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Abstract 

Wavelength-division multiplexing (WDM) is a promising technology to accommodate 

the explosive growth of the Internet and telecommunication traffic in wide-area and 

local-area network. Under the current long-distance WDM transmission system, 

erbium-doped single mode fiber amplifier (EDFA) is more and more utilized 

indispensably. This makes the system performance more vulnerable to fiber nonlinear 

impairments. Therefore, the transmission capacity of dense WDM systems is 

determined mainly by the degree to which the fiber impairments are compensated. 

Among the numerous nonlinearities, Kerr effects, especially four-wave mixing (FWM) 

has been viewed as the most detrimental factor in dense WDM systems. 

Several methods have been put forward to suppress the FWM impairments. However 

there are drawbacks. Post-compensation with backward propagation (BP) method using 

digital coherent detection is developed recently and can compensate fiber transmission 

degradation including fiber nonlinearity impairments. Moreover, this method offers 

great flexibility to transmission length, fiber characteristics. However, for complete 

compensation, the extra detectors for out of band information produced by FWM are 

required. Additionally, great computation power is required since many compensation 

steps are necessary in the segmenting of the transmitted fibers for processing. 

We propose, therefore, a novel FWM impairments compensation method based on 

estimating FWM components and then substituting the estimated components for the 

generated ones in this dissertation. With estimation method, the number of detectors is 

reduced since only signal channels are detected and information of other FWM channels 



is deduced based on these detected channels. Simulation is performed based on a 

five-channel DPSK modulated WDM system, in which compensation performance is 

compared between our estimation method and BP method. The compensation 

performance is evaluated by eye penalty of each signal. The compensation results 

indicate that the input optical power tolerance is improved by nearly 5.5dB. 

The compensation performance is also verified experimentally. This method is 

preferable in terms of fewer employed detectors, less computation power, and fewer 

actual circuits involved. It is also discussed in multi-channel systems, in which the total 

efficiency of FWMs on center channel with respect to different channel spacing is 

calculated. For the case of 100GHz channel spacing, 30 channels are considered to be 

degraded and utilized for a rough FWM estimation. 

We also propose to experimentally demonstrate the feasibility of electrical post 

compensation with BP before putting forward the estimation method. Various fiber 

propagation degradations may be digitally compensated, relieving the need for complex 

and expensive optical solutions. The difficulties of FWM electrical compensation are to 

convert optical signal information to electrical signal with remaining the phase relation 

of individual channels after coherent detection. We modulate a local oscillator (LO) 

light using a phase modulator to realize fixed phase relationship among LOs when 

coherent detected by individual detectors. The combined individual detected signals are 

compensated by observing the signal-to-FWM crosstalk ratio as well as the eye penalty 

for non-degenerate case as well as degenerate case. The compensation possibilities by 

reducing detectors and the required are demonstrated. Simulation for observing the 

number of required detectors is also performed on different number of signal channels 

as well as optical input power. 
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Chapter 1  

Introduction 

1.1 Background & problem statement 

The rapid expansion of the communication business has resulted in the explosive 

growth of Internet traffic. Internet traffic has been continuing to exhibit exponential 

traffic growth, and it will increase by a factor of one thousand in roughly 20 years [1], 

which becomes challenging for an ultrahigh-capacity long-distance transmission system 

to keep pace with the level of growth without requiring prohibitively large increases in 

network cost and power consumption. The amount of Internet traffic crisscrossing the 

world will quadruple by 2015 according to a report from Cisco [2].  

It is desirable to exploit the bandwidth of fiber optics by wavelength-division 

multiplexing (WDM) to overcome the electronic limitations, thus to further increase the 

transmission capacity, due to the broad optical bandwidth in excess of 30 THz available 

in the low-loss transmission window of the optical fibers [3]. WDM is a promising 

technology to accommodate the explosive growth of the Internet and telecommunication 

traffic in wide-area and local-area network. In order to increase the transmission 

capacity of WDM optical system, both transmission data rate per wavelength as well as 

the number of wavelengths can be increased. However, there are different transmission 

issues to be dealt with for these two approaches. First, when the transmitting data rate 

becomes higher, the chromatic dispersion (CD) as well as polarization-mode dispersion 

(PMD) will have to be solved even before dealing with fiber nonlinearity induced 
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penalties [1]. Additionally, increasing number of wavelengths, i.e., decreasing channel 

spacing in WDM systems will result in that optical nonlinearity-induced impairments 

from four-wave mixing (FWM) and cross-phase modulation (XPM) are more liable to 

undermine system performance and come to play even more decisive role. Therefore, 

CD and fiber nonlinearities are considered as two major degradation factors in WDM 

transmission system. CD was typically regarded as more significant obstacle, while 

nonlinear effects were usually neglected prior to the 1990’s before optical fiber 

amplifiers were developed. Data rates have increased constantly, and meanwhile, 

erbium-doped single mode fiber amplifier (EDFA) is more and more utilized 

indispensably under the current long-distance WDM transmission system. The problem 

of fiber CD has been mitigated to some extent because of the improvements in 

dispersion shifted fibers (DSF), dispersion compensation fibers (DCF), and other 

dispersion management technologies [4-6]. However, the high optical power levels 

available from EDFAs make system performance more vulnerable to fiber nonlinear 

effects [7-10]. This leads to interference, distortion, and excess attenuation of the 

transmitted signals and results in system degradations [8]. Therefore, fiber nonlinearities 

have appeared as the most significant limiting factor and become crucial to be settled. 

The origin of the nonlinearities that are most detrimental is due to the refractive index 

of the optical fiber, which is varies with the intensity of the optical signal. It is also 

named Kerr effects. The component of intensity-dependent refractive index becomes 

significant when high powers are launched. Although the individual power in each 

channel may be below the level needed to produce nonlinearities, the total power 

summed over all channels will become significant. The combination of high total 

optical power and large number of channels at closely spaced wavelengths is a source 
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for many kinds of nonlinear interactions. Among the numerous nonlinearities, FWM has 

been viewed as the most detrimental factor in WDM systems [11-15]. Therefore, the 

transmission capacity of dense WDM systems is determined mainly by the degree to 

which the fiber impairments are compensated. 

1.2 FWM suppression/ compensation schemes 

There are several schemes to avoid FWM nonlinear impairments, which can be 

classified primarily into two categories: optical compensation and electrical 

compensation.  

1.2.1 Optical compensation schemes 

Optical compensation schemes are utilized commonly, such as dispersion management 

[16-18], unequal channel spacing [19-21], optical compensators [22-25], non-zero DSF 

(NZ-DSF) [26, 27] such as large effective area fiber [27], and so on. However, these 

methods have their intrinsic drawbacks. The dispersion management method can not 

only suppress FWM, but also keep the average CD of an entire transmission line close 

to zero. However, the available wavelength range is restricted to apply FWM 

compensation and complicated cable management is required in some cases. It is 

possible to employ the un-equal channel spacing in order that the FWM crosstalk is 

minimized directly for the WDM systems in which the transmitted channels are not 

many. However, this method is not applicable for large channel number, since the 

required bandwidth is too broad. What is more, the frequency allocation should be 

computed beforehand and stringent requirements on optical frequency stabilities for 

transmitters are required. The solutions of optical compensators (such as optical phase 

conjugation) also have drawbacks such as expensive cost, complex configuration, 

additional loss, bulky size and lack of adaptability. The advantage of NZ-DSF is that, 
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while the inter-channel FWM is suppressed due to the non-zero dispersion, the 

dispersive pulse broadening is much lower than in single-mode fiber (SMF). NZ-DSF 

can be utilized attractively for future WDM system. Especially, by using large effective 

area fiber, the optical power density is reduced due to the increased the effective area, 

and thus lower FWM impact is resulted in. However, it can not solve the problem in 

ready installed fiber. Table 1.1 summarizes the characteristics of conventional 

compensation methods as well as electrical compensation schemes mentioned in 

Section 1.2.2.  

Table 1.1 Characteristics of conventional compensation methods 

Compensation method Advantage Disadvantage 

Dispersion management 

[16-18] 

Suppress FWM, average 

dispersion approaches 

zero 

Restricted available 

wavelength range, 

complicated cable 

management 

Un-equal channel spacing 

[19-21] 

Minimize FWM crosstalk 

directly for few-channel 

systems  

Broader bandwidth, 

stringent requirements 

on optical frequency 

stabilities 

Optical compensator 

(e.g.: Optical phase 

conjugation) [22-25] 

Realize in-line 

compensation directly 

High-cost, physical size, 

additional loss and 

nonlinearity, lack of 

adaptability 

NZ-DSF [26,27] Attractive for future Problem in ready 
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WDM system installed fiber 

Pre-compensation 

[28-32] 

Relieve need of optical 

solutions 

Need feedback for 

transmission 

characteristics analysis

Post-compensation 

[33-38] 

Relieve need of optical 

solutions, flexible, no 

feedback 

Great number of 

detectors,  

Computation power 

 

1.2.2 Electrical compensation schemes 

Electrical compensation for both CD and fiber nonlinearity has received significant 

attention in recent years. Several electrical pre-compensation schemes have been 

demonstrated to compensate for the fiber nonlinearities in WDM systems by simulation 

[28-32]. In these schemes, the transmitted signals are pre-distorted, which is calculated 

using optical phase conjugation or backward propagation (BP), i.e., the signal is 

distorted by virtual fiber while compensated through the real fiber transmission. 

Electrical BP was first studied as a transmitter-side compensation method by Roberts 

et al. in 2006 [31]. We usually call it pre-compensation as above. In the absence of 

coherent detection, it is applicable at the modulator only. By coherent detection, 

however, the transmitted signals can be recovered electrically [33, 35], which enables 

the receiver-side BP also known as post-compensation. Electrical post-compensation 

methods using coherent detection with subsequent digital signal processing (DSP), since 

then, have been attracted much attention as the most promising technique for long-haul 

optical transmission [33-38]. Post-compensation is more adaptive since feedback is 

unnecessary, and the entire robust compensation and demodulation process is done at 
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the receiver side. DSP alleviates the requirement for optical phase locking of the local 

oscillator (LO). Moreover, this method offers great flexibility to transmission length, 

fiber characteristics and network configuration change. Various fiber propagation 

effects may be digitally compensated, relieving the need for complex optical solutions.  

In this dissertation, the feasibility of receiver-side digital distributed compensation is 

demonstrated experimentally within a WDM system.  

1.3 Motivation and overview of the thesis 

From the above-mentioned reasons, this dissertation is aimed to get an insight into 

nonlinear effect caused specifically by FWM in WDM optical communication systems 

and present a study on electrical post-compensation for FWM nonlinearity impairments 

with digital coherent detection, in order that the original information can be retrieved at 

the receiver. Both the novel estimation method as well as BP method in experimental 

demonstration is proposed to compensate for FWM impairments. 

  The dissertation is organized as follows. Chapter 2 introduces the Signal propagation 

in WDM optical fiber systems. The nonlinear Schrödinger equation (NLSE) required for 

the rest of the thesis is explained. Linear and nonlinear fiber impairments that degrade 

transmission system performance are described in this part.  

  Chapter 3 introduces the FWM compensation using backward propagation (BP) 

method, including the general configuration of WDM systems for FWM compensation, 

in which optical coherent detection combined with electrical post compensation using 

digital signal processing is explained. The experimental demonstration of the feasibility 

based on the electrical post compensation with BP compensation method is proposed. 

The difficulties of FWM electrical compensation are to convert optical signal information 

to electrical signal with remaining the phase relation of individual channels. We modulate 
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a local oscillator (LO) light using a phase modulator to realize fixed phase relation among 

LOs when coherent detected by individual receivers. Split-step Fourier method is 

involved for compensation. Both simulation demonstration and experimental 

confirmation are performed on multi-channel WDM system. The compensation results 

are evaluated by eye penalty, the system performance is improved by BP compensation. 

Simulation is performed for observing the number of required detectors. The result 

indicates that great number of detectors must be employed when the optical input power 

is increased even in the systems with few number of signal channels. 

FWM estimation compensation method is proposed in Chapter 4. First, the principle 

of this novel method is described. This FWM compensation method is based on 

estimating FWM components and then substituting the estimated components for the 

generated ones. The number of detectors is reduced in our estimation method since only 

signal channels are detected and information of other FWM channels are deduced based 

on these detected channels. The compensation performance is verified through 

simulation as well as experiment. In addition, the FWM estimation method is contrasted 

with BP method. This method is preferable in terms of fewer employed detectors, less 

computation power, and fewer actual circuits involved. Multi-channel system is also 

discussed in this part. 

