RoF system based on baseband over fiber 

transport is shown in Fig. 2.2(b). The radio information is transported to the BS 

as a digital data stream. At the BS, after detected by a PD, the modulated signal is 

recovered and then up-converted to an RF band directly or through an IF band, 

and transmitted to the user. As with IF over fiber, influence of the fiber dispersion 

effect is negligible for this scheme and however unfortunately it also has 

disadvantages of increasing cost and complexity of the BS and limiting the 

upgradeability of the overall fiber radio system since expensive electrical mm-

wave oscillators and mixers are needed at all BSs and an upgrade in RoF system 

leads to the change of signal modulation circuitry at each BS. 

• RF transmission over fiber — In RF-over-Fiber configuration shown as Fig. 

2.1(c), a data-carrying RF (Radio Frequency) signal is carried by the optical mm-

wave generated at the CS and converted to electrical mm-wave signal using a 

low-cost O/E converter at the BS. Consequently, the wireless signals are 

transmitted directly over the fiber at the radio carrier transmission frequency 

without the need for any frequency up or down conversion at the remote antenna 

BS, thereby resulting in simple and cost-effective implementation enabled at the 

BS. However, the RF-signal-fading effect induced by chromatic dispersion in 

optical fiber seriously limits the transmission distance [25, 26]. 
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Figure 2.2 RoF links configuration, (a) IF modulated signal, (b) baseband modulated signal and 

(c) RF modulated signal. LD: Laser diode, E/O: electrical-to-optical conversion, O/E: optical-

toelectrical conversion, LO: local oscillator and Amp: amplifier [24]. 

2.2.2 Advantages of RoF Systems 

Some of the benefits of the RoF technology compared with electronic signal distribution 

are given below [27]. 



• Low attenuation - Signals transported on optical fiber attenuate much less than 

other medium. For instance, commercially available standard Single Mode Fibers 

(SMFs) made from glass (silica) have attenuation losses below 0.2dB/km and 

0.5dB/km in the 1550nm and the 1300 nm windows, respectively. These losses 

are much lower than those encountered in coaxial cable, whose losses are higher 

by three orders of magnitude at higher frequencies. For example, the attenuation 

of a VT. inch coaxial cable (RG-214) is >500 dB/km for frequencies above 5 GHz 

[28]. Therefore, by transmitting microwaves over fiber, transmission distances are 

increased and the required transmission powers are reduced. 

• Large bandwidth — Optical fiber communication provides enormous bandwidth. 

Three main transmission windows offered by optical fiber, namely the 850 nm, 

1310 nm, and 1550 nm wavelengths, which offers low attenuation. For a single 

SMF optical fiber, the combined bandwidth of the three windows is in the excess 

of 50 THz which is extremely wide [29]. 

• Immunity to radio frequency interference - Since transmitted information is 

modulated by the light with RF signal, RoF system is immune to electromagnetic 

interference (EMI), which is a very attractive property of optical fiber 

communications, especially for microwave and mm-wave transmissions. Because 

of the EMI immunity, optical fiber communications is the immunity to 

eavesdropping too, which provides privacy and security for the communication 

system. Furthermore, RoF is free from multipath interference which is a common 

problem in normal wireless communications. 



• Reduced power consumption — Reduced power consumption is a consequence of 

having simple equipment at the BS while most of the complex equipment is kept 

at the CS. In some applications, the BSs are even operated in passive mode which 

is largely reducing power consumption [30]. Moreover, low RF power antennas 

are required if fiber is used for distribution, which leads to reduction of 

interference and radiation. 

• Lower cost - It is well known that optical fiber is very cheap and RoF can provide 

a very economic solution for broadband access networks if low cost lasers and 

photodetectors are used. On the other hand, in RoF systems, complex and 

expensive equipment is kept at the CS shared by several BSs. In such cases, a BS 

simply consists of a photodetector, an RF amplifier, and an antenna. Simpler 

structure of remote BSs means lower cost of construction, lower power 

consumption and simpler maintenance at BSs leading to lowering the overall 

installation and maintenance cost. 

2.3 Millimeter-Wave Signal Generation Techniques 

As mentioned in before, RoF technology is one of the most potential solutions in wireless 

communications for guaranteeing both the capacity and mobility as well as lessening 

costs of the BSs. Most complex equipment for the signal processing such as RF 

generation, coding, multiplexing and modulation is setup at the CS shared by several 

BSs. There are several optical techniques for generating and transporting RF signals over 

fiber, in which, intensity modulation/direct-detection (IM/DD) is the simplest technique 

optically generating and distributing RF signal over optical links. In the application of 
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IM/DD, the intensity of the light source is directly modulated by the RF signal and 

transmitted over fiber to the BS where it is directly detected by a photodetector. There are 

two ways of modulating the light source at the CS in the IM/DD technique. One way is to 

let the RF signal directly modulate the laser diode's current. The second method is to 

operate the laser in continuous wave (CW) mode and then use an external modulator such 

as a Mach-Zehnder Modulator (MZM) or an Electro-absorption modulator (EAM), to 

modulate the intensity of the light. The two options are shown in Fig. 2.3(a) and (b) 

respectively. 
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Figure 2.3 RF signal generation by (a) direct laser modulator and (b) an external modulator [24]. 

Although IM/DD is the simplest scheme, due to the limited modulation bandwidth 

of the laser and laser non-linearity, it is difficult to use for high frequency mm-wave 

applications which have been expected as a result of limited availability of the RF bands 

[31]. Much research up-to-date has been carried out in the optical mm-wave signal 

generation. The most popular methods to generate an mm-wave signal are to use optical 

heterodyne technique [1, 12, 32] and techniques based on optical harmonics generation 

[2-5,7,10,11, 18]. 
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2.3.1 Optical Heterodyning Technique 

Remote Heterodyne Detection (RHD) technique relies on the principle of coherent 

mixing in the photodiode to generate the RF signal (see Fig. 2.4 and Fig. 2.5). In this 

technique, there are two lasers, of which one is master laser and other one is slave laser, 

are used to generate two optical carriers. The frequency offset between the two optical 

carriers is equal to the desired mm-wave frequency. One of these two signals is intensity-

modulated with data while the other one is unmodulated. Then, both optical carriers are 

transported over fiber link from the CS to the BS; the electrical mm-wave signal is 

generated by beating two optical carriers in a PD at the BS. Assume that there are two 

optical fields is given by 

Ex{i) = Emcos{coxt) (2.1) 

E2(t) = E02cos(o)2t) (2.2) 

where E0l 5 EQ2 are the amplitude terms, and <x>\, a>2
 a r e the angular frequency terms of 

the two optical fields. Then, after square-law photodetection, the generated photocurrent 

IPD{t) can be expressed as [39, 40] 

IPD(0 = |£, + E2\~ = \Em cos(2<y,0 + E02 cos(2a>2t)\~, (2.3) 

IPD(t) = ^(E2
0i+E2

02) + ^cos(2co]t) + ^cos(2co2t) 

+E0]E02 cos(tf>, - co2)t + E0]E02 cos(», + a>2)t 
(2.4) 
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The term of interest is E0lE02
 cos(<^i —cQ2)t which shows that an electrical signal with a 

frequency equal to the frequency difference of the two optical fields is generated. 

One important attribute of RHD technique is that very high frequencies can be 

generated, limited only by the bandwidth of the photodetector. Furthermore, since only 

one of the two optical carriers is modulated with data, system sensitivity to chromatic 

dispersion can be greatly reduced. Another benefit of RHD is that it permits low-

frequency data modulation at the CS since high-frequency electro-optical components are 

not required. However, using two different laser sources for heterodyne signal generation 

will result in the strong influence of laser phase noise and optical frequency variations on 

the purity and stability of the generated mm-wave. To achieve a high quality carrier, 

phase control mechanisms need to be applied, which leads to more complex systems. 

Techniques used to reduce phase noise sensitivity include Optical Injection Locking (OIL) 

and Optical Phase Locked Loops (OPLL). The principles of OIL technique and OPLL 

technique are shown in Fig. 2.4 and Fig. 2.5 respectively. 

For OIL technique, it consists of a master and slave laser source, PD, and a 

microwave reference oscillator. OIL is a technique that involves modulating the master 

laser with a low-frequency signal, and then part of the output of the master laser is fed 

into the slave laser resulting in the slave laser to lock onto the master's sidebands 

frequency and resonate there. By using OIL, cheaper broad-linewidth lasers can still be 

used to generate stable narrow electrical linewidth signals and OIL exhibits good phase 

noise suppression. 
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Figure 2.4 Principle of optical injection locking (OIL) technique [33]. 

For OPLL technique, it consists of a free running master laser, a PIN photodiode, 

a microwave amplifier, a frequency or phase detector, a loop filter, a slave laser and a 

microwave reference oscillator as shown in Fig. 2.5. The combined outputs of the master 

and slave lasers are split into two parts. Part of the optical signal is used in the OPLL 

system at the CS while the other part is transmitted to the BS. The optical signal at the CS 

is heterodyned on a photodiode to generate a microwave signal which is compared to the 

reference signal. Then a phase error signal of OPLL is fed back to the slave laser. In this 

way, the slave laser is forced to track the master laser at a frequency offset corresponding 

to the frequency of the microwave reference oscillator. It does not suppress small-scale 

frequency variations caused by phase noise. [27] 
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Figure 2.5 Principle of optical phase-looked loop (OPLL) technique [34]. 
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2.3.2 Optical Harmonics Generation Techniques 

Optical harmonics generation or optical frequency multiplication (OFM) technique is 

reported as a cost-effective technique which can generate high-purity and high-frequency 

mm-wave signals [3-5, 7]. The principle of OFM technique is to generate high-order 

optical harmonics using laser with another electrical to optical (E/O) converter, an 

external optical modulator, which is driven by a low RF signal, and nonlinear response of 

the E/O converter may generate higher-order optical harmonics. At the BS, by beating 

any two high-order optical harmonics or/and beating any high-order optical harmonics 

with the optical carrier in the PD, many mm-wave signals may be generated. In OFM 

technique, low-cost frequency electrical components and low-bandwidth optical external 

modulator can be used at the CS to generate mm-wave beyond 40 GHz, because RF 

electrical components and equipment with frequency response of higher than 26 GHz are 

much more expensive than those of below 26 GHz. However, the disadvantage of OFM 

is that the transmission distance is limited by fiber chromatic dispersion. 

