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Preface 

 

Due to the rapidly growing data and internet traffic, worldwide next-generation optical networks 

will require significant improvements in transmission capacity. Multi-level modulation format, 

preferably in combination with coherent detection is a key technique for simultaneously increasing 

the spectral efficiency (SE) and maintaining long transmission distance. Substituting multi-level 

modulation formats for conventional on-off keying (OOK) modulation, the bit rate of one 

wavelength channel of commercial wavelength division multiplexing (WDM) transmission networks 

can be upgraded from 10 Gb/s to 40 Gb/s or 100 Gb/s. The conventional on-off keying (OOK) 

modulation format will never be completely replaced by multi-level modulation formats in 

optic-fiber networks, because of its absolute advantages of cost-effective TX/RX structure, and high 

robustness against nonlinear impairments. In next-generation networks, disparate modulation 

formats should be incorporated together to achieve cost efficiency. The function of OOK to 

multi-level modulation format conversion will be an important interface technology to realize the 

optical network’s demand of flexibility by choosing an optimal modulation format. All-optical signal 

processing techniques have received much attention due to their ultra-fast response and extended 

transparency. This is accomplished by eliminating optical-electrical-optical conversions in the 

optical fiber communication networks. Semiconductor optical amplifier (SOA) and highly nonlinear 

fiber (HNLF) have been widely employed for all-optical modulation format conversion. This thesis 

focuses on fiber nonlinearity and nonlinear effects. An attempt is made to propose and demonstrate 

an all-optical OOK to 16 quadrature amplitude modulation (QAM) format converter based on fiber 

nonlinearity. 

In order to provide a good understanding on the principle of the proposed all-optical OOK to 

16QAM format converter, the necessary knowledge of the nonlinear Schrödinger (NLS) equation, 

and nonlinear effects such as cross phase modulation (XPM) and four-waving mixing (FWM), are 

described in Chapter 2. Nonlinear optical loop mirror (NLOM), which is the main operation part of 

the converter, is attractive for its application in all-optical signal processing based fiber-optic 

communications. The researches related to NOLM will also be briefly summarized. 

The efficiency of nonlinear effects depends on the fiber nonlinear coefficient  Accurate 

measurement of  is one of the key criteria for designing transmission systems and HNLF-based 
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devices. In Chapter 3, a novel method to measure the nonlinear coefficient employing the 

phase-mismatching four-wave-mixing (PM-FWM) is proposed. The PM-FWM method can 

simultaneously measure the chromatic dispersion with high precision, and therefore its influence on 

the measurement of  can be removed. The measurements of  for highly nonlinear 

dispersion-shifted fibers (HNLDSFs) and a standard single mode fiber (SSMF) are made by the 

PM-FWM method. By comparing the PM-FWM measured results with ones measured by 

conventional methods, the practicability of the PM-FWM method was established. 

The main research work of this thesis, a novel all-optical OOK to 16QAM modulation format 

conversion employing NOLM based on XPM and optical parametric amplification (OPA) in optical 

fibers is proposed and numerically demonstrated in Chapter 4. Simulation results confirm the 

feasibility of this converter.  

In order to experimentally demonstrate the all-optical OOK to 16QAM format conversion, a 

simplified configuration of the converter with a 1:2 coupler employed in the NOLM is proposed in 

Chapter 5. The first experimental demonstration of an all-optical modulation format conversion from 

non-return-to-zero (NRZ)-OOK to return-to-zero (RZ)-16QAM is presented at 10 GS/s. The 

simulation and experimental results confirm the feasibility of this proposed converter.  

Chapter 6 concludes the whole thesis. The whole study has been funded by Japanese Government 

of the Ministry of Education, Culture, Sports, Science and Technology (MEXT). 
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Chapter 1  

 

Introduction 

 

1.1  Optical networks 

 

Optical networks are characterized by high-capacity, which consist of optical fiber links and 

optoelectronic or all-optical nodes. As shown in Fig. 1.1, optical networks are classified as a 

three-level hierarchy consisting of long-haul core networks, regional/metropolitan networks, and 

access networks [1]. The transmission links in the long-haul core networks transport large amount of 

data over a long distance (>1000km), classed as wide area networks (WANs). The interlinks 

between the access and the core networks are regional and metropolitan networks. Such metro area 

networks (MAN) provide a less amount data transport within a smaller geographical region. The 

infrastructure of an access network is generally not shared by a large number of end users, such 

networks are predominantly engineered to provide a low-cost solution [2]. Typical transmission 

distances of different types of optical networks are listed in Table 1.1 [3]. 

 

Fig. 1.1 Optical network hierarchy. 

Access network

Long-haul core network

Regional/

Metropolitan

network

Modulation Format Conversion
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In fiber-optic communications, wavelength-division multiplexing (WDM) is a technology that 

multiplexes a number of optical signals in a single optical fiber by using different wavelengths. The 

WDM transmission link can transport large amount of data traffic, therefore the use of WDM allows 

for a manifold increase in the capacity of optical transmission systems. Or, maybe even more 

importantly, it allows for a tremendous decrease in the cost of the transmitted bandwidth, i.e., the 

cost per transmitted bit, since optical transmission link amplifiers can be shared by all of the WDM 

channels through one fiber. 

The growth of the Internet traffic in all market segments, such as residential and enterprise wired 

and wireless services, is showing double digit annual growth. Facing this annual growth rates of 35% 

to 85% around the world, low cost, ultra-high transmission capacity growth are an active demand for 

the entire telecommunication infrastructure [4]. Network planners have three options to increase the 

optical transmission capacity: move to higher transmission rates, add more wavelengths, and install 

new fibers [5]. Nowadays, erbium doped fiber amplifiers (EDFAs) are generally employed in WDM 

transmission systems, where the scalable bandwidth of the WDM system is limited by the gain 

spectrum of an EDFA. For the dense wavelength-division multiplexing (DWDM) system with the 

standard 50GHz grid per channel, achieving higher channel data bit rates in DWDM systems 

become urgent [6, 7].  