Finally, the thesis is summarized in Chapter 5. 
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Chapter 2 

Signal propagation in WDM optical fiber systems 

The optical signals suffer from not only linear degradation but also nonlinear 

degradation and they are degraded during the fiber propagation. Therefore, an objective 

of any optical communication systems focuses on the cancellation or compensation for 

the transmission-related degradations in order that the original information can be 

retrieved at the receiver, which is also the target of our study. 

Figure 2.1 shows the WDM optical transmission system. In the transmitters, the data 

bits are modulated onto the optical carriers at wavelengths λ1, λ2, … , λN using a 

specific modulation format. The individual wavelength division multiplexing (WDM) 

signals are combined by the optical multiplexer into the same optical transmission fiber. 

During propagation the signal is affected by several linear and nonlinear fiber 

impairments such as attenuation, CD and fiber nonlinearities. After multi-repeater 

transmission, the WDM signals are split into the individual wavelength channels by the 

demultiplexer which acts as an optical band-pass filter. The propagated signals are 

demodulated to recover the transmitted information after they are detected by individual 

receivers. 
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Fig 2.1 WDM optical transmission system 

ing 

fib

The electrical field associated with the optical bit stream can be ex

2.1 Basic propagation equation 

In optical communication systems, the input signal to the fiber is usually a composite 

optical signal modulated with information bit streams. When all the input signal 

frequencies interact due to fiber nonlinearities, the output bit stream may behave in a 

complicated way giving detrimental effects on system performance. The output 

waveform can be obtained by solving the nonlinear Schrödinger equation (NLSE). It is 

impossible to solve the equation analytically in general. In this dissertation, the 

split-step Fourier method as one of pure numerical methods is utilized for analyz

er nonlinearities and their compensations, which will be introduced in Chapter 3. 

pressed as [1]: 

       0ˆ, Re , , expt F x y A z t i z i t    E r e             (2.1) 

where ê  is the polarization unit vector, F(x,y) is spatial distribution of the fundamental 

fiber mode, A(z,t) is the complex amplitude of the field envelope at a distance z inside 

the fiber, and β0 is the mode-propagation constant at the carrier frequency ω. By 

assuming that the birefringence effects can be ignored and treating ê  as a constant, the 

only quantity that changes with propagation is the complex amplitude A(z,t) associated 

wi

the propagation of optical pulses 

through optical fiber channels is represented as [1]: 

th the optical signal since F(x,y) does not depend on z. 

The basic propagation equation that describes 

2 3

               32
1 2 32 6 2NLi A A

z t t t

iA A A A      
   

               (2.2) 

where α is the attenuation constant responsible for fiber loss. As given in Appendix C, 

β

   

1 is related inversely to the group velocity νg, β2 and β3 are named as second- and 
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third-order dispersion parameters, respectively. β  is related to the CD parameter: 2

22

1 2
c

gd

d c
D

 
   
 

For all the fibers, D

 
    , where c is light velocity in vacuum, λ represents wavelength. 

c varies with wavelength and becomes zero at a wavelength called 

the zero-dispersion wavelength (ZDW), which is denoted as λ0. Near ZDW λ0, Dc 

varies linearly as  0cD S    . Here, S represe ts the dispersion slope at n λ0, and 

there is a relationship between S and β3 as  22
32S c   .  0NL NLn c    is the 

nonlinear part of the propagation constant. The nonlinear change in the refractive index 

is formed as: 2NLn n I  , where n2 is nonlinear-index coefficient whose value is around 

d I represents the optical intensity. The intensity is related to optical 2.6×10-20 m2

power as 

/W, a

 

n

 , , effI z t P z t A  at any distance z, where Aeff is the effective core area of 

the fiber. 2
A  

Therefore, we obtain 

represents optical power by normalizing the amplitude A in Eq. (2.2). 

2

NL A  , where 22

eff

n

A


   is known as nonlinear parameter. 

 not affe

signal quality in any way, Eq. (2.2) can be simplified by assuming 



  Since the term of β1 corresponds to a constant delay and this delay does ct the 

1't t z   and 

, and rewritten as: 

                 

'z z
2 3

232
2 3' 2 6 2' 'z t t

iA A A
i A A A

   
                     (2.3) 

to zero, or pulses are not shorter than 5 ps [1]. If so, Eq. (2.3) can be shorten as: 

                     

  

The third-order dispersive effects are negligible in practice as long as β2 is not too close 

2
22

22 2z t

iA A
i A A A

  
                       (2.4) 

 

Here, we drop the apostrophe in Eq. (2.2) for simplicity. Eq. (2.4) is known as NLSE. 

The three parameters  , β2, γ cover three distinct kinds of degradations occur when 
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optical signals propagate through optical fibers. This is the theoretical principle of 

ation 

ponentially as e-az at a di

, when

Chapter 3. 

2.2 Linear degrad

2.2.1 Fiber losses 

The optical power decreases ex stance z because of fiber losses. 

Therefore  we substitute      , , exp 2A z t B z t z   into Eq. (2.4) and rewrite it in 

terms of  ,B z t , we can obtain: 

2
2

                    2
22

zi e B B
z t

  
 

                    (2.5) 

From th

iB B 

is equation, it is obvious that the power decrease also weakens the nonlinear 

ef

ary to express the fiber loss in unit of dB/km by the following 

relationship:  

fects. 

It is custom

 
10

0

logdB L P

10
4.343

P L
 

 



          


                     (2.6) 

where P(L) represents the output power and    0 expP L P L   with a transmission 

length of L. The total attenuation of an optical fiber is shown in Fig 2.2 [2]. Optical 

fiber loss is caused by a number of factors that are indicated in the figure as well. The 

red curve plots the total loss. As shown in this figure, αdB has the smallest value around 

0.2 dB/km near 1550nm. 

 24 



 

Fig 2.2 Total attenuation of an optical fiber [2] 

2.2.2 Fiber chromatic dispersion 

Different components of the signal travel at different group velocities within the fiber, 

and thereby fiber CD is often referred as to group-velocity dispersion (GVD). The CD 

parameter β2 which is also named the second-order dispersion parameter as above 

governs the strength of the dispersive effects. It can be positive or negative relying on 

whether normal or anomalous dispersion is experienced. To simply study the effect from 

CD only, we set γ=0 and  =0 in Eq. (2.4) and obtain: 

2
2

2
0

2

iA A

z t

 
 

 
                         (2.7) 

This linear equation can be solved with the Fourier-transform method and the general 

solution is given as follows: 

         2
2

1
, 0, exp

2 2

i
A z t A z i t d    






 
    



              (2.8) 

where 0,A   is the Fourier transform of A(0,t): 

     0, 0, expA A t i t d 



  t                     (2.9) 

The phase factor 2
2exp

2

i
z  




 


is responsible for the degradation.  
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The relationship between CD and wavelength is plotted in Fig 2.3, for various fibers. 

A typical value of CD in SMF at 1550nm is nearly 17ps/km/nm, while DSF has a CD 

value of nearly zero at 1550nm and is specially adapted for this low-loss window. Both 

low CD and low attenuation are obtained by employing DSF. However, FWM effect 

will be more likely appear because of the so-called phase-matching condition. 
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Fig 2.3 CD values of various fibers versus wavelength 

2.3 Fiber nonlinear effects 

Fiber nonlinear effects play a detrimental role during the optical signal propagation that 

leads to interference, distortion, and excess attenuation of the transmitted signals and 

thereby results in severe degradations on WDM systems, which is drawn in Fig 2.4. By 

signal propagation, S1 and S3 interfere with S2. 

fiber
Interference

Interference

S1

S2

S3

t

t

t

t

t

t  

Fig 2.4 Multi-channel Interaction by propagation 
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The nonlinearities in optical fibers are commonly classified into two categories: One 

is nonlinear scattering effects including stimulated Brillouin scattering (SBS) and 

stimulated Raman scattering (SRS), the other is the optical Kerr effect comprising 

self-phase modulation (SPM), XPM as well as FWM [3]. These two categories arise 

from different mechanisms. The latter one is due to the changes in the refractive index 

expressed as: 

0 2 0 2
eff

P
n n n I n n

A
                        (2.10) 

where n0 is the ordinary refractive index. While stimulated scatterings are responsible 

for intensity dependent gain or loss [4], the nonlinear refractive index is responsible for 

intensity dependent phase shift of the optical signal. Moreover, a major difference 

between scattering effects and the Kerr effect is that stimulated scatterings have 

threshold power levels at which the nonlinear effects manifest themselves, while the 

Kerr effects don’t have such a threshold.  

  Scattering effects will be neglected for the further discussion since SRS has a very 

high power threshold of around 500mW which is far above the powers that are utilized 

in optical communication applications [1]. The SBS threshold increases when short 

optical pulses propagate through the fiber, and modulation format can also increase the 

threshold power. They are also not involved in the above simplified NLSE. As a 

consequence, Kerr effects are viewed as the most detrimental factor and this section 

presents their relevant impairments, especially FWM, which is more prone to appear in 

dense WDM transmission systems.  

2.3.1 Mathematical representation 

The nonlinear term of the NLSE Eq. (2.4) is 2
A A . When the three-channel scenario 
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is taken into consideration, i.e.: 

1 2 3A A A A                          (2.11) 

The nonlinear term can be extended as [5, 6]: 
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(2.12) 

From Eq. (2.12), it is quite easy to identify SPM, XPM and FWM. While the first three 

terms 2

1 1A A , 2

2 2A A  and 2

3 3A A  provide SPM, the two groups of six terms in the 

middle of the Eq. (2.12) arise from XPM and degenerate FWM, respectively, and the 

last three terms *
1 2 32A A A , *

1 3 22A A A  and *
2 3 12A A A  represent non-degenerate FWM. We 

introduce each effect according to this representation in the followings as well as 

Appendix B. 

2.3.2 Self-phase modulation 

The optical phase increases linearly with z [7], then the   term produces a nonlinear 

phase shift given by: 

  00 0

L L

NL NL effdz P z dz P L                     (2.13) 

where Leff=[1-exp(-αL)]/α is the effective fiber length. As shown in Eq. (2.12), this 
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nonlinear phase is modulated by itself, i.e., each channel distorts itself only, so this 

intra-channel phenomenon is referred to as SPM. The time-varying nonlinear phase shift 

results in a broadened spectrum of the optical signal. The broadened spectrum may 

cause a temporal broadening or narrowing of optical pulses in the presence of CD. 

However, the SPM becomes negligible near zero-dispersion wavelength in WDM 

systems. 

2.3.3 Cross-phase modulation 

Differing from SPM, the nonlinear phase shift of XPM depends on the power of other 

channels when two or more optical channels are transmitted simultaneously inside a 

fiber. Eq. (2.11) indicates that each channel suffers twice as much distortion as SPM, for 

the same amount of power.  

2.4 Four-wave mixing 

2.4.1 Brief introduction 

When two or more optical channel wavelengths are transmitted simultaneously inside 

an identical fiber near the ZDW, some new components will be generated at 

frequencies: 

 FWM i j k                             (2.14) 

Here, i, j, k  [1, N], and N is the number of channels. If i=j=k, the generated 

component is SPM; If i=k or j=k, but i≠j, the component is XPM; Otherwise, k≠i, j, this 

is the so-called FWM. The component is named degenerate FWM while i=j, and it is 

defined as non-degenerate FWM while i≠j. 



For the long-distance transmission in WDM system, a cumulative CD will undermine 

the system performance if the standard SMF is employed at 1550nm window. Due to 
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the GVD, different channels travel at different speeds. This makes the FWM efficiency 

low. However, it is clear that both low CD and low attenuation are obtained by using 

DSF near 1550nm shown in Fig 2.2 and Fig 2.3. Zero-dispersion means that different 

channels travel at approximately the same speed, which makes FWM effect becomes 

more likely appear because of the so-called phase-matching condition which will be 

involved in Section 2.4.3. 

2.4.2 FWM degradation 

For clear explanation, a three-channel WDM system is plotted in Fig 2.5 as an 

example. Both non-degenerate FWMs and degenerate FWMs are indicated in this figure. 

The FWM degradation affects system performance in two respects in general. First, 

during the FWM generation, the signal power will be transferred to the newly generated 

FWM frequencies, and the decrease of original-channel powers make it more difficult to 

detect the signals correctly after a long transmission. What's more, a more detrimental 

consequence is that the FWM components will coincide with the signal channels. For 

this case, the FWMs act as coherent crosstalk on signal channels and lead to even 

greater degradation of overall system performance.  
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Fig 2.5 FWM generation in a three-channel WDM system 
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For a N-channel system, the total number of generated FWM products increases to 

N2(N-1)/2 [8, 9], some of which fall on existing signal channels. Fig 2.6 plots the 

number of FWM products versus signal channels. When we assume the number of 

channels is even and the channels are equally spaced, the number of these FWM 

components on the m-th signal channel is expressed as [10]: 

2 2

, 4 2 2FWM m

N Nm m m
N

2
N                           (2.15) 

Therefore, the total number of the FWM components that fall on the signal channels can 

be calculated as: 
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   (2.16) 
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Fig 2.6 Number of FWM products & signal channels  

2.4.3 Phase matching condition and FWM efficiency 

The FWM is represented by [3]: 
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   *0
3

3
( ) exp exp

2ijk i j k i j kP FWM A A A i A A A i
                 (2.17) 

where ε0 is the vacuum permittivity, χ3 is the 3rd order nonlinear susceptibility.  

   i j k ijk i j k ijkz                 t             (2.18) 

   i j k ijk i j k ijkz                 t             (2.19) 

where βp (p=i, j, k, ijk) indicates the propagation constant. To realize the relative phase 

θ+ and θ- , two relationships can be referred to as the phase-matching condition and 

derived as: 

0i j k ijk ijk i j k

ijk i j k

        

   

         
   

           (2.20) 

0i j k ijk ijk i j k

ijk i j k

        

   

         
   

           (2.21) 

It is difficult to realize the condition of (2.19) in optical fiber with high efficiencies 

since frequency range cannot be as wide as nearly three times of the input angular 

frequency. As a consequence, the condition of (2.20) is considered as the common case 

for FWM only and   is named the phase-mismatching factor. The FWM process is 

completely phase matched when 0  . When β is expanded in Taylor series about 

fm=c/λm, the phase-mismatching factor can be represented as [11, 12, Appendix C]: 
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 (2.22) 

And when we set the fm near to the zero-dispersion frequency f0, i.e., Dc becomes zero, 

Eq. (2.21) can be rewritten as:  
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4
0

02
2i k j k i j f f f f f f f

c

      S                (2.23) 

By viewing this equation, it is clear that when the zero dispersion frequency is located 

at the center of two signal frequencies,   becomes zero and FWM components are 

most prone to be generated. 

  However, when fm is far from f0, the 2nd term can be ignored compared with the 1st 

term and Eq. (2.21) becomes: 

 
22 m c

i k j k

D f f f f
c

                         (2.24) 

  The efficiency of FWM depends on the phase-mismatching and can be expressed as: 
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               (2.25) 

FWM efficiency takes the maximum value 1 while 0  . For long-haul transmission 

systems,  and therefore Eq. (2.24) becomes: 0Le  
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Assuming the same channel spacing,   can be modified as: 
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            (2.27) 

Eq. (2.25) is deduced by substituting Eq. (2.26) into it, and the FWM efficiency is 

plotted in Fig 2.7. As the CD increases, the FWM becomes less efficient especially for 

the broader channel spacing.  
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Fig 2.7 FWM efficiency versus channel spacing 

2.5 Summary 

The basic propagation equation NLSE is introduced in this chapter, which can be viewed 

as the principle of BP compensation method in Chapter 3. The linear degradation and 

fiber nonlinear effects, especially FWM and its related factors, such as phase matching 

condition and FWM efficiency, are explained so as to be utilized for the following 

discussion. 
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Chapter3 

FWM compensation using backward propagation method 

3.1 General configuration of WDM Systems for FWM compensation 

First, in order to clarify the FWM compensation feasibilities with BP method, the general 

configuration of WDM transmission system (total number of channel is N) for fiber 

nonlinearity compensation is shown in Fig 3.1 using digital coherent detection [1]. The 

compensation is performed in the digital domain after coherent detection. The WDM 

signals are transmitted over multi spans of fiber. The in-phase and quadrature 

components of each WDM channel are received by balanced photodetectors (PD). 

Analog-to-digital (A/D) conversion is followed by DSP to achieve post-compensation 

and data recovery. The polarization compensation, which is indispensable for coherent 

detection is not shown in Fig 3.1 for simplicity. Three aspects are emphasized as follows. 
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Fig 3.1 Configuration of WDM transmission system for fiber nonlinearity compensation using digital 

coherent detection. For FWMs: red line; for signals: purple line. 

First, the signal distortions induced by fiber nonlinearities such as FWM, XPM are 

affected by other channels in WDM transmission system. Therefore, data information 

from other signal channels must be included for their compensation. Especially, FWM 

impairments compensation requires not only the powers from newly generated channels 

but also the phase information of each channel.  

Additionally, the difficulties of FWM compensation are to convert optical signal 

information to electrical signal with remaining the phase relationship of individual 

channels. If individual transmitters and different LOs are employed in coherent 

detection, the detected electrical signals on different channels will have different phases 

and cannot be distinguished, i.e., the phase relationship between the received signals 

becomes random. Therefore, either individual transmitters or LOs should be controlled. 

If fixed phase relationship can be employed in the coherent detection, the post 

compensation can be realized. 

Last but not least, the received signals are mixed in a 90 degree optical hybrid with a 

set of local oscillators (LOs), of which N LOs are aligned at the center of the N WDM 

channels. Additional LOs which are indicated as red color on both sides are also 

required to be arranged for FWM compensation since some of the FWM information is 

transferred from original signals to out-band channels (outside the WDM signals).  

3.1.1 Digital coherent detection 

Digital coherent detection is considered as a promising technique for future high-speed 

transmission [2-4] because it offers high receiver sensitivity and is capable of 

compensating for transmission impairments such as CD, polarization-mode dispersion, 
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and fiber nonlinearities.  

On one hand, the digitized signal has the full information of the analog electric field, 

enabling DSP compensation to have no loss in performance compared to analog 

impairment compensation performed in either the optical or electronic domain. Digital 

compensation can be done either at the transmitter prior to up-conversion onto an 

optical carrier, or at the receiver after the optical signal has been down-converted to the 

electrical domain.  

On the other hand, coherent detection has its own merit superior to direct detection, 

which will be explained in Section 3.1.2.  

3.1.2 Characteristics of coherent detection 

Coherent detection, in which a LO is brought in, is utilized rather than direct detection 

since signal phase will be lost with square-law detection. Additionally, phase coherence 

of optical carrier plays a significant role in optical communication systems, especially 

for FWM process. The optical signal is described using complex notation as: 

 expS S S SE A i t                            (3.1) 

where SA  is the amplitude, S  is the carrier frequency, and S  is the phase. And the 

optical field of LO is given as: 

 expLO LO LO LOE A i t                          (3.2) 

where LOA , LO , and LO  is the amplitude, frequency, and the phase of the LO, 

respectively. Since a PD responds to the optical intensity, the optical power incident at 

the PD is given by 
2 S LOP K E E , where K represents a constant of proportionality. 

Therefore, optical power incident at PD is deduced by substituting Eq. (3.1) and Eq. 

(3.2): 
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                     2 cosS LO S LO IF S LOP t P P P P t                     (3.3) 

where , 2
S SP KA 2

LO LP KA O , IF F LO     represents the intermediate frequency (IF). 

Therefore, the photocurrent is described as: 

                      2 cosS LO S LO IF S LOI t R P P R P P t                    (3.4) 

where 
e

R
hc


  is the detector responsivity. The corresponding frequency relationship 

is shown in Fig 3.2. 

For heterodyne detection, since  in practice and the direct-current term is 

nearly constant, the alternating-current is substituted for Eq. (3.4) and written as: 

LO SP  P

                    2 cosS LO IF S LOI t R P P t                      (3.5) 

From Eq. (3.1), the signal frequency and phase information will be lost after the 

square-law detection of direct detection, so the FWM impairments compensation cannot 

be substituted. However, coherent detection conserves the optical field in the detected 

electrical signal. Amplitude, phase and frequency can be kept well after the detection. 

For the case of our FWM compensation with BP, the phase information can be utilized 

correctly. 
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Fig 3.2 Frequency relationship between optical domain & electrical domain 

3.1.3 Advantage of DPSK Modulation in transmission systems 

DPSK modulation format is preferred in transmission systems, since it has 3-dB 

receiver sensitivity advantage over on-off-keyed (OOK) for balanced coherent detection 
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[5-7]. Moreover, the optical power is evenly distributed in every bit slot for DPSK, 

which reduces bit-pattern-dependent nonlinear effects and the peak power is 3-dB lower 

for DPSK than for OOK for the same average optical power [7]. This means that DPSK 

is more resilient and robust to fiber nonlinear effects compared to OOK [7, 8].  

It is not surprising, then, that DPSK modulated signals are implemented in recent 

long-haul WDM transmission systems [8-10]. And we also compare these two formats 

in our experimental test in the following parts. 

3.2 Backward propagation method for FWM impairments compensation  

3.2.1 Principles of BP compensation scheme 

BP method is an inverse process of signal propagation, which is described by Eq. (2.4). 

Therefore, the electrical field of BP can be represented as: 

' 2 '
2'2

22 2

iA A
i A A A

z t

  
  

 
                   (3.6) 

where α’, β2
’, γ’ are the fiber-loss coefficient, CD parameter and fiber nonlinear 

parameter, respectively, which are the opposite-sign values with respect to the signal 

propagation fiber. 

BP method is achieved by solving Eq. (3.6). The numerical solution of split-step 

Fourier method (SSFM) is generally preferred for this purpose, and becomes the core of 

this method. To explain the BP method of the total-field comprising the compensation 

for fiber loss, CD and fiber nonlinearity, firstly, it is easier to understand the SSFM in 

signal propagation if Eq. (2.2) is reformed as: 
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where  and  are the linear (differential) and nonlinear operators and represented D̂ N̂
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as: 
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In a similar way, the inverse linear and nonlinear operators comprise the BP: 
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The plot of signal propagation and backward propagation is shown in Fig 3.3. The use 

of the SSFM for BP may be viewed as distributed compensation of the deterministic 

impairments in the fiber link. Nondeterministic effects become the performance limiting 

factor when backward propagation is employed. The BP compensation process through 

SSFM gives us an approximation obtained by assuming that CD and fiber nonlinearities 

act independently with two main processes [11]: 

1. The optical fiber span in BP is divided into several steps which are shown in Fig 3.4. 

That is to say, BP is considered as the concatenation of N steps which correspond to 

“×N” shown in Fig 3.4 and the specific process is plotted in Fig 3.5. 
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Fig 3.3 Signal propagation & BP in post compensation 

 

Fig 3.4 BP compensation process 
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Fig 3.5 Specific process of N steps 

2. In each step over a small length of h, the process is carried on by the following 

equation: 
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where  and  stand for the Fourier and inverse Fourier transform. It is obvious 

that the solution from SSFM converges to the exact solution of Eq. (3.7) as the step size 

decreases to 0. For perfect BP in practice, very small step size is chosen in order that the 

maximum nonlinear phase shift does not exceed 0.005 rad (0.294 degree) [12], i.e., 

F

 

1F 

2
, 0.005 A z t h  rad. In this case, each step corresponds to approximately the same 

phase shift induced by nonlinearity, and thereby fiber CD, fiber nonlinearity induced 

during fiber transmission and optical loss are compensated at each section. The results 

are assumed to be the exact solutions to NLSE throughout this dissertation. FWM 

compensation can be achieved through BP method after the above two main processes.  
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3.2.2 Experiment for investigating compensation performance by BP 

In a practical realization of the configuration, a digital circuit should be required by 

Field-Programmable Gate Array (FPGA) or digital signal processor (DSP) chips, and 

both analog-to-digital converters (ADC) and DSP will be included in this circuit. 

However, in our experimental test of the following parts, we introduce the 

multi-channel oscilloscope as ADC, and then implement an off-line digital signal 

processing by software (Mathematica) on computer to realize the FWM compensation. 

And the coherent detection refers to heterodyne detection, and this is applicable to most 

of our experimental conditions except for Section 3.2.2.2. 

In reality, different-wavelength signals should be detected by different receivers and 

demodulated. These received signals should be fixed phase relationship in IF band. 

However, this configuration is complicated to realize, since the individual detection 

includes the optical and electrical devices characteristics and phase relation ambiguity 

of LOs. In order to demonstrate the compensation possibilities experimentally and 

clarify the performance of BP compensation only, firstly we focus on a simplified 

experimental scheme in which all the transmitted wavelengths are received 

simultaneously by one receiver.  
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Fig 3.6 Scheme simplification 

3.2.2.1 Experiment with heterodyne detection 

Here, we investigate the simplified scheme, in which the transmitted lights and the 

generated FWM components are simultaneously detected by one detector with a LO 

through coherent detection, and thereby the compensation performance can be studied 

conveniently. Fig 3.6 shows the idea for the scheme simplification. It is difficult to 

appraise directly whether there is improvement on the system performance or not for 

transmitted signals by CW lights in this simplified scheme. However, the compensation 

performance can be evaluated by the signal-to-FWM crosstalk ratio. The FWM here is 

referred to the one that falls out of the light frequency, e.g., FWM1 and FWM2 which 

are shown in Fig 3.7, which is illustrated for a clear explanation of the compensation 

principle in the simplified scheme. When we consider a three-channel system and 

assume there is another transmitted light (L3) locating at the frequency of 2f2-f1, the 

frequency of generated FWM2 (f221) will coincide with L3 by the FWM process and 

result in degradation on it (Other FWMs are neglected here). If the crosstalk ratio 

between L2 and FWM2 is improved, that is, the degradation on L3 will be improved by 

this compensation method for this case. In a similar way, other FWM components that 

locate at the same frequency with f1 and f2 should also be suppressed simultaneously if 

FWM1 and FWM2 are compensated, because the phase matching condition is realized 

more completely.  

 44 



3 2 12f f f 

L1 L2

FWM1 FWM2

L1 L2

L1 L2 L3
Assume another light existing:

221 2 12f f f 

After comp.

Before comp.

Δf ΔfΔf

f
f1 f2 f221f112

L3

Δf ΔfΔf

f
f1 f2 f221 (f3)f112

ΔfΔf

f1 f2 f3
f

 

Fig 3.7 Compensation principle in simplified scheme 

Figure 3.8 shows the experimental setup with heterodyne detection [13, 14]. Two CW 

lights whose wavelengths are around 1549nm are used as optical sources. The 

frequency difference between these two lights is set near 600MHz. The frequency 

difference between the optical lights and the ZDW of the DSF is less than 100GHz so as 

to generate FWM components efficiently. Through an optical coupler (OC), the coupled 

two lights of co-polarization are amplified by an EDFA and transmitted through 20km 

DSF. FWM components are induced as shown in Fig 3.8(a). Transmitted optical lights 

and the generated FWMs are detected simultaneously by the heterodyne detection with 

one LO. The frequency arrangement is given in Fig 3.8(b). The detected coupled lights 

are received by a photodiode (PD) and sampled with an ADC at a sampling frequency 

of 20 Gsample/s. The converted signals are processed with off-line digital signal 

processing (DSP) through BP. 
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TL: Tunable laser,
PC: Polarization Controller,
OC: Optical coupler,
EDFA: Erbium-doped fiber amplifier,
LO: Local Oscillator(1550nm),
PD: PIN-Photodiode,
ADC: A/D converter(20GSample/s).
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Fig 3.8 Experimental setup for jointly detected lights with the heterodyne detection: (a) Experimental 

setup; (b) Frequency arrangement. 
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Fig 3.9 Spectra w/o compensation & w/ compensation at P0=10dBm 

We increase the fiber input power to generate more efficient FWM. Fig 3.9 shows the 

spectra at the total fiber input power P0 of 10dBm. The signal-to-FWM crosstalk ratio 

becomes 17.2dB before compensation, whereas the FWM powers diminish to the noise 
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level after the post-compensation and the signal-to-FWM crosstalk ratio is improved to 

more than 34dB. These results mean that by heterodyne detection the induced FWM 

components can be suppressed effectively, and the degradation after compensation 

becomes negligible [15]. 

3.2.2.2 Experiment with Phase diversity detection 

The possibilities of the electrical post-compensation through BP with phase diversity 

detection are confirmed definitely in this dissertation [16].  

Evidently, a “zero IF” receiver that avoids the need for phase locking is the most 

desirable [17, 18]. The advantage of baseband processing can be retained by employing 

phase diversity detection which requires quite low bandwidth. The frequency 

relationship of heterodyne detection and phase diversity detection between signals and 

FWMs are shown in Fig 3.10. In the two-phase case, phase diversity is constructed by 

coupler and polarization beam splitter (PBS). Signals and LO light are combined, and 

the outputs are converted into two mutually orthogonal baseband signals then received 

by I-arm with the same phase and Q-arm with 90 degree phase difference. This is, 

therefore, named 90° hybrid.  
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Fig 3.10 Frequency relationship of heterodyne and phase diversity between signals and FWMs: a1) and 

a2) are the frequency relationship for heterodyne detection, a1) optical domain, a2) electrical domain; b1) 

and b2) are the frequency relationship for phase diversity detection, b1) optical domain, b2) electrical 

domain. 

The I-arm signal is described as: 
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            (3.14) 

where RI is the responsivity of the I-arm photo-detector, Ei (i=1, 2, …, n) are the 

electrical field of the signals, E0 and En+1 are the electrical field of induced FWMs, El is 

the electrical field of LO, ωi and ωl corresponds to the optical angular frequency of the 

signals and LO, respectively, * denotes complex conjugation. In this calculation, we 

assume that 
2 2

i lE E . 

The Q-arm signal is described as: 
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where RQ is the responsivity of the Q-arm photo-detector. 

  Therefore, the combined signal can be represented as: 
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where . /Q Ir R R

  If r=1 and φ=π, the 1st term is eliminated. And the other way round, if r=1 and φ=0, 

the 2nd term vanishes. The frequency difference of combined signal is the same as 

optical domain. By applying the BP method, the fiber nonlinearity can be compensated. 

The tolerance of amplitude and phase is investigated here. If the 2nd term is considered 

to be eliminated, the suppression ratio is defined as: 
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If we assume φ=0, or r=1, it is deduced that  
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For instance, when 1000rS   which corresponds to the suppression of 30dB, r 

should be  and 1 0.065 0.063 0.063   . Therefore, more than 4bit resolution of 

AD converter is required. And likewise, if the 1st term is considered to be removed, the 

suppression ratio is defined as: 
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                          (3.19) 

If we assume φ=π, or r=1, and 1000rS  , r should be 1 0.065  and 0.063    

0.063  . 
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Figure 3.11 shows the experimental setup for FWM compensation with the phase 

diversity detection. In this experiment, two tunable lasers (TL) with the wavelengths 

around 1549nm are used as optical sources without modulation. The frequency 

difference is set nearly 0.5GHz. These two optical sources are controlled to the same 

optical power and polarization by adjusting polarization controllers (PC). The coupled 

lights are amplified, and transmitted through the 20km DSF. The transmitted lights and 

generated FWMs pass through an optical filter (OF) with 0.35nm bandwidth to reject 

the optical amplified spontaneous emission (ASE) noise. They are detected by the phase 

diversity detection with one LO, whose frequency is set between the frequencies of two 

lights. The coupled lights go through a PBS and are received simultaneously by two 

PDs which are indicated “I-arm” and “Q-arm” in Fig 3.11. The output signals are 

sampled at a rate of 10 Gsample/s by an ADC. The converted signals are processed with 

off-line digital signal processing to realize the post-compensation. 

PDTL1

DSF

EDFAOC

OC
0.5GHz

LO

PC
TL2

ADCPost-comp.

PC

PC

20km

PC

PBS

PD

Phase diversity

90°hybrid

Q-arm I-arm

OF

Electrical path  

Fig 3.11 Experimental setup for jointly detected lights with phase diversity detection. LD: Tunable laser, 

PC: Polarization controller, OC: Optical coupler (1:1), EDFA: Erbium doped fiber amplifier, DSF: 

Dispersion-shifted fiber, OF: optical filter, LO: Local oscillator (1549nm), PBS: Polarization beat splitter, 

PD: PIN-Photodiode, ADC: A/D converter (10GSample/s). 

In electrical post-compensation, it is necessary to satisfy the condition of φ=π or φ=0 
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as mentioned above, in order that the first term or the second term in Eq. (3.14) can be 

eliminated by adding the signals of I-arm to Q-arm by a 90-degree phase hybrid. 

However, it is difficult to make one term vanish completely, and thereby it is 

convenient to adjust amplitude and phase difference by off-line signal processing. 

The received spectrum of I-arm with total input power of 6dBm is shown in Fig 3.12. 

The sampling rate is 10GS/s and the number of sample points is 4096 which 

corresponds to 0.4μs. Therefore, the frequency difference of each point corresponds to 

2.44MHz. Two peaks around 1GHz are the two optical CW lights. Another two peaks 

around 4GHz are the generated powers induced by FWM process. 1st and 2nd terms are 

indicated in Fig 3.12. 
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Fig 3.12 Received spectrum of I-arm. 

We make the peak of 1st term suppressed by adjusting the amplitude and phase as Eq. 

(3.19). The suppression is measured by the difference between the values of peak level 

in low frequency region and high frequency region. When r=1 and φ=π, 1st term can not 

vanish completely. The suppression dependence on amplitude and phase is shown in Fig 

3.13 (a) and (b), respectively, by adjusting a minute deviation. Two curves in the figures 

correspond to low frequency and high frequency, respectively. In order to make sure 
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that 1st term of both low frequency and high frequency can be suppressed 

simultaneously, the value of the intersection point is chosen: r=1.0, φ=3.2. 
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Fig 3.13 Suppression dependence on amplitude & phase: (a) amplitude; (b) phase. 

The suppressed spectrum at r=1.0, φ = 3.2 is shown in Fig. 3.14(a) and compensated 

spectrum is given in Fig 3.14(b). The FWM components are diminished after 

compensation and the power difference between the signal and FWM is improved from 

29dB to 37dB. Actually, this power difference can be increased by changing above 

parameters at the expense of the appearance of other signals near FWM, which is also 

likely to influence the performance of WDM systems. After compensation, the other 

unavoidably appeared components that are relatively far from signals can be rejected by 

low pass filter. 
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Fig 3.14 Spectrum of I+iQ: (a) without compensation; (b) with compensation. 

Figure 3.15 shows the power difference between transmitted lights and FWM powers 

(signal-to-FWM crosstalk ratio). It is obvious that the power difference decreases 

gradually with the fiber input power increases. By compensation, more than 7dB 

improvement of power difference is obtained when the fiber input power increases from 

2dBm and 11dBm. In the low power region, FWM power is very low and thereby it is 

difficult to implement the compensation since FWMs are liable to be confused with 

noise. However, these FWM components don’t degrade the system performance. In the 

higher power region, FWM powers cannot be compensated perfectly. The reasons for 

this are considered that other FWM powers should be included in this compensation, 

but these FWM powers are out of receiver bandwidth or image components. However, 

after compensation, the power difference is improved to 30dB, so the FWM powers 

 53



don't degrade the system performance. 
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Fig 3.15 Power difference between transmitted lights and FWMs 

3.3 FWM compensation using individual receivers and phase modulated LOs 

3.3.1 Phase-locked LOs for our experimental condition 

Here we consider the compensation for FWM components by using individual PDs. In 

this part, our purpose is to verify the feasibility of the phase-locked LOs for individual 

coherent detectors, and to directly observe the degradation improvement on modulated 

signals. The compensation performance is evaluated by both signal-to-FWM crosstalk 

ratio as well as eye penalty. The configuration of our experimental condition in WDM 

transmission system is given in Fig 3.16. Balanced receivers are not utilized here due to 

the limitation of our experimental devices. The difficulties of FWM compensation for 

individual channels are to convert optical signal information to electrical signal with 

remaining the phase relation of individual channels. If individual transmitters and LOs 

are used, the phase relationship of the received IF signals becomes random. Therefore, 

one of them should be controlled. We modulate a LO light using a phase modulator so 

as to realize fixed phase relationship among LOs, which is named phase locked LOs, 
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then the relationship of the individual IF signals can be kept unchanged when coherent 

detected. This is the prerequisite for FWM nonlinear compensation by electrical signal 

processing. The combined individual detected signals are compensated using the 

previously developed compensation method. 
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Fig 3.16 Configuration of our experimental condition with BP method in WDM transmission system  

The phase modulation signal can be represented as [19, 20]: 
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where ωm is equal to the channel spacing between each channels in above configuration, 

mp is modulation index, and 
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where Jn (mp) is Bessel function of the 1st kind, which is plotted in Fig 3.17 while n=0, 

1, 2, 3, 4. Whe 0n n  , J-n (mp)=(-1)n Jn (mp). Therefore, the Eq. (3.20) can be rewritten 

as: 
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Therefore, the phase relation between each sideband of LOs can be plotted in Fig. 3.18, 

and thereby the fixed phase relationship 



of individual IF signals can be achieved after 

coherent detection.  
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Fig 3.18 Phase relation between each sideband of LOs 

both signals as well as FWM components are 

3.3.2 Experiment of ASK modulated transmission for two-channel degenerate case 

Firstly, we obverse the compensation performance of degenerate FWM by two-channel 

case of ASK modulation [21], since ASK is more vulnerable to FWM nonlinear effect 

and the transmitted signals are more liable to be degraded in this two-channel system. 

And the purpose in this part is to verify the feasibility of the phase-locked LOs for 

individual coherent detectors, and to evaluate the FWM degradation improvement by 

signal-to-FWM crosstalk ratio. Therefore, 
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alent as possible if n=0, 1, 2 is involved only, which is obviously seen 
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Figure 3.19 shows the experimental setup for inter-channel FWM compensation with 

coherent detection. Two TL with 23-GHz channel spacing are employed as WDM signal 

sources whose wavelengths are 1549.68nm and 1549.86nm, respectively. These two 

channel signals are ASK modulated using two Mach-Zehnder intensity modulators 

(MZM) driven at a bit rate of 0.8Gbps by individual pulse pattern generator (PPG) with 

a pseudo-random bit sequence (PRBS) of 211-1 length. The modulated signals are 

combined by a 3-dB OC, amplified by an EDFA, and subsequently fed to a 20-km DSF 

whose zero-dispersion wavelength is nearly 1549nm. PC is inserted appropriately that 

both channels are co-polarized. The transmitted signals and the induced FWM 

components are detected by each individual heterodyne detection receiver. The LO is 

modulated by a LiNbO3 phase-modulator (LN-PM), so the phase relationship between 

all of the phase-modulated LOs can be kept constant when the IF signals are detected by 

each individual channel. The carrier wavelength is set near Sig2 to ensure the IF is 

about 1.6-GHz for heterodyne detection. The modulating frequency fm is set as 23-GHz 

and the modulation index mp is adjusted to about 1.75, so as to achieve sideband power 

as close to equiv

m Fig 3.17.  

The modulated LOs are amplified and then coupled with the transmitted signals and 

FWM components by 3dB OC. These coupled signals are then split by the optical 

demultiplexer which consists of a Mach-Zehnder interferometer (MZI), optical 

circulator, and a couple of fiber Bragg gratings (FBG) with 3-dB bandwidth of 0.18nm. 

The configuration of the optical demultiplexer is given in Appendix E. The optical 

spectra of modulated LOs, the signals and FWMs after demultiplexer are illustr
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Fig 3.20. The received signals are sampled by four ADC at a rate of 5Gsample/s. 
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Fig 3.19 Experimental setup 
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Fig 3.20 Optical spectrum of LO and demultiplexer 

The converted signals are processed by an off-line calculation, which are shown in 

Fig 3.21. Each of the ASK signals/ FWMs are first filtered by Hilbert filters to eliminate 

half of the signals which are in higher-frequency and up-sampled to a total bandwidth of 

4×46-GHz. The up-sampled signals are combined with the channel spacing of 23-GHz 

for optical field reconstruction. The phase differences between the LO sidebands are 

considered when the received signals are combined. The individual optical powers are 
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compensated to the fiber output powers which are measured before combining LOs. The 

combined signals are post-compensated through BP introduced above.  

Backward
propagation

Up-sampling

Optical field
reconstruction

Up-sampling

Up-sampling

Up-sampling

Signal

FWM

Signal

FWM

23GHz 23GHz

 

However, the crosstalk ratio between signals and new components is 

be

by the imperfect delay adjustment, which can be corrected by our 

off-line process. 

Fig 3.21 Off-line compensation process 

Figure 3.22(a) and (b) give the spectra without and with compensation, respectively, 

for ASK signal when P0=6.5dBm/ch. The inset in this figure indicates the spectrum of 

IF signals before up-sampling. By compensation, the signal-to-FWM crosstalk ratio is 

increased from 16.7dB to more than 34dB. New components, with the same channel 

spacing of 23GHz, are induced by the inverse nonlinearities from BP after 

compensation. 

low 30dB.  

While the electrical post-compensation is implemented for individual channels, the 

phase relationship between each channel is considered. From Fig 3.18, the phases of 

each detected channels are -π, 0, 0, 0, respectively, since the carrier frequency of LO is 

set near f2 in the experiment. -π should be adjusted to 0 to restore the phase relation 

between each original channel for the compensation. Some slight deviation on phase 

may be induced 
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Fig 3.22 Spectra (a) w/o comp; (b) w/ comp. 
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Fig 3.23 Signal-to-FWM crosstalk ratio versus optical input power 

Figure 3.23 plots the signal-to-FWM crosstalk ratio as a function of launched power 

for transmitted ASK-modulated signals. The signal-to-FWM ratio gradually decreases 

as P
0 

increases from 3dBm to 9.5dBm for each channel. There is more than 12.5dB 
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improved after compensation and the signal-to-FWM crosstalk ratio becomes more than 

32dB after compensation in this range of the fiber input power. The degradation on 

system performance can be neglected. 

3.3.3 Experiment of DPSK modulated transmission for three-channel 

non-degenerate case 

In this part, we directly observe the degradation improvement on transmitted DPSK 

modulation signals on three-channel non-degenerate case. The compensation 

performance is evaluated by improved eye penalty after demodulation. 

By longer transmission or higher optical input power, more FWM components will be 

accumulated (more than N2(N-1)/2 for N-channel system) by the frequency mixing from 

not only the transmitted signals but also other generated FWMs, which is illustrated in 

Fig 3.24(a). We measure the optical spectra with multi-repeaters and higher optical 

power in Fig 3.24(b) and (c), respectively. In these cases, more detectors should be 

required for FWM compensation on signal channels. However, in order to demonstrate 

the compensation possibility by detecting only signal channels, the optical power can be 

controlled not too high and no more repeaters are inserted to ensure the FWM products 

are generated by the frequency mixing from transmitted signals only. 

20-km 
DSF

40-km DSF
or increase P0

f f

f
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(c) 

Fig 3.24 FWM generation: (a) Process of more FWM generation; (b) spectra with multi-repeaters; (c) 

spectra with higher optical power. 

The configuration of experimental setup is given in Fig 3.25 which is nearly similar 

as previous experiment except that three optical sources are utilized and the transmitted 

signal channels are detected only for compensation. DPSK modulation is utilized since 

it is more adequate due to the influence of SBS effect. (The measurements of CW light, 

ASK and PSK modulated optical signals under our experimental situation are shown in 

Appendix G.) By transmission, both partially degenerate FWM and completely 

non-degenerate FWM appear simultaneously on signal channels. 
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Fig 3.25 Experimental setup 

The center channel is degraded severely due to the frequency mixing from 

non-degenerate case of FWM. Figure 3.26 gives the electrical spectra of the IF signals 

which are measured by multi-channel oscilloscope. The purple, red, green spectra 

denote the three detected signal channels, respectively. The brown denotes the spectrum 

of FWM components when another PD is used for viewing the frequency relation. In 

order to observe the FWM components clearly, the frequency of center-channel signal 

(red signal) is adjusted to f+2Δ in the electrical domain as shown in Fig 3.26 (a). By 

frequency adjustment of the red signal f2’, the FWM components f223’, f132’, f221’ locate 

at f+3Δ, f-2Δ, f+5Δ, respectively. The signals and induced FWMs power influenced by 

polarization can be observed clearly and controlled easily. The components f223’, f132’, 

f221’ will fall in f1, f2, f3 respectively when the red signal is adjusted to the center 

frequency f, while the components of f123 and f112 coincide with each other as shown in 

Fig 3.26 (b). 

 63



  

f1 , f223=f-△ f3 =f+△, f221

f132 ' f223 '
f221 '

f123 '
f112 '

f1=f-△ f3=f+△
f2 '=f+ 2△ f2 =f, f132

f123 , f112

 

(a)                             (b)  

Fig 3.26 Electrical spectrum of IF signals on ADC: (a) spectrum for observing FWM components; (b) 

spectrum after adjusting frequency allocation 

The parameters for the compensation are chosen as follows: DSF fiber loss α, 

chromatic dispersion Dc, dispersion slope S and fiber nonlinear coefficient γ at 1550nm 

are 0.22dB/km, 0.07ps/km/nm, 0.07ps/km/nm2, 3.04/W/km, respectively. The fiber is 

divided into 15 sections for this compensation.  

Figure 3.27 (a) and (b) show the eye diagrams of sig1 w/o and w/ compensation of 

P0=8dBm/ch, respectively. The eye-closure penalty can be calculated by: 

1020 logeye

eyeopening after transmission

eyeopening beforetransmission


 
   

 
            (3.23) 

After compensation, the eye penalty of each signal is improved by more than 3dB. 

1.25ns/div     1.25ns/div  
(a)                                    (b) 

Fig 3.27 Eye diagrams of individual signal for a1), a2), a3) 20-km transmission w/o comp.; b1), b2), b3) 

20-km transmission w/ comp. with P0=8dBm/ch. 
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3.3.4 Compensation possibility by reducing number of processed signals in BP 

The transmitted signals can be compensated completely by increasing the number of 

detectors up until the same as the number of frequencies that new generated FWM 

components locate on. However, here we consider the compensation performance for 

individual signal by reducing number of processed signals in BP in off-line processing. 

For our experimental case of three channels, only the sig1 and sigl3 can be compensated 

since they are degraded by the degenerate FWM induced by the frequency mixing from 

only two signals. Take sig1 for example. The FWM degradation on signal1 is induced by 

the frequency mixing of sig2 and signal3 which is shown in Fig 3.28(a). Here Δf indicates 

the equal channel spacing. “+” represents the FWM appear during fiber propagation. 

Only signal2 and signal3 are involved in BP compensation process and FWM f223(-) is 

generated on f1 which is shown in Fig 3.28(b). The symbol “-” represents the opposite 

phase. f223(+) on f1 can be cancelled by combining with f223(-), which is shown in Fig 3. 

28(c), i.e., sig1 is compensated. The eye diagram of sig1 after compensation by using 

only signal2 and signal3 with P0=8dBm/ch is nearly equivalent to Fig 3.27 b). In a 

similar way, sig3 can also be compensated to the same degree by using only sig1 and 

sig2. 

ff1 f2 f3

f223(+)
f132(+)

f221(+)

Compensation target

Sig1 Sig2 Sig3

△f△f

 

(a) 

 65



 

f

△f△f

f1 f2 f3

Sig2 Sig3

f223(-)

 

(b) 

f

f223(+)

f223(-)

f1

Sig1

 
 (c) 

Fig 3.28 Principle of compensation for individual signal: (a) after transmission, (b) BP compensation 

process by using only sig2 and sig3, (c) sig1 compensation by combination. 

We also simulate based on a 4-ch system with P0=7dBm in order to demonstrate the 

applicability of reducing number of processed signals in BP in multi-channel system. 

Signal2 is considered as the compensation target by utilizing signal1, 3 and 4 through 

BP method. Four-detector compensation on signal2 can remove the FWM component 

f132, f143 as well as f334, while only f143 and f334 is compensated by three-detector 

compensation. The spectrum of detected signals before compensation is given in Fig 

3.29 (a). Fig 3.29 (b) shows the spectrum of after BP compensation process using only 

sig1, sig3 and sig4, while sig2 compensation after combination are given in Fig 3.29 (c).  
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(c) 

Fig 3.29 Spectra of signal2 compensation in 4-ch system with P0=7dBm: (a) detected signals before 
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compensation, (b) BP compensation process using only sig1, sig3 and sig4, (c) sig2 compensation after 

combination. 

  The eye diagrams before compensation and after compensation using three signals in 

BP are shown in Fig 3.30(a), (b), respectively. Figure 3.30(c) corresponds to the eye 

diagram by processing all these four signals in BP. The eye penalty is improved by 

nearly 2dB and 3.5dB, respectively, in Fig 3.30(b), (c). This result indicates that it is 

possible to improve FWM impairments by processing less number of signals in BP, 

however more detectors are required to realize optimum compensation for multi-channel 

systems. 

   

(a)                          (b)                          (c) 

Fig 3.30 Eye penalty of signal2: (a) after transmission, (b) after compensation by detecting sig1, sig3 and 

sig4, (c) after compensation by detecting four signals. 

3.4 Simulation for observing the number of required detectors 

Simulation is performed for observing the number of required detectors for different 

number of signal channels. We calculate, firstly, the different eye penalty on different 

number of signal channels when the number of detectors is increased. The parameters are 

chosen as Table 3-1. The obtained eye penalty of center channel is shown in Fig 3.31. It is 

obvious that the eye penalty is improved to near 1dB using 3 detectors (N detectors) for 

3-channel system, whereas the equivalent compensation can be obtained using 13 

detectors (5+8 detectors) for 5-channel system. What’s more, the eye penalty can be 

improved to nearly 5.5dB by 14 detectors (6+8 detectors) for 6-channel system. This 
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result indicates that great number of detectors must be employed in multi-channel 

systems. 

Table 3-1 Simulation parameters  

Modulation format DPSK 

Bit rate 2 Gbps 

Channel spacing Δf 20 GHz 

Transmission length L 20 km 

Fiber loss α 0.2 dB/km 

ZDW 1550 nm 

Dispersion slope S 0.07 ps/km/nm2 

Nonlinear coefficient γ 1.5 /W/km 

Optical power /ch 7 dBm 

Line-width 1 MHz 

Intermediate frequency 5 GHz 
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Fig 3.31 Eye penalty versus number of signal channels with different numbers of detectors 
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In order to clarify the eye penalty dependence on optical input power, we also plot the 

eye penalty versus optical input power in a 4-channel system with different numbers of 

detectors in Fig 3.32. When the optical input power is 5.5dBm/ch, the eye penalty can be 

improved to nearly 1dB by utilizing only 4 detectors, however 12 detectors (4+8 

detectors) are employed to obtain the equivalent compensation performance with the 

input power P0=8.5dBm/ch. For perspicuous understanding, the spectra before 

transmission, after transmission, after compensation with 4 detectors and 12 detectors, 

with P0=8.5dBm/ch, are shown in Fig 3.33(a)-(d), respectively. The out-of-band FWMs 

cannot be suppressed after compensation with 4 detectors since only the transmitted 

signals are detected, however the compensation performance is improved compared 

with that of before compensation by viewing the eye diagrams which are given in Fig 

3.34.  
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Fig 3.32 Eye penalty versus optical input power in 4-ch system with different numbers of detectors 
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(d) 

Fig 3.33 Spectra of 4-channel system with P0=8.5dBm/ch: (a) before transmission, (b) after transmission, 

(c) after compensation with 4 detectors, (d) after compensation with 12 detectors. 

   

(a)                                        (b) 

 

   

(c)                                        (d) 

Fig 3.34 Eye diagram with P0=8.5dBm/ch: (a) before transmission, (b) after transmission, (c) after 

compensation with 4 detectors, (d) after compensation with 12 detectors. 

The eye penalty is improved to nearly 9dB with 12 detectors when the input power 

increases to 11.5 dBm. This result indicates that great number of detectors must be 
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employed when the optical input power is increased even in the systems with few 

number of signal channels. 

3.5 Summary 

The configuration of WDM transmission system for fiber nonlinearity compensation 

with digital coherent detection is provided in this chapter. Advantage of digital coherent 

detection as well as the characteristics of coherent detection compared with direct 

detection is pointed out. 

Additionally, we introduce the method for achieving the fixed relationship between 

individual IF signals when coherent detected. A LO light is phase modulated by referring 

to Bessel function so as to realize phase locked LOs. 

Principles of BP compensation scheme as well as SSFM are given in this chapter. 

Experiments based on overall optical lights with heterodyne detection as well as phase 

diversity detection are implemented. FWM products are suppressed when 

simultaneously detected with digital coherent detection and the compensation possibility 

is demonstrated experimentally by BP method off-line. Therefore, it is possible to 

implement this compensation method for individual detectors. 

  We also consider the compensation for FWM components by using individual PDs. 

The feasibility of the phase-locked LOs for individual coherent detectors is verified in 

this part. The degradation improvement is observed directly on both ASK and DPSK 

modulated signals. The compensation performance is evaluated by eye closure penalty as 

well as signal-to-FWM crosstalk ratio. It is possible to improve FWM impairments by 

reducing the number of processed signals in BP, however large number of detectors is 

necessary for optimum compensation in multi-channel systems. 

Simulation for observing the number of required detectors is performed on different 
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number of signal channels as well as optical input power. The result indicates that great 

number of detectors must be employed when the optical input power is increased even 

in the systems with few number of signal channels. 
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Chapter 4 

Proposed estimation method for FWM impairments 

compensation 

4.1 Comparison of estimation method and BP method 

Digital coherent detection can compensate for fiber transmission degradation, including 

fiber nonlinearity impairments. However, there are drawbacks. Firstly, the post 

compensation methods through BP need extra detectors for out of band information 

produced by the nonlinearity [1]. Additionally, great computation power is required 

since many compensation steps are necessary in the segmenting of the transmitted fibers 

for processing. Therefore, we propose a novel compensation method based on FWM 

estimation. The number of detectors is reduced in our estimation method since only 

signal channels need to be detected and information of other FWM channels are 

deduced based on these detected channels. As a consequence, less computation power is 

required than in the BP method. The configuration of WDM systems for FWM 

compensation with estimation method is shown in Fig 4.1. Both the number of LOs as 

well as PDs are reduced compared with the BP method in Fig 3.16. The difference of 

the compensation process between these two methods is illustrated as Fig 4.2. In BP 

method, up-sampling is indispensable for each detected channels including signals as 

well as FWMs, and optical field reconstruction is realized by combining all these 

channels as equal channel spacing. Furthermore, individual filters are required after 

great number of steps through SSFM in order to obtain individual signals. In contrast, 
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optical field reconstruction is unnecessary in estimation method, and re-sampling is 

implemented so as to obtain the eye diagrams in estimation method. Individual signals 

can be obtained directly after 1st and 2nd round estimation compensation. 
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Fig 4.1 Configuration of our experimental condition with estimation method in WDM system 
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(b) 

Fig 4.2 Difference of the compensation process between these two methods: (a) BP method, (b) 

estimation method 

4.2 Proposal of Estimation compensation method 

4.2.1 Principle of the method 

Our proposed FWM impairments compensation method is based on estimating FWM 

components and then substituting the estimated components for the generated ones. 

Direct detection is square-law detection so the impairments cannot be substituted. 

However coherent detection conserves the optical field in the detected electrical signal 

and this signal can be compensated. The FWM components can be calculated by 

nonlinear propagation, but this requires great computation power. We propose, therefore, 

to utilize the calculations which are given by equations [2], [3]. 

The thought of the proposed compensation method is shown in Fig 4.3 based on a 

three-channel system for brevity. The equal difference between frequency f-1, f0, …, f4, 

f5 is Δf. In the case of equal channel-spacing, the generated new frequencies coincide 

with the existing frequencies, leading to coherent in-band crosstalk and degrading 

system performance severely. The compensation process consists of the following steps. 

Figure 4.3(a) shows the 1st round FWM calculation. Only the in-band FWM 

components are applied to the compensation process in this step. E223, E132, E221 are 

suppressed by generating FWM E223
’, E132

’, E221
’ which are estimated from initially 

detected waveforms w01, w02, w03. The FWM components below the coordinate axis 

signify out of phase (opposite sign). However, other out-of-band components also 

generate new FWMs that can not be compensated by 1st round FWM compensation. 

The reasons for this incomplete compensation are considered as follows. One reason is 
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other FWM components are induced by this nonlinearity which is induced by the above 

FWM components. The other reason is due to the assumption of the derived equation 

without considering the power depletion and the FWM components are contained in the 

initially detected signal components. 

The components EF1, EF2, and EF3 represent the residual components. For 2nd round 

FWM compensation, 1st round compensated waveforms w11, w12, w13 which are shown 

in Fig 4.3 (b) are utilized for further calculation. Firstly, out-band FWM components 

which appear during 1st round FWM process are calculated by w11, w12, w13 (indicated 

by ②), since these FWMs are necessary for calculating 2nd round FWM; secondly, EF1
’, 

EF2
’, and EF3

’ are calculated using both signals and already calculated out-band FWMs 

(indicated by ③). 
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Fig 4.3 Compensation process: (a) 1st round FWM compensation; (b) 2nd round FWM compensation. 

4.2.2 Equation derivation for Estimation 
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A. 2nd round compensation: 

The differential equation for an induced FWM component Eijk is expressed as follows 

[2]: 

            1
exp

2ijk ijk i j k ijk

d E z E z i DE z E z E z i z
dz

              (4.1) 

where α is the fiber attenuation coefficient, and z is fiber length, respectively. 

2( /ijk effn cA )   is the nonlinear parameter, here ijk is optical carrier angular frequency 

at fijk=fi+fj-fk , n2 is nonlinear index, c is light velocity at vacuum, Aeff is effective area, D 

is degeneracy factor which has value 3 or 6 for degenerate or non-degenerate terms, 

respectively. Ep (z) (p=i, j, k) represents the electrical fields of the input signal, ijk is the 

propagation constant for Eijk. The amplitude of each electrical field is diminished solely 

by fiber attenuation and represented as: 

  1
exp

2p pE z E z i z   
 

p


                       (4.2) 

The frequency relation between the induced FWM Eijk and signal Ei, Ej, Ek is fijk=fi+fj-fk. 

The induced FWM can be derived as: 

    exp 1 1
exp

2ijk i j k

z i z
E z i DE E E z

i

 
 

 
         


             (4.3) 

where =ijkijkis the phase matching difference. This can be rewritten as the 

transmitted electrical field at the length L: 

        exp 1
( ) ( ) ( ) expijk i j k

L i L
E L i DE L E L E L L

i

   
 

    


 
        (4.4) 

In the 2nd round, the estimated FWM (indicated by ② in Fig 4.3) will act as input 

components that induce new FWM components on signal channels. We derive applied 

equations for two cases. Eijk (z) is generated along the fiber transmission and varies with 

the fiber length. We assume it as the following expression: 
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     0

1
exp

2ijk ijk ijkE z E z z i z   
 


                    (4.5) 

where Eijk0 (z) represents the electrical field once the FWM appears. 

By substituting Eq. (4.5) into Eq. (4.1) as one of the signals, we can obtain differential 

equation of 2nd round FWM: 

     ( ) ( ) ( ) exp
2Fn Fn ijk l m Fn

d
E z E z i D E z E z E z z i z

dz

               (4.6) 

where '  is the nonlinear parameter for EFn,  is degradation factor for this process. 

Then, we obtain: 

'D

1 1 exp(
( ) exp

2 2Fn ijk l m

z i z
E z i D E E E z

i

  
 

 ) 1          
         (4.7) 

where ijk l m Fn         . This can also be rewritten as the transmitted electrical 

field length L: 

 1 exp(
( ) ( ) ( ) ( ) exp

2Fn ijk l m

L i L
E L i D E L E L E L L

i

) 1  
 

     
 

      (4.8) 

The opposite sign FWM EFn
’ in 2nd round compensation is calculated using EFn (z). 

B. Residual components: 

The received signal w01, w02, w03 include not only signal but also FWM components. 

These components affect the FWM estimation at the 1st round. If we assume that w02 

consists of E2 and E132 , the 2nd round components which are induced by the FWM 

components inside the signal is produced EF2, then the components can be cancelled. 

  Power depletion is another factor which is introduced in Section 4.4.1. 

4.3 Simulation performance based on estimation compensation method 

4.3.1 Demonstration in un-equal channel spacing system 

In order to demonstrate the possibility of this compensation method, a five-channel 

transmission system distributed around 1550nm with lower optical power and un-equal 
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channel spacing is taken as an example. The input optical power P0 is chosen at 4dBm/ch. 

The channel spacing between each signal is 14GHz, 21GHz, 28GHz, 37GHz, 

respectively. Signal on each channel is DPSK modulated at 2 Gbit/s. The transmission of 

WDM signals over dispersion-shifted fiber (DSF) of 20km is simulated. The fiber loss, 

CD, dispersion slope and fiber nonlinear coefficient are 0.2 dB/km, 0.01 ps/km/nm, 0.07 

ps/km/nm2, 1.5 /W/km, respectively. Figure 4.4 (a) (b) (c) gives the spectra of before 

transmission, without compensation and with compensation at P0=4dBm/ch, respectively. 

Some FWM components are generated after transmission shown in Fig 4.4(b) by 

comparing with Fig 4.4(a). For the case of un-equal channel spacing, nearly all the FWM 

components fall out of signal channels, therefore the compensation possibilities can be 

easily seen by the cancellation of the FWM components. It is obviously seen from Fig 

4.4(c) that the generated FWM components are cancelled by calculating the estimated 

FWMs with opposite sign using Eq. (4.3). 
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(c) 

Fig 4.4 Spectra of five-channel transmission system with un-equal channel spacing: (a) before 

transmission, (b) after transmission & w/o compensation, (c) after transmission & w/ compensation 

4.3.2 Compensation possibility in equal channel spacing system 

Simulation is also performed on a five-channel WDM system with equal channel 

spacing of 20GHz. The bit length is 2 . The spectra of before/after transmission at 

P =7dBm are shown in Fig 4.5. Decisive FWM products are generated after fiber 

transmission. The transmitted signals are heterodyne detected with phase-modulated 

LOs. The demultiplexed signals are received by individual receivers and processed. 

Other parameters are set the same as above. 

9

0

Under our numerical condition, the phase 

difference between all of the phase-modulated LOs keeps unchanged. Therefore, the 
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phase relationship of the intermediate frequency (IF) signals can be kept fixed when 

heterodyne detected by individual receivers. The carrier frequency of LO is set near f3 

and the phases of the five detected signal channels f1, f2, f3, f4, f5 are 0, -π, 0, 0, 0, 

respectively. Then -π is adjusted to 0 for the compensation. Other considered channels 

are calculated based on these five channels. The eye diagrams of center channel before 

and after estimation compensation with P0=4dBm, 5.5dBm, 7dBm are given in Fig 4.6, 

respectively. By compensation, there is a distinct improvement on the eye openings. 
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(b) 

Fig 4.5 Spectra of five-channel transmission system with channel spacing of 20GHz: (a) before 

transmission, (b) after transmission 
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 Before compensation After compensation 

4dBm 

  

5.5dBm 

7dBm 

Fig 4.6 Eye diagrams of center channel before and after compensation by estimation method with 

P0=4dBm, 5.5dBm, 7dBm in five-channel WDM system. 

4.4 Power adjustment and limitation 

4.4.1 Power adjustment 

  The in-band FWMs are ignored in the electrical fields of the detected signals during 

above derivation. However, the detected waveforms include not only signals but also 

these FWM components fall on the signal channels as shown in Fig 4.3, especially for the 

scenario of higher power. Furthermore, the powers of signals are decreased not only by 

the fiber loss but also by their depletion induced through frequency conversion from 

signals to FWMs. Therefore, the powers of signals should be adjusted due to the above 
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composite factor. Therefore, a coefficient Kp (p=…, i, j, k,…,l, m, n,…) is assumed as 

adjustment factor of each signal, which is used for approximately estimating the 

difference between the detected power PDet with equal separation and non-depletion Pp, 

in which the degradation stems from fiber loss only. Fig 4.7 shows the contrast between 

Pp and PDet. 

transmission

Power
P0

Pp
PDet

 

Fig 4.7 Power contrast between Pp and PDet 

For simplicity, the channel powers of depletion case (with equal and unequal 

separation) as well as only loss case in three-channel system are illustrated in Fig 4.8 so 

as to observe the power difference induced by depletion. Kp is represented as: 

p
p

Det

P
K

P
                                  (4.9) 

where 0
L

pP Pe  , P = P -P +P . Here, P  represents the depletion due to the 

power transfer from original signal channels to FWM frequencies during the FWM 

generation, and P  denotes the power of FWM components that locate on each signal 

channels. The electrical fields of detected signals utilized for estimating FWM, 

therefore, can be adjusted as K ‧E (z)

Det p tr F-on tr

F-on

p Det . 

 87



0

1

2

3

4

5

6

7

8

9

10

4 7 10 13 16 19 22 25

Optical input power/ch (mW)

R
ec

ei
ve

d 
po

w
er

 (m
W

)

P (p)
P (Det): equal separation (Ch1,3)
P (Det): equal separation (Ch2)
P (un): unequal separation (Ch1,3)
P (un): unequal separation (Ch2)

 

Fig 4.8 Channel power difference in three-channel system 

In order to observe the improvement on compensation performance, power 

adjustment is carried out on the five-channel case of Fig 4.6 with P0=4dBm and 7dBm, 

and the corresponding eye diagrams are obtained as Fig 4.9. The improved eye penalty 

is nearly equivalent in the case of P0=4dBm, whereas 1.9dB is improved in the case of 

P0=7dBm after power adjustment. And Kp (p=1, 2, 3, 4, 5) is 1.09, 1.08, 1.06, 1.06, 1.11, 

respectively. 

    

(a1)                               (a2) 
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(b1)                               (b2) 

Fig 4.9 Eye diagrams: (a1) after compensation without power adjustment (P0=4dBm), (a2) after 

compensation by power adjustment (P0=4dBm); (b1) after compensation without power adjustment 

(P0=7dBm), (b2) after compensation by power adjustment (P0=7dBm). 

4.4.2 Limitation 

The 1st and 2nd round can be utilized for FWM compensation by estimation with this 

method. However, the 1st and 2nd round will become ineffective when the optical power 

becomes higher that the FWMs overwhelm the transmitted signals. This is the limitation 

of this method and the reason for the inadequate compensation in higher input power 

region. For the three-channel system, the power of equal separation approaches twice of 

that of unequal separation after transmission when the input optical power P0 increases to 

nearly 22mW (13.5dBm)/ch as shown in Fig 4.8, where P = P -Pun p tr. This means the 

power of newly generated FWMs on signal channels becomes considerable and 

equivalent to the signal power. In this case, the eye penalty becomes hardly improved. 

However, 2nd round estimation is unnecessary to be carried on in the multi-channel 

systems which will be discussed in the following part. 

4.5 Compensation performance of estimation method in comparison with that of 

BP method 

In order to compare the compensation performance of BP method corresponding to 

different number of detectors with that of our estimation method, we also simulate for BP 

compensation on five-channel scenario. The optical input power and other parameters are 

chosen the same as above. Figure 4.10 shows the eye penalty variation while the optical 

input power varies from 2dBm/ch to 7.5dBm/ch for brevity. The solid marks stand for 

estimation method, while the hollow marks correspond to BP method, in which 5 

detectors are for 5 signals and additional detectors are aligned symmetrically to the 

 89



signal-channel detectors.  
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Fig 4.10 Eye penalty versus optical input power  

The compensation performance of estimation method after 2nd round FWM 

compensation is between that of BP method with 9 detectors and 13 detectors. The 

compensation results indicate that the input optical power tolerance is improved by 

nearly 5.5dB at 3dB eye penalty, which is designated by red dashed line in Fig 4.10. 

4.6 Discussion in multi-channel systems 

This compensation method is also effective in multi-channel systems. The 

computation power augments with the number of channels increasing. For a 

three-channel system, the number of calculations of 1st and 2nd round compensation is 

only 3 and 14, respectively. However, the computation power, i.e., number of 

calculations for 1st and 2nd round FWM compensation rise higher in a WDM system 

with N-channel, where the number of calculations depends exclusively on the number of 
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channels. When we assume the number of channels is even, the number of FWM 

components on m-th signal channel is expressed as [4]: 

                    
2 2

, 4 2 2FWM m

N Nm m
N

2

m
N                      (4.10) 

Therefore, the total number of 1st round FWM on signal channels can be obtained while 

m varies from 1 to N by the following equation: 
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  (4.11) 

However, FWM are hardly generated on the channels which are further from ZDW due to 

the phase mismatch in WDM system with large number of channels. Therefore, not all of 

theoretically calculated FWMs can be generated for a large N. The number of 2nd round 

FWMs is also limited. We focus on the center channel for the worst-case scenario in 

multi-channel WDM systems to roughly estimate the channel threshold value of FWM 

involved by observing the total FWM efficiency η. Each FWM efficiency η with respect 

to phase mismatch is calculated as [5]: 
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                    (4.12) 

where α is fiber loss, L is transmission length, Δβ is the phase-mismatching factor 

which is introduced in Section 2.4.3: 
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 (4.13) 

where c is the light velocity, Dc is the chromatic dispersion, S is the dispersion slope, Δf 

is the channel spacing, fi, fj, fk are the frequencies of three signals whose relationship is 
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represented as: 

                                i j kf f f f                              (4.14) 

Assuming the channel spacing is 100GHz, the dispersion slope S=0.07 ps/km/nm2, and 

other parameters are chosen the same as above. The total efficiencies of each FWM 

components that coincide with center signal channel are summarized and obtained in Fig 

4.11. We consider the ZDW locates on both the center of all the channels as well as 

relatively further, which are indicated by solid marks. When the total efficiency tends 

towards flat, it can be viewed as that FWMs are hardly generated. By our calculation, the 

range that is vulnerable to FWM impairments covers from nearly 20 channels to 40 

channels as center channel becomes further from ZDW. The sharp rise is by virtue of that 

the phase matching condition for the special completely non-degenerate case is satisfied 

[Appendix C]. In actual fiber transmissions, however, ZDW is non-uniform for the 

combination of individual fibers, even for the entire length of a fiber itself, the ZDW 

fluctuates along the fiber length [5]. We consider that the fibers consist of two segments 

with non-uniform ZDW for brevity. In this case, the FWM efficiency is not simply a 

summation of the values for each segment, but an interference appearing between the 

FWM generations in each fiber segment. The efficiency is deduced as [5]: 
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             (4.16) 

When L1=L2=10km is assumed, the non-uniform ZDW cases are plotted in Fig 4.11, 
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which are indicated by hollow mark. The sharp rise is improved by any combination of 

different ZDW, especially when the ZDW is relatively closer to the center.  
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Fig 4.11 Total FWM efficiency of worst channel with different ZDW 
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Fig 4.12 Total FWM efficiency of center channel with different channel spacing 

The total efficiency with respect to different channel spacing is also plotted in Fig 4.12 

by assuming ZDW locates on the center of the channels. The purple curve corresponds to 

the theoretical value calculated by Eq. (4.10), i.e., the efficiencies of all the FWMs locate 
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on center channel equal to 1. The number of channels that are vulnerable to FWM 

decreases as the channel spacing increases. When the channel spacing is 25GHz, the 

signal channels are probably hardly affected by FWM from out of 40 channels, however 

only 10 channels are involved while the channel spacing increases to 200GHz. 

We take 100GHz channel spacing for example, for a rough estimate of the worst-case 

scenario on center channel, assuming 30 channels are involved. The efficiency of each 

FWM that locates on the 15th channel is plotted in Fig 4.13, in which i+j-k=15. This 

figure covers some reduplicate FWM products (e.g., notation of fijk and fjik). For a larger 

number of channels N≧30, the number of calculations remains unchanging under this 

condition. 
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Fig 4.13 Efficiency of each FWM locates on channel 15 in a 30-channel system. 

The superiority of our estimation method is mainly based on: 1) Fewer detectors are 

employed since only signal channels are required to be detected and FWM information of 

other channels are estimated based on the detected channels; 2) While the number of 

calculations required depends on the number of channels involved, our method uses only 

two steps. In contrast, the BP compensation method requires many more steps per 
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channel as each transmitted fiber must be segmented. Our method is preferable in terms 

of less computation power, and smaller number of actual circuits involved. 

4.7 Experimental verification 

The compensation method is verified experimentally. The number of required detectors 

will be doubled for phase diversity detection. Therefore, heterodyne detection is chosen 

due to the limitation of our experimental devices. The experimental setup for FWM 

estimation compensation is identical to that of BP method except the off-line process, 

shown in Fig 4.14. Two tunable lasers (TL) and a distributed feedback (DFB) laser with 

23-GHz channel spacing are employed as WDM signal sources whose wavelengths are 

around 1550nm. The line-widths of both signal optical sources and LO are nearly 1MHz. 

They are DPSK modulated using dual Mach-Zehnder intensity modulator driven at a bit 

rate of 0.8Gbps by individual PPG with the pseudo-random bit sequence of 29-1 length. 

The combined signals are amplified, and subsequently fed to a 20-km DSF whose ZDW 

is around 1549nm. Some of the generated new FWM components fall in the signal 

channels. The signal-to-FWM (adjacent FWM) crosstalk ratio is nearly 8dB. Only the 

transmitted signals are heterodyne detected with phase-modulated LOs. The modulation 

index is adjusted to approximately 1.5, so as to bring sideband power as close to 

equivalent as possible. The phase relationship between modulated LOs and signals in 

optical domain is shown in Fig 4.15. The black dashed lines denote modulated LOs, 

whose center carrier is set nearly 1.6GHz frequency difference with Sig2, i.e., the IF is set 

nearly 1.6GHz. These coupled signals are demultiplexed by the optical demultiplexer. 

The 3-dB bandwidth of the optical demultiplexer is nearly 0.18nm. The received signals 

are sampled by three ADC at a rate of 5Gsample/s and the converted signals are processed 

off-line. The optical field reconstruction is unnecessary in the off-line digital signal 

 95



processing in estimation method as mentioned above. Re-sampling is followed by 

differential demodulation with one bit delay. The demodulated signals are then sent 

through low-pass filters. 

TL ( f1)

23-GHz

DSF

23GHz

TL ( f2)

TL ( f3)

LO LN-PM

PD2

PD3

PD1

ADC

Sig3

Sig2

Sig1

DE-
MUX

Re-sampling
FWM Compensation 

Estimation

Off-line inter-channel FWM compensation

20kmOC

OC OCEDFA

EDFA

λ1: 1549.72nm, 
λ2: 1549.91nm,
λ3: 1550.10nm.

MOD

PPG

MOD

PPG

TL: Tunable laser, OC: Optical coupler, MOD: MZ-Intensity modulator, 
PPG: Pulse pattern generator (0.8Gbps), EDFA: Erbium-doped fiber amplifier, DSF: Dispersion-shifted fiber,
LO: Local oscillator, LN-PM: LiNbO3 phase-modulator, PD: Photodiode,  ADC: A/D converters (5Gsample/s).  

Fig 4.14 Experimental setup 
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Fig 4.15 Phase relationship between LOs and signals 

The optical spectra before transmission and after transmission with the fiber input 

power P0=8dBm/ch are shown in Fig 4.16.  
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Fig 4.16 Optical spectra of transmitted signals with P0=8dBm/ch. 

Figure 4.17 a1), a2), a3) give the obtained eye diagrams of individual signals before 

compensation, while Fig 4.17 b1), b2), b3) plot the ones after 1  round and 2  round 

FWM compensation. The eye penalty of each signal is improved by 3.5dB, 5.8B, 5dB, 

respectively, with our compensation. 
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Fig 4.17 Eye openings of individual signal for a1), a2), a3) 20-km transmission w/o comp.; b1), b2), b3) 

w/ 1st & 2nd round FWM comp. method with P0=8dBm/ch. 

The eye penalty variation while the optical input power varies from 4dBm/ch to 
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9dBm/ch is shown in Fig 4.18. The eye penalty is improved to nearly 3dB in this range 

of the optical input power after estimation compensation. And the optical power 

tolerance is improved by nearly 4dB at 3dB eye penalty. 
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Fig 4.18 Eye penalty variation 

4.8 Summary 

Compared with BP method, fewer detectors are employed since only signal channels are 

required to be detected and FWM information of other channels are estimated based on 

the detected channels in our estimation method. Additionally, while the number of 

calculations required depends on the number of channels involved, the BP compensation 

method requires many more steps per channel as each transmitted fiber must be 

segmented. In contrast, the estimation algorithm uses only two steps and it is preferable 

in terms of less computation power, and smaller number of actual circuits involved. 

The novel algorithm for FWM compensation is based on estimating FWM 

components and then substituting the estimated components for the generated ones. The 

principle of this algorithm is introduced and the equation derivation utilized for 1st and 

2nd round estimation is given in this chapter. The 1st and 2nd round will become 

ineffective when the optical power becomes higher that the in-band FWMs overwhelm 
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the transmitted signals. This is the limitation of this method. 

In order to demonstrate the possibility of this compensation method, simulation is 

performed firstly based on a 5-ch un-equal channel spacing system. The 5-ch system 

with equal channel spacing is simulated subsequently. After compensation, the eye 

penalty is improved by estimation method, which is also compared with BP method. 

The compensation results indicate that the input optical power tolerance is improved by 

nearly 5.5dB at 3dB eye penalty. 

This compensation method is also effective in multi-channel systems, which is 

discussed in this part. Furthermore, the compensation method is verified experimentally. 

The eye penalty is improved effectively. 
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Chapter 5  

Summary and Conclusions 

We propose to demonstrate experimentally the feasibility of electrical post compensation 

using digital coherent detection with BP method in this dissertation, firstly. 

Post-compensation is more adaptive since feedback is unnecessary and demodulation 

process is done at the receiver side. Moreover, this method offers great flexibility to 

transmission length, fiber characteristics. Various fiber propagation degradations may be 

digitally compensated, relieving the need for complex and expensive optical solutions. 

The difficulties of FWM electrical compensation are to convert optical signal information 

to electrical signal with remaining the phase relation of individual channels. In order to 

realize fixed phase relationship among LOs when coherent detected by individual 

detectors, we modulate a LO light using a phase modulator. Both ASK and DPSK 

transmissions are verified in our experiments. The combined individual detected signals 

are compensated and the original signals can be retrieved off-line by observing the 

signal-to-FWM crosstalk ratio as well as the eye penalty.  

Simulation is also performed for observing the number of required detectors for 

different number of signal channels as well as optical input power. The result indicates 

that great number of detectors must be employed when the optical input power is 

increased even in the systems with few number of signal channels. 

  Digital coherent detection can compensate fiber transmission degradation, including 

fiber nonlinearity impairments. However, for complete compensation in BP method, the 

extra detectors for out of band information produced by FWM are required. Additionally, 
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great computation power is required since many compensation steps are necessary in the 

segmenting of the transmitted fibers for processing. As a consequence, we propose a 

novel FWM impairments compensation method based on estimating FWM components 

and then substituting the estimated components for the generated ones. Equation 

derivation for estimation method is described in this dissertation for both 1st and 2nd 

round compensation.  

With estimation method, the number of detectors is reduced since only signal channels 

are detected and information of other FWM channels is deduced based on these detected 

channels. Simulation is performed based on a five-channel WDM system, in which 

compensation performance is compared between our estimation method and BP method. 

The compensation performance is evaluated by eye penalty of each signal. The 

compensation results indicate that the input optical power tolerance is improved by nearly 

5.5dB. The compensation performance is also verified experimentally. This method is 

preferable in terms of fewer employed detectors, less computation power, and fewer 

actual circuits involved. This method is also effective in multi-channel systems.  

The limitation of this method is also discussed in higher input power region. The 1st 

and 2nd round will become ineffective when the power of newly generated FWMs on 

signal channels becomes considerable and equivalent to the signal power.  
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Appendix A 

List of Abbreviations 

WDM: wavelength division multiplexing 

FWM: four-wave mixing 

EDFA: erbium-doped fiber amplifier 

XPM: cross-phase modulation 

SPM: self-phase modulation 

NLSE: nonlinear Schrödinger equation 

SBS: stimulated Brillouin scattering 

SRS: stimulated Raman scattering 

CD: chromatic dispersion 

SMF: single-mode fiber 

ADC: analog-to-digital converter 

BP: backward propagation 

ASK: amplitude-shift keying 

DPSK: differential phase-shift keying 

GVD: group velocity dispersion 

CW: continuous-wave 

DSF: dispersion-shifted fiber 

LD: laser diode 

PD: photodiode 

OC: optical coupler 

LO: local oscillator 
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PC: polarization controller 

ASE: Amplified spontaneous emission 

DCF: dispersion compensation fiber 

DSP: digital signal processing 

PBS: polarization beam splitter 

MZM: Mach–Zehnder modulator 

PPG: pulse pattern generator 

NLSE: nonlinear Schrödinger equation 

FBG: Fiber Bragg grating 

SSFM: split-step Fourier method 

PMD: polarization mode dispersion 

PRBS: pseudo-random binary sequence 

LN-PM: LiNbO3 phase-modulator 

FPGA: Field-Programmable Gate Array 
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Appendix B 

Partially degenerate FWM & completely non-degenerate FWM 

Degenerate case: 

In Section 2.4.2, we utilize the degenerate and non-degenerate FWM directly. Here, we 

give the explanation about the definition. For simplicity, a two-channel system is plotted 

in Fig A.1. As shown in Eq. (2.11), the two-channel scenario is a particular case, in which 

these two channels are not interfered by the FWM terms that induced by only two signal 

frequency mixing (However, multi-channel system will be undermined). This is named 

as degenerate FWM. In this case, the signal powers are depleted from the original 

channels to the generated extraneous degenerate FWM frequencies located at 2ω1-ω2 

(f112) and 2ω2-ω1 (f221). The situation becomes more complicated as signal channels or 

optical power increases, and more FWMs will be generated. Degenerate FWMs are 

generated in multi-channel systems likewise. 
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Fig A.1 Frequency allocation of degenerate FWM in a two-channel system 

Non-degenerate case: 

Different from degenerate case, FWM terms that induced by the frequency mixing from 

three signals are called completely non-degenerate FWM. The components can be 

viewed clearly in Fig 2.5. 
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Appendix C 

β expansion in Taylor series and phase mismatching factor 

In order to find the relationship between phase mismatching factor   and chromatic 

dispersion Dc, the propagation constant β is expanded in Taylor series about 

ω=ωm=2πc/λm as follows: 
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where vp and vg is the phase velocity and group velocity of HE11 mode, respectively. 
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inversely to vg, β2 and β3 are named as second- and third-order dispersion parameters, 

respectively. Therefore, i j k ijk          in Eq. (2.20) can be deduced as: 
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where the frequency relation ωijk+ωk-ωi-ωj=0 is utilized. We consider whether the 

wavelength locates near the zero-dispersion wavelength λ0 or not. If it is far from λ0, the 

2nd term of Eq. (A-2) can be neglected and becomes: 
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Otherwise, if it locates near λ0 (i.e., ωm=ω0), Dc is nearly zero and the 1st term 

approaches zero. In this case, Eq. (A-2) becomes: 
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When we assume the equal channel spacing, i.e., fi=fj, Eq. (A-4) is rewritten as: 
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It is deduced that when fi+ fj=2f0, 0   can be obtained from Eq. (4). The condition 

of fijk+fk-fi-fj=0 is known, and thereby fijk+fk=2f0. Namely, the generated FWM 

frequency fijk and the signal frequency fk are symmetrical to f0, which is plotted in Fig 

A.2 (a). For the degenerate case in Eq. (5), 0   can be realized only if fi=fj=f0. 

Figure A.2 (b) shows this allocation. 
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Fig A.2 Frequency allocation for 0   
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Appendix D 

Measurement of zero-dispersion wavelength 

Before implementing the experiment, λ0 of the utilized DSF is measured firstly. The 

method for this measurement is one of the utilizations for FWM of the degenerate case. 

From Eq. (2.22), the phase mismatching factor becomes the following form for 

degenerate FWM when f1=f2: 

  
4

20
1 3 1 02

2 f f f f
c

    S                  (A-6) 

It is obvious that the phase mismatching factor △β will becomes zero when a pump 

frequency locates at the zero-dispersion frequency f0, and thereby the FWM generation 

will become the most efficient. In other words, λ0 dovetails with the pump wavelength, 

which the highest FWM power is generated at. The measurement is shown in Fig A.3. 
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Fig A.3 Measurement of zero-dispersion wavelength 

Since the ZDW of universal DSF is approximately 1550 nm, the probe wavelength is 
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selected to be within the range of 10nm near λ0 and keep unchanged [1]. In our 

measurement, we set the fixed optical light at 1555nm. The pump light is changed 

slightly near 1550nm as a step of 0.1nm within a short range as shown in Fig A.3. It is 

clear that there is a peak FWM product at 1543nm and the corresponding pump 

wavelength is 1549nm, and hence, the ZDW of our utilized DSF is 1549nm. 

 

[1] S. E. Mechels, J. B. Schlager, and D. L. Franzen, “Accurate measurements of the 

zero-dispersion wavelength in optical fibers,” Journal of Research of the National 

Institute of Standards and Technology, Vol. 102, No. 3, pp. 333-347, May., 1997. 
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Appendix E 

Configuration of optical demultiplexer 
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Fig A.4 Configuration of optical demultiplexer (MZI: Mach-Zehnder interferometer, OC: optical 

circulator, FBG: fiber Bragg grating, ISO: Isolator, AWG: Arrayed waveguide) 
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Appendix F 

Frequency response of individual PDs 

 

 

Fig A.5 Frequency response of individual PDs 
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Appendix G 

SBS in different modulation formats 

In order to observe the influence of SBS effect, firstly the measurement of CW light 

under our experimental situation is shown in Fig A.6. At the lower power region, both 

the forward power and backward power increase linearly with the increase of fiber input 

power. Brillouin threshold is reached at an input power of nearly 5.5dBm, since there is 

a substantial increase of the reflected power, shown in Fig A.6, which is dominated by 

the backward Stokes wave generated through SBS. The forward transmitted power 

reaches a saturation level of about 1.7dbm, simultaneously, for the input powers in 

excess of 7dbm. And the degradation of SBS can be seen clearly by optical spectrum 

with optical power of 2dBm and 13dBm (indicated in Fig A.6) in Fig A.7 (a) and (b), 

respectively. With the appearance of SBS, most of the optical power will be converted 

to backward Stokes wave. For this case SBS also acts as a limit factor of FWM when 

the optical power becomes higher. 

ASK and PSK modulated optical signals are also measured in Fig A.8 (a) and (b), 

respectively. Brillouin threshold is 6.5dBm for ASK modulation, and for PSK 

modulation, both of the forward power and backward power increase linearly, so there 

seems no backward Stokes wave appears between the optical power of 1dBm and 

10dBm. Therefore, if we consider the relatively higher input power, PSK modulation 

should be more adequate. 

 113



-30

-25

-20

-15

-10

-5

0

5

10

0 2 4 6 8 10 12 1

Fiber input power (dBm)

O
ut

pu
t p

ow
er

 (d
B

m
)

4

forward power

backward power

 

Fig A.6 SBS measurement of CW light: linear loss is 4.7dB. 
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(b) 

Fig A.7 Optical spectrum by SBS with optical power of (a) 2dBm, (b) 13dBm. 
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Fig A.8 SBS measurement (a) ASK modulated signal; (b) DPSK modulated signal. 
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