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Abstract 
 
Although optical fiber has a vast spectral bandwidth, efficient use of this bandwidth is still 

important in order to meet the ever increased capacity demand of optical networks. In addition to 

wavelength division multiplexing, it is possible to partition multiple low-rate subcarriers into 

each high speed wavelength channel. Multicarrier systems not only ensure efficient use of optical 

and electrical components, but also tolerate transmission impairments. The purpose of this 

research is to understand the impact of mixing among subcarriers in Radio-Over-Fiber (RoF) and 

high speed optical transmission systems, and experimentally demonstrate techniques to minimize 

this impact. We also analyze impact of clipping and quantization on multicarrier signals and 

compare bandwidth efficiency of two popular multiplexing techniques, namely, orthogonal 

frequency division multiplexing (OFDM) and Nyquist modulation.  

For an OFDM-RoF system, we present a novel technique that minimizes the RF domain signal-

signal beat interference (SSBI), relaxes the phase noise limit on the RF carrier, realizes the full 

potential of optical heterodyne-based RF carrier generation, and increases the performance-to-

cost ratio of RoF systems. We demonstrate a RoF network that shares the same RF carrier for 

both downlink and uplink, avoiding the need of an additional RF oscillator in the customer unit.  

For multi-carrier optical transmission, we first experimentally compare performance 

degradations of coherent optical OFDM and single-carrier Nyquist pulse modulated systems in a 

nonlinear environment. We then experimentally evaluate SSBI compensation techniques in the 

presence of semiconductor optical amplifier (SOA) induced nonlinearities for a multicarrier 

optical system with direct detection. We show that SSBI contamination can be significantly 

reduced from the data signal when the carrier-to-signal power ratio is sufficiently low.  
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Chapter 1 

Introduction and Motivation 

1.1 Historical Perspective of Optical Communications 

The field of fiber-optic telecommunication is rapidly changing with the introduction of new 

technologies and products to meet the ever increased demand of the information society. Interest 

in this field can be best gauged by learning about the current research and product development 

conducted by various companies (Ciena, Corning, JDS Uniphase, Lucent, Alcatel, etc.). It all 

began in 1970, when researchers at Corning successfully fabricated optical fibers using fused-

silica with a loss of less than 20 dB/km at 633 nm wavelength [1]. Over the years, the use of, and 

demand for, a secure high bandwidth transmission medium such as an optical fiber has grown 

tremendously. The demand is primarily driven by vast amount of information traffic due to 

Internet, multimedia, data and video. Laying fiber-optic cable in America started in the 1980s 

when the systems operated at about 90 Mb/s, with a single fiber capable of handling about 1300 

simultaneous channels [2]. At the turn of the last century, this number was over 130,000 

simultaneous voice channels with systems operating at 10 Gb/s and beyond. In the last decade or 

so technologies such as dense wavelength-division multiplexing (DWDM) and erbium-doped 

fiber amplifiers (EDFA) have further increased data rates to beyond a terabit per second (>1000 

Gb/s) over distances in excess of 100 km [3]. This is equivalent to transmitting 13 million 

simultaneous phone calls through a single hair-size glass fiber.  
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1.2 Multicarrier Signaling 

There are many reasons that make fiber-optic link the perfect choice for transmission. Some of 

their advantages over twisted pair and coaxial cable include low attenuation, large bandwidth, 

small diameter and light weight, immunity to electromagnetic interference, security and 

affordability. Even though the fiber optic medium offers a very large bandwidth (~1 Pb/s [4]), 

the end user requirement can be much lower (~few hundred Mbps), which is still significantly 

smaller than the channel capacity of DWDM. With the bandwidth of optical and electrical 

components in mind, a finer spectral granularity is needed for overall network design to be 

flexible and efficient. Multicarrier optical systems partition high speed signal into multiple low 

rate subcarriers. Such division reduces inter-symbol interference and improves tolerance to linear 

fiber impairments [5-7].  

Even though in the optical domain, multicarrier transmission is more advantageous and suitable 

for future transmission systems compared to a single-carrier system, their comparison in the RF 

domain is an ongoing debate [8, 9]. Multicarrier optical systems have several strong points in 

their favor, such as, sub-wavelength bandwidth access for performance monitoring [10], 

tolerance to linear imperfections, bandwidth scalability [11, 12], allowing higher order 

modulation [13], and comparable computation complexity [8, 9, 14].   

Another important aspect in design of next generation fiber-optic communication systems is 

spectral efficiency. High spectral efficiency (data rate per hertz of optical bandwidth) is 

becoming the focus of several research efforts [15-18]. This parameter can be improved in a 

multicarrier system either by shrinking the spectral bandwidth of each subcarrier (Nyquist-WDM 

[19]) or by allowing spectral overlap of adjacent subcarriers such as in OFDM [20]. In the case 

of OFDM, usage of available bandwidth is increased by packing large number of subcarriers. 
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The presence of multiple subcarriers can make transmission susceptible to inter-subcarrier 

crosstalk and may set power limitations in certain scenarios. The focus of our research work is to 

study, theoretically and through experimental results, the performance of, and problems 

encountered, during multicarrier transmission in various optical system configurations. A brief 

overview of two popular multicarrier transmission schemes, namely OFDM and Nyquist, is 

presented in the following subsections.   

1.2.1 OFDM overview 

Orthogonal frequency division multiplexing (OFDM) is a multicarrier modulation scheme in 

which data is modulated onto low rate subcarriers such that any two subcarriers are orthogonal to 

each other. The orthogonality condition requires that these subcarrier sets are placed at 

frequencies that are spaced at multiples of inverse of the symbol periods [21].  Figure 1.1 shows 

the frequency domain information (spectrum) of 5 OFDM subcarriers that obey this 

orthogonality condition. Despite the strong spectral overlap of adjacent subcarriers, subcarrier 

separation and recovery without inter-subcarrier interference is possible using matched filters as 

shown by many authors [6, 21, 22]. In time domain, each subcarrier signal is a sequence of 

rectangular pulses. 

 
Figure 1.1: Spectrum of 5 OFDM channels; each occupying 2GHz bandwidth. 

-6 -4 -2 0 2 4 6
5

10

15

20

25

30

35

Frequency [GHz]

M
ag

ni
tu

de
 o

f s
pe

ct
ru

m
 [d

B
]

Carrier OFDM Channel 2

3 

 



 

Partial overlap of subcarriers in frequency allows OFDM to better utilize spectral resources 

compared to conventional wavelength division multiplexed systems (WDM).  Spectral efficiency 

for OFDM is a direct function of the number of subcarriers. As the number of subcarriers 

increases, the overall signal spectrum is tightly confined. For these reasons, OFDM based 

standards are currently being used as digital television standards in Europe, Japan, and most 

other countries [20, 21], and it is emerging as a promising mode of information transmission for 

the ever evolving modern optical networks. OFDM, however, has two main problems: (1) high 

peak-to-average power ratio (PAPR) making it more susceptible to nonlinearities, and (2) 

sensitivity to frequency and phase noise.  

1.2.2 Nyquist overview 

OFDM needs the assistance of cyclic prefix (CP) to be able to compensate for chromatic 

dispersion (CD) [6], thereby reducing the symbol rate. Furthermore, subcarrier separation is 

possible when orthogonality condition is met, requiring OFDM to have precise subcarrier 

spacing limits. Hence, recently, Nyquist modulation was proposed that uses sinc-shaped time 

domain pulses as shown in Figure 1.2 (right) [17, 19, 23, 24], that perform equally well as 

OFDM with an added advantage of being more flexible. In frequency domain, the sinc-shaped 

pulses lead to a rectangular spectrum as shown in figure 1.2 (left) 

 

Figure 1.2: Frequency (left) and time (right) domain representation of Nyquist signaling.  
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Nyquist frequency division multiplexing (NFDM) does not require CP to compensate for CD, 

nor does it have a limit on subcarrier frequency spacing. Here, the available spectrum is chopped 

into several (possibly non-equidistant) subcarriers, each modulated with Nyquist pulses. This can 

be done by simply filtering rectangular pulses with Nyquist filters, described in detail in chapter 

4. In contrast with OFDM where subcarrier separation is achieved by integrating over symbol 

period, in case of Nyquist, sharp rectangular filters select the subcarrier to be recovered.  

We have compared OFDM and Nyquist signaling with respect to their bandwidth utilization in 

chapter 2 and experimentally evaluated and compared their performance in the presence of a 

nonlinear device in chapter 4. Even though these schemes have differences, they both allow 

gapless multiplexing to form super channels as shown in Figure 1.3.   

 

Figure 1.3: Multicarrier modulation allowing gapless multiplexing.  
 

1.3 Detection Methods 

In the previous sections, we have established that, unlike the RF domain where there is 

continuing debate between single-carrier and multicarrier performance, multicarrier transmission 

certainly has more advantageous, and hence superior, in the optical domain. Performance of an 

optical system also depends on type of detection used to receive an optical multicarrier signal as 

the impairments vary depending on whether direct-detection or coherent detection is employed. 

Signal-to-noise ratio (SNR) in a coherent detection receiver is linearly proportional to  input 
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power of the optical signal, whereas in a direct detection receiver, the SNR is proportional to the 

square of the input power [1]. Coherent detection has shown to perform significantly better than 

direct detection when the signal optical power is low. It is to be noted that, full benefit of 

coherent detection can be achieved when local oscillator (LO) power is much stronger than 

optical signal power.  Coherent detection has great benefits such as better sensitivity and better 

spectral efficiency but is accompanied with high-cost installations, including narrow linewidth 

laser sources, local oscillators, 90 optical hybrids, and extra signal processing accounting for the 

phase and frequency offset estimations. 

Even though coherent detection performs better than direct detection in many system aspects, it 

accounts to costlier and more complicated receivers. On the other hand, direct detection is 

simple, cheap, and offers practical solutions to optical systems. However, when detecting a 

multicarrier signal, the square-law operation performed by the photodetector can create second-

order modulation products, also termed as signal-signal beat interference (SSBI), which can 

contaminate the useful data signal. SSBI is not only problematic in optical direct detection 

receivers, but also in RF domain when down converting a signal to baseband which is required in 

radio-over-fiber systems (RoF), as will be shown in chapter 3 [25]. 

1.4 Transmission Impairments 

The most basic hurdle in optical transmission is the fiber loss (~0.2 dB/km) that can be overcome 

by using amplifiers in repeaters with high gain and low noise figure. Single-mode fibers are used 

for high data rate applications as they are not affected by modal dispersion. However, at high 

data rates chromatic dispersion (wavelength dependence of fiber’s refractive index; different 

wavelengths travel with slightly different velocities) may be the limiting factor and might lead to 

pulse spreading. This problem can be overcome by transmitting at 1300 nm range wavelength as 
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the refractive index is fairly constant or by splicing in a short dispersion-compensating fiber. In 

long-haul transmission, the noise from amplifiers accumulates thereby reducing the optical 

signal-to-noise ratio (OSNR). This problem can be solved by increasing the signal power either 

by reducing the distance between repeaters (increases cost) or by increasing the gain of 

amplifiers. This leads to a phenomenon known as Kerr effect (refractive index dependence on 

signal power). Depending upon the type of input signal, the Kerr nonlinearity manifests itself as 

Self-Phase Modulation (SPM), Cross-Phase Modulation (XPM) and Four-Wave Mixing (FWM). 

SPM (in single channel system) refers to the nonlinear phenomenon where the changes in 

refractive index cause phase shift in the time domain pulse, leading to spectral broadening [26]. 

XPM occurs when two or more wavelengths co-propagate and intensity fluctuations in one 

wavelength channel causes phase fluctuations in other channels [27]. In wavelength-division 

multiplexed (WDM) systems, FWM results in power transfer from one channel to the other. New 

waves are generated at optical frequency ω4 because of signals at ω1, ω2, ω3 given by ω4= ω1± 

ω2± ω3.  