RoF systems used for generation of mm-wave signals based on OFM techniques 

can be generally classified into three categories: 

• Harmonic generation using single MZM 

• Harmonic generation using two cascaded MZMs 

• Harmonic generation with optical phase modulator (PM) and 

• Harmonic frequency generation with optical carrier suppression (OCS) 
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2.3.2.1 Harmonic Generation with single MZM 

This subject has been very popular in the research of optical mm-wave generation recent 

years. A method to generate an mm-wave signal using an optical MZM is first proposed 

in 1992 by J. J. O'Reilly et al. [37]. This frequency doubling method is shown in Fig. 2.6. 

The applied voltage of the sinusoidal RF signal modulated by the MZM can be described 

by [37] 

o(t) = VK (1 + s) + aVn c o s ^ 0 (2.5) 

where £ is the normalized bias point of the MZM, cc is the normalized amplitude of the 

drive voltage and the frequency of drive voltage is oRF = 2nf where / is the 

modulation frequency. The optical output field from the MZM can be written as 

E(t) - cos I — [(1 + s) + a c o s ^ ^ ) ] >cos(2.7ra)0t) (2.6) 

where ft>0is the optical carrier frequency. Bessel function expansion of Eq. (2.6) leads to 

an expression for the output field as 
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where Jk is the kth Bessel function of the first kind. From the Eq. (2.7), we can see that 

when the MZM is biased at Vn (s = 0) named as minimum transmission bias (MITB) 

point, the optical carrier is suppressed together with the even modulation sidebands at 

a>0 + IcQxp, co0 ± 4©^ and etc. Therefore, two strong components (first-order harmonics) 

result centered at a>0 and separated by 2 o ^ . . Other odd-order terms higher than first-

order harmonics have lower amplitudes and can be reduced to 15dB below the two major 

components by careful control of the bias point of the MZM [43]. As shown in Fig. 2.6, 

after MZM, an erbium-doped fiber amplifier (EDFA) was used to increase the level of 

the optical components produced by the MZM and these components are transmitted 

through a length of fiber. Then, the light is injected into the photodiode and the required 

doubling mm-wave signal at 2 / is generated by photodetection. This technique is 

immune to fiber chromatic dispersion [37], since the generated mm-wave signal is mainly 

due to the beating between the two first-order harmonics. 
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Figure 2.6 Frequency doubling technique for generating mm-wave signal using a MZM. 

EDFA: Erbium-Doped Fiber Amplifier, PD: Photo Detector, CW: Continuous Wave, SMF: 

Single Mode Fiber. 
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In 1994, J. J. O'Reilly et al. proposed another method to generate a frequency-

quadrupled electrical signal [38]. In this method, the MZM is driven with a RF signal at 

quarter the required mm-frequency. By biasing the MZM at maximum transmission bias 

(MATB) when s = 1, the odd-order optical sidebands were suppressed. Then, a Mach-

Zehnder interferometer (MZI) filter was used to suppress the optical carrier. After 

enhanced by an EDFA, those optical sidebands were propagated through the fiber. By 

beating the two second-order sidebands at photodetector, an electrical signal that has four 

times of the LO frequency was generated. However, the main disadvantage of this 

technique is the needs of a MZI filter which increases the complexity the system. 

Additionally, since the optical power of second-order harmonics is lower than first-order 

harmonics, the efficiency of this technique is lower that the frequency doubling technique. 

Therefore, these years many other Frequency quadrupling techniques have been proposed to 

deal with these problems [3-5,24]. 
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Figure 2.7 Frequency quadrupling technique for generating mm-wave signal using a MZM. 

2.3.2.2 Harmonic Generation with two Cascaded MZMs 

In the thesis [24], a frequency quadrupler and a frequency sixupler based on two 

cascaded MZMs are investigated and used to generate mm-wave signals respectively. For 
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the frequency quadrupler shown in Fig. 2.8, both MZMs are biased at the QB point with a 

180 degree phase shift between the two MZMs. When the light passes the First MZM, 

one of the two first-order harmonics is suppressed. Then after another MZM, another 

first-order harmonic gets suppressed too. At the PD, two strong second-order sidebands 

are beating with each other and then the required quadrupling mm-wave signal is 

generated. 
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Figure 2.8 Frequency quadrupling technique for generating mm-wave signal using two cascaded 

MZMs. Measured optical spectrum in insets (i) and (ii) are obtained using an RF of 7.5 GHz that 

drive the MZM, and after second MZM, respectively [24]. 

In the frequency sextupling technique shown in Fig. 2.9, [24], the first MZM is 

biased at MATB and the second MZM is biased at MITB. A CW light injects in the first 

MZM and then all odd-order harmonics are suppressed while only even-order harmonics 

are generated. Then the optical carrier and even-order harmonics pass the second MZM, 
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resulting six optical sidebands at +0)^, ± 3 ^ , and +5<% as shown in Fig. 2.9 (ii). An 

EDFA is used to enhance the generated sidebands and then an optical filter is used to 

filter out other harmonics higher than third-order harmonics. As shown in Fig. 2.9(iii), 

two strong third-order harmonics are generated before transported through fiber to the BS 

where the two third-order harmonics are beating with each other at the PD and the 

required sextupling signal is generated. It means that to generated 60GHz signal, only 

10GHz RF driving signal is needed at the CS. By using two cascaded MZMs, desired 

optical harmonics are maximized and non-desired optical harmonics are greatly 

suppressed, so that high frequency up-conversion efficiency is obtained with less 

nonlinear distortion impact [24]. 
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Figure 2.9 A frequency sixupler for generating mm-wave signal using two cascaded MZMs. 

OBF: Optical band-pass filter, ELPF: Electrical low pass filter and ESA: Electrical signal 

analyzer. The simulated optical spectra in insets (i), (ii) and (iii) are obtained after the first MZM, 
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after the two cascaded MZMs, and after optical filtering, respectively. An RF of 10 GHz that 

drives the two cascaded dual-electrode MZMs is used [24]. 

The approach using a MZM or cascaded MZMs to mm-wave generation, as 

discussed above, can produce a high-quality frequency quadrupling or sextupling mm-

wave signal with a simple system structure. However, to suppress the odd- or even-order 

optical sidebands, the MZM should be biased at the minimum or maximum bias point, 

which would result in the bias-drifting problem, leading to poor system robustness or a 

sophisticated control circuit has to be employed to minimize the bias drift [16]. 

2.3.2.3 Harmonic Generation with optical phase modulator 

In the method of using a MZM as external an optical modulator discussed in Section 

2.3.2.1, biasing the MZM to suppress the even-order optical sidebands suffers from a dc 

bias-drifting problem, which reduces the robustness of the system. A simple solution of 

this problem is to replace the MZM by an optical phase modulator (PM). The key 

advantage of using an optical phase modulator is that frequency doubling or quadrupling 

of the electrical drive signal can be achieved without specific dc bias adjustment, which 

eliminates the bias drifting problem [42]. The setup for the generation of mm-wave signal 

using an optical phase modulator in [42] is shown in Fig. 2.10. 

The use of a PM will generate all sidebands including the optical carrier. 

Therefore, a fixed optical notch filter is used to filter out the optical carrier. In the 

technique of Fig. 2.10, a fiber Bragg grating (FBG) is used as the fixed optical notch 

filter. The optical source is a tunable laser and the wavelength of the optical carrier 

generated by the tunable laser source (TLS) was tuned to match the maximum attenuation 

wavelength of the FBG. The output optical sidebands of the FBG were amplified by an 
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EDFA, and then distributed over fiber. Before detected by the PD, a dispersion 

compensating fiber (DCF) is used to eliminate the power fluctuation of the generated 

electrical signal caused by the fiber chromatic dispersion in order to maintain the 

electrical odd-order harmonic suppression. Then the beating of optical sidebands at a PD 

generates the required mm-wave signal. 

f0 
(Dr& 

lOFA 

py J FBG r - O - ^ 
SMF-28e 

TLS 

signal 

RF Amp. 

PD 

Figure 2.10 mm-wave signal generation using a phase modulator [42]. TLS: Tunable Laser 

Source, PM: Phase Modulator, FBG: Fibre Bragg Grating, DCM: Dispersion Compensating 

Fiber. 

2.3.2.4 Harmonic Generation with optical carrier suppression 

A millimeter-wave signal generation based on optical carrier suppression (OCS) 

technique was proposed in [43]. This is a frequency doubling technique and the 

experimental setup of the system is shown in Fig. 2.11. At the CS, a CW lightwave is 

generated by a tunable laser and injected into a MZM. The MZM was biased at MITB 

and driven by two complementary 20-GHz clocks in order to realize OCS. As a result, 

optical carrier is suppressed and two optical first-order sidebands are generated with a 

40GHz frequency spacing that is two times of the driving radio frequency to the MZM. 

Then a PM is used to generate a 2.5-Gb/s differential phase-shift-keyed (DPSK) signal. 

After amplified by an EDFA, optical sidebands carrying with the 2.5-Gb/s DPSK data 
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were transmitted over the fiber. At the BS, a MZI was used to convert from phase-to-

intensity modulation, since the PD is phase insensitive. 

The key advantage of this technique is that optical carrier is suppressed without 

using an optical notch filter. Furthermore, for the 40-GHz mm-wave generation, this 

technique shows unique advantages in terms of system simplicity and transmission 

performance [43]. However, for 60 GHz mm-wave up-conversion in the downlink, a 

high-frequency MZM and 30 GHz RF driving signal generator should be used in this 

method, which will greatly increase the cost of the system. Therefore, cost-efficient 

methods using the main concept of OCS should be discussed in the future development of 

RoF system. 

Laser 

Figure 2.11 mm-wave signal generation using the OCS technique [43] 

2.4 Summary 

In this chapter, an extensive review of RoF technology for mm-wave frequency band has 

been presented. The discussion of three main schemes for RoF link based on the mm-

wave RoF architectures is provided, including RF transmission over fiber, IF 

transmission over fiber, and BB transmission over fiber. A summary comparison among 

these three configurations for transporting radio signal over fiber is shown in Table 2.1. 
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Furthermore, two main categories of techniques for mm-wave generation and 

transportation using RoF systems were investigated: Optical heterodyning and harmonics 

generation. The advantages and disadvantages of the mm-wave generation techniques 

described in this chapter are summarized in Tables 2.2. 

Table 2.1 Comparison of transporting RF signal configurations 

Configurations 

BB over fiber 

IF over fiber 

RF over fiber 

Advantages 

• Not suffering from fiber 
chromatic dispersion 

• Not suffering from fiber 
chromatic dispersion 

• Simple and cheap BS; 
• Easy to upgrade 

Disadvantages 

• Expensive and complicated 
BS; 

• Limiting the upgradeability. 

• Expensive and complicated 
BS; 

• Limiting the upgradeability. 

• Suffering from fiber 
chromatic dispersion 

Table 2.2 Comparison of mm-wave generation techniques 

Techniques 

Intensity 
Modulation/Direct-

Detection 

Optical 
Heterodyne 

Single MZM 

Advantages 

• The simplest scheme. 

• High frequency 
generation; 

• No fiber chromatic 
dispersion effect; 

• Low-frequency data 
modulation at the CS. 

• Simple configuration; 
• Cost-effective technique; 
• Driving RF at half or 

quarter the required mm-
wave frequency. 

Disadvantages 

• Not suitable for mm-wave 
band because of the limited 
modulation bandwidth of the 
laser. 

• Phase control mechanisms 
need to be applied resulting 
in more complex system and 
additional cost. 

• Optical filter needed; 
• Bias drifting problem. 
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Cascaded MZMs 

Phase Modulator 

OCS 

• High frequency up-
conversion efficiency 
obtained with less 
nonlinear distortion 
impact; 

• Driving RF at quarter or 
sixupler the required mm-
wave frequency. 

• No dc bias. 

• Optical carrier suppressed 
without using an optical 
notch filter 

• Optical filter needed; 
• Bias drifting problem; 
• Limited transmission 

distance due to fiber 
chromatic dispersion effect; 

• More complicated. 

• MZI needed; 
• High modulation index; 
• DCF needed due to fiber 

chromatic dispersion effect. 
• High cost for 60GHz mm-

wave up-coversion 
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Chapter 3 

Proposed Millimeter-Waves Generation Technique 

3.1 Introduction 

As previously mentioned in Chapter 2, optical mm-wave signals generation using 

frequency doubling and quadrupling based on MZM has been reported [3-5, 7]. MZM 

can be used to generate high-purity mm-wave signal with a simple system structure. 

However, to suppress even-order or odd-order optical sidebands, MZM should be biased 

at the minimum or maximum point of transfer function and the bias drifting would 

happen which may affect the system performance [16]. 

Except for MZMs, EAM has also been extensively studied as a low-power-

consumption and low-cost external modulator. An EAM has many advantages such as, 

low drive voltage, high extinction ratio, and monolithic integration capability with other 

optical components compared to the MZM. Moreover, since the EAM has a more 

complicated nonlinear transfer function, more high-order optical harmonics may be 

generated due to nonlinearity of the EAM [8, 17]. Two cascaded EAMs have been used 

in optical linearization scheme to suppress intermodulation distortion (IMD) products and 

harmonic distortion products generated by nonlinearity of EAM in [8, 17]. 

In order to generate high quality mm-wave signal while guarantying the cost-

efficiency and system robustness, we shall propose and investigate the photonic 

generation of mm-wave signal using two cascaded EAMs. This technique uses a low RF 

signal to drive the two cascaded EAMs with a certain phase shift. The electrical phase 
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shift can be optimized to suppress the first-order optical harmonics and maximize the 

second-order harmonics. Two strong second-order optical sidebands are generated and 

have a frequency spacing of four times of the driving RF. By beating the optical carrier 

with the two strong second-order sidebands, frequency doubling of a low RF signal can 

be obtained. Similarly, beating of the two strong second-order sidebands results in a 

frequency quadrupling of a low RF signal. The performance of mm-wave signal 

generated with frequency doubling and quadrupling is investigated in an RoF system 

considering the impact of phase shift, and voltage of the RF signal and bias that drives 

the EAMs. 

This chapter is organized as follows. Section 3.2 will introduce the configuration 

of the mm-wave generation technique using two cascaded EAMs. Section 3.3 will present 

the theoretical analysis of the mm-wave generation. The theoretical analysis is then 

verified by simulation in Section 3.4, considering the impact of phase shift, modulation 

voltage and bias voltages on the two cascaded EAMs. The discussion further explores, 

the impact of the fiber dispersion and drifting effect on the proposed system will be 

investigated. Finally, the conclusions are drawn in Section 3.5. 

3.2 Proposed Millimeter-Waves Generation Technique 

An EAM transfer function may have more pronounced nonlinearities, so the EAM may 

lead to stronger nonlinear effects than an MZM. As a result, strong high-order harmonics 

may be generated due to the pronounced nonlinearities of the EAM [8, 17]. When two 

cascaded EAMs are used for the mm-wave generation, to maximize the desired optical 

sidebands and minimize the undesired ones can be obtained by optimizing the bias and 
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RF modulation voltage [8]. The mechanism of the proposed technique is to suppress first-

order optical sidebands and maximize the second-order sidebands, in order to efficiently 

generate mm-wave signal for frequency doubling and quadrupling. 

The configuration of the cascaded EAMs is shown in Fig. 3.1, where a light is 

injected to the first EAM that is connected to a second EAM. A low RF signal is split 

equally and drives the two EAMs. A phase shifter is inserted in one arm of the RF splitter. 

In fact, this electrical phase shift can be replaced by an optical phase shift. Extending 

transfer function of EAM in [8], the transfer function of the EAM can be expressed as 

T(V)=I^ = exp(a0+alV + a2V
2+... + anV"). (3.1) 

in 

The transfer function of the cascaded EAM structure can be given as 

nV},V7) = T,(V])T7(K) = exp(a0+a,Vl+a7V,2+... + amVl
m) 

v " ; (3.2) 
xexp (b0 + btV2 + b2V2

2 +... + bmV2
m) 

where 7; (•) and T2 (•) are the transfer functions of the first and second EAM. The voltage 

Vi = Vbl + Vrfi, and V2 = V^ + V^ denote the driving voltages to the first and second 

EAM, where Vb} and Vb2 are bias voltages. The coefficients a.k and bu {k — 0,l,2...m ) 

are related to the transfer function of the first and second EAM, respectively. Suppose 

that the RF signal is given by ^ =F0cos(2;r/£) for the first EAM and thus 

Vlf2=V0cos(27tft + <f)) for the second EAM, where / V0 and ^ are the RF, modulation 

voltage and phase shift between the two cascaded EAMs. 
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pi \*y 
V*=V0cos{2nft) V - J 

out 

Figure 3.1 Configuration of two cascaded EAMs 

3.3 Theoretical Analysis 

In this section, a theoretical analysis of the proposed OFM technique using two cascaded 

EAMs is presented. Both use of two cascaded EAMs with identical characteristics and 

use of two cascaded EAMs with different characteristics will be investigated. 

3.3.1 Use of Two Cascaded EAMs with Identical Characteristics 

With the same transfer function, the two cascaded EAMs are also applied by the same 

bias voltage Vb and input RF modulation voltage V0. The phase shift between the two 

EAMs is 180°. By assuming that the highest order of transfer function of the EAM is 7, 

then the transfer function of the two-cascaded EAMs structure can be written as 

where 

T(V) = exp (a0 + axVx + a2Vx
2 +... + a7F,7 +a0+ a^2 

+a2V2
2 +... + a7V2

7) 

Vx=Vb{\ + m cos In ft) , 

(3.3) 

V2=Vb(l-mcos2xft).. 

(3.4) 

(3.5) 

39 



where m = V0/Vbis the RF modulation index and a, (7 = 1,2,...,7) are the coefficient of the 

transfer function. In order to avoid clipping, we should have Vb <Vbmm l(\ + m) . 

Substituting Eqs. (3.4) and (3.5) into Eq. (3.3), then we can get the optical power 

Pout(0 - Pin
 e xp[ ao + a\K 0 + mcos2xft)+ ... + a7Vb

7 (1 + mcoslnft) 

+ a0 + ayb ( l -mcos ln / ? ) + ... + a7Vb (\-mcos2nft) 
(3.6) 

and Eq. (3.6) can reduces to 

KuXO = Pm e xP(/o) e xP(/i COS4TTft + y2 COS&TTft+ y3 cosUnft), (3.7) 

where y(i = 0,1,2,3) are expressions depended on Vb , a. and m . The expressions of 

y(i = 0,1,2,3) are written as follows. 

y0=2a0+2a1Vb+V2a2(2 + m2) + Vb
3ai(2 + 3m2) 

+K\ 2 + 6m2+-m4 ) + Vb
5a5\2 + 10m2+ — m , (3.8) 

+K\ 2 + 15w2+ — m4 +-m6 + Vb
7a7(2 + 2lm2+—m4 + — m^ 

" \ 4 8 j 

yx=V2a2m
2 + Wbajn2 + Vb

4a4(6m2 + m4) + Vb
5a5(\0m2 +5m4) 

+Vb\ \5m2 +\5m4 + — m6)+Vb
7a7(21m2 +35m4 + — m6) 

(3.9) 

y2=\VbaAm4 +-Vb
5a5m

4 + Vb
6a6\ —m4+\m6\ + Vba1\—m4+ — m(>\ (3.10) _5. 

4 
11 
4 4 8 

1 7 „ 7 , h=-Vb\m
b+-Vb'a1m\ 

lb 16 
(3.11) 

From Eq. (3.7), we can see that odd-order harmonics are suppressed in this case. We 

wrote the Eq. (3.7) as 

Po„t (0 = Pi„ e xP (r0)
 e x P {Y\ COS Q / + Yi c o s *V + Yicos *V) ' (3•12) 
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where Q, = Anf, Q2 = %nf, Q3 = Ylnf. 

It is known that 

exp(ficosQ,f) = ]£ /B (r,.)exp(7«,.Q,i), (3.13) 

where /„ ( / . ) is the Bessel function of the first kind of order «(. So the Eq. (3.12) can be 

expressed as 

P0Jt)=PmMroh Z7»,(^)exP(>iaiO XMft^xpl/'W) 

Z /»,(r3)
eXP(iW3Q30 

00 

= exp(2o0)exp(^0) £ 7B| (y,)/^ ( ^ (^)exp[y(n,n, +n2Q2 + rc3Q3)?] 

(3.14) 

H ! .»2-"3= - a : i 

where 

«,Q, + «2Q2 + «3f23 = 4 («, + 2«2 + 3n3) nf = Annf, (3.15) 

then 

n = n]+ 2n2 + 3«3 (3.16) 

From Eq. (3.15), we can get 2 (n2 + « - « , ) = 3(«-w, — n3), then 

«2 = 3A: -+-«, — n 

n3 ~n — nx—2k 
k&Z. (3.17) 

Substituting Eqs. (3.15)-(3.17) into Eq. (3.14), the transfer function can be expressed by 

X X 7», (K)73*+»,-»(ftK-»,-2* (r3) 
H , = - 0 0 k~—cO 

C(0 = ̂ exp( /o)£ 
H - - 0 0 

xexp(/4w/r/?) 

Then we can get the output power at 2n times of driving RF frequency: 

(3.18) 
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Pout(2nf) = 2Pin exp( r o) £ £ /„_ ( K ) / M + # I _ fofc-^ (ft) • (3-19) 
11, =~CO £ = - 0 0 

Then electrical current and the electrical power after photodetector can be calculated 

1 
through / = 9lPmt and Prf= — I , where ff? is responsibility of photodetector. 

3.3.2 Use of Two Cascaded EAMs with Different Characteristics 

When the two cascaded EAMs have different transfer functions, it is still possible that the 

first order harmonic is suppressed at certain sets of bias voltages, RF modulation voltage 

and phase shift. In this case, the transfer function shown in Eq. (3.2) should be used. 

Assume that m = n = l , and substituting VrfX=V0cos(2nft) and Vrf2 = V0cos(2nft + (j>) into 

Eq. (3.2) and the output optical field can be written by 

^ ^ = expji f l o+ia I(KM +K0cos(2 f f /0) + --- + ^ „ ( K M + F 0 c o s ( 2 ^ ) ) " 

+h0+hx[Vb2+V0cos(2^ft + ^] + --- + hm[Vb2+V0coS(2Kft + ^J^ 

= exp[~a0 +a^cos(27rft) + a2cos(47rft) + ...+amcos(2m7rft) (3 20) 

Po+0lcos(27rft + <f) + fi2cos2(2xft + 0) + ... + pmcosm(27rft + 4>)] 

= exp (y0) exp [y, cos {In ft + $ ) + y2 cos (An ft + <j>2) + ... + ym cos (2maft + </>m)] 

where Ejn(t) is the input optical field, ak (k = 0,l,...,ra) and fik (k = \,...,m) are 

dependent on VbU Vb2, ak, bk, V0 and <f>. yk = ̂ a2
k + /3k + 2akj3k cos k<f> , 

<t>k = tan'1 
( Asin0 ^ 

The expressions of ak and /?* are changed with different m. 
Kak+pkcos0; 

Assuming that m = 7 as before, a* and /?* (£ = 0,1,..., 7) can be given as 
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1 3 5 -* trl ^ TT-4 • '* ' r r 6 

+K 

+K 

a2+3F0
2a4+ — F0

4a6 

a , + ^ K 0
2 a 6 | + F5 

v 

+ F3 

21 

a 3+5F 0a 5+ — F 0 a 7 

16 
\ 

a 5+y F 0«7 +v>6+K<h 

(3.21) 

3 5 35 i 15 
«» = K<h + ^ Fo3«3 + - Vo5a5 + — Via, + Vbx I 2F0a2 + 3F0

3a4 + — F0
5a6 
J 

+V2 

+v4 

^Vaal+ — Vla5+ — Vla1 Vb](4V0a4+l5Vla6) 

105 "\ 
5 V a + F f l 3 f l + 6 F 5 F + ? F 6 F 

4 J 

(3.22) 

a, -V0a2+-V0a4+ — V0a6+Vbl 

+K 

32 

3*fo+yK0
4a6 

' 4 T ^ 2 „ , 2 1 T^5Tr2, 

• F 3 5 J fo+y Via, 

3 T / 2 5 T / 4 105 6 

32 

+YW«6+yTO 

(3.23) 

1 5 21 
a,= — Via, + — K5a, + — Via, + VM 3 4 ° 3 16 ° 5 64 ° 7 M ^ o 3 « 4 + — F o 5 « 6 

v 

+K. 
5T^3 105 5 

z lo 

35 
+ 5V3V3a + — V4V3a 

4 

(3.24) 

«4=7Tf/o«4+T7Foa6+FM 
16 

r5 21 ^ 
g 0 5 j g 0 7 

15, 35 T / 3 7 
+ V ^ F o X + V ^ 0 4 « 7 , (3.25) 

3 21 
« = — F5o + — V1a +-VV5a + — V2V5a 

1 

16 
2.y-
64 16 

(3.26) 

«6= — vla,+ — Vh,Vla, (3.27) 
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« 7 = ^ o V (3.28) 

z o 16 V z o 

3 5 . 
— i 

16 

+ ^ 2 | f e 2 + 3 F 0
2 6 4 + ^ O 6 + Vl 

J \ 
hs+SVfc+^Vfa 

+V4 b+^rfa\+n2 
V l J 

+ K2b6+Kb7 

(3.29) 

35Tz7 A = V0b, +-V0% +-Vjb5 +-Vjb7+Vb2 2V0b2+3V0%+-V0
3bl 

15 

+K 62 

64 

3V0b3 + ̂  F0
3Z>5 + 1 2 ! ^ ] + F/2 (4F064 + 1 5 K & ) 

+K\5v0b5 + l-^-v0'b1 UGV^VA + I V ^ 

(3.30) 

A=^4^4+M^6+F"' 6 l + | ^ + | ^ s + — ^ 
v 32 

+K 62 

V 

W2h +lly4h 
jr0 u4-t- r0 ub 

21 

+ V„ 62 

35 A 
SV2b +—Vb 
Jr0 u5 ^ „ ' 0 ^ 7 

+yW,+yW 

(3.31) 

/? = I K3fe, + — V'L + — Vlb, + Vh. Hl 4 o 3 1 6 o s 6 4 o 7 b. V3b + — V5b 
0 4^ 0 '0^6 V 

+K b2 lv3b +~V5b | + 5K3r3a + —F 4 F 3 a 
(3.32) 

1 3 
R = -V4b + — V6b +V 

^5 21 ^ 15 
±V*bi+ — V0

6b1
) 

v 8 ° 5 16 ° ' +fW,+fw, (3.33) 

21 
/? = ^ j / 5 A + _ L J / 7 A + ^ j / K5/> + V2V5b 

1 

16 64 ° 7 8 16 6 2 ' 0 ^ 7 j (3.34) 
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&=^Kb6+^K2K%, (3.35) 

Pi=-^KbT (3.36) 

Using Sonine's expansion exp(zcos0)=YJ
I„(z)exP(jn&) where /„(•) is the modified 

Bessel function of the first kind of order n, Eq. (3.20) can be rewritten as 

CO 

/ U O = £,„(0£7Bexp[y»(2*/? + ri)], (3.37) 
0=-oC 

where rjn is the relative amplitude of the optical field component at frequency «/with 

respect to the optical carrier given by 

T}„ = exp(x0) J I„_2„2_..._miu (r , ) 

(3.38) 
/r, , . . .«„=— oo 

xn7»* (^*)exp 
i = 2 

JZW*(A -*A) 

Then the optical power of each sideband at frequency «/can be expressed by 

Pop,i
nf) = PM\ (3-39) 

where Pin is the input optical power to the cascaded EAMs. 

When it comes to the calculation of the RF power at nf, the optical power should 

be used instead of optical field. The output optical power can be written by 
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^ = expi(a0 + a}(VM+V0cos(2Kfi)) + .-. + arn(VM + V0cos(27Tft))m 

+b0+b][Vb2+VoCoS(27rft + <t>)] + - + bm[Vb2+V0cos(27rft + <{>)j} 

= exp aa+at cos(2n ft)+ a2 cos(4nft) + ... + a cos{2mnft) 

fio +/?' cos {in ft + <f) + 02 cos 2 {in ft + <f>) +... + / / cos m {in ft + ff\ 

= exp(;Mexp yt cosi2nft + <ft) + yi cosUnft+ #') + ... +y cos(lmnft + tp ) 

(3.40) 

where dk = 2ak, 0k = ipk, yk = ̂ ak + 0k + 2ak0k costy , and 4k = tan"1 

Kak+0kcos<l)j 

Using Sonine's expansion as before, Eq. (3.40) can be rewritten as 

pmAo=pm(ot^xp[H27rfi+ti)] (3.41) 

where Sn is the relative amplitude of the optical power component at frequency nf with 

respect to the optical carrier given by 

CO 

J7"=exp(^) £ In_2n^_mn\y) 

m m (3.42) 

The photocurrent can be calculated through 

I = \mx\Eoul{t)\2 =mPmfJSnexp[jn{2nft + <Pl)] (3.43) 

where 9? is responsibility of photodetector. Then the RF power at nf can be computed by 

Plf(nf) = 2x50xM2P?i\Sn\
2. (3.44) 

To avoid clipping, for each of EAMs, the RF modulation voltage V0 should satisfy: 

V0<min(Vb,Vbtmx-Vb). (3.45) 
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3.3.3 Impact of Fiber Chromatic Dispersion 

When the fiber dispersion is considered, by rewriting Eq. (3.40), the optical field can be 

expressed as 

Eoutt) = Ein(t)exp(-aL/2) £ t]n exp j-P2L{2nnf)2 exp [;rc(27r//+ $+/?,!)] (3.46) 

where L and a are the length and loss of the fiber, respectively. /?, is group velocity 

delay coefficient of the fiber. fi2 =-A.2D/(2ac)is group velocity dispersion coefficient 

of the fiber and D is fiber dispersion. 

Assuming that first-order sidebands are suppressed by technique proposed in 

Sections 3.31 and 3.32, an optical filter should be used to filter out all of optical 

harmonics higher than second harmonic before the optical signal is transmitted on the 

fiber. When the filter is used, the optical field can be expressed by 

Eo„M) = £,„(0exp(-aZ/2) J t]2k exp j-P2L(4knf)2 exp [y2£(27r//+ $ + /?,!)]. (3.47) 

Then optical field at each sideband can be written as 

E (2k) = Ein exp {-aL 12) rj2k exp )-P2L{Aknf) (3.48) 

where k = 0,±\, £'(0)is optical field at optical carrier and -E(2) and £(-2)are optical 

field at two second-order sidebands. 

At the base station, the photodetector converts the optical signal to electrical 

signal. Optical components will experience different phase shift due to chromatic 

dispersion as they propagate through the optical fiber. At the photodetetor these 

components will beat each other and generate different RF currents at 2/and 4f. When the 

first-order sidebands are suppressed and higher-order sidebands are filtered out, only 
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: 2<R2R2P2 exp(-2aL)\rj07]2f x4cos2 -P2L{Anf) 
n v (3-50> 

v 

optical carrier and two second-order sidebands are left. Therefore, the main contribution 

of RF currents at 2/is the beating between the optical carrier and the second-order optical 

sidebands, while RF current at 4 / mainly consists of beating between the two second-

order optical sidebands. Therefore, the current and RF power at 2/can be expressed as 

i2/(t) = mRc{[E(2)E'(0) + E{0)Et(-2)]exp(j4Jrft)} 

= m\E(2)Et (0) + E(0)E* (-2)\cos(47ift + <p) 

P,(2f) = X2RL
2 (i2

2f(t)) = 2m,2 \E(2)E* (0) + E(0)E' (-2)\ 

2 

where 9? is responsibility of photodetector and RLis resistance of circuit. The same as 2f, 

the current and RF power at 4/can be presented by 

/4/(0 = 2SRRe{[£(2)£*(-2)]exp(78^)} 

= 29i \E (2) E* (-2)| cos {%7tft + fi2L (4nff ) ' 

Prf{Af) = m2RL
2 (i2

4f(t)) = 2K2R2 \E{2)E* (-2)f _ 

= 2«2i? i
2^exp(-2al)|^|4 

From Eq. (3.52), we can see that the RF power fading caused by fiber dispersion is 

cancelled at 4/in this case, because RF power at 4/does not depend on fiber chromatic 

dispersion factor. 

3.4 Analysis by Simulation 

In this section, VPI Transmission Maker and Matlab have been used to verify the theory 

of the proposed technique. On the one hand, analysis based on Matlab is provided to 

prove the module of theories shown in Section 3.3; on the other hand, the proposed RoF 
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system is setup and simulated on VPI Transmission Maker to measure the performance of 

the system. The simulation system of mm-wave generation over fiber system using 

proposed technique is shown in Fig.3.2. 

DC 

Laser 
Source 

Bias 
Tee 

LNA ft RF 

. . J 

• \±s ^ i E D F A i——i 

OSA 

RSA 

Photodiode 

Figure 3.2 System setup for the mm-wave generation using proposed technique. DC: direct 

current, EDFA: erbium-doped fiber amplifier, RSA: RF spectrum analyzer, OSA: optical 

spectrum analyzer, LNA: low-noise amplifier and SMF: single-mode-fiber. 

Three cases will be investigated. In the first two cases, the ideal situation is 

considered as follows. A continuous wave light from a laser source is assumed to have a 

wavelength of 1550 nm, output power of 0 dBm, and relative intensity noise (RIN) of -

110 dB/Hz. The continuous wave light is injected into two cascaded EAMs, driven by an 

RF signal at frequency/=10 GHz. The phase shift between the cascaded EAMs is 180 

degree. The output signal from the EAMs is injected into a single mode fiber (SMF), 

with chromatic dispersion of 16 ps/(nm.km). The optical signal is transmitted through 

fiber and detected by a high-speed PD with a 3 dB bandwidth of 40 GHz and a 

responsivity of 0.62 A/W. The bias voltages of the two cascaded EAMs and RF input 

power were placed under consideration, in order to compare 40 GHz mm-wave 

generation using the fourth harmonics. The mm-wave power at 40 GHz consists mainly 

of two beatings, one beating between the optical carrier and the fourth-order harmonic at 
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40 GHz, and the other beating between the two second-order harmonics at -20 and 20 

GHz with respect to the optical carrier. 

3.4.1 Case I: Use of Two Cascaded EAMs with Identical Characteristics 

In this case, the parameters of the cascaded EAMs used in the simulation are as follows: 

Vbl =Vb2 =1.7V, maximum biasJ^,max=4 V, average input power of the laser Pin= 1 mw 

and characteristics curve of the two EAMs are the same as shown in Fig.3.3, where the 

wavelength we used is 1553.5 nm and the insertion loss at 0 volt is -6.33 dB, and the 

parameters of the curve in Fig.3.3 is given by Eq. (3.53). 
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Figure 3.3 Characteristics of EAM Used in Simulation 

3.4.1.1 Impact of RF Modulation Index and Bias Voltage 

Firstly, how the electrical power at 2 / and Af changed with modulation index and bias 

voltage using two cascaded identical EAMs is investigated. At the photodetector, RF 

power at If mainly consists of current from the beating between optical carrier and the 

second-order optical sidebands since first-order sideband is suppressed. RF power at 4 / 

is mainly contributed from two parts—beating between the two second-order harmonics 

and the other beating between the fourth-order harmonics and the optical carrier. 

Simulation results show that the optical power of two sidebands and optical carrier 

depended on modulation index and bias voltage. Figs. 3.4(a) and (b) show simulated 

(marks) and calculated (lines) electrical power at 2 /and Af versus modulation index 

and bias voltage, respectively. It is seen that the calculated and simulated agree well. 
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Fig. 3.4(a) shows that RF power at 2 /and 4 / increases with the increase of 

modulation index, because optical power of optical carrier and second-order harmonics is 

enhanced by increasing modulation index. Since modulation index should be not larger 

than 1, we fixed the modulation index at m=\ and swept bias voltage, and results are 

shown in Fig. 3.4(b) which shows that the maximum RF power at 2 / i s achieved at 

Vb=\A\ and at 4 / i s achieved at Vb— 1.65 V . The results in Fig. 3.4(b) are really 

depending on the transfer function of the cascaded EAMs. If the transfer function is 

changed, the results may be totally different. 
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Figure 3.4 Performance of proposed OFM system using two cascaded EAMs with identical 

characteristics in both theory (lines) and simulation (marks) (a) RF power at 2 / and 4f changed 

with modulation depth when Vbl=Vb2 = 1.7 V; (b) RF power at 2f and 4 / changed with bias 

when m = 1. 

In back-to-back transmission, the electrical power at 2 / and 4 / is really 

depending on the modulation index and bias of the indicial two cascaded EAMs as shown 

in Fig. 3.4. The reason of these results is obviously seen from Eq. (3.6) which shows that 

the output power is determined by following parameters—modulation index, bias voltage 

and characteristics of the EAMs. In other words, if the characteristics of the EAMs were 

changed, the optimum modulation index and bias voltages would also be changed, and 

the performance of the whole system would be totally different too. So the choose of 

characteristics of the cascaded EAMs is another key issue to optimize the performance of 
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our system. It is possible that we can design EAMs to achieve the requirements of our 

system in the future research. 

Fig. 3.5 shows the optical spectrum and electrical spectrum at m=\ and 

Vb =1.65 V , and frequency of RF input fIF is 10 GHz. From optical spectrum, it is 

clearly that only even order harmonics left and all odd order harmonics completely 

suppressed; and in the electrical field at -53.36 dB and -61.3 dB signal is generated at 2f 

and at 4 / , respectively. 
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Figure 3.5 The spectrums of the system using two cascaded EAMs with identical characteristics 

(a) Optical spectrum (b) Electrical spectrum. m=\,Vb = 1.65 V and frequency of RF input / 

= 10GHz. 

55 



3.4.1.2 Impact of Fiber Chromatic Dispersion 

In Fig. 3.6, the impact of fiber chromatic dispersions, which induce power fading of the 

generated mm-wave signal, is investigated. It is supposed that the fiber have chromatic 

dispersion of D = 16x10* s/m2. Also, we compare the performance of system with and 

without using the optical filter in Fig. 3.6(a) and the bandwidth of optical filter is 

B - 6 / = 60 GHz, which used to filter out the optical harmonics higher than second-order 

optical sidebands(at ± 2 / ) such as fourth order and sixth order (at ±4/ and ±6/) optical 

sidebands. These optical components will experience different phase shift due to 

chromatic dispersion as they propagate through the optical fiber. At the photodetetor 

these components will beat each other and generate different RF currents at 2/and 4f. For 

example, to generate RF currents at 2 / 2nd order sidebands at ±2/ will beat with optical 

carrier and with 4th order sidebands at ±4/; to generate RF currents at Afy 2
nd order 

sidebands at ±2/will beat each other and with 6th order sidebands at ±6f, and 4th order 

sidebands at ±4/will beat with the optical carrier. Because the different current will no 

longer be in phase when the fiber length changes there will periodically add 

constructively or destructively depending on the fiber length. 

Fig. 3.6 (a) shows the impact of fiber dispersion on generated mm-wave signal at 

4 / The two dips of 3.5 km and 6 km (and repeat periodically at each 10km) come from 

two kinds of contribution that depends on the fiber length which are: one from beating 

between 2nd order sidebands at± 2 / and 6th order sidebands at ±6f, and the other from 

beating between 4th order sidebands at ±4/ and the optical carrier. By using optical filter 

to remove 4th and higher order optical sidebands the destructive interaction is removed 

and the dips disappeared at the expense of 9 dB loss compared to the constructive 
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interaction happening at 0 km (and repeat at each 10 km) in the case without optical 

filtering. Simulation results with the use of the filter perfectly match with the theory 

calculation. 

Fig. 3.6 (b) shows the impact of fiber dispersion on generated signal at 2 / It can 

be seen that there is not much difference between the performance with and without filter, 

because the main contribution to RF current at 2 / is the beating between strong second-

order optical sidebands and optical carrier, which is no difference whether by using the 

filter or not. As a result, a 20-km periodical constructive and destructive interaction 

happens with the dip of 10 km. Comparing Fig. 3.6 (a) and (b), it is seen that 20-km 

transmission is the best choice for both frequency doubling and quadrupling. 
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Figure 3.6 Performance of proposed OFM system using two cascaded EAMs with identical 

characteristics after signal transmitted over fiber: (a) electrical power at Af, (b) electrical power 

at 2f, changes with fiber length with and without the optical filter (B = 6/* = 60 GHz ) while 

F,=1.55V; 

Case I is an ideal situation. In Case I, it is assumed that two cascaded EAMs have 

identical characteristics, and the applied bias voltage and RF voltage on the two EAMs 

are the same too. Moreover, phase shift between two EAMs should be exact 180 degree. 

However, in industry, it is hard to produce two EAMs with exactly same characteristics, 

which means that Case I is an ideal situation hardly to be realized. Furthermore, in real 

experimental environment, the existence of bias shifting and phase shifting may also 

influence the performance of the system, which will be investigated in Case II and Case 

III. 
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3.4.2 Case II : Use of Two Cascaded EAMs with Similar Characteristics 

To simulate the unideal system, in this case, the two cascaded EAMs with similar 

characteristics are used in the simulation. It is assumed that the first EAM has the same 

parameter as we describe in previous section Eq. (3.53). The second EAM is different but 

similar with the first one. The characteristics of the second EAM is shown in Fig. 3.7 and 

parameters of the curve are: 
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Figure 3.7 Characteristics of the second EAM used in simulation. 
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3.4.2.1 Impact of RF Modulation Index and Bias Voltage 

In Section 3.3.2, we present the theoretical analysis of two cascaded EAMs with different 

characteristics. By assuming phase shift ^ = 180° and solving ^ ,=0, where ^ is the 

parameter relating with first-order harmonics and depending on bias voltages Vbx, Vb2 and 

RF modulation voltage V0, we can get all the solution sets of these three variables 

(Vbl, Vb2 and V0) which satisfy ^ =0and resulting in suppression of the first-order optical 

sidebands. Parts of real roots of̂ , =0are shown in Fig. 3.8, which shows that with the 

increasing of V0, the number of solution groups is reduced. It is because 

V0 < min(^, VbmA% -Vb) must be satisfied to avoid clipping and as a result the range of bias 

voltages Vb becomes small when V0 is high. 
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Figure 3.8 Values of Vb] and Vbl which satisfy that 7, = 0 to suppress the first order harmonic 

changed with V0 in similar configuration system: (a) F0=0.5V (b) V0 =0.8 V (c) V0 = 1 V and (d) 

F0=1.5V. 
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To find out which group of solution is the optimum one, all groups of solutions 

are put in the simulation system one by one to see which one can achieve the maximum 

ratio of optical power of second order harmonic comparing to that of first order 

harmonic. The simulation results are shown in Fig. 3.9. From the results, it is clear that 

almost all groups of solutions can achieve more than 30 dB suppressing of the first order 

harmonic, and the best one is 112 dB suppressing when, Vbl = 1.3803 V,Vh2 = 1.4 V, and 

V0 - 0.5 V. However, maybe this is not the optimum results, since we haven't listed out 

all the roots of the equation ys = 0, and in fact, even if the bias voltages are not the roots of 

yx =0but can achieve^ ^ 0 , the first-order harmonic can still be suppressed very well. 

Comparing to OFM techniques based on MZMs which have to be biased at the minimum 

or maximum point [3-5], the proposed technique take advantage that many ranges of bias 

voltages can work out. 
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Figure 3.9 Power ratio of the second-order and first-order harmonics P2 / Pl for every group of 

solutions that make first order harmonic suppressed in similar configuration system: (a) V0 =0.5 V 

(b) F0=0.8 V(c)F0=lV and (d) K0=1.5 V. 

3.4.2.2 Impact of Fiber Chromatic Dispersion 

By choosing any group of solutions ( Vbx, Vb2 and V0) is used in the simulation system, 

first-order harmonic is suppressed in the simulation result. In order to investigate impact 

of fiber chromatic dispersion on the system, one group of the solutions is chosen as 

follows: Vb] =1.1629 V, Vb2 = 1.2 V and V0 =0.8 V An optical filter with bandwidth of 

B = 5/ = 50 GHz is still used in the system to filter out optical sidebands higher than 

second-order optical sidebands. Simulation results are shown in Fig. 3.10. From Fig. 

3.10(a), we can see that there is 45 dB suppression of first order-harmonic related to 

second-order harmonic, and Fig. 3.10(b) shows that with the filter, the generated mm-

wave signal at 4 / i s almost immune to fiber dispersion. 
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In this case, the situation is different from the case of the two cascaded EAM with 

identical characteristics. By comparing Fig. 3.10(a) with Fig. 3.5(a), it is obvious that 

odd-order sidebands are suppressed very well but still exit in Fig. 3.10(a), while in Fig. 

3.5(a), odd-order sidebands are perfectly suppressed even without using an optical filter. 

As a result, in the system of two cascade EAMs with similar characteristics, odd-order 

components will also have contribution to generate RF current at 4/besides even-order 

components. For example, the beating between 1st order sideband at - / and 3rd order 

sideband at 3/and the beating between 1st order sideband at / a n d 3r order sideband at 

—If will also generate RF current at 4 / This also explains why this system is not 

completely immune to fiber chromatic dispersion even when the optical filter is used as 

shown in Fig 3.10(b). It is also seen that theoretical result is 1 dB higher than simulation 

result, which is due to part of second-order sidebands filtered out by filter in the 

simulation. Fig. 3.10 (c) shows that the impact of fiber dispersion on signal at 2/has 

almost the same result as in Case I with a dip of 10 km. 
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Figure 3.10 Simulation results of two-similar-EAM system: (a) Optical spectrum of signal after 

passing filter with B = 5f = 50 GHz; (b) electrical power at 4 / changes with fiber length; (c) 

electrical power at 2f changes with fiber length. 

3.4.2.3 Impact of Phase Shifting 

The shifting problem may happen on phase shift. So the system sensitivity based on 

phase shift (A0) between the two cascaded EAMs is investigated. In Fig. 3.12, we 

change A^ from-10° to 10° , and the power ratio of second-order to the first-order 

harmonic changed with A^ . It is clear that the optical ration Popt{2f)lPopl{f) decreases 

with the increase ofA^, but RF power at If and 4/does not change with phase shift, 

which means that our system is immune to phase shifting at frequency doubling and 

quadrupling. The reason is because the small change in phase shift didn't influence the 

optical power at second-order sidebands and optical carrier which have major 

contribution to the current at 2 / and Af. But first-order optical sidebands are increasing 

68 



with the amount of A^, which may increases the level of noise. However, there is still 

more than 10 dB suppression of first-order sidebands with 10 degree phase shifting when 

RF driving voltage V0 is higher than 1 V. 
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Figure 3.11 (a) Power ratio of the second-order to first-order harmonics versus phase shift (a) RF 

Power at 4 / versus phase shift and (c) RF Power at 2 / versus phase shift in similar 

configuration system, where Vbx =1.7369 V and Vb2 =1.7 V. 
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3.4.2.4 Impact of Bias Shifting 

In real experimental system, the values of Vbx, Vb2 and V0 would be changed due to the 

drifting problem which leads to the result that the value of bias voltages may not exactly 

the same as we want. So to verify sensitivity of the proposed system, variable AV 

changing from -1 to +1 V is added to both Vbx andF62 in the simulation system. As 

examples, a set of solutions is chosen from Fig. 3.7 and simulation results are shown in 

Fig. 3.12. From the results, we can see that even if the bias voltages suffering a shift 

between -0.8 and 0.8 V, we still can get more than 20 dB suppression of the first order 

harmonic. This is because the suppression of the first-harmonics works in a range of the 

bias voltages, not only some special values. As a result, the system is really robust to the 

bias drifting. 
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Figure 3.12 Power ratio of the second-order to the first-order harmonics versus the bias voltage 

for similar configuration system, where Vbx =1.7369 V, Vb2=\.lV, and V0=l V. 
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3.4.3 Case III: Use of Two Cascaded EAMs with Different 

Characteristics 

In order to have better predication of mm-wave generation using two cascaded EAMs for 

frequency doubling and quadrupling, we consider two commercially available EAMs that 

will be used latter in the experimental proof of concept. Therefore, we first measured the 

transfer characteristic of an electro-absorption modulator integrated laser (EML) (1544. 

14 nm) and an individual EAM. The measured normalized transfer characteristics are 

shown in Fig. 3.13 (a) and (b) for the EML and EAM. The coefficients, extracted by 

curve fitting according to Eq. (3.2), are listed in Table 3.1. 
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Figure 3.13 Measured transfer characteristics of (a) EML and (b) EAM. 

Table 3.1. Extracted coeffients of two EAM transfer characteristics 

k 

ak 

h 
k 
ak 

bk 

0 

-0.0021 

-0.0018 

4 
0.1879 

-1.0817 

1 

-1.0597 

-0.2013 

5 
0.0779 

0.5480 

2 

-0.3731 

-0.5115 

6 
0.0137 

-0.1351 

3 

-0.0757 

1.0376 

7 
-0.0009 

0.0130 

3.4.3.1 The Optimum Phase Shift 

We used our developed theoretical analysis in Section 3.3.2 to compute the optimum 

phase shift to minimize the first order optical sidebands (at ±j) and maximize the second 

order optical sidebands (at ±2/) for given V0, Vbj and Vb2 of the two cascaded EAMs. We 

consider PiH=lmW,f= 6.1 GHz, V0= 0.5 and 1 V, and Vb,= 1 and Vb2=3 V. Then, the 

optical power ratio of the second order sideband at ±2/to the first, third and forth order 
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sidebands at ±f, ±3f, and ±4f, respectively, can be calculated using Eq. (3.39) and 

simulated using VPI Transmission Maker [48]. Fig. 3.34 (a) and (b) shows the calculated 

(lines) and simulated results (marks) versus phase shift ^ for V0 = 0.5 and 1 V, 

respectively. It is clearly seen that a good agreement between the theory and simulation is 

obtained, and also 180° phase shift is found optimum that results in a maximum 

suppression of 18.3(18.2) dB and 39.5(21.8) dB of the first- and third order optical 

sidebands below the second order optical sidebands for Vo = 0.5(1) V. Conversely, the 

fourth order optical sidebands are suppressed by 21(8.5) dB for V0 = 0.5(1) V. This 

suggests that such a configuration is better for frequency doubling and quadrupling. In 

addition, with the increase of RF signal voltage the optical power of the fourth and third 

order sidebands are significantly increased. 
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Firgure 3.14 Calculated (lines) and simulated (marks) ratio of optical power at If to optical 

power at/, 3/and 4/versus phase shift in different configuration system for V0 of (a) 0.5 V and 

(b)l V. VbI=l VandFw=3V. 

3.4.3.2 The Impact of RF Modulation Voltage 

To study the impact of RF modulation voltage, we set the phase shift to 180°, Vbi=\ V 

and Vb2=3 V, and then vary Vo. Fig. 3.15(a) shows the calculated (lines) (using Eq. (3.39)) 

and simulated (marks) optical power ratio of the second order sideband at 2/to first, third 

and fourth order sideband at/, 3/and 4 / respectively, versus RF modulation voltage. It is 

shown from Fig. 3.15(a) that maximum suppression of 24.4 and 55.6 dB of first and third 

order optical sideband occurs at RF modulation voltage of 0.75 and 0.65 V, respectively, 

whereas the fourth order optical sideband increases monotonically with the RF 

modulation voltage. When Vo is -0.55 V all the first, third, and fourth order optical 
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sidebands are suppressed by more than 19.4 dB in power level below the second order 

optical sidebands. In this way, in-band distortions due to the contribution from beating 

between the undesired optical sidebands are reduced accordingly, and high purity mm-

wave with frequency doubling and quadrupling can be realized. Fig. 3.15(b) shows the 

calculated (lines) (using Eq. (3.44)) and simulated (marks) RF power ratio of the 

generated signal at 2/(frequency doubling) and 4/(frequency quadrupling) to undesired 

component at / and 3f, respectively, versus RF modulation voltage. For frequency 

doubling, the undesired RF component located at /can be suppressed by more than 22.7 

dBc below the generated RF signal at 2/when F0=0.7 V as shown in Fig. 3.15(b). On the 

other hand, for frequency quadrupling the undesired RF component at 3/is more than 

47.9 dBc suppressed below the desired RF signal at 4/ when F0=0.5 V. Fig. 3.15(b) 

shows that the optimum RF modulation voltage is different for frequency doubling and 

quadrupling. 

0.2 0.4 0.6 0.8 1 

RF Modulation Voltage (V) 
(a) 
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(b) 
Figure 3.15 Calculated (lines) and simulated (marks) ratio of (a) optical power at 2/to that at/, 3 / 

and 4/and (b) RF power at 2/and 4/to that at/and 3f, respectively, versus RF modulation 

voltage in different configuration system. <)>=180 degree, F^ =1 V and Vh2=3 V. 

3.4.3.3 The Impact of Bias Voltage 

To investigate the impact of bias voltage, we set V0= 0.5 V and Vbi=\ V, and sweep Vb2 

from 0 V to 3 V. Fig. 3.16 (a) and (b) shows the calculated (lines) and simulated (marks) 

relative optical and RF power versus bias voltage Vb2. It is shown that 50.8 and 39.5 dB 

maximum suppression of the first and third order optical sidebands can be achieved by 

setting Vb2 to 1.2 and 3 V, respectively. The fourth order optical sideband is more than 21 

dB suppressed blow second order sideband over the whole variation range of V\,2 (0~3 V). 

Fig. 3.16 (b) shows that 38.9 and 47.9 dBc maximum suppression of the undesired RF 

component at / and 3f, below the desired generated RF component at 2 / and 4f, can be 

achieved at Vb2 = 1.2 V and 3V, respectively. At Kw = 3 V the undesired RF component 

a t / i s suppressed by more than 17.7 dBc below the desired RF component at 2f, whereas 
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at Vb2 =1.2 V the undesired RF component at 3/is 10.9 dBc higher than the desired RF 

component at 4f. This suggests that Vb2 =1-2 and 3 V is optimum and results in high 

purity mm-wave generation by frequency doubling and quadrupling, respectively. 
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Figure 3.16 Calculated (lines) and simulated (marks) ratio of (a) optical power at 2/to that at/, 3 / 

and 4f, and (b) RF power at 2/and 4/to that at/and 3/ versus bias voltage Vb2 in different 

configuration system, tb = 180 degree, VM =1 V and V0 =0.5 V. 

3.4.3.4 Impact of Fiber Chromatic Dispersion 

To investigate the impact of fiber chromatic dispersion on the system using two cascaded 

EAMs with different characteristics, Fig. 3.17 shows RF power a t / If 3/and 4/versus 

fiber length from 0 km to 20 km. To effectively investigate power fading caused by 

chromatic dispersion, we assume that other kinds of dispersions equal to 0. An optical 

filter with 5/bandwidth was used. The same as Case I and Case II, generated signal at Af 

is almost immune to fiber chromatic dispersion. Comparing to signal at Af, signals a t / 2 / 

and 3 / suffer from power fading in different degree and period. The reason of periodical 

power fading is already discussed in Case I. 

0 5 10 15 20 
Fiber Length (km) 

Figure 3.17 Simulated RF power a t / 2/and 3/and 4/ versus fiber length in different 

configuration system. <b = 180 degree, V0= 0.5 V and Vb, =1 V and Vb2=3> V, Bandwidth of 

optical filter B = 5/ 
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3.4.3.5 Impact of Phase Shifting and Bias Drifting 

The same as in Case II, phase shifting and bias drifting should be investigated. The 

results are shown in Fig. 3.18 and Fig. 3.19 respectively. It is seen that RF power at 2 / 

and 4/does not change with small (10 degree) phase shifting, because second-order 

optical sidebands and optical carrier (which is mainly contribution to currents at 2 / and 

4f) don't change with small phase shifting either as discussed in Case II. 

For bias drifting, as shown in Fig. 3.19, the suppression of the first-order sideband 

is influenced by bias drift. Fortunately, there is a flat range from 0 to 0.5 V drifting where 

suppression of first-order sideband is kept higher that 15 dB, which means that the 

system is robust to bias drifting. 
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Figure 3.18 Simulated (a) optical power and (b) RF power atf, 2/and 3/and 4/, versus 10 degree 

phase shifting in different configuration system, V0 = 0.5 V and VbI =1 V and Vt2=3 V, bandwidth 

of optical filter B = 5f. 
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Figure 3.19 Optical power ratio of the second-order to the first-order harmonics versus the bias 

voltage in different configuration system. § = 180 degree, V0 = 0.5 V and Vbi=\ V and Vbf=3 V, 

bandwidth of optical filter B = 5/ 



3.5 Summary 

In this chapter, theoretical analysis and the simulation results of the two-cascaded-EAM 

OFM systems are discussed. A comparison of the two cascaded-EAM systems and MZM 

systems is also shown in Table 3.2. 

Overall, performance of the system of cascaded EAMs with identical/similar 

characteristics is much better than that of the system of cascaded EAMs with different 

characteristics, no matter from the robustness or the performance of the system. However, 

when two different EAMs are used, we can consider using a low cost EML as the first 

EAM and cascaded with an isolate EAM. As a result, the cost of the system is largely 

reduced since EMLs are very cheap (around five hundred dollars for one) compared with 

isolate EAMs (usually costing thousands of dollars). 
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Table 3.2 Comparison of the three cascaded-EAM systems and MZM systems 

Techniques 

Cascaded EAMs 
with the same 
characteristics 

Cascaded EAMs 
with the similar 
characteristics 

Cascaded EAMs 
with different 
characteristics 

Techniques using 
MZMs 

Advantages 

• Prefect suppression of odd-
order harmonics; 

• Immune to bias drifting and 
phase shifting; 

• Robust System performance; 
• Easy for optimization. 
• High suppression of first-

order harmonics; 
• Immune to phase shifting; 
• Robust to bias drifting; 
• Lower cost at the CS when 

cheap EML is used; 
• Immune to phase shifting; 
• Robust to bias drifting. 
• Simpler structure of the 

system at the CS when only 
one MZM is used; 

• MZM not easy to be broken 
because of wider operating 
voltage. 

Disadvantages 

• Higher cost at the CS; 
• Suffering from fiber 

chromatic dispersion. 
• Hard to realize. 

• Higher cost at the CS; 
• Suffering from fiber 

chromatic dispersion. 

• Suffering from fiber 
chromatic dispersion. 

• Working at the minimum 
or maximum point causing 
bias drifting problem; 

• Suffering from fiber 
chromatic dispersion. 
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Chapter 4 

Experimental Verification 

4.1 Introduction 

In the previous Chapter, the theory of the OFM technique using two cascaded EAMs is 

stated and verified by simulations. To further prove the proposed theory, an experimental 

verification using two cascaded EAMs with different characteristics will be introduced in 

this chapter. 

This chapter is organized as follows. Experimental setup is given in Section 4.2, 

experimental results and discussion is presented in Section 4.3 and and the conclusions 

are drawn in Section 4.4. 

4.2 Experimental Setup 

Experimental setup for mm-wave generation using the proposed technique is shown in 

Fig. 4.1. A photograph of the experimental setup is shown in Fig. 4.2 that implement the 

block diagram of Fig. 4.1. In the experiment, a low cost EML (from JDSU) was cascaded 

with an individual E AM (from OKI). The laser source of the EML was biased at current 

of 90 mA and temperature was set to 25 °C to emit light at wavelength of 1544.146 nm. 

The total RF input power to the two cascaded EAMs was 7 dBm (Fo~0.5 V) at 6.1 GHz. 

The modulated signal was amplified, by an erbium doped fiber amplifier (EDFA), to 4.0 

mW before it was transmitted through a 20 km of fiber with dispersion of 17 ps/nm/km 
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and an attenuation of -0.25 dB/km. To reduce amplified spontaneous emission noise 

(ASE) the optical signal was filtered by a tunable filter of 0.55nm bandwidth. After 

photodetection, by a PIN diode of 35GHz bandwidth and 0.62 AAV DC responsivity, the 

generated RF signal was amplified by an LNA of 22 dB gain and noise figure of 2.6 dB. 

The measured characteristic transfer functions of the EML and EAM are given in Fig. 

3.13 (a) and (b) respectively. 

LNA 

— < ] - © Vrf= Vocos(.2nft) 

VELH. 

vh-,-A 
Bias 
Tee 

Figure 4.1 Experimental setup for mm-wave generation using the proposed technique. 
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Figure 4.2 Photograph of experimental setup for mm-wave generation using the proposed 

technique. 

4.3 Experimental Results and Discussion 

By adjusting bias voltages of the two EAMs, optimum suppression of the first-order 

optical sidebands was achieved at bias voltage of the EML F&/=~1 V and of the EAM 

Vt,2=~3 V. It is found that the power of the second-order optical sidebands was enhanced 

with the increase of the input RF signal power. Furthermore, more suppression of the 

first-order optical sidebands can be achieved when the phase shift between the two 

cascaded EAMs was close to 180°. Fig. 4.3 (a) and (b) shows the measured optical before 

the EDFA and RF spectrum after the LNA using an optical and RF spectrum analyzer 

(OSA and RSA), respectively. For comparison, we also simulate the optical and RF 
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spectrum shown in Fig. 4.4 (a) and (b), respectively. The simulation set-up and system's 

parameters are identical to the ones used for experiment shown in Fig. 4.1. 

Fig. 4.3(a) shows that the first-order optical sidebands are suppressed by -12 dB 

below the second-order optical sidebands. However, this result is not as good as the 

expected of-17.3 dB as shown in the simulated optical spectrum of Fig. 4.4 (a). One of 

the reasons is due to the imprecise manual tuning of bias voltage, phase shift and some 

voltage unbalance between the driving signals of the two EAMs as shown from the 

asymmetry of the optical spectrum. It is seen, from Fig. 4.3 (b), that the generated RF 

power at/(6.1 GHz),'2/(12.2 GHz), 3/(18.3 GHz) and 4/(24.4 GHz) is -33.880, -14.480, 

-50.670 and -44.36 dBm, which is in good agreement with the simulated RF power (see 

Fig. 4.4(b)) of-35, -14.2, -51 and -41dBm, respectively. This is due to the suppression of 

first and third-order optical sidebands and enhancement of the second-order optical 

sidebands. The RF power at 6.1 and 18.3 GHz is minimized while the RF power at 12.2 

and 24.4 GHz is maximized. The generated RF signal at 24.4 GHz presents a signal to 

noise ratio of more than 25 dB. This suggests that the proposed technique is efficient for 

mm-wave generation using frequency doubling or quadrupling. 

Compare the experimental results with the technique using MZM [7], our 

technique can generate much better doubling signal than technique in [7]. For frequency 

quadrupling, MZM can get higher quadrupling signal when it biases at MATB, and our 

system can achieve better quadrupling signal than the system of MZM working at MITB 

andQB. 
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Figure 4.3 Measured (a) optical and (b) RF spectrum (resolution 100 kHz). 
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Figure 4.4 Simulated (a) optical and (b) RF spectrum. <t>= 180°, V0 = 0.5 V, Vb,=l V and Vb2=3 V. 
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4.5 Summary 

In this chapter, an experimental verification of the proposed technique is discussed. In 

this experiment, to generate mm-wave signal, EML was cascaded with an isolate EAM. 

12dB suppression of first-order harmonic relative to second-order harmonic is achieved 

by adjusting phase shift, modulation index and bias voltages of the cascaded EAMs. This 

result is worse than the simulation result mainly due to the imprecise manual tuning of 

bias voltage, phase shift and some voltage unbalance between the driving signals of the 

two EAMs. A -14.480 dBm doubling signal and a -44.36 dBm quadrupling signal were 

generated while noise level was reasonable. 
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Chapter 5 

Conclusion 

5.1 Concluding Remarks 

In this thesis, we have proposed and investigated a novel OFM technique for frequency 

doubling and quadrupling. This OFM technique, using two cascaded EAMs driven by a 

low frequency oscillator, can be used to generate mm-wave signals. By using two 

cascaded EAMs with identical characteristics, odd-order harmonics is suppressed and 

second-order harmonic is maximized; while two cascaded EAMs with different 

characteristics is used, the suppression of first-harmonic is achieved and second-order 

harmonic is maximized. So up-conversion efficiency of mm-wave frequency can be 

obtained with less impact of nonlinear distortion. 

For the system of two cascaded EAMs with the same characteristics, the 

advantage of the system is that the odd-order harmonics is completely suppressed if the 

two EAMs are applied the same bias voltage and driven by the same RF input signal, 

which means that the high quality and high pure mm-wave signals can be generated with 

any level of RF input power and bias voltage in the working range compared with 

techniques using MZM modulator in which MZMs have to work at only the minimum or 

maximum point. Because of prefect suppression of the odd-order harmonics, we can 

simply achieve the optimum working point by sweeping bias voltage and input RF power 

to reach the highest second-order harmonics. Furthermore, it is possible to use this 

technique to generate 8/even higher mm-wave signal because it is found out that at some 
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work point forth-order or higher-even-order harmonics are really good while the second-

order harmonics are suppressed relative to the higher-even-order harmonics. However, 

because of the 180 degree phase shift, the system suffers terrible fiber dispersion effects 

in transmissions of some lengths of fiber, and in these cases, optical filter should be used 

to filter out optical harmonics higher than second order. 

For the system of two cascaded EAMs with different characteristics, the first-

order harmonic is still suppressed pretty well when it is biased at some points. However, 

it really depends on the transfer functions of the two cascaded EAMs. If the transfer 

functions of EAMs are changed, the optimum point may also change. So it is very 

important to choose proper EAMs with certain characteristics to get better performance. 

It is found that the optimum phase shift is 180 degree. As the system of cascaded EAMs 

with identical characteristics, the system suffers chromatic-dispersion-induced power 

fading too. 

The proposed techniques have many benefits. Firstly, in the system of cascaded 

EAMs with identical characteristics, odd-order optical harmonics are completely 

suppressed. For the system using cascaded EAMs with similar characteristics, more than 

40 dB suppression of first-order harmonic relative to second-order harmonic can still be 

achieved. As a result, these techniques are cost-effective since the high quality and high 

pure optical mm-wave signal is generated at the CS, transmitted over low-loss fiber link, 

and converted to electrical mm-wave signal using a low-cost photodetector at the simple 

BS. 

Secondly, another advantage of the proposed systems, compared with the systems 

using MZM as external modulator, is that the proposed systems are very robust to bias 

92 



drifting problem. In frequency quadrupling techniques based on MZM [3-5], to suppress 

even-order or odd-order optical sidebands, MZM is biased at the minimum or maximum 

point of transfer function, resulting in the bias drifting problem. While, in the techniques 

using two-cascaded EAMs, a range of modulator bias voltages can be chosen, rather than 

just one or two working point. As a result, even bias drifting happens, good suppression 

of odd-order or first-order harmonics can still be achieved. 

Furthermore, when a low-cost EML cascaded with an isolate EAM, the cost of the 

CS is also reduced and the structure of the system is simpler. This technique is already 

verified by experiments. In the experiment, the low RF signal at 6.1 GHz was modulated 

by the cascaded EML and EAM. We got more than 12 dB suppression of the first-order 

harmonic relative to the second-order harmonic, which is lower than results got from 

theory and simulation the imprecise manual tuning of bias voltage and phase shift. -

14.480 dBm doubling signal and -44.36 dBm quadrupling signal is generated at 12.2 GHz 

and 24.4 GHz respectively which is close to our predicted results. 

However, as many other OFM techniques using external modulators, the proposed 

system suffers fiber chromatic dispersion effects. To deal with this problem, an optical 

filter is used to filter out third- and higher-order optical harmonics when signals are 

transmitted over a fiber, so generated quadrupling signal is almost immune to fiber 

dispersion. Simulations based on VPI Transmission Maker have verified the proposed 

theories pretty well. 
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5.2 Future Works 

It is the first time that two-cascaded-EAMs structure is used to generate mm-wave signals. 

However, this is just only a start but not the end. There are still many jobs to be done for 

this research. 

Firstly, some experiments haven't been done because of limited experiment 

components. The system using two cascaded EAMs with identical characteristics will be 

verified by experiments once we can get two EAMs exactly the same or with similar 

characteristics. The experiment of UWB transmission using the proposed system will be 

finished in continuing research too. 

Secondly, the optimization of the system should be discussed in the further jobs. 

In this thesis, we only considered optimizing the system by sweeping the RF modulation 

index and bias voltages of the two EAMs while the transfer functions of the EAMs are 

fixed. In fact, it is possible that we can design EAMs with the optimum transfer functions 

to improve the system performance. Furthermore, methods used to deal with drifting 

problems in the proposed system should also be investigated in future. 

Thirdly, Bi-directional transmission over fiber is another important issue that 

needs to be investigated in future. The issues of up conversion and down conversion 

should be addressed simultaneously for more reasonable resource distribution and cost 

efficiency. 
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5.3 List of Publications 

L. Wu, B. Hraimel, X. Zhang, M. Mohamed, K. Wu et al., "Photonic generation of 

millimeter-waves using two cascaded electro-absorption modulators in radio-over-fiber 

systems," Proceedings of IEEE Topic meeting on Microwave Photonics 2010, Montreal, 

Canada. 

C. Sui, B. Hraimel, X. Zhang, L. Wu, K. Wu et al., "Performance of MB-OFDM ultra-

wideband signals over fiber transmission using a low cost electro-absorption modulator 

integrated laser," (Submitted to IEEE/OSA Journal of Lightwave Technology,2010) 
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