Table 1.1. Classification of optical network transmission systems [2]. 

System Distance (km) 

Access <20 

Metro <300 

Regional 300-1,000 

Long-haul 1,000-3,000 

Ultra long-haul >3,000 

 

For decades, on-off keying (OOK) modulation format has been employed in fiber-optic networks. 

The I-Q constellation map of OOK is shown in Fig. 1.2. It is a binary amplitude shift keying (BASK) 

which can be directly received by a square-law detector. In large capacity DWDM networks, 

OOK-modulated transmission links are typically operated at channel data rates of up to 10 Gb/s. 

However, the main disadvantage of OOK modulation format is its low tolerance against 

inter-symbol interference (ISI). ISI is a form of distortion where neighboring symbols interfere with 

each other that induce a sensitivity penalty to the quality of the received data. Main causes of ISI are 

linear impairments such as chromatic dispersion (CD) and polarization mode dispersion (PMD). The 

channel data rates of OOK-modulated DWDM system could not be further increased to 40 Gb/s, 

because a high baud-rate reduces the tolerance against ISI. Even when duobinary modulation is used 
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to increase the tolerance to ISI [8, 9], the maximum tolerance to CD and PMD are 300 ps/nm and 3.5 

ps, respectively, for 40 Gb/s [10]. The feasible spectral efficiency (SE) is limited to 0.5 b/s/Hz 

without and 1 b/s/Hz with duobinary modulation [11]. With the need for higher DWDM data bit 

rates per single channel and a higher spectral efficiency, the fiber-optic community has seen a rapid 

shift away from OOK and direct-detection receivers.  

The recent development of high-speed complementary metal-oxide-semiconductor (CMOS) 

integrated circuits has made the use of digital signal processing (DSP) in optical transmission 

extremely attractive. The improved performance of CMOS analog to digital converter (ADC), digital 

to analog converter (DAC) and DSP techniques have made it feasible to design single-chip CMOS 

coherent receivers and transceivers with low power consumption [12]. The optical coherent receiver 

down-converts the whole optical signal linearly to an electrical signal by means of heterodyne or 

homodyne detection. Meeting the ever-increasing bandwidth demand, single-carrier multi-level 

modulation (modulated on both amplitude and phase) based on optical coherent technologies 

become to be the key means to achieve a high SE [13, 14]. For multi-level modulation using M 

levels, where each symbol carries log2M bits. The linear transmission impairments of CD and PMD 

can be compensated by DSP at the coherent receiver. Replacement of the OOK formats with the 

multi-level modulation formats such as phase shift keying (PSK) and 16 or 64 quadrature amplitude 

modulation (16, 64QAM) formats is the main solution to scale the WDM channel capacity from 10G 

to 40G/100G and later to 400G [15, 16].  

 

1.2  All-optical modulation format conversion 

 

The development of multi-level modulation, preferably in combination with digital coherent 

detection technologies, is important for enabling efficient lightwave transmission of high-bit rate 

services, such as 40G optical transport network (OTN) and 100G Ethernet [17]. However, the 

conventional OOK modulation format will never be completely replaced by the multi-level 

modulation formats in optic-fiber networks, due to its absolute advantages such as a cost-effective 

and simple TX/RX structure and robustness against nonlinear impairments. The 100G transmission 

system will not completely replace 40G/10G any time soon, but these two technologies may be 

suitably incorporated together under consideration of cost efficiency [18]. A comparison of the 

system performance employing various types of modulation formats has been made [19-23] in order 

to face the demands of high transmission capacity, better system reliability, and optimum operation 

conditions [24]. Depending on the size and requirement of the future optical networks, the 

modulation formats may be selectively used [25]. In such situations, modulation format conversion 

will be required between networks separately employing distinct modulation formats. 

 To accommodate coming broadband networks, very high-speed signal processing technologies 
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must be developed not only for transmission lines, but also for transmission nodes. In network nodes, 

received optical signals are firstly converted into electrical signals and then forwarded again to 

suitable ports after being converted from the electrical signal to optical signal again. However, this 

optical-to-electrical (O/E) and electrical-to-optical (E/O) conversions need much power consumption 

and the bandwidth of the electrical components is limited by tens of GHz at present. All-optical 

nodes do not need any O/E and E/O conversions by use of low-cost transparent light paths. Thus, 

optical networks with all-optical network nodes potentially allow high-speed optical 

communications to become cost effective [26]. The advantages of processing the signal in the 

all-optical domain include its latency-free operation and tremendous available bandwidth, translated 

into ultra-high processing speeds that are not possible otherwise [27]. Aiming at realization of 

high-speed transparent gateway nodes and flexible network design, the function of all-optical 

modulation format conversion should be an important interface technology [28]. Until now, 

all-optical methods for modulation format conversions between non-return-to-zero (NRZ) and 

return-to-zero (RZ) pulse shape [29-32], between OOK and multi-level modulation formats have 

been widely proposed. 

  One of multi-level modulation formats is PSK which modulates lightwave phase. Compared with 

OOK format, PSK format owns a better performance and more robustness against transmission 

impairments [33]. The quadrature phase shift keying (QPSK) format can enhance the spectral 

efficiency by a factor of approximately two, compared with the binary phase shift keying (BPSK) 

data formats [34, 35]. The coherent-detected polarization-multiplexed (CP)-QPSK is likely to 

become the next standard for long-haul optical transmission systems with 100 Gb/s owning to its 

advantages as the compatibility with a 50GHz channel grid and compensation of linear transmission 

impairments enabling dispersion unmanaged transmission [36, 37]. The successful transmission of 

45.8 Gb/s CP-BPSK over 9,420 km of legacy submarine fiber was reported in [38]. The increase in 

the transmission distance also implies cost reduction by eliminating regeneration points through 

transmission links. The I-Q constellation maps of BPSK and QPSK formats are shown in Fig. 1.2. 

  The nonlinear effect of cross phase modulation (XPM) has been extensively used for OOK to PSK 

format conversion owning to its function of power-dependent phase modulation [39-41]. The 

technologies of all-optical OOK to BPSK/QPSK at 40 Gb/s have been proposed in [42]. The 

all-optical NRZ-OOK to 8 amplitude phase shift keying (APSK) format conversion was proposed in 

[43]. In this method, the XPM and optical parametric amplification (OPA) in optical fibers were 

employed to achieve power-dependent phase and amplitude modulation onto probe light. XPM in a 

Mach-Zehnder interferometer (MZI) configuration with parallel semiconductor optical amplifiers 

(SOAs) was also employed to realize OOK to BPSK converters at 10.7 GS/s [44]. As a part of the 

research work of this thesis, RZ-OOK to RZ-BPSK modulation format conversion employing XPM 

will be demonstrated at 10.7 Gb/s. 
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The 16QAM modulation format is another attractive multi-level modulation format which carries 

four bits per symbol and possess outstanding performance of transmission capacity. Its constellation 

map is shown in Fig. 1.2. Until now, the highest SE of 6.4 b/s/Hz has been achieved by employing 

16QAM format, then, 69.1 Tb/s transmission over 240-km low-loss pure silica core fibers have been 

demonstrated in a WDM system employing wideband amplifiers [45-48]. Also, 16QAM-format- 

based optical time division multiplexing (OTDM) systems are widely employed to realize single- 

wavelength-channel Multi-Tb/s high-data capacity transmission [49, 50]. All of the above researches 

confirm the potentiality of 16QAM for the next generation transmission systems of higher than 100G. 

However, its large constellation size significantly reduces its tolerance against noise and nonlinear 

impairments, and thus limits the feasible transmission reach. One conclusion is that 16QAM format 

may be more suitable for metro deployments. Researchers will unremittingly explore the 

practicability of 16, 32 or 64QAM format achieving 400G transmission capacity in WANs with a 

cost-effective manner. On the other hand, the conventional OOK formats may keep their main role in 

MANs and access network or rarely incorporate with the multi-level modulation formats in the 

WANs. The function of OOK to 16QAM format conversion will be an important interface 

technology for gateway nodes between optimum designed WAN and MAN (or MAN and access 

network) separately employing different modulation formats. With the above background, this thesis 

proposes all-optical OOK to 16QAM modulation format conversion employing nonlinear optical 

loop mirror (NOLM) for the first time. 

On-off keying (OOK):                      Binary phase shift keying: 

                            

 

Quadrature phase shift keying: 

 

                        

Fig. 1.2 I-Q constellation maps of OOK, BPSK, QPSK and 16QAM formats. 
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1.3  Objective  

 

The objective of this thesis is to develop technologies contributing to enlarge the network capacity 

by enhancing the throughput in gateway nodes and the network flexibility on choosing an optimized 

modulation format. With the development of digital coherent technologies, multi-level modulation 

formats such as PSK and 16QAM have become a key mean to achieve large capacity networks. The 

OOK format may keep its main role in MAN, and access network or rarely incorporate with 

multi-level modulation format in the WAN because of its cost efficiency. All-optical methods of 

OOK to multi-level modulation format conversion can be an important interface technology to 

realize a transparent gateway node between MAN and WAN (or MAN and access network) 

separately employing distinct modulation formats. The optical nonlinearities in SOAs and optical 

fibers are usually employed to realize all-optical modulation format conversion [39-44]. However, 

the pattern effect in SOAs has to be compensated which can seriously impair the performance of 

high-speed signal processing systems [51]. The operation speed will be limited by its slow recovery 

speed. This thesis focuses on the fiber nonlinearity, which has a very fast response time, and its 

applicability for high-speed signal processing system. Aiming at realizing a transparent gateway 

node for higher than 100 Gb/s signal benefit from the ultrafast response time of fiber nonlinear 

effects which could be faster than sub-picoseconds.  

 

       

Fig. 1.3 Operation system of four-channel OOK WDM system to 16QAM format converter 

 

The framework of this thesis is as follows: 

Firstly, a novel method measuring optical fiber nonlinear coefficient  with high precision will be 

proposed. The efficiency of the nonlinear effects depends on the fiber’s nonlinear coefficient  thus 

accurate measurement of  is one of the important issues for designing transmission systems and 

highly nonlinear fiber (HNLF)-based devices.  

Then, an all-optical OOK to 16QAM modulation format converter based on fiber nonlinear effects 
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will be proposed. The configuration of a system using the proposed converter is shown in Fig. 1.3. 

WDM signals modulated by OOK format are demultiplexed at a gateway node, where modulation 

format converters convert the four OOK channels to a 16QAM signal in the optical domain. 

Numerical simulations and experiments for the proposed converter will be demonstrated to verify its 

feasibility and evaluate the performance. 

 

1.4  Thesis structure 

 

Chapter 2 overviews the necessary knowledge for good understanding of the OOK to 16QAM 

format conversion. The nonlinear Schrödinger (NLS) equation helps us to theoretically understand 

how nonlinear effects are generated in optical fiber. The fiber’s nonlinear effects of XPM and 

four-wave mixing (FWM) are employed in the OOK to 16QAM modulation format conversion. A 

NOLM, which is the most important part of the converter, is attractive for its application in 

all-optical signal processing in fiber-optic communications. The related research and the transfer 

function of NOLM will also be briefly explained. 

In Chapter 3, a novel method to measure fiber nonlinear coefficient  by phase-mismatching 

(PM)-FWM will be proposed. The PM-FWM method can simultaneously measure the CD with a 

high precision, and therefore its influence on the measurement of can be removed. The 

measurements for highly nonlinear dispersion-shifted fibers (HNLDSFs) and a standard single mode 

fiber (SSMF) will be made by the PM-FWM method. Comparing the measured results with ones 

measured by a conventional method, the practicability of the PM-FWM method was dedicated. 

In Chapter 4, RZ-OOK to RZ-BPSK modulation format conversion employing XPM will be 

experimentally demonstrated at first. The dispersion tolerance of the converted BPSK signal and the 

time tolerance of the converter will be evaluated. Then, a novel all-optical OOK to 16QAM 

modulation format conversion employing a NOLM and OPA in optical fibers will be proposed and 

numerically demonstrated. The influence of the pulse shape of the OOK signals will be discussed 

because the pulse shape is an important factor when employing the XPM effect. The peak power of 

control lights is a key parameter in these nonlinear effects, so that the power tolerance will also be 

analytically evaluated. 

Chapter 5 describes a simplified configuration of the converter with a 1:2 coupler employed in 

the NOLM. The first experimental demonstration of all-optical modulation format conversion from 

NRZ-OOK to RZ-16QAM will be presented at 10 GS/s. Since the OOK signals should be amplified 

to high power before launched onto a HNLF for amplitude-to-phase conversion, amplified 

spontanesous emission (ASE) noise from the amplifiers degrades the quality of the converted light 

http://www.iciba.com/practicability
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phase. The effect of the ASE noise will be theoretically discussed for further improving the 

converter performance. 

Finally, concluding remarks obtained in this thesis are summarized.
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Chapter 2 

 

Optical fiber nonlinearity 

 
Nonlinear Kerr effects in optical fibers originate from the nonlinear refractive index; a phenome- 

non that refers to the intensity dependence of the refractive index of silica resulting from molecular  

(3)
 [52]. The refractive index of a dielectric material can be expressed as 

   
2 2

0 2 ,n E n n E                           (2.1) 

which consists of the linear part n0 and the nonlinear part n2|E|
2
. n2 represents the nonlinear index 

related to  (3) as n2=(3/8n)Re[ (3)]. |E|
2
 represents the intensity of incident light. The intensity 

dependence of refractive index of dielectric materials leads to a number of nonlinear effects. The 

XPM and FWM will be overviewed in this chapter, assuming co-propagating and co-polarized 

lightwaves.  

The main part of our all-optical OOK to 16QAM format converter, which will be described in 

detail in Chapter 4, is a NOLM. The transfer function of a NOLM will also be briefly introduced in 

the last part of this chapter. 

 

2.1 Nonlinear Schrödinger (NLS) equation 

 

The NLS equation describes wave propagation properties in fiber optics [53]. The classical NLS 

equation for lossless optical fiber is expressed as 

2 3
232

2 3
+ =0

2 6

E E E
j j E E

z t t

  
  

  
,                     (2.2) 
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where z and t represent the transmission length and time, respectively. The function E(z, t) represents 

the complex envelope of the electric field. The second and third terms in the left-hand side in Eq. 

(2.2) represent the second- and third-order dispersions, respectively, which are introduced by 

expanding the frequency-dependent propagation constant  in a Taylor series around the carrier 

frequency  as 

       
2 3

0 1 0 2 0 3 0

1 1
= + ,

2 6
                      (2.3) 

where 0=() and the other coefficients are defined as 

0=

=
n

n n

d

d
 

 
  

 
.                               (2.4) 

Usually, terms higher than the third-order in Eq. (2.3) are negligible for 2≠0 and ||. 

Unless 0 for a specific values of the third-order dispersion should also be taken into account 

as in Eq. (2.2). The parameter  in Eq. (2.2) is the nonlinear coefficient defined as 

 
 2 0 0

0

ef f

 
=

n

cA

 
  ,                                (2.5) 

where Aeff represents the effective core area and c expresses the speed of light in vacuum. The NLS 

equation models many nonlinearity effects in a fiber, including self-phase modulation (SPM), XPM, 

FWM, etc.  

 

2.2 Nonlinear effects 

 

2.2.1 Cross-phase modulation (XPM) 

 

XPM is generated from the power-dependence of the core’s refractive index of fiber which refers 

to the nonlinear phase shift of an optical field induced by co-propagating channels at different 

wavelengths. If two lightwaves with different wavelengths simultaneously propagate inside a fiber, 

the complex envelope of the electric field E(z, t) can be expressed as 

 

     
2

0

1

,  exp ( )i i

i

E z t E z j t


    ,                       (2.6) 
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where i (i = 1, 2) is the angular frequency of the transmitted lightwave, and 0 is the reference 

angular frequency in Eq. (2.3). If we suppose that the dispersion parameter 2 and 3 in Eq. (2.2) are 

zero, the fiber nonlinearity is only taken into account. By substituting Eq. (2.6) into simplified Eq. 

(2.2), the NLS equation can be written as the following set of two coupled NLS equations for 

separate angular frequency.  
 

 2 21
1 2 1+ +2 =0

dE
j E E E

dz
 ,  

 2 22
2 1 2+ +2 =0

dE
j E E E

dz
 .  

 

Suppose Ei,0 is the electric field at z=0, then the transmitted Ei(z=L) = Ei,0 exp(ji) can be obtained 

from Eq.(2.7) as  

 

   1 1 1 2exp 2 ,E z L P j P P L       

   2 2 2 1exp 2 ,E z L P j P P L       

 

where L and Pi (=|Ei,0|
2
) are the fiber length and lightwave input powers, respectively. From Eq. (2.8), 

the nonlinear phase modulation: SPM in the first and XPM in the second terms which differ by 

factor 2, depend on its own and the co-propagating lightwave power. Here, we define SPMi and 

XPMi as the phase changes induced by SPM and XPM, respectively, which can be expressed as 

 

SPM_i iPL   ,  

XPM_ 32i iP L   .  

 

SPM and XPM impose power-dependent phase modulation onto the transmitted light. This XPM 

effect possesses a wide range of applications for all-optical signal processing such as OOK to 

BPSK/QPSK format conversion, ADC, and wavelength conversion etc., where a high power signals 

and the probe pulse co-propagate through HNLFs. The operation principle of OOK to BPSK/QPSK 

format conversion is schematically explained in Fig. 2.1. An OOK signal is amplified to a specific 

power P that induces and 0 phase shift in a probe pulse train as logical data 1 and 0, respectively. 

Then, a BPSK signal is generated at the HNLF output with a wavelength identical to the probe pulse 

train. When an OOK signal that induces and 0 phase shift is additionally incident to the HNLF, a 

QPSK signal is generated. This all-optical RZ-OOK to RZ-BPSK format conversion will be 

(2.7) 

(2.8) 

(2.9) 
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described in detail in Chapter 4. 

 

 

Fig. 2.1 OOK to BPSK/QPSK format conversion based on cross-phase modulation (XPM) in HNLF. 

 

2.2.2 Four-wave mixing (FWM) 

 

In many nonlinear phenomena, an optical fiber plays a passive role except for mediating 

interaction among several optical waves through a nonlinear response of bound electrons. Such 

processes are referred to as the parametric processes, which required of the phase-matching for the 

phenomena to be generated. Nonlinear phenomena such as harmonic generation, FWM, and OPA 

fall into this category. Different from the XPM effect, a new frequency light is generated in the 

parametric process. 

    

 

Fig. 2.2 Degenerate four-wave mixing (FWM) in the (a) spectral domain and (b) time domain. 
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The degenerate FWM is also called as three-wave mixing because only three distinct frequencies 

are involved in the process as shown in Fig. 2.2. When high-power pump light co-propagates with 

signal light, idler light is generated. In Fig. 2.2(a), the signal and idler waves are anti- and stokes 

waves. The angular frequencies of the pump, signal and idler wave are defined as 1, 2 and 3 as 

shown in Fig. 2.2. The angular frequency difference between these three waves satisfies = 

1-3= 2-1. The complex envelope of the electric field E(z, t) that consists of the three waves 

can be expressed as 

     
3

1

1

,  exp ( )i i

i

E z t E z j t


    ,                    (2.10) 

where the pump angular frequency 1 is set to be the reference frequency 0 in Eq. (2.3). Equations 

for Ei(z) can be derived by substituting Eq. (2.10) into Eq. (2.2). With an assumption that pump 

power (Ppump) is extremely larger than signal (Psignal) and idler power (Pidler), i.e., Ppump>> Psignal, 

Pidler, and thus un-depleted, the three coupled equations can be derived as 
 

21
1 1+ =0

dE
j E E

dz
 ,                            (2.11) 

       
22 3 232 2

2 1 2 1 3+ + 2 + =0
2 6

dE
j E E E E E

dz

          
,       (2.12) 

       
22 3 23 32

3 1 3 1 2+ + 2 + =0
2 6

dE
j E E E E E

dz

          
.       (2.13) 

 

SPM dominates in the pump light because of high pump power. The components of (E1)
2
(E3)

*
 and 

(E1)
2
(E2)

*
 in Eqs. (2.12) and (2.13) imply the degenerated FWM process. By solving Eq. (2.11), the 

transmitted electric field of the pump light can be expressed as  

     1 1 1 1 1= exp = expE z P j z P j Pz .                   (2.14) 

By substituting Eq. (2.14) into Eqs. (2.12) and (2.13), two coupled equation for the signal and idler 

fields can be obtained as  

 

       
2 332 2

1 2 1 3 1+ +2 + exp 2 =0,
2 6

dE
j P E P E j

dz

 
     

 


 

       
2 33 32

1 3 1 2 1+ +2 + exp 2 =0.
2 6

dE
j P E P E j

dz

 
     

 


 

(2.15) 
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To solve these equations, we introduce 

 

     
2 332

2 2 2 2 1= exp = exp +2
2 6

E E j z E j P z
          

  
 ,  

     
2 332

3 3 3 3 1= exp = exp +2
2 6

E E j z E j P z
          

  
 .         

 

Then, substituting Eq. (2.16) to Eq. (2.15), we obtain 

 

   2
1 3= exp

dE
j P E j z

dz


   ， 

   3
1 2= exp

dE
j P E j z

dz


   ， 

 

where  represents the phase-mismatching parameter given by 

 
2

2 3 1 2 1= 2 2 P         .                   (2.18) 

In the above, the odd order terms in Eq. (2.3) are eliminated. When |2| is very small, the forth-order 

term in Eq. (2.3) should be also taken into account. With initial conditions of  2 2,0=0E z = E  and 

 3 =0 0,E z = the solution of Eq. (2.17) can be obtained as  

 

      2,0

2 = 2 cosh + sinh exp
2 2

E L
E z L = g gL j  gL j

g

  
   

 
，

 

     1
3 2 0= sinh exp

2

P L
E z L = j E gL j

g

  
   

 
， ，

 

 

where g is the pump power dependent parametric gain defined as

 

 
2

2

1
2

g = P
 

   
 

.                          (2.20)   

 

The powers of the transmitted signal P2 and the generated idler P3 depend on the phase-mismatching

(2.16) 

(2.17) 

(2.19) 
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as

 

 
   

2 2

1

2 2,0 2

sinh
1

P gL
P z L P

g

  
   

  
,  

 
   

2 2

2,0 1

3 2

sinh
,

P P gL
P z L

g


   

 

where P2(z=0)=P2,0. The FWM process in the time domain is shown in the right of Fig. 2.2(b). At the 

output of the HNLF, signal light will be amplified. This amplification process is called OPA [54-57]. 

The gain bandwidth of the OPA can be increased to 5 THZ and beyond by careful optimization of the 

parameters related to the phase-mismatching. Usually,  >10/W/km and the pump wavelength close 

to the zero-dispersion wavelength for low 2 of the fiber are required for achieving large gain 

bandwidth. The generated idler light was widely employed for all-optical wavelength conversion, 

where the conversion efficiency also depends on the phase-mismatching. 

 

2.3 Nonlinear optical loop mirror (NOLM)  

 

All-optical signal processing is expected to play major role in future optical communication 

systems. A NOLM is a valuable tool in the optical signal processing. It is a fiber-optic device in 

which a coupler splits the input into two lightwaves that travel in the opposite directions in a 

fiber-optic loop. The clockwise and counter-clockwise lightwaves in the loop acquire different 

phases due to the nonlinearities in the optical medium. The transfer function of a NOLM employing 

1:1 coupler is [58] 

out

in

=sin exp
2 2

E
j

E

    
   

   

 
,                          (2.22) 

where  is the relative phase difference between the clockwise and counter-clockwise input lights. 

The NOLM is also called fiber Sagnac interferometer. The output power is zero for =0 and 

equals to the input power for = due to destructive and constructive interferences, respective- 

ly.  When the phase difference is 0, the light comes back from the input port of the coupler like a 

mirror. Different from a fiber based MZI, the phase drift between the clockwise and 

counter-clockwise input lights is cancelled out thanks to a loop configuration.  

The SPM based NOLM is shown in Fig. 2.3. An optical attenuator is inserted between the 1:1 

(2.21) 
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coupler and the HNLF in order to make the power level of the clockwise and counter-clockwise 

pulses imbalance in the HNLF, so that the power difference is converted to phase difference 



 

 

Fig. 2.3 SPM based NOLM. 

 

 

Fig. 2.4 The configuration of the OOK to 16QAM format converter employing a NOLM. 

 

Applications of NOLM for all-optical signal processing in fiber-optic communications includes: 

 

• Analog to digital converter (ADC) [58], 

• Wavelength converter [59-61], 

• Modulation format converter, 

RZ-to-NRZ or NRZ-to-RZ format converter [62], 

• 2R regeneration (Re-amplification, Reshaping) [63, 64], etc. 

 

The NOLM-based all-optical OOK to 16QAM format conversion will be proposed as the main 

research work in this thesis. Fig. 2.4 shows its configuration. Four OOK signals are coupled into a 
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NOLM in the clockwise and counter-clockwise directions to modulate the phase of a local pulse via 

XPM. An optical bandpass filter (OBPF) was used to filter out the OOKs, and output the 16QAM 

signal. The principle will be described in detail in Chapter 4.  

 

2.4 Conclusion 

 

In this chapter, the NLS equation and the nonlinear effects of XPM and FWM, which are 

employed in our all-optical OOK to 16QAM format converter, have been introduced. A NOLM is a 

valuable tool in all-optical signal processing. Different from an all-fiber based MZI, the phase drift 

between the clockwise and counter-clockwise lights can be cancelled out thanks to a loop 

configuration. The transfer function of the NOLM employing 1:1 OC and its applications have been 

also briefly described. 
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Chapter 3 

 

PM-FWM method for measuring optical 

fiber’s nonlinear coefficient 

 
Accurate measurement of the nonlinear coefficient is an important issue for applications of 

nonlinear phenomena. In this chapter, the conventional methods measuring optical fiber’s nonlinear 

coefficient  will be overviewed. The continuous wave (CW)-SPM method has been widely 

employed for the measurement which features simplicity. Unfortunately, however, the influence 

from CD should be taken into account in this method, which is not easy in fact. For researchers in 

this field, developing a measuring method of the fiber’s nonlinear coefficient  is an unfinished task. 

A new method based on PM-FWM with a simple operation setup will be described. The CD of the 

fiber can be simultaneously measured with a high precision by PM-FWM method proposed in [65], 

and therefore its influence on the measurement can be removed. 

 

3.1 Introduction  

 

The implementation of EDFAs and CD compensation allows long distance data transmission. 

Along with the WDM technique, this leads to an large amount of power inside the fiber over long 

distances, and optical nonlinearities start to play a significant role. In large-capacity ultra-long haul 

transmission systems utilizing digital coherent detection, a major concern is their high sensitivity to 

nonlinear impairments caused by Kerr effects in optical fibers including SPM, XPM, and FWM. On 

the other hand, HNLFs have been widely applied to all-optical signal processing due to their ability 

to efficiently generate nonlinear effects [66]. The efficiency of the nonlinear effects depends on the 

fiber nonlinear coefficient  which is defined as 2n2/(l·Aeff), where n2, l and Aeff are the nonlinear 
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refractive index, the wavelength, and the effective core area, respectively. Therefore, accurate 

measurement of is one of the important issues for designing fiber transmission systems and 

HNLF-based devices.

 

A number of methods measuring the nonlinear coefficient  have been reported so far.  

 

 Spectral broadening of short pulses due to the phase chirp induced by SPM [67] or XPM [68] 

were employed to measure the nonlinear coefficient . In this method, the critical assumption 

on the pulse shape and complex de-convolution calculation are required.  

 

 Interferometric methods [69, 70] were proposed, which is based on interferometric measure- 

ment of the SPM or XPM induced phase shift acquired by a laser pulse along a fiber under test. 

A detection made by an all-fiber self-aligned interferometer incorporating a Faraday mirror was 

proposed in [71]. The self-aligned setup allows an easy and quick initial adjustment of the 

interferometer and leads to a good robustness against environmental perturbation since the two 

interferometer arms are always automatically matched. In this method, the high precision 

nonlinear coefficient  measurement was achieved by detecting the phase change. However, the 

measurement setup is too complicated.  

 

 The CW-SPM method [72] has a simple measurement setup. In this method, two CW lights 

with a small wavelength difference are employed to generate a beat signal. During the beat 

signal transmission through a test fiber, SPM generates modulation sidebands in the optical 

spectrum. The nonlinear coefficient can be evaluated by calculating the intensity ratio of the 

first-order sideband to the fundamental frequency component. Unfortunately, however, the 

measurement accuracy may suffer from fiber CD. To neglect the influence of CD, the length of 

a test fiber should be limited to be less than 500m for standard single mode fiber (SSMF).  

 

 The FWM idler power was used to evaluate the nonlinear coefficient of 12.5km-long 

dispersion shifted fiber (DSF) [73]. However, it might be difficult to measure small of large 

CD fibers such as SSMF or short fibers because of the low FWM efficiency.  

 

A novel method to measure by PM-FWM using a simple setup was proposed. In this method, 

frequency shifts satisfying the phase-mismatching described by Eq. (2.18) for FWM are used to 

measure. The PM-FWM method can simultaneously measure the chromatic dispersion with high 

precision [65], and therefore is free from the influence of CD. Using the proposed method, we 

demonstratemeasurements for HNLDSFs. In addition, and CD of a 1km-long SSMF having low 

nonlinearity and large CD are also measured with the same setup. 
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3.2 Operation principle of PM-FWM method 

 

When a pump and a probe lights with angular frequencies of pump and probe, respectively, 

propagate together through a fiber, an idler light is generated at a frequency of 2pump－probe 

through the FWM process. For linearly co-polarized lights propagating in a fiber, the output power 

of the idler light, Pidler, is given by Eq. (2.21). For  >> Ppump in Eq. (2.20), Eq. (2.21) can be 

simplified as 

  
2

2

idler pump probe= sinc
2

L
P P L P

 
  

 
，1 

where L, Ppump, and Pprobe are the fiber length, the launched pump and probe powers, respectively.  

is the phase-mismatching parameter given by Eq. (2.18), where 2 represents the second-order 

dispersion at pump frequency pump, and probe – pump is an angular frequency difference 

between the pump and the probe. 

Here, we propose two schemes for measuring  based on the PM-FWM, depending on 2 of a 

tested fiber. For a low 2 fiber, whose zero-dispersion wavelength is within or close to the measuring 

wavelengths, pump is scanned while keeping  constant. On the other hand, for a high 2 

fiber,pump and therefore 2 are kept constant while probe is scanned to change .  

 

I. Low 2 fiber 

For constant  in Eqs. (2.18) and (3.1), Pidler is a periodic function of pumpas shown in Fig. 

3.1(a) because 2 monotonically increase or decrease with pump. From Eq. (3.1), Pidler is maximum 

at L/2=0, and has minimal values at which  satisfies 

  =N   N : integer .
2

L
                           (3.2) 

For the limit of Ppump to be zero, 2 at a pump frequency of Z
(N)

 providing the minimal Pidler, 2z
(N)

 

can be expressed as [8] 

 
 

 
N

2Z 2

2N
=  .

L




                                (3.3) 

where the forth-order dispersion 4 was not taken into account since  in Eq. (3.2) should be large 

enough. In case of Ppump > 0, the pump frequency giving minimum Pidler shifts to P
(N)

 as shown by 
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the solid curve in Fig. 3.1(a). Here, 2 at P
(N)

, 2P
(N) 

can be approximated by using the third-order 

dispersion at Z
(N)

, 3Z
(N)

 as 

                
          N N N N N

2P 3Z P Z 2Z= .                       (3.4) 

 

       

Fig. 3.1 Idler output power as a function of (a) pump angular frequency with a constant angular 

frequency difference, and (b) squared angular frequency difference with a constant pump angular 

frequency. 

 

Substituting Eqs. (2.18) and (3.4) into Eq. (3.2), P
(N)

 can be expressed as  
  

 

   
 N N

P pump Z2N

3

2γ
= ,

Z

P 
 

－
                        (3.5) 

As a corollary,P
(N)

 becomes a linear function of Ppump, and the nonlinear coefficient  can be calcu- 
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lated as 

 

 
 N N
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pump

γ= .
2

Z

P

 



－

                         (3.6) 

Therefore,  at P
(N) 

can be determined from the slope of the P
(N)

 versus Ppump graph. Here, 3Z
(N)

 in 

Eq. (3.6) can be also obtained using Eq. (3.2). Although the condition of Ppump= 0 in Eq. (3.2) would 

be impossible for actual measurement, Z
(N)

 can be estimated by calculating the y-intercept on the 

p
(N)

 versus Ppump graph in Eq. (3.5). 2 spectrum can be also determined with 2z
(N)

 for several N 

from Eq. (3.3), and 3Z
(N)

 can be then calculated by a biquadrate approximation of the 2 spectrum.  

The definitions of  are summarized in Table 3.1. 

 

Table 3.1. Definitions of  

 2, 3 2Z
(N)

,2P
(N)

 3Z
(N)

 

Phase mismatching parameter  2
nd

-, 3
rd

-order dispersion at pump  2 at Z
(N)

,P
(N)

 3 at Z
(N)

 

 

II. High 2 fibers 

When we measure high 2 fibers such as SSMF at wavelengths around 1550 nm, it is difficult to 

exactly know N in Eq. (3.3) because the measured frequencies are far away from the frequency at 

which L/2=0 and N becomes a large value, and therefore, 3Z
(N)

 in Eq. (3.6) cannot be obtained. 

Here, keeping pump constant, only  and Ppump become variables in Eq. (2.18). In this case, Pidler is 

also a periodic function of the squared frequency difference (

as shown in Fig. 3.1(b). From Eqs. 

(2.18) and (3.2), the conditions for Pidler to be minimum are given by 

 
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N

2 P pump

2N
+ 2γ =P
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 

－ －
,               (3.8) 

where P
(N)

 is the N-th frequency difference providing the minimal Pidler for Ppump. From two 

adjacent frequency differences of P
(N)

 and P
(N-1)

 in Eqs. (3.7) and (3.8), 2 at p can be 

determined independently of N as  

         
2 2 2

N 1 N

P P

2
.

L


 

    
   

－
－

－                 (3.9) 

Similar to Eq. (3.3), a frequency difference z
(N)

 which provides the minimal Pidler for the limit of 

Ppump to be zero is given by 

 
2

N

Z

2

2N

L


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.                        (3.10) 
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From Eqs. (3.7) and (3.10), the following equation is obtained: 
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                   (3.11)  

 

This equation shows that [P
(N)


also becomes a linear function of Ppump, and  can be evaluated by 

the slope of the [P
(N)


versus Ppump graph, as 
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3.3 Experimental demonstration 

 

3.3.1 Experimental setup 

 

We conducted experiments to demonstrate the proposed PM-FWM method. The measurement setup is 

schematically shown in Fig. 3.2. CW tunable lasers were used for pump and probe lights at wavelengths 

of around 1550 nm. The pump light was amplified by an EDFA to a sufficient power level for the 

measurement. From Eqs. (3.6) and (3.12), the nonlinear coefficient is evaluated from the slope of linear 

function of P
(N)

-Ppump and (P
(N)


-Ppump for low and high 2 fibers, respectively. 

 

 

 

 

 

 

Fig. 3.2 Measurement setup of PM-FWM method 

 

The error Erin measuring the nonlinear coefficient  by this method comes from the ambiguity in 

identifying the pump frequency p
(N)

 and the pump power Ppump that provide the minimal idler 

power and the chromatic dispersion, which is expressed as  
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where Er and ErP are the measurement errors of the pump frequency and power, respectively. The 

above equation indicates that the condition of p
(N) >> Er Ppump >> ErP should be satisfied in 

order to achieve high precision nonlinear coefficient measurement as shown in Fig. 3.3To satisfy 

the condition, a high power EDFA was employed in the measurement. 

 

 

Fig. 3.3 Evaluation of a measurement error in p
(N)

 versus Ppump graph.  

 

The polarization states of pump and probe lights were adjusted to be identical by polarization 

controllers (PC). In our measurement setup, we confirmed the co-polarized states of the pump and 

probe lights by a power meter (PM) to maximize the optical power after a polarization-maintained 

(PM)-3dB-optical coupler (OC) that had a function of eliminating one linear polarization. The pump 

and probe lights were then launched together into a tested fiber via the PM-3dB-OC. In this 

measurement setup, the generated idler output power was measured with an optical spectrum 

analyzer (OSA). In order to accurately evaluate the nonlinear coefficient , the absolute power of 

respective lightwaves are required. We used an OSA to measure the power, which was carefully 

calibrated with an optical power meter. The input and output polarization states of the probe and 

pump lights were monitored with a polarization analyzer (PA) at the fiber output, and we confirmed 

that the states of polarization were very stable even after propagation through 1km-long HNLDSF 

and SSMF.  

In our measurement, ASE noise generated from the high power EDFA accompanied with the 

idler light at the fiber output. Fig. 3.4(a) shows the experimental results of the measured idler power 

after a 145m-long HNLDSF when 15.3×10
12 

rad/s. We found that the ultra-low power idler 

light submerged to the ASE noise at some wavelengths. In our measurement, the generated ASE 

noise was removed with a 4nm-bandwidth OBPF following the EDFA for accurately identifying the 

pump and signal frequencies that minimize idler power. Fig. 3.4(b) is an illustraties of the output 

Ppump [mW]

P
(N) [nm]

P
(N)＝kPpump＋Z

(N)

Error1

Error2

Nonlinear coefficient  depends 
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spectrum of a test fiber with and without 4nm-width OBPF employed. 

 

 

 

                

 

 

 

Fig. 3.4 Fiber output spectrum. 

 

    

Fig. 3.5 Stimulated Brillouin Scattering (SBS) measurement 

 

The stimulated Brillouin scattering (SBS) easily occurs in single-mode fiber for high input power. 

In our measurement setup, the pump power Ppump was measured by the OSA at the tested fiber 

output, taking splice and fiber losses into account. The pump power should be lower than the 
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threshold power of SBS effects occurring, since SBS would distort the linearity in P
(N)

-Ppump and 

P
(N)


-Ppump required for measuring the nonlinear coefficient . The threshold pump power was 

evaluated as shown in Fig. 3.5, where the input-output characteristic was measured for the 1-km and 

0.1-km long HNLDSFs with the setup also shown in the figure.  

 

3.3.2 Experimental results 

 

First, we examined a 1km-long HNLDSF with a low 2. The frequencies of the pump and probe 

lights were scanned together with a constant difference of Δ= 7.8×10
12

 rad/s. Examples of the 

generated idler power Pidler against the pump frequency are shown in Fig. 3.1(a). The periodical 

minima is observed, and we confirmed that P
(N) 

was shifted as the pump power increased from 1.6 

to 26 mW, which is theoretically predicted in Fig. 3.6(a). The measured P
(N)

 as a function of Ppump 

is shown in Figs. 3.6(b) and 3.6(c), satisfying the condition of Eq. (3.2) with N = 1 for Fig. 3.6(b) 

and N =2 for Fig. 3.6(c). Those values correspond to wavelengths of around 1535 nm and 1539 nm, 

respectively. In accordance with Eq. (3.5), P
(N)

 is linearly decreasing with the increment of Ppump.  

As mentioned in Eq. (3.6), 3 should be known in advance in order to obtain the nonlinear 

coefficient . 2Z
(N)

 can be calculated from Eq. (3.3), and Z
(N)

 can be determined from the 

y-intercept of P(N)-Ppump graphs in Figs. 3.6(b) and 3.6(c), as described with Eq. (3.5). We drew a 2 

spectrum by determining the 2Z
(N) at several Z(N) related to respective N in Eq. (3.3), and 3 was 

calculated as +0.034 ps
3
/km by the biquadratic approximation of the 2 spectra. Then, we obtained 

the slopes of P