Apart from these, there is another transmission impairment that is specific to multicarrier 

transmission. SSBI occurs due to subcarriers mixing with each other in the presence of a square-

law device. Some of the proposed solutions to this impairment are presented in the following 

section.  

1.5 SSBI Impairment 

Several solutions have been proposed to address SSBI in direct detection systems. Lowery et al. 

have avoided the impact of SSBI on data signal by using band offset modulation (reserving a 

guard band equal to the signal bandwidth) [6]. This technique however, reduces the spectral 

efficiency by 50%. Majority of other techniques used to combat SSBI need complex DSP 
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algorithms to be implemented at the transmitter and/or receiver. Cao et al. have used interleaver 

and turbo codes to make the triangular SSBI uniform [28]. Peng et al. in [29] use virtual SSB 

transmission with iterative detection techniques. Li A. et al. have presented experimental 

demonstration of SSBI noise cancellation using blockwise signal phase switching [30]. SSBI 

cancellation receivers based on balanced detection (requires additional photodetector) have been 

demonstrated in [31, 32]. It is to be noted that SSBI is a result of mixing among subcarriers while 

the desired received signal is obtained due to the mixing between optical carrier and subcarriers. 

Hence, if the carrier is significantly amplified (at the cost of high carrier-to-signal power ratio 

and reduced sensitivity), SSBI can be minimized as shown by Schmidt, B.J. et al. [33]. 

1.6 Summary of Dissertation 

The focus of our work is to theoretically and experimentally evaluate the impact of nonlinear 

mixing in multicarrier signaling in radio-over-fiber (RoF) and direct detection system 

configurations.  

Firstly, in chapter 2, we analyze impact of PAPR, clipping, and quantization on multicarrier 

signals and later compare electrical bandwidth utilization of two popular multiplexing techniques 

in orthogonal frequency division multiplexing (OFDM) and Nyquist modulation. 

Chapter 3 deals with the proposed solution to SSBI in Radio-Over-Fiber Systems. When a 

multicarrier signal is used for millimeter wave RoF transmission, SSBI occurs during the RF 

down conversion process. We proposed and experimentally demonstrated techniques for 

efficient RF carrier extraction and reuse in an OFDM RoF system. In this system, an RF carrier 

is generated in the base station through optical heterodyning between two uncorrelated optical 

carriers delivered from the central office. The RF down conversion is accomplished by mixing 

the intermediate frequency signal with the extracted RF carrier. This not only relaxes the phase 
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noise requirement on the RF carrier, but also minimizes signal–signal beat interference. We 

demonstrate a RoF network carrying 8.2 Gb/s QPSK data in OFDM modulation format for both 

downlink and uplink, which share the same RF carrier, which avoids the need of an additional 

RF oscillator in the customer unit. We present our experimental setup and results in detail in 

Chapter 3 [25].  

Chapter 4 deals with the impact of semiconductor optical amplifier (SOA) nonlinearities on 

fiber-optic systems with coherent detection. We have presented experimental comparison of 

performance degradations of 20 Gb/s coherent optical OFDM and single carrier Nyquist pulse 

modulated systems due to the nonlinearity of a SOA [24]. The impact of clipping in the 

nonlinear region on an OFDM signal is also observed.  

In chapter 5, we experimentally evaluate the performance of signal-signal beat interference 

(SSBI) compensation technique in the presence of SOA-induced nonlinearities for a multicarrier 

optical system with direct detection. 

Lastly in chapter 6, we provide a summary of our research findings work and present possible 

extensions of this work for modern multicarrier systems. 
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Chapter 2 

System Design Aspects 

2.1 Introduction 

In this chapter we discuss two important design considerations of multi-carrier systems: (1) the 

impact of digitizing errors of analog-to-digital converter (ADC)/digital-to-analog converter 

(DAC) on system performance; and (2) the electrical bandwidth efficiency of OFDM and 

Nyquist modulated signals.  

2.2 Impact of DAC/ADC 

Multicarrier signaling schemes such as OFDM and Nyquist-WDM have several advantages of 

tolerance to chromatic and polarization mode dispersion, and ease of channel and phase 

estimation, but they suffer from high peak-to-average power ratio (PAPR).  Rare high peaks in 

time domain signal occur when several subcarriers constructively add up within a particular bit 

time period. A high PAPR can be a significant problem with respect to the digital-to-analog 

(DAC) and analog-to-digital (ADC) converters employed in the system because of their limited 

bit resolution. To preserve and efficiently utilize limited resolution of DACs and ADCs, a simple 

technique such as clipping can be used [21, 34, 35]. Clipping is a way to reduce PAPR by 

limiting the range of signal amplitude at the cost of rare bit error possibility. In this section, we 

investigate the impact of bit resolution on performance of the system when clipping, and later 

quantization, is used. Let x[n] and x’[n] represent the unclipped and the clipped version of real 

or imaginary part of a multicarrier signal, respectively. Then x’[n] can be written as; 

𝑥𝑥′[𝑛𝑛] = �
𝑥𝑥[𝑛𝑛]
−𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘

        
−𝑘𝑘𝑘𝑘 ≤ 𝑥𝑥[𝑛𝑛] ≤ 𝑘𝑘𝑘𝑘
𝑥𝑥[𝑛𝑛] < −𝑘𝑘𝑘𝑘
𝑥𝑥[𝑛𝑛] > 𝑘𝑘𝑘𝑘

                         (2.1) 
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Where k is the clipping ratio factor and 𝜎𝜎 is the standard deviation of x[n]. Figure 2.1 shows an 

arbitrary OFDM signal bounded between −k𝜎𝜎 and k𝜎𝜎 along with its probability density function 

(PDF). When the number of subcarriers is large, the PDF tends towards a Gaussian function as 

per the central limit theorem. Gaussian PDF can be described by its mean (zero mean in this 

case) and variance, 𝜇𝜇 (=0) and 𝜎𝜎2, respectively. Hence, the PDF of OFDM signal before clipping 

can be accurately represented with a Gaussian process as;  

𝑝𝑝(𝑥𝑥) =
1

√2𝜋𝜋𝜎𝜎2
𝑒𝑒−

𝑥𝑥2
2𝜎𝜎2                     (2.2) 

Clipping leads to chopping off of some rare high or low peaks, which can be termed as clipping 

noise. Clipping noise power (𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 ) can be computed by integrating the PDF (computing area 

under the PDF) from clipping boundary to ∞ or −∞.  

 

Figure 2.1: Arbitrary time domain OFDM signal (left) and its histogram (right) 

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 = 2� (𝑥𝑥 − 𝑘𝑘𝑘𝑘)2
∞

𝑘𝑘𝑘𝑘

1
√2𝜋𝜋𝜎𝜎2

𝑒𝑒−
𝑥𝑥2
2𝜎𝜎2dx ≈ 2�

2
𝜋𝜋
𝜎𝜎2𝑘𝑘−3𝑒𝑒−𝑘𝑘2 2⁄              (2.3) 

The PAPR of a multicarrier signal depends directly on the number of subcarrier signals being 

multiplexed (PAPR ∝ 𝑁𝑁) [36]. As the number of subcarriers increases, the probability of higher 
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number of subcarriers to constructively add up also increases. We use error vector magnitude 

(EVM) as our performance metric to evaluate system performance of an OFDM signal with 

varying number of subcarriers when quantized by a q-bit ADC or DAC. EVM is a measure of 

spreading of the received constellations. A higher EVM signifies poorer performance. Figure 2.2 

shows a comparison of EVM performance of an OFDM signal with 10 and 64 subcarriers. It is 

clear that the performance of 10 subcarriers is overall better than that for 64 subcarriers. This is 

due to the fact that 64 subcarriers signal has a higher PAPR than that for 10 subcarriers, and 

hence the quantization error is higher for the 64 subcarriers signal. It is to be noted that 

generation of OFDM signals for each subcarrier is random in nature and to get an accurate 

assessment, we average EVM for 100 simulations.  

 

Figure 2.2: Performance comparison of OFDM signal with 10 and 64 subcarriers for varying bit resolution 

In a general case, the quantization error for a q-bit resolution ADC/DAC can be written as [37];  

𝜎𝜎𝑞𝑞2 =
1

12
× 2−2𝑞𝑞 =

(𝑘𝑘𝑘𝑘)22−2𝑞𝑞

3
             (2.4) 
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𝑆𝑆𝑆𝑆𝑆𝑆 =
𝜎𝜎2

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 + 𝜎𝜎𝑞𝑞2
= �2�

2
𝜋𝜋
𝑘𝑘−3𝑒𝑒−𝑘𝑘2 2⁄ +

𝑘𝑘22−2𝑞𝑞

3
�

−1

             (2.5) 

Figure 2.3 shows the impact of both clipping and quantization noise on performance of the 

system measured by SNR. From Figure 2.3 (left), we can clearly see that for each quantization 

bit resolution, there is an optimal clipping ratio at which the SNR is maximized. For example, 

the DAC card used in our experiments has the bit resolution of 6-bits. The optimal clipping ratio 

in our setup based on this analysis would be k=3.4.   

Clipping and quantization together contribute to a signal processing penalty that can be 

computed as shown in Equation 2.6;  

𝑆𝑆𝑆𝑆𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
10

ln(10) 
�2�

2
𝜋𝜋
𝑘𝑘−3𝑒𝑒−𝑘𝑘2 2⁄ +

𝑘𝑘22−2𝑞𝑞

3
�𝑆𝑆𝑆𝑆𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡             (2.6) 

Where 𝑆𝑆𝑆𝑆𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the targeted signal-to-noise ratio to guarantee a certain bit-error-rate (BER). 

Assuming that required BER is 10−3, the targeted SNR for QPSK modulation format would be 

about 9.8dB. The SNR penalty is shown in Figure 2.3 (right) for different bit resolutions when 

clipping ratio is varied.  

 

Figure 2.3: SNR (left) and SNR penalty (right) as a function of clipping ratio for different bit resolutions.  
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From this analysis, we can conclude a few design choices about system setup, bit resolution of 

DAC and optimal clipping ratios. Figure 2.3 (right) shows that to maintain a SNR penalty under 

0.5 dB for a required BER of  10−3, we would at least need 4 bit resolution for the DAC.  We 

also observe that the SNR penalty is severe when 3 or 4 bit DACs are used. As the bit resolution 

is improved to 5 or 6 bits, the SNR penalty goes down drastically (smaller gap between lines). 

This means that even if higher bit resolution DACs were available, we would not benefit a whole 

lot in terms of improving performance. Hence, using a 6-bit DAC in our experiments with QPSK 

modulation provides a reasonable tradeoff between performance and cost.  

2.3 Electrical Bandwidth Utilization of OFDM and Nyquist-FDM 

OFDM and Nyquist modulation schemes, as described in previous chapter, have several 

similarities. They are, in way, simply interchanging time and frequency domain to represent a 

multi-carrier signal. These two schemes have come to the forefront as multiplexing formats that 

can deliver record high spectral efficiencies while tolerating linear fiber impairments [17, 24, 

36]. With respect to two very critical aspects of system design, i.e.  spectral efficiency and 

PAPR, their performance is almost identical [36]. However, given a certain electrical bandwidth, 

Nyquist frequency division multiplexing [17] is able to more efficiently utilize the available 

spectrum, especially for low subcarrier count. This is due to the fact that in OFDM, the spectral 

efficiency is a function of the number of subcarriers that have to be orthogonal to each other, 

while for Nyquist spectral efficiency is a function of filter roll-off factor that can be arbitrarily 

changed. This conclusion is based on the following analysis.    

Electrical Bandwidth of OFDM 

If the sampling rate of DAC is Fs samples/second being used to quantize an OFDM subcarrier 

signal, then the electrical bandwidth per subcarrier used would be; 
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BWOFDM =
𝐹𝐹𝐹𝐹

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑏𝑏𝑏𝑏
                                       (2.7) 

where Samples per bit is an integer greater than 2. Note that, in a multicarrier system, we could 

have an overall non-integer samples per bit when different subcarriers have different data rates. 

Here, we are looking at only one subcarrier and hence samples per bit has to be an integer.   

Electrical Bandwidth of Nyquist 

In the case of single carrier Nyquist modulation, the electrical bandwidth is given by;  

BWNyquist =
1 + 𝛽𝛽
𝑇𝑇

                      0 ≤ 𝛽𝛽 ≤ 1                 (2.8) 

Where 𝑇𝑇 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑏𝑏𝑏𝑏
𝐹𝐹𝐹𝐹

, and 𝛽𝛽 is the filter roll-off factor. Samples per bit is an integer greater 

than 2. Note that, in a multicarrier system, we could have an overall non-integer samples per bit 

when different subcarriers have different data rates. Here, we are looking at only one subcarrier 

and hence samples per bit has to be an integer.  Assuming that Fs=20 GSa/s and roll-off factor 

𝛽𝛽 = 0, bandwidth occupied can be plotted against samples per bit, as shown in Figure 2.4 (left).  

 

Figure 2.4: Single channel electrical bandwidth utilization as a function of samples per bit (left); differential 
bandwidth utilization as a function of samples per bit (right)  
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It can be seen that as the samples per bit increases, the bandwidth occupied by Nyquist goes 

down in larger steps for lower samples per bit, and smaller steps for higher sample per bit. This 

means that if available bandwidth is 9 GHz, with OFDM or Nyquist modulation (with 𝛽𝛽 = 0) we 

can either use 10 GHz or 6.667 GHz when samples per bit is 2 or 3, respectively. However, when 

𝛽𝛽 = 0.12 and samples per bit =2, Nyquist modulation can achieve a spectral occupancy of 8.98 

GHz, improving the granularity of usage of available spectrum. For a given sampling rate and 

roll-off factor, this granularity becomes finer with increase in samples per bit (∝ 1
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑏𝑏𝑏𝑏

), 

hence Nyquist-FDM is able to achieve better spectrum utilization for low number of 

multiplexing channels.  
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Chapter 3 

SSBI in OFDM Radio-Over-Fiber systems 

3.1 Motivation 

The growing demand of bandwidth for wireless communication networks pushes the RF carrier 

frequencies to tens of gigahertzes, and toward the millimeter-wave (mm-wave) bands [38]. This 

enables gigahertz signal bandwidth to be carried on the RF carriers. Millimeter wave frequency 

bands are more susceptible to atmospheric absorption and rain attenuation compared to lower 

frequency carriers, and therefore the number of base stations (BS) has to be significantly 

increased with their locations closer to customer units (CU) to accommodate the reduced 

transmission distance. In order for such networks to be practical, mm-wave carrier generation in 

BSs and wideband signal delivering from the central office (CO) to BSs have to be simple and 

efficient. Radio-over-Fiber (RoF) technology provides a viable solution by delivering mm-wave 

carriers and high speed data from CO to remote BSs through optical fibers [39]. This allows BSs 

to be located further away from the CO and minimizes complexity of BSs. At a CU, downstream 

baseband signal carried on the mm-wave carrier is recovered and digitally processed, and the 

mm-wave carrier also needs to be regenerated for upstream data transmission. 

A number of techniques have been proposed for mm-wave carrier generation and wideband data 

transport through RoF [39-43].Optical heterodyning is an attractive method which is capable of 

generating a wide range of carrier frequencies, limited only by the bandwidth of the 

photodetector. This simplifies the configuration of BSs by optically delivering the mm-wave 

carrier from the CO to BSs, and therefore most of the complexity is shifted from the BS to the 

CO. However, the phase noise of the generated millimeter-wave carrier is determined by the 
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spectral linewidth of the lasers used, which is typically in the tens of megahertz level for a DFB 

semiconductor laser. Therefore, active phase-locked loop has to be applied to reduce the phase 

noise of the produced RF carrier [39, 40], and to ensure the quality of the wireless networks 

carrying phase encoded data. In order to relax the phase noise requirement of the mm-wave 

carrier, RF self-homodyne has been proposed [41] to down-convert the data signal from IF to the 

baseband, and therefore conventional DFB laser diodes can be used for optical heterodyne 

generation of mm-wave carriers without the need of active phase/frequency locking. However, 

so far, the optical heterodyning technique for mm-wave carrier generation has been used only for 

the downstream traffic, while the upstream link still requires high-frequency local oscillators for 

RF carrier generation in BSs and CUs [39, 41, 42, 44, 45]. RF carrier recovery and reuse is 

therefore highly desirable to realize the full potential of the optical heterodyne technique, and 

increase the performance-to-cost ratio of RoF systems. 

3.2 Principle of operation 

In this chapter, we report a technique of RF carrier recovery and reuse in a RoF network based 

on simple RF filtering. We define Carrier Extraction and Reuse (CER) as a RF technique in 

which high frequency carrier is extracted using narrowband filtering and reused by mixing it 

with wide-band data for RF down conversion. Orthogonal frequency division multiplexing 

(OFDM) is used for data encoding which provides high spectral efficiency and high level of 

flexibility for spectral shaping [7]. This allows a narrow frequency guard band to be reserved on 

each side of the carrier, so that it can be selected and recovered by a narrowband RF filter. This 

extracted RF carrier can then be used to carry the upstream traffic. It is important to note that the 

multi-subcarrier nature makes OFDM modulation format susceptible to signal-signal beat 

interference (SSBI) when RF self-homodyne [41] is used for down-conversion from IF to the 
18 

 



baseband. To avoid SSBI, we have modified the RF self-homodyne process by mixing the 

extracted carrier with the OFDM subcarriers, the technique we refer to as CER. 

The difference between RF self-homodyne and CER techniques can be further analyzed by using 

simple block diagrams as shown in Fig. 3.1 and Fig. 3.2.    

Mixer

RF Amplifier

Electrical 
OFDM signal OFDM signal after 

down- conversion

 

Figure 3.1. Operation of RF self-homodyne technique 

 

In the case of RF self-homodyne technique, the electrical signal after photo detection needs to be 

down converted to baseband for recovery and demodulation. This is done by mixing the 

multicarrier with itself as shown in Fig. 3.1. In [41], Islam et al. claim that RF self-homodyne 

technique is able to avoid phase/frequency locking, but is spectrally inefficient. Simple ASK 

modulation was used in their experiments that did not have the problem of sub-carriers mixing 

with themselves, as would happen in a multi-carrier transmission. In order to avoid this situation 

for a multicarrier case, we attempt to extract the carrier using RF filters and then mix with the 

wideband multi-carrier signal as shown in Fig. 3.2. 

To avoid signal-signal beat interference (SSBI) during down conversion, we use RF filters to 

extract carrier and an RF amplifier to amply it. We later use this extracted carrier as a local 

oscillator for down conversion as illustrated in Fig. 3.2. Another benefit of this technique apart of 

avoiding SSBI, is that the extracted carrier can be used as the uplink carrier.  
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Mixer
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OFDM signal after 
down- conversion

BPF

RF Amplifier

BPF

Electrical 
OFDM signal

Figure 3.2. Operation of Carrier Extraction and Reuse technique 

 

The performance of these technique in a multi-carrier transmission system can be fairly 

compared by performing experiments detailed in the following section.  

3.3 Experimental Setup 

3.3.1 Downlink transmission 

Our experimental setup is based on the system as schematically shown in figure 3.3. In the CO, 

single sideband (SSB) OFDM signal is digitally generated, in which an 8.32 Gb/s serial data is 

QPSK modulated and loaded onto 48 subcarriers by serial-to-parallel conversion. IFFT operation 

is performed on a block of length 256. OFDM signal is created by first considering 64 

subcarriers and later padding some subcarriers with zeroes to get the desired transmit signal. 

Each subcarrier occupies rows 1 – 64 while the complex conjugate of the OFDM subcarriers are 

loaded into rows 193 – 256 in a reverse sequence. This data mapping insures that the time-

domain signal has real values after the IFFT operation. Rows 65 – 192 are padded with zeroes to 

fill up the entire IFFT window. This ensures 2 times oversampling, which takes 4 samples per 

OFDM period using the 21.418 GSa/s DAC. Hilbert transform is used to generate an electrical 

SSB OFDM signal after the parallel-to-serial conversion. 
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Figure 3.3. Experimental setup for the mm-wave OFDM-RoF system. UL: up-link, DL: down-link, PC: polarization 
controller, VOA: variable optical attenuator, BPF: band-pass filter, LPF: low-pass filter, AWG: Arbitrary waveform 
generator, PD: Photo detector, MZM: Mach-Zehnder modulator. Dotted lines indicate functions not been 
implemented in the experiment but needed for a full duplex system. 

 

A commercial CIENA optical transmitter, which was originally designed for 10 Gb/s SONET 

systems with electrical-domain pre-compensation (eDCO) [46], is used to generate the optical 

SSB signal. This card is equipped with two DACs with 21.418 GSa/s sampling speed at 6-bits 

resolution. It also has a tunable DFB laser (λ1=1530.720 nm) with approximately 10 MHz 

spectral linewidth, and a balanced dual-drive MZM. The two arms of the electro-optic modulator 

are loaded with parallel-to-serial converted IFFT output and the imaginary part of its Hilbert 

transform respectively. The bias of the dual-drive MZM was set at the quadrature point for 

optical SSB generation. Another optical carrier from a separate tunable laser at wavelength 

λ2=1530.780 nm is combined with the SSB optical signal through an optical coupler before 

launching into the transmission fiber. Optical heterodyning between the two optical carriers is 

performed by the photo-detector in the BS which up-converts the OFDM signal onto a high 

frequency RF carrier at Δf=10.24 GHz (shown in Fig. 3.4 (i)), along with a baseband replica. 

This RF carrier frequency of 10.24 GHz in our experiment is chosen to demonstrate the system 

concept because of the availability of RF filters in our laboratory. As Δf is equal to the frequency 
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difference of the two optical carriers, it can be easily changed to the commercial 60 GHz and 

70/80 GHz bands by tuning the optical carriers for mm-wave high data rate applications. 

The up-converted RF signal in the BS is then amplified by 30 dB with a wideband (SHF, 30 

KHz-40 GHz) amplifier and sent across to the CU. As a proof of concept, an RF cable is used in 

the experiment in place of the wireless transmission between the BS and CU. Therefore, the 

impairments of wireless propagation are not included. To recover the data at CU, CER is 

performed by first splitting the high frequency signal using an RF power splitter (Narda, 2 GHz-

18 GHz). At one of the splitter outputs, the RF carrier is selected by a narrowband filters (RLC 

electronics, 10.24 GHz central frequency, 210 MHz bandwidth) and amplified using an RF 

amplifier (JCA, 24 dB, 10-20 GHz). The spectrum of the extracted RF carrier is shown in Fig. 

3.4 (ii), which provides an RF local oscillator. This local oscillator is mixed with the high 

frequency signal at the other output of the power splitter using a mixer (Miteq DMX0418L) to 

down-convert it to the baseband, which is then recorded using a digital oscilloscope with 20 

GSa/s sampling rate and 6 GHz bandwidth. Offline Matlab signal processing is used for 

synchronization, FFT, equalization and demodulating the QPSK downlink data [47].  

Even though the bandwidth of the analog-to-digital convertor (ADC) in scope allows us to 

perform experiments over a 6 GHz spectrum, the intermediate frequency (IF) bandwidth of the 

available mixer further limits the usable spectrum to 4 GHz. We incorporate this constraint by 

reducing the number of OFDM subcarriers from 64 to 51, which reduces the actual data rate to 

8.7 Gb/s. Moreover, in order for the carrier to be recovered simply by RF filtering, we reserve an 

approximately 300 MHz guard band by zero-padding the first 3 OFDM subcarriers which are 

adjacent to the carrier. This further reduces the overall data rate to 8.2 Gb/s.   

22 

 



3.3.2 Uplink transmission 

The RF carrier extracted in the CER process and shown in Fig. 3.4(ii) is used to carrier the 

uplink traffic so that a separate RF oscillator is not required in the CO. The uplink data is a 4 

GHz OFDM signal with 3 subcarriers generated by an arbitrary waveform generator (AWG) 

with 25 GSa/s sampling rate and 10-bit resolution (Tektronix AWG70002A). After mixing with 

the recovered RF carrier at 10.24 GHz, the uplink RF spectrum transmitted to the BS is shown in 

Fig. 3.4(iii).  

 

 

Figure 3.4. RF spectra in downlink and uplink paths, measured after photodetector in BS (i), of the extracted carrier 
used in CU (ii), and uplink data (iii). 
 

At the BS, CER can again be used which down converts the uplink data to the baseband. This 

uplink data can then be modulated onto an optical carrier through an electro-optic modulator or 

using direct modulation on a laser diode if the data rate is low enough. The uplink data is finally 

recovered in the CO after direct detection and applying similar signal processing routines as in 

the CU. As the same carrier frequency is used for both the uplink and downlink, time division, or 

space division multiple access may have to be used to avoid interference in full duplexing [48].  
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3.4 Results and discussion 

In this section, we present the experimental results which compare two techniques of RF 

frequency down conversion in the downlink path to obtain baseband signal, namely CER and 

self-homodyne [41]. In self-homodyne, RF signal mixes with itself which is essentially a 

squaring operation. Whereas in CER, the IF signal mixes with the RF carrier selected by a 

narrowband filter, which not only provides RF carrier recovery but also avoids SSBI when multi-

carrier modulation format is used. We evaluate system performance using Error vector 

magnitude (EVM) as the performance metric, which is essentially a measure of spreading of 

received constellation points. EVM has shown to be a reliable metric for high level modulated 

optical signals including linear and nonlinear impairments [49]. This comparison is performed 

primarily for the downlink path using OFDM SSB signals with and without a 50% guard-band to 

show the impact of SSBI. Parameters of the OFDM signals transmitted in these cases are 

summarized in table 1. 

3.4.1. OFDM with 50% guard-band 

To observe the effect of nonlinear mixing among subcarriers on the received spectrum, we first 

consider an OFDM signal that occupies a 2 GHz bandwidth. Fig. 3.5(i) shows the data spectrum 

digitally generated by a Matlab program which drives the transmitter MZM after DAC and RF 

amplification. In this spectrum, 2 GHz guard band is reserved on each side of the carrier to 

elaborate the effect of nonlinear mixing in this region. This is done by forcing the subcarriers 1-

27 and 52-64 to zeroes, which is commonly referred to as band offset modulation. Fig. 3.5(ii) 

and 3.5(iii) show the received baseband spectra at the CU using CER and self-homodyne, 

respectively, measured with a real-time sampling oscilloscope, and a FFT and frequency 

equalization process is applied using offline Matlab program.  
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Figure 3.5. OFDM  spectra with 50% guard band, generated at the CO (i), measured at the CU using CER (ii) and 
measured at the CU using self-homodyne (iii). The insets in (ii) and (iii) show the respected received constellation 
points. 
 

 

Comparing the two received spectra shown in Fig. 3.5(ii) and 3.5(iii), we see distinct 

contamination of the spectrum due to SSBI in the 0-2 GHz band when self-homodyne is used. 

The nonlinear mixing shows a typical triangle shape in the spectrum close to the carrier shown in 

Fig. 3.5(iii). Here since the 2 GHz guard band is reserved between the carrier and the signal 

sidebands, the SSBI crosstalk does not affect the receiver performance, and the average EVM of 

24 OFDM subcarriers are approximately 15% for both techniques. However, the reduced SSBI 

in the guard band shown in Fig. 3.5(ii) implies that CER technique does not need this 50% 

spectral guard band, and thus full bandwidth utilization would be possible for the OFDM signal. 
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TABLE 3.1: OFDM SIGNAL PARAMETERS 

Parameters 

50% guard band 

[units] 

w/o 50% guard band 

[units] 
Uplink 

[units] 
Downlink 

No. of subcarriers 24 48 3 

Δfsc 83.66 [MHz] 83.66 [MHz] 1 [GHz] 

Unused subcarriers 1-27 and 52-64 1-3 and 52-64  

Data rate 4.18 [Gbps] 8.2 [Gbps] 6 [Gbps] 

Δfsc = separation between OFDM subcarriers 

3.4.2 OFDM signal with full bandwidth utilization 

To measure and compare the impact of SSBI on the received signal with CER and self-

homodyne techniques without the 50% spectral guard, we evaluate the EVM for each subcarrier. 

The transmitted signal in this case occupies the frequency band of 300 MHz - 4.3 GHz consisting 

of 48 orthogonal subcarriers as shown in Fig. 3.6(i) (generated in Matlab). We reserve a small 

guard band (0-300 MHz) to isolate the carrier component so that it can be extracted simply with 

narrowband filtering. 

 

Figure 3.6.  OFDM  spectra without 50% guard band, generated at the CO (i), measured at the CU using CER (ii) 
and measured at the CU using self-homodyne (iii). 
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The corresponding output spectra at the receiver after CER and RF self-homodyne measured 

using oscilloscope are shown in Fig. 3.6(ii) and 3.6(iii), respectively. Although the shapes of 

these two spectra look similar, SSBI introduced by nonlinear mixing can be significantly 

different, especially for the subcarriers adjacent to the carrier.  

 

Figure 3.7. Relative system performance for two RF down conversion techniques for each subcarrier. The insets 
show the received constellations for the first subcarrier for each technique. 
 

Figure 3.7 shows EVM measured as a function of OFDM channel number (1 to 48) for the two 

RF mixing techniques. It is observed that the performance of CER is substantially better than 

self-homodyne, for channel numbers lower than 24 indicated by the reduced EVM values. In 

fact, channels 1 to 24 occupy the 300 MHz to 2.3 GHz region in the spectrum which is expected 

to be contaminated by triangle-shaped SSBI shown in Fig. 3.5(iii). The EVM of channel 1 

(closest to the carrier) for the self-homodyne technique is about 13% higher than that for the 

same channel when CER is employed. The relative difference in EVM values decreases for 

subcarriers further away from the carrier. It should be noted that the EVM values from channel 

25 to 48 for both techniques were expected to be the same. The small degradation of EVM of 

self-homodyne at high channel indices is attributed to the slight length imbalance between the 

two arms leading to the mixer and the introduced phase mismatch before mixing. In addition, for 
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CER the moderate EVM increase for the first 10 subcarriers near the carrier is due to the phase 

noise of the RF carrier which is generated by heterodyne mixing between two free-running 

lasers. As both CER and self-homodyne techniques rely on self-mixing between different 

components of the heterodyne RF spectrum, their requirements on the frequency stability of the 

two lasers are expected to be comparable (we show in Appendix A that the phase sensitivity of 

CER is identical to that of self-homodyne reported for scheme B in [43]), as has been analyzed in 

[43] for the downlink path. However, further analysis is still needed for the uplink to understand 

the impact of laser stability using CER.      

3.5 Conclusion 

We have proposed and experimentally demonstrated a simple carrier recovery and mixing 

technique where the carrier is generated with optical heterodyning in the BS and extracted with 

narrowband filtering from the downlink path in the CU. This RF down conversion technique 

(CER) allows OFDM modulation format to be used but with significantly reduced SSBI 

compared to RF self-homodyne. Carrier recovery and reuse in the CU makes RoF systems 

simple and cost effective. The use of multi-carrier modulation enables high bandwidth efficiency 

and flexibility. 
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Chapter 4 

SOA-Induced Nonlinear Impairments in Coherent Multicarrier Transmission  

4.1 Motivation 

Semiconductor optical amplifiers (SOA) offer a cost-effective solution for wide-band gain in 

high data rate fiber-optic systems [50]. Moreover, their small size and ease of integration make 

them a viable alternative to erbium-doped fiber amplifiers (EDFA) for future optical networks to 

perform functions such as wavelength conversion, booster and in-line amplification. However, 

the fast carrier dynamics of an SOA may introduce crosstalk in a wavelength-division 

multiplexed (WDM) optical system. In recent years, digital processing in optical systems such as 

coherent optical-orthogonal frequency division multiplexing (CO-OFDM) and single carrier 

Nyquist pulse modulation (N-PM) systems have been demonstrated to provide record high 

spectral efficiencies [36], while tolerating linear fiber impairments such as chromatic dispersion 

(CD) and polarization mode dispersion (PMD) [5-7]. These multiplexing techniques have several 

other strengths. For example, adaptive rate provisioning is possible in CO-OFDM because it 

supports digital signal processing at the transmitter and receiver. It also allows bandwidth access 

at a sub-wavelength granularity [51], self-performance monitoring by precise channel estimation 

[52, 53], and can lower energy consumption by telecommunication equipment that may have 

adverse environmental and social impact [54-56]. In an OFDM system, high speed data is 

partitioned into multiple orthogonal subcarriers each carrying a low data rate, and therefore the 

overall spectrum is tightly confined within a sharp boundary. On the other hand, N-PM uses 

high-order Nyquist filters which directly sharpen the edges of the spectrum. Although both of 

these techniques provide tight spectral confinement to allow gap-less multiplexing for high 
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spectral efficiency of WDM [19], their susceptibility to system nonlinearity may differ 

significantly. Our work in this area compares the performance of CO-OFDM and N-PM in a 

coherent detection nonlinear system where the nonlinearity is introduced by an SOA. Note that, 

although the nonlinear impact of SOA has been investigated for CO-OFDM and QAM signals 

[57, 58], the comparison between CO-OFDM and N-PM has not been reported in such a system. 

Our experimental results indicate that under the same spectral confinement condition, N-PM has 

better tolerance to SOA nonlinearity compared to CO-OFDM. 

4.2 Experimental Setup 

The schematic of our experimental setup is shown in Figure 4.1. OFDM and N-PM signals are 

generated digitally, and the in-phase (I) and quadrature (Q) components are loaded into the 

memories of a commercial CIENA optical transmitter which was originally designed for 10 Gb/s 

SONET systems with the capability of electronic dispersion pre-compensation (eDCO) [46].  

 

 

 

 

 

 

Figure 4.1. Top: Experimental setup, bottom: OFDM (A) and N-PM (B) spectra at the transmitter, and OFDM (C) 
and N-PM (D) spectra at the receiver. OFDM system has 64 subcarriers and N-PM system has β = 0.03125. 
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This transmitter card is equipped with a pair of 22 GSa/s digital to analog convertors (DAC) with 

6-bit resolution. The two arms of an electro-optic IQ modulator are driven by the analog 

waveforms from the DACs through RF amplifiers. A tunable semiconductor laser with 100 kHz 

linewidth was used both as the light source and as the local oscillator (LO) of coherent 

homodyne detection. 

Both arms of the IQ modulator were biased at minimum transmission point to suppress the 

optical carrier while the phase shifter is biased at the quadrature point so that the in-phase and 

the quadrature components of the signal could be mapped onto the upper and the lower optical 

sidebands. The crosstalk between signals carried by the two sidebands were kept lower than -

20dB by carefully adjusting the bias. QPSK data format was used for both OFDM and N-PM 

systems with the same data rate of 20 Gb/s. While the number of subcarrier channels for the 

OFDM system varied from 8 to 64 [59], the N-PM system only had a single channel but with 

different roll off factors β (defined in Equation 4.1)  of the Nyquist filter [36], to obtain the 

comparable spectral roll-off as the OFDM counterpart.  

𝐻𝐻𝑇𝑇𝑇𝑇(𝑓𝑓) =
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2𝑇𝑇

; 0 ≤ 𝛽𝛽 ≤ 1
1−𝛽𝛽
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≤ |𝑓𝑓| ≤ 1+𝛽𝛽
2𝑇𝑇

                         |𝑓𝑓| ≥ 1+𝛽𝛽
2𝑇𝑇

                   (4.1)

  

 

The Nyquist transmit filter described in equation 4.1 is used for pulse shaping and limiting the 

signal bandwidth. On the other hand, the receive filter is used for channel selection and noise 

reduction. Figure 4.2 shows the filter transfer functions for varying values of filter roll-off β. 
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Figure 4.2: Nyquist filter transfer functions for T=0.2 ns with varying values of roll off factor β; transmit filter (left) 
and receive filter (right) 

 

In the case of OFDM, Digital Subcarrier Multiplexing (DSCM) format is used to digitally 

generate subcarrier channels and linearly up-convert to an optical carrier using an IQ modulator. 

Such multiplexing technique benefits from flexible bandwidth allocation and scalability in data 

rate granularity without compromising the high bandwidth efficiency. To provide flexible 

bandwidth allocation the spectrum-sliced elastic optical path network (SLICE) [60] has been 

previously studied, where bandwidth is allocated to a particular service based on the demand for 

that service by “slicing off” spectrum resources. In such a system, optical carriers are generated 

using a comb generator, individually modulated by independent data sources, and recombined 

before transmission. Experimentally, 10 Gb/s, 40 Gb/s, and 100 Gb/s data rates per optical 

carrier have been demonstrated. Even though such a configuration is able to achieve data rates up 

to terabits per second, it is not granular enough from a network point of view. Frequency combs 

with very small channel spacing and the use of many electro-optic modulators is inefficient and 

unrealistic. Data rate granularity can be improved significantly by generating all subcarriers 

digitally in the electrical domain and subcarrier allocation can be controlled digitally. We refer to 
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such format as DSCM. The benefits of DSCM format include simple transmitter implementation 

and the ability to use digital signal processing techniques for better reliability and flexibility.     

An EDFA post amplifier was used at the transmitter output to provide enough optical power to 

investigate the nonlinear effect of the system, and a variable attenuator was used to adjust optical 

power launched into the SOA. We used an INPHENIX IPSAD 1501 SOA at 200 mA bias 

current. The SOA has a small signal gain of 15.4 dB and saturation power of -9.2 dBm. The 

simulated and measured gains versus input signal power are plotted in Fig. 4.3. 

 

 

Figure 4.3. SOA nonlinear transfer function. Blue line plot is the simulated gain and the squares are the 
corresponding experimentally measured values for SOA gain. 

 

Fig. 4.4 shows through simulation, the impact of gain saturation effect (captured in Fig. 4.3) on 

an arbitrary time domain signal. It is observed that when the instantaneous power of input signal 

gets close to or beyond the input saturation power of SOA, the time dependent gain goes down 

thereby clipping the peaks at the output of SOA. 
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Figure 4.4: Time domain analysis of impact of SOA gain saturation 
 

After an optical band pass filter (BPF) to remove wideband ASE noise, a variable attenuator was 

used to regulate the received power. The same laser was used for the transmitter and the LO for 

coherent detection. The LO was combined with the signal in a 90 degree optical hybrid.  In-

phase and quadrature components of the signal were recovered using separate photo detectors 

and the electrical signals were recorded using a 20 GSa/s, 6 GHz analog bandwidth, real-time 

digital scope. Offline signal processing performs time and frequency synchronization, as well as 

phase recovery using a 4th power Viterbi-Viterbi phase estimation algorithm [59]. OFDM 

subcarrier separation was performed by digital integration with an FIR filter, while a Nyquist 

receiving filter was used for N-PM [36].  
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4.3 Results and discussion 

We use Error vector magnitude (EVM) as the performance metric for comparison. EVM has 

shown to be a reliable metric for high level modulated optical signals including linear and 

nonlinear impairments [49].  

𝐸𝐸𝐸𝐸𝐸𝐸 ≈ �
1

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
−� 32

𝜋𝜋 × 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
𝑒𝑒−0.5×𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

2
+ 2𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�√0.5 × 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂��

0.5

                     (4.2) 

 
4.3.1 Input power influence 

Fig. 4.5 shows the EVM measured as a function of input power Pin injected into the SOA, where 

Pin was adjusted by varying the attenuation of the VOA. Since the power at the receiver is held 

constant, Pin change is associated with the change in optical signal-to-noise ratio (OSNR) which 

is shown as the upper axes in Fig. 4.5. The OSNR values were measured by an optical spectrum 

analyzer (OSA) with 0.1 nm spectral resolution.  

For the OFDM system, the number of digitally multiplexed subcarriers varied from 8 to 64 while 

the total data rate was fixed as 20 Gb/s, and EVMs shown in Fig. 4.5 (A) were averaged over all 

subcarrier channels. In the linear operation regime with Pin <−25dBm, EVM decreases with the 

increase of Pin due to the increase of OSNR. However, system degradation due to SOA 

nonlinearity takes over for Pin >−20dBm where further increase of Pin results in the enlarged 

EVM. Although EVM in the linear operation regime is independent of the number of subcarriers, 

the EVM degradation due to SOA nonlinearity increases with the number of subcarriers. This is 

attributed primarily to the effect of four-wave mixing (FWM) among subcarriers. EVM as the 

function of OSNR in an ideal system can be calculated based on Equation 4.2 [49], which is also 

shown in Fig. 4.5 for comparison. The floor of measured EVM at 15% is due to the lack of clock 
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OSNR (dB/0.1nm) OSNR (dB/0.1nm) 

phase synchronization between DACs in transmitter card and the ADC in the digital scope. We 

have applied clipping to reduce the peak-to-average power ratio (PAPR) of multi-carrier OFDM 

waveform, although it slightly improved the EVM due to the reduced digitizing error for small 

signals, the same impact was observed in the linear and nonlinear regimes.   

 

 

Figure 4.5: EVM measured as a function of input power launched into SOA. (A): OFDM system for varying number 
of subcarriers, and (B): single-carrier N-PM system with different roll-off factor β. Inset in (B): Transmit eye-
diagrams for β =0 (left) and β =0.5 (right) 
      

Fig. 4.5(B) shows the measured EVM values of N-PM system with different roll-off factors of 

the Nyquist filter. Although EVM versus OSNR characteristics are similar for N-PM and OFDM 

in the linear regime, the EVM degradation due to SOA nonlinearity in N-PM system is 

significantly less compared to that in OFDM. Fig. 4.5(B) also indicates the increased EVM 

degradation in nonlinear regime with reducing the roll-off factor of the Nyquist filter. This is 

attributed to the decreased time jitter tolerance of eye opening with small roll-off factor as 

illustrated in insets of Fig. 4.5(B).  The spectral confinement of N-PM signal can be improved by 

decreasing the Nyquist filter roll-off factor β, while the spectral confinement of an OFDM signal 
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depends on the number of subcarriers. For example, the actual spectral roll-off in a 64 subcarrier 

OFDM system is equivalent to β = 0.03125 for an N-PM system as indicated in Fig. 4.1 which 

illustrates the spectra of digitally composed OFDM and N-PM signals at the transmitter and the 

corresponding spectra at the receiver. The lines of same color in Fig. 4.5(A) and 4.5(B) represent 

EVMs of OFDM and N-PM systems with the same spectral confinement. While OFDM system 

suffers from severe crosstalk due to FWM among subcarriers, N-PM system is primarily affected 

by self-phase modulation (SPM) in the nonlinear regime. We have also observed that phase error 

dominates in the nonlinear regime for both multiplexing schemes. 

4.3.2 Clipping in Nonlinear region 

One of the main drawbacks of a multi-carrier transmission scheme such as OFDM is the high 

peak-to-average power ratio (PAPR). A high PAPR leads to degradation in performance due to 

nonlinearity in a transmission fiber or SOA for a relatively high launch power. In addition, there 

are other nonlinear system components namely, Mach-Zehnder modulator (MZM) and 

DAC/ADC that also introduce distortion.  

PAPR depends directly on the number of subcarriers being multiplexed for efficient use of 

available bandwidth. Spectral efficiency of OFDM signals (Equation 4.3) can be increased by 

increasing the number of subcarriers.  

SEOFDM =
log2 𝑀𝑀

1 + 1
𝑁𝑁

                   (4.3) 

Where 𝑀𝑀 = 2𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 for the subcarrier modulation scheme and N is the number of 

subcarriers. This means, even though increasing subcarriers is desirable to improve spectral 

efficiency, it adversely degrades nonlinear performance of the system. One of the simplest ways 
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to reduce PAPR is clipping [61, 62], in which the peaks of OFDM signal are cut off. Note that 

excessive clipping can cause bit errors. We define clipping ratio as; 

Clipping ratio=
pk-pk amplitude of clipped signal
pk-pk amplitude of original signal

             (4.4) 

Fig. 4.6 (A) shows an inverse relation between clipping ratio and PAPR. We observe through 

Monte Carlo simulations that as the clipping ratio is increased (signal is clipped more), the range 

of PAPR decreases.  

  

Figure 4.6: Impact of clipping on an OFDM signal with 64 subcarriers. (A): CDF of PAPR for various clipping 
ratios. (B): Performance of clipped signals in linear and nonlinear regions.  
 

Fig. 4.6 (B) shows the EVM performance of OFDM signals that have been clipped for various 

clipping ratios ranging from 0.5 to 1 in linear (Pin=−30dBm) and nonlinear (Pin=−15dBm) 

regions. We notice that as we begin to clip the OFDM signal, there is an improvement in 

performance for both linear and nonlinear regions due to the reduction in PAPR. However, 

further clipping (clipping ratio below 0.7) leads to degradation. The differential of the two line 

plots in Fig. 4.6 (B) gives us an interesting result. It is observed that nonlinear region in fact 

benefits more from clipping than linear region. 
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4.4 Conclusion 

We have experimentally compared the performance degradation of CO-OFDM and N-PM 

schemes due to the nonlinearity introduced from an SOA. It was observed that Nyquist sinc-

pulse transmission suffers less nonlinear degradation compared to CO-OFDM at the same 

spectral confinement condition. More specifically, in a CO-OFDM system nonlinear degradation 

increases significantly with the increase of the number of subcarriers, while in an N-PM system 

nonlinear degradation only increases slightly with the decrease of roll-off factor β.  
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Chapter 5 

SSBI Compensation in Multicarrier Optical Systems with Direct Detection  

5.1 Motivation 

Digital signal processing in recent years has allowed electronic domain compensation of linear 

fiber impairments such as chromatic dispersion and polarization mode dispersion in multi-carrier 

optical transmission systems [5-7]. Orthogonal frequency division multiplexing (OFDM) is a 

multicarrier signaling format that can provide high degree of flexibility and high spectral 

efficiency. In OFDM, high speed data is partitioned into multiple orthogonal subcarrier channels, 

and therefore the overall spectrum is tightly confined within a sharp boundary [36]. Direct-

detection optical OFDM (DD-OOFDM) provides a low-cost alternative to coherent-detection as 

it does not require the optical local oscillator in the receiver and the associated complication of 

wavelength and optical phase tracking. DD-OOFDM usually suffers from signal-signal beat 

interference (SSBI) originated from nonlinear mixing among signal subcarriers in the photodiode 

which performs square-law detection. This nonlinear crosstalk may significantly degrade the 

performance of DD-OOFDM, especially of the low frequency subcarrier channels [63]. Band-

offset modulation, also called as offset OFDM, [6] has been used to eliminate SSBI in DD-

OOFDM, but it sacrifices 50% bandwidth efficiency. The impact of SSBI can also be reduced by 

increasing the carrier-to-signal power ratio (CSPR) [33], but this is associated with the 

degradation of receiver sensitivity. 

Iterative SSBI compensation in the digital domain has been demonstrated [29], which preserves 

the bandwidth efficiency and the receiver sensitivity. While this technique has been shown 

effective in an optical system operating in the linear regime, its effectiveness in the nonlinear 
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regime has not been investigated. We have used a semiconductor optical amplifier (SOA) in the 

system as a controlled nonlinear medium to investigate the impact of nonlinear transfer function 

in SSBI compensation. Our experimental results show that the nonlinear transfer function in the 

optical system makes the digital SSBI compensation less effective, especially at high levels of 

carrier-to-signal power ratio. In addition to providing a nonlinear transfer function for the 

investigation of system performance, SOA, as a small-size and integrable device, may also offer 

a cost-effective solution in optical transmitters for applications in metro optical networks [24, 

57]. 

Based on how the multicarrier OFDM signal is generated, direct detection OFDM is classified 

either as linearly mapped or nonlinearly mapped direct detection OFDM. 

5.2 Linearly Mapped Direct Detection OFDM 

In the case of linearly mapped DD-OOFDM, the optical OFDM signal is a replica of the 

electrical baseband OFDM signal and also includes an optical carrier. The optical carrier power 

is usually the same as the optical signal power. The placement of the carrier with respect to the 

signal can either be in the offset modulation format [6] (carrier is one OFDM spectrum 

bandwidth away from the signal) or it can be inserted at the edge of the OFDM signal spectrum 

as is done in virtual single sideband OFDM (VSSB-OFDM) [64]. Mathematically, this linearly 

mapped DD-OOFDM can be represented as; 

𝑠𝑠(𝑡𝑡) = 𝑒𝑒𝑗𝑗2𝜋𝜋𝑓𝑓0𝑡𝑡 + 𝑠𝑠𝐵𝐵(𝑡𝑡) ∙ 𝛼𝛼𝑒𝑒𝑗𝑗2𝜋𝜋(𝑓𝑓0+∆𝑓𝑓)𝑡𝑡          (5.1) 

Where s(t) is the optical OFDM signal, f0 is the optical carrier frequency, ∆𝑓𝑓 is the guard band 

between carrier and signal, and 𝛼𝛼 is the scaling factor that can be used to adjust the relative 
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power between the carrier and multicarrier signal. 𝑠𝑠𝐵𝐵(𝑡𝑡) is the baseband OFDM signal described 

in Equation 5.2.  

𝑠𝑠𝐵𝐵(𝑡𝑡) = � 𝑋𝑋𝑘𝑘𝑒𝑒𝑗𝑗2𝜋𝜋𝑓𝑓𝑘𝑘𝑡𝑡

𝑁𝑁
2

𝑘𝑘=−𝑁𝑁2 +1

                            (5.2) 

Where Xk is the OFDM symbol, N is the total number of OFDM subcarriers, and fk is the 

frequency of the kth OFDM subcarrier. When the optical signal passes through fiber cable, it 

accumulates chromatic dispersion (CD) and can be approximated as; 

𝑟𝑟(𝑡𝑡) = 𝑒𝑒(𝑗𝑗2𝜋𝜋𝑓𝑓0𝑡𝑡−∅𝐷𝐷(−∆𝑓𝑓)+𝜑𝜑(𝑡𝑡)) + 𝛼𝛼𝑒𝑒𝑗𝑗(2𝜋𝜋(𝑓𝑓0+∆𝑓𝑓)𝑡𝑡+𝜑𝜑(𝑡𝑡)) ∙ � 𝑋𝑋𝑘𝑘𝑒𝑒�𝑗𝑗2𝜋𝜋𝑓𝑓𝑘𝑘𝑡𝑡+∅𝐷𝐷(𝑓𝑓𝑘𝑘)�

𝑁𝑁
2

𝑘𝑘=−𝑁𝑁2 +1

                (5.3) 

∅𝐷𝐷(𝑓𝑓𝑘𝑘) = 𝜋𝜋 ∙ 𝑐𝑐 ∙ 𝐷𝐷𝑡𝑡 ∙
𝑓𝑓𝑘𝑘2

𝑓𝑓02
�                     (5.4) 

Where ∅𝐷𝐷(𝑓𝑓𝑘𝑘) is the phase delay due to CD for the kth subcarrier, 𝐷𝐷𝑡𝑡 is the accumulated CD, and 

c is the speed of light. The photodetector performs a square law detection and the resulting 

photocurrent can be written as; 

𝐼𝐼(𝑡𝑡) ∝ |𝑟𝑟(𝑡𝑡)|2 = 𝜂𝜂|𝑟𝑟(𝑡𝑡)|2

= 1 + 2𝛼𝛼𝛼𝛼𝛼𝛼

⎩
⎨

⎧
𝑒𝑒𝑗𝑗2𝜋𝜋∆𝑓𝑓𝑓𝑓 � 𝑋𝑋𝑘𝑘𝑒𝑒�𝑗𝑗2𝜋𝜋𝑓𝑓𝑘𝑘𝑡𝑡+∅𝐷𝐷(𝑓𝑓𝑘𝑘)−∅𝐷𝐷(−∆𝑓𝑓)�

𝑁𝑁
2

𝑘𝑘=−𝑁𝑁2 +1 ⎭
⎬

⎫

+ |𝛼𝛼2| � � 𝑋𝑋𝑘𝑘2
∗ 𝑋𝑋𝑘𝑘1𝑒𝑒

�𝑗𝑗2𝜋𝜋(𝑓𝑓𝑘𝑘1−𝑓𝑓𝑘𝑘2)𝑡𝑡+∅𝐷𝐷�𝑓𝑓𝑘𝑘1�−∅𝐷𝐷�𝑓𝑓𝑘𝑘2��

𝑁𝑁
2

𝑘𝑘2=
−𝑁𝑁
2 +1

𝑁𝑁
2

𝑘𝑘1=−
𝑁𝑁
2+1

         (5.5) 

Where 𝜂𝜂 is the responsivity of the photodetector. In equation 5.5, the first term is a DC 

component that can be easily filtered out. The second term is the useful fundamental term 
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consisting OFDM subcarrier information that needs to be received. The third term is the second-

order intermodulation term referred to as SSBI that needs to be removed from the received 

signal. The techniques to minimize SSBI, principles, their advantages and disadvantages are 

discussed in the next section. 

5.2.1 Techniques to minimize SSBI 

Offset SSB-OFDM: A guard band that is equal to the OFDM spectrum bandwidth is allocated 

between optical carrier and optical OFDM signal such that the second and third terms of 

equation 5.5 don’t overlap in frequency. This was, the intermodulation term, or SSBI can be 

removed using a RF filter. To illustrate the effect of SSBI nonlinear mixing among subcarriers 

on the received spectrum in such a setup, we first consider an OFDM signal that occupies a 

certain bandwidth (say 2.5GHz) equal to the guard band between carrier and signal as shown in 

Fig. 5.1(A). 

 

Fig. 5.1: Illustration of SSBI (simulation) in Offset-SSB modulation. (A): Transmit OFDM signal with 32 
subcarriers. (B): Direct detection received signal with SSBI present between carrier and data signal. 

 

Fig. 5.1(A) shows the data spectrum digitally generated by a Matlab program which drives the 

transmitter MZM after DAC and RF amplification. In this spectrum, 2.5 GHz guard band would 

be reserved on each side of the carrier to elaborate the effect of nonlinear mixing in this region. 
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Fig. 5.1(B) shows the simulated spectrum of the received signal when direct detection is 

performed. Due to the square law operation at the photodetector, we see that inter-subcarrier 

mixing renders the spectrum between carrier and data signal useless, effectively reducing the 

system bandwidth by 50%. 

Baseband optical SSB-OFDM: In this technique the optical carrier is much stronger than the 

OFDM signal. The scaling factor 𝛼𝛼 is reduced to a very low value in order for the third term to 

become insignificant. Even though this approach has the advantage of better spectral efficiency, 

it suffers tremendously because of its poor receiver sensitivity [7, 65].  

RF tone assisted OFDM: The two techniques previously mentioned either are spectrally 

inefficient (Offset-SSB) or have poor receiver sensitivity (Baseband SSB-OFDM). To solve 

these issues, Peng et al. proposed RF tone assisted OFDM in [66]. Two variations of such 

technique have been demonstrated. The first variant is similar to Offset-SSB with a slight 

modification of using an RF tone instead of optical carrier for detection. The second variant has 

OFDM data on odd orthogonal subcarriers and the even subcarriers are cero padded. The 

principles of these two variants are shown in Fig. 5.2. The optical carrier in both these cases is 

suppressed by biasing both arms of an IQ modulator at the minimum point and an RF tone that is 

inserted at the left edge of electrical spectrum is used for direct detection.  

B/2-B/2

Inserted 
RF tone

Suppressed 
Optical carrier

0

OFDM 
subcarriers

(A)

B/2-B/2

Inserted 
RF tone

Suppressed 
Optical carrier

0

Odd subcarriers: OFDM data
Even subcarriers: zero padded

(B)

Figure 5.2:  Two variants of RF tones assisted OFDM, (A): First variant similar to Offset-SSB. (B): Second variant 
with OFDM data on odd subcarriers and even carriers filled with zeros.  
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It is to be noted that such OFDM data configurations results in complex valued signal whose real 

part and imaginary part are used to drive the two arms of the IQ modulator. For single sideband 

transmission, the phase shifter is biased at the quadrature point. When the optically modulated 

signal is detected using a photodetector, the resulting spectra for the above two variants is shown 

in Fig. 5.3. 

B0 B/2

Signal
(A)

B0 B/2

(B)
SSBI

SSBI
Signal

 

Figure 5.3:  Spectrum of detected signal for two variants of RF tones assisted OFDM, (A): First variant 
with SSBI between 0 and B/2. (B): Second variant with alternating SSBI and OFDM signal.  

 

Thus the interference from second order intermodulation term in both these variants does not 

distort the OFDM subcarriers.  

Virtual SSB-OFDM (VSSB-OFDM): Previously discussed Offset-SSB and RF tone assisted 

OFDM techniques suffer from inefficient utilization of available system bandwidth. To improve 

receiver sensitivity and spectral efficiency, Peng et al demonstrated VSSB-OFDM [64]. The 

optical carrier is again suppressed and not used for detection. Instead a RF tone is inserted at the 

leftmost OFDM subcarrier, which after optical modulation acts the optical carrier for detection 

purpose. The two arms of the IQ modulator are driven by the real and imaginary values of the 

complex valued OFDM signal, whose subcarrier arrangement is shown in Fig. 5.4(A). The main 

optical carrier from the optical source is suppressed by biasing each arm of modulator at 

minimum point while the phase shifter is biased at quadrature point for SSB transmission. 
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Figure 5.4:  Electrical and optical spectra for VSSB-technique, (A): Spectral arrangement of OFDM 
subcarriers in the electrical signal. (B): Optical signal at the output of IQ modulator with suppressed main 
optical carrier.  

 

In such transmission configuration, the carrier-to-signal power ratio (CSPR) plays a critical role 

in terms of the end-to-end performance. CSPR is defined as the ratio of the power in the RF 

induced optical carrier to the total OFDM optical signal power. Obviously, when the CSPR is 

high, SSBI would be small as third term in Equation 5.5 would be relatively much smaller than 

the useful second term. This is similar to the Baseband SSB-OFDM approach proposed by 

Hewitt [65]. For a low CSPR, SSBI interference is significant and Peng et al. propose a iterative 

cancellation technique to remove this intermodulation nonlinearity.  

There are clear pros and cons of each technique mentioned in this section. For example, 

Baseband SSB-OFDM has better spectral efficiency, but suffers from low receiver sensitivity. 

Additionally, VSSB-OFDM technique demonstrates good spectral utilization and has high 

receiver sensitivity at the cost computational complexity. We focus on VSSB-OFDM approach 

for our work as there has been tremendous progress in electronic digital signal processing (DSP) 

for optical communication in the last two decades. Powerful silicon chips with filters and large 

number of taps, high speed digital-to-analog convertors (DAC), and high speed electro-optic 
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modulators have made the optical community put more complexity burden on DSP modules and 

thereby being able to independently optimize the use of each available resource. 

5.3 Nonlinearly Mapped Direct Detection OFDM 

Nonlinearly mapped DD-OFDM is the second category of DD-OFDM in which the optical 

signal is no longer the linear translation of the electrical OFDM signal. Here linear mapping 

takes place between the electrical baseband OFDM signal and the optical intensity. One such 

mapping is proposed by Schuster et al. [67] called Compatible-SSB OFDM (C-SSB) that can 

achieve higher spectral efficiency than Offset-SSB modulation. The main advantage of using C-

SSB is to reduce the SSBI in direct detection systems. This phenomenon can be easily 

demonstrated mathematically. An OFDM optical field can be expressed by a summation of the 

optical carrier and multiple OFDM signal subcarriers as [68], 

𝑥𝑥�(𝑡𝑡) = 𝐴𝐴0 �1 + � 𝑋𝑋�𝑘𝑘𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋∆𝑓𝑓𝑓𝑓
𝑁𝑁−1

𝑘𝑘=0

� . 𝑒𝑒−𝑗𝑗𝜔𝜔0𝑡𝑡            (5.6) 

 

Where, ω0 is the optical carrier frequency, A0 is the optical carrier amplitude, N is the total 

number of subcarriers, ∆f is the frequency spacing between OFDM subcarriers and 𝑋𝑋�𝑘𝑘 represents 

the QPSK data symbol. Due to the photodetector square-law detection, the photocurrent is 

proportional to the received optical power. 

𝚤𝚤̃(𝑡𝑡) ∝ |𝐴𝐴0|2 �1 + � 𝑋𝑋�𝑘𝑘𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋∆𝑓𝑓𝑓𝑓
𝑁𝑁−1

𝑘𝑘=0

�

2

                   (5.7) 

Squaring of the received optical field leads to mixing of optical carrier and OFDM subcarriers 

(desired) and mixing among subcarriers (SSBI). This crosstalk spreads over the complete RF 
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bandwidth and hence contaminates the received signal.  Mixing among subcarriers can be 

avoided by simply encoding the OFDM data onto and exponential envelope expressed as,  

𝑥𝑥�(𝑡𝑡) = 𝐴𝐴0 exp �1 + � 𝑋𝑋�𝑘𝑘𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋∆𝑓𝑓𝑓𝑓
𝑁𝑁−1

𝑘𝑘=0

� . 𝑒𝑒−𝑗𝑗𝜔𝜔0𝑡𝑡            (5.8) 

When the above described optical field is detected by a photo-detector the photocurrent will be, 

𝚤𝚤̃(𝑡𝑡) ∝ |𝐴𝐴0|2exp �2 � 𝑋𝑋�𝑘𝑘𝑒𝑒𝑗𝑗2𝜋𝜋𝜋𝜋∆𝑓𝑓𝑓𝑓
𝑁𝑁−1

𝑘𝑘=0

�                            (5.9) 

It can be seen in Equation 5.9 that there is no nonlinear mixing among subcarriers and SSBI 

crosstalk is avoided. Schuster et al. in [67] also have shown that C-SSB modulation scheme 

suffers from poor sensitivity (about 6 dB worse than Offset-SSB) and poor tolerance to 

chromatic dispersion.  

The primary focus of our work is to understand and compensate for second-order 

intermodulation SSBI impairment in a controlled nonlinear medium. A semiconductor optical 

amplifier (SOA) is used to give a nonlinear transfer function, as previously shown in Fig. 4.3. 

Next section lists out details of our experiment followed by discussion of results.  

5.4 Experimental Setup 

 

Figure 5.5: Experimental setup (includes inset showing the transmitted spectrum). 
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The experiment is setup is schematically shown in Figure 5.5. A C-band tunable DFB laser with 

10 MHz spectral linewidth is used as the optical source. Virtual single sideband (VSSB) OFDM 

signal is generated through an I/Q modulator which translates the in-phase (I) and quadrature (Q) 

data channels into the upper and the lower sidebands of the optical signal and thus the electric 

bandwidth utilization is doubled. The optical carrier is suppressed by appropriately setting the 

biasing of the modulator, and an RF tone is inserted at the edge of the negative sideband so that 

direct detection can be used in the receiver as illustrated in the inset of Figure 5.5. 15 Gb/s data 

stream in QPSK format is loaded onto 95 subcarriers (out of the total 256 subcarriers) through 

serial to parallel conversion and IFFT. The data is loaded onto subcarriers 1 through 48 and 210 

through 256, and the remaining subcarriers are forced to zero. This results in an optical 

bandwidth of 7.5 GHz. The RF tone is inserted onto the 209th subcarrier (at −3.75 GHz).  The I 

and Q components that are fed into a commercial CIENA optical transceiver card [69], are the 

real and imaginary parts of digitally generated VSSB−OFDM signal. This card is equipped with 

two DACs with 21.418 GSa/s sampling rate at 6-bits resolution. An EDFA post amplifier is used 

after the modulator to provide adequate optical power which allows us to explore linear and 

nonlinear operation regions of an SOA after a variable attenuator (VOA). The SOA used in the 

experiment is INPHENIX IPSAD 1501 with a small signal gain of 15.4 dB at 200mA driving 

current. ASE noise generated from an EDFA is loaded into the optical signal through a 3−dB 

coupler which allows the variation of OSNR at the receiver. An optical band-pass filter (BPF) 

with 1 nm bandwidth is used to filter out the wide-band ASE noise. The signal optical power at 

the photodetector is maintained at 0 dBm throughout the experiment. The photocurrent is 

recorded using a 50 GSa/s digital oscilloscope and signal processing algorithms are implemented 

offline using MATLAB programming.  
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5.5 SSBI Compensation Technique 

In the direct detection process, the photodiode in the receiver performs squaring operation on the 

incident optical field. Useful data signals are generated from the mixing between the carrier and 

subcarriers. At the same time, inter-channel crosstalk is also generated due to the intermixing 

among subcarriers, known as SSBI. Compensation of SSBI in digital domain is a promising 

technique to ensure the quality of data transmission. Fig. 5.6(A) illustrates the iterative procedure 

of SSBI compensation, which relies on the reconstruction of interference waveform and 

subtracting it from the originally received signal. This process can be repeated multiple times to 

minimize the effect of SSBI, but the effectiveness diminishes as the number of iteration 

increases.  

 
Figure 5.6: Steps involved in SSBI compensation technique (A), comparison of recevied spectrum before and after 
SSBI compensation (B). 
 

For the purpose of demonstrating the operation principle of SSBI cancellation, we have 

constructed a conventional band off-set modulation spectrum as shown in Fig. 5.6(B). In this 

spectrum, the total optical bandwidth is 10 GHz, but a 2.5 GHz guard band is reserved on each 

side of the optical carrier to elaborate the effect of SSBI in this region. Upon direct detection, 
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SSBI creates significant crosstalk components inside the guard band (DC to 2.5 GHz) shown as 

red spectrum in Fig. 5.6(B).  The created SSBI has a signature triangular spectral shape 

originated from the convolution process of signal-signal interference, and thus the strongest 

impact of SSBI crosstalk is on the OFDM subcarriers closest to optical carrier. The SSBI 

crosstalk can be significantly reduced through digital compensation based on the procedure 

shown in Fig. 5.6(A). The electric spectrum after a single iteration of SSBI correction is also 

shown in Fig. 5.6(B) (blue line), which clearly demonstrates significant reduction of SSBI 

crosstalk compensation inside the guard band. 

5.6 Efficiency of SSBI compensation in a nonlinear system 

Although SSBI compensation has been previously demonstrated in directly detected optical 

systems operating in the linear regime, its effectiveness has not been investigated when the 

system is significantly nonlinear. In order to quantitatively evaluate the impact of SSBI on the 

system performance, we use Error vector magnitude (EVM) as the performance metric in our 

experiments. EVM has shown to be a reliable metric for high level modulated optical signals 

including linear and nonlinear impairments [49]. An important system parameter determining the 

effect of SSBI is the carrier-to-signal power ratio (CSPR). A high CSPR results in a low SSBI 

because the mixing between the carrier and the signal subcarriers is much stronger than the 

mixing among subcarriers. But an increased CSPR would result in a degradation of the required 

OSNR in the receiver because a significant portion of the optical power is in the optical carrier 

and the signal subcarriers are relatively weak. Three different values of CSPR, 2dB, 6dB and 

10dB, are used in our experiment.  
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To study the impact of nonlinearities in the system introduced by the SOA, we consider three 

different signal optical power levels, −30dBm, −20dBm, and −10dBm, at the input of the SOA. 

At the injection current of 200mA, the small signal gain of the SOA is 15.4dB, and the 3dB input 

saturation power is approximately −15dBm. 

 

 
 

 
Figure 5.7: EVM as a function of OSNR for various SOA input launch power values. CSPR = 2 dB (A), CSPR = 6 

dB (B), and CSPR = 10 dB (C).  
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In Fig. 5.7, we experimentally determine EVM as a function of optical signal-to-noise ratio 

(OSNR). The OSNR values were measured by an optical spectrum analyzer (OSA) with 0.1nm 

spectral resolution. For each value of CSPR, we evaluate system performance in linear as well as 

nonlinear regime of the SOA, before and after SSBI compensation. Without SSBI compensation, 

system performance improves with the increase of OSNR, but is relatively independent of the 

SOA input power levels Pin (red lines). However, after SSBI compensation is applied, the 

reduction in EVM strongly depends on the values of both CSPR and Pin. Performance 

degradation due to SSBI is severe at low CSPR of 2 dB, and becomes less severe as CSPR 

increases to 6dB, and finally to 10dB. We observe that EVM can be improved significantly 

(about 14%; for 30dB OSNR) through SSBI compensation for low CSPR case. The 

corresponding improvement in EVM diminishes to 10% for CSPR = 6 dB, and about 5% for 

CSPR = 10 dB. Hence, we first conclude that SSBI compensation is most effective when the 

degradation is mostly due to SSBI because of the low CSPR.  

We then evaluate performance of this technique in the nonlinear region (Pin=−10 dBm). We 

observe, besides the first drawn conclusion, that the SSBI compensation technique is not as 

effective as it was in the linear region. For example, for the same OSNR value of 30 dB, the 

EVM improvement goes down to 10%, 6%, and 3.5% for CSPR values of 2, 6, and 10 dB, 

respectively. Therefore, this technique cannot work as a standalone compensation method in the 

presence of nonlinear impairments. Hence, a more effective technique is needed to compensate 

for both SSBI and SOA impairments and will be part of our future work.  
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5.7 Conclusion 

We have described SSBI impairment in direct detection systems and classified several prposed 

solutions. We experimentally evaluated the performance of SSBI compensation technique 

proposed by Peng et al. in a nonlinear system setup. Our results show that this compensation 

technique is able to reduce inter-subcarrier mixing when a nonlinear device, such as an SOA 

operates in the linear region. However, when the SOA is operating in the nonlinear region, SSBI 

compensation is not able to fully remove mixing at the same CSPR level. A better technique that 

integrates current SSBI reduction technique with SOA transfer function inversion will be 

necessary to mitigate interference in such systems.  
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Chapter 6 

Conclusion and future work  

Multicarrier optical transmission offers a wide array of benefits and promises to shape future 

optical telecommunication research and development. However, a multicarrier signaling scheme 

may lead to inter-subcarrier mixing in certain configurations, such as in (1) radio-over-fiber 

systems while down converting RF signal to baseband in the customer unit, and (2) direct 

detection systems where nonlinearity comes from the square-law detection receiver. Nonlinear 

mixing can also be produced by other optical system element, such as a SOA, which further 

complicates the mechanism, and increases the level of difficulty for compensation.  

In this dissertation, the goal is to understand SSBI impairment in various optical system 

configurations and propose compensation techniques, in the presence or absence of different 

nonlinear effects. Our research findings can be summarized as follows; 

1. Carrier extraction and reuse (CER) technique proposed for RoF systems is able to 

significantly reduce SSBI compared to RF self-homodyne technique. CER is able to 

make overall RoF system design simple and cost effective. The RF carrier for the uplink 

path need not be additionally generated, as the extracted carrier from the downlink path is 

reused as the carrier for uplink data.   

2. In the case of coherent detection systems, we show that Nyquist sinc-pulse transmission 

was less susceptible to nonlinear degradation compared to CO-OFDM at the same 

spectral confinement condition and same bandwidth efficiency. We also experimentally 

demonstrated that nonlinear region benefitted more from clipping (to reduce PAPR) than 

the linear region. 
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3. For multi-carrier optical systems with direct detection and using SOA for optical 

amplification, we have shown that SSBI contamination can be removed from the useful 

data carrying signal to a large extent when the optical system operates in the linear 

region, especially when the carrier-to-signal power ratio is low. However, similar SSBI 

mitigation in the nonlinear region could not be achieved due to the fast carrier dynamics 

of the SOA.   

There are many research opportunities looking ahead in this area of optical telecommunications.  

1. For the RoF systems, the frequency stabilization of the two lasers for optical heterodyne 

mixing and its effect on the system performance can be further studied. Also, our 

experimental setup uses the same carrier frequency for both downlink and uplink paths, 

which might be a significant problem if spatial and time diversity is not used. A carrier 

frequency adjustment methodology can be developed for a functional bi-directional link 

without the need of time/spatial diversity. 

2.  An iterative SSBI compensation technique that works for both linear and nonlinear 

system configuration needs to be investigated for direct detection systems.  

3. Development of real-time optical receivers will allow for more accurate performance 

monitoring. Field programmable gate array (FPGA) based optical signal generation and 

reception will allow researchers to better understand and establish system limitations with 

respect to performance, system complexity, and energy conservation.  
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Appendix 

Phase sensitivity of Carrier extraction and reuse technique 

Let the electric fields of two lasers used in figure 3.3 be, 

𝐸𝐸1𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓1𝑡𝑡+∅1) 

𝐸𝐸2𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓2𝑡𝑡+∅2) 

The first laser is modulated using a sinusoid 𝑚𝑚cos 2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡 and the second laser is unmodulated 

and is used to generate RF carrier by optical heterodyning at the PD. 

Electric fields of modulated and unmodulated optical carriers are: 

𝐴𝐴1(𝑡𝑡) = 𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓1𝑡𝑡+∅1) +
𝑚𝑚
2

[𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓1𝑡𝑡+∅1+2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡) + 𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓1𝑡𝑡+∅1−2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡)]                 (1) 

𝐴𝐴2(𝑡𝑡) = 𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓2𝑡𝑡+∅2)                                                                                                        (2) 

After transmission over the SMF these equation can be written as; 

𝐴𝐴𝑓𝑓1(𝑡𝑡) = 𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓1𝑡𝑡+∅1+𝜃𝜃0) +
𝑚𝑚
2

[𝑒𝑒𝑖𝑖{2𝜋𝜋(𝑓𝑓1+𝑓𝑓𝑚𝑚)𝑡𝑡+∅1+𝜃𝜃1} + 𝑒𝑒𝑖𝑖{2𝜋𝜋(𝑓𝑓1−𝑓𝑓𝑚𝑚)𝑡𝑡+∅1+𝜃𝜃2}]     (3) 

𝐴𝐴𝑓𝑓2(𝑡𝑡) = 𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓2𝑡𝑡+∅2+𝜃𝜃3)                                                                                                  (4) 

The complex conjugates of (3) and (4) can be written as; 

𝐴𝐴𝑓𝑓1∗ (𝑡𝑡) = 𝑒𝑒−𝑖𝑖(2𝜋𝜋𝑓𝑓1𝑡𝑡+∅1+𝜃𝜃0) +
𝑚𝑚
2

[𝑒𝑒−𝑖𝑖{2𝜋𝜋(𝑓𝑓1+𝑓𝑓𝑚𝑚)𝑡𝑡+∅1+𝜃𝜃1} + 𝑒𝑒−𝑖𝑖{2𝜋𝜋(𝑓𝑓1−𝑓𝑓𝑚𝑚)𝑡𝑡+∅1+𝜃𝜃2}]     (5) 

𝐴𝐴𝑓𝑓2∗ (𝑡𝑡) = 𝑒𝑒−𝑖𝑖(2𝜋𝜋𝑓𝑓2𝑡𝑡+∅2+𝜃𝜃3)                                                                                                      (6) 

Optical heterodyning at the photodetector generates a RF signal given by, 

𝑖𝑖𝑝𝑝(𝑡𝑡) = 𝑅𝑅 × ��𝐴𝐴𝑓𝑓1(𝑡𝑡) + 𝐴𝐴𝑓𝑓2(𝑡𝑡)� × �𝐴𝐴𝑓𝑓1∗ (𝑡𝑡) + 𝐴𝐴𝑓𝑓2∗ (𝑡𝑡)�� 
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          = 𝑅𝑅 × �1 +
𝑚𝑚
2
𝑒𝑒−𝑖𝑖(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡+𝜃𝜃1−𝜃𝜃0) +

𝑚𝑚
2
𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡+𝜃𝜃0−𝜃𝜃2) + 𝑒𝑒𝑖𝑖(2𝜋𝜋(𝑓𝑓1−𝑓𝑓2)𝑡𝑡+∅1−∅2+𝜃𝜃0−𝜃𝜃3)

+
𝑚𝑚
2
𝑒𝑒𝑖𝑖(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡+𝜃𝜃1−𝜃𝜃0) +

𝑚𝑚2

4
+
𝑚𝑚2

4
𝑒𝑒𝑖𝑖(2𝜋𝜋2𝑓𝑓𝑚𝑚𝑡𝑡+𝜃𝜃1−𝜃𝜃2)

+
𝑚𝑚
2
𝑒𝑒𝑖𝑖(2𝜋𝜋(𝑓𝑓1−𝑓𝑓2+𝑓𝑓𝑚𝑚)𝑡𝑡+∅1−∅2+𝜃𝜃1−𝜃𝜃3) +

𝑚𝑚
2
𝑒𝑒−𝑖𝑖(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡+𝜃𝜃0−𝜃𝜃2) +

𝑚𝑚2

4
𝑒𝑒−𝑖𝑖(2𝜋𝜋2𝑓𝑓𝑚𝑚𝑡𝑡+𝜃𝜃1−𝜃𝜃2)

+
𝑚𝑚2

4
+
𝑚𝑚
2
𝑒𝑒𝑖𝑖(2𝜋𝜋(𝑓𝑓1−𝑓𝑓2−𝑓𝑓𝑚𝑚)𝑡𝑡+∅1−∅2+𝜃𝜃2−𝜃𝜃3) + 𝑒𝑒−𝑖𝑖(2𝜋𝜋(𝑓𝑓1−𝑓𝑓2)𝑡𝑡+∅1−∅2+𝜃𝜃0−𝜃𝜃3)

+
𝑚𝑚
2
𝑒𝑒−𝑖𝑖(2𝜋𝜋(𝑓𝑓1−𝑓𝑓2+𝑓𝑓𝑚𝑚)𝑡𝑡+∅1−∅2+𝜃𝜃1−𝜃𝜃3) +

𝑚𝑚
2
𝑒𝑒−𝑖𝑖(2𝜋𝜋(𝑓𝑓1−𝑓𝑓2−𝑓𝑓𝑚𝑚)𝑡𝑡+∅1−∅2+𝜃𝜃2−𝜃𝜃3) + 1� 

 

= 𝑅𝑅 × �2 + 𝑚𝑚 cos(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡 + 𝜃𝜃1 − 𝜃𝜃0) + 𝑚𝑚 cos(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡 + 𝜃𝜃0 − 𝜃𝜃2)

+ 2cos(2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃0 − 𝜃𝜃3) +
𝑚𝑚2

2
+
𝑚𝑚2

2
cos(2𝜋𝜋2𝑓𝑓𝑚𝑚𝑡𝑡 + 𝜃𝜃1 − 𝜃𝜃2)

+ 𝑚𝑚 cos(2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 + 𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃1 − 𝜃𝜃3)

+ 𝑚𝑚 cos(2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 − 𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃2 − 𝜃𝜃3)�                 (7) 

 

The extracted RF carrier at (f1-f2) is given by (half power because of splitter), 

𝐶𝐶(𝑡𝑡) = 𝑅𝑅 cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃0 − 𝜃𝜃3}       (8) 

RF self-mixing process results in (Eq. 7 multiplied by Eq. 8)  
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𝑖𝑖𝑝𝑝(𝑡𝑡)
2

× 𝐶𝐶(𝑡𝑡) = 2𝑅𝑅2 cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃0 − 𝜃𝜃3}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 + 𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃1 − 𝜃𝜃3}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 − 𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 2𝜃𝜃0 − 𝜃𝜃1 − 𝜃𝜃3}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 + 𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 2𝜃𝜃0 − 𝜃𝜃2 − 𝜃𝜃3}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 − 𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃2 − 𝜃𝜃3}

+𝑅𝑅2 cos{2[2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃0 − 𝜃𝜃3]} + 𝑅𝑅2

+
𝑚𝑚2𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃0 − 𝜃𝜃3}

+𝑚𝑚2𝑅𝑅2 cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 + 2𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃1 − 𝜃𝜃2}

+ 𝑚𝑚2𝑅𝑅2 cos{2𝜋𝜋(𝑓𝑓1 − 𝑓𝑓2 − 2𝑓𝑓𝑚𝑚)𝑡𝑡 + ∅1 − ∅2 + 𝜃𝜃0 − 𝜃𝜃3−𝜃𝜃1 + 𝜃𝜃2}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓𝑚𝑚)𝑡𝑡 + 𝜃𝜃1 − 𝜃𝜃0}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(2𝑓𝑓1 − 2𝑓𝑓2 + 𝑓𝑓𝑚𝑚)𝑡𝑡 + 2∅1 − 2∅2 + 𝜃𝜃0 + 𝜃𝜃1 − 2𝜃𝜃3}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(𝑓𝑓𝑚𝑚)𝑡𝑡 + 𝜃𝜃0 − 𝜃𝜃2}

+
𝑚𝑚𝑅𝑅2

2
cos{2𝜋𝜋(2𝑓𝑓1 − 2𝑓𝑓2 − 𝑓𝑓𝑚𝑚)𝑡𝑡 + 2∅1 − 2∅2 + 𝜃𝜃0 + 𝜃𝜃2 − 2𝜃𝜃3} 

 

If we assume fiber dispersion is negligible (i.e.≈ 0) and use a filter to extract the baseband signal 

at fm, the above equation can be written as:   

received signal = 𝑚𝑚𝑅𝑅2 cos{2𝜋𝜋(𝑓𝑓𝑚𝑚)𝑡𝑡} 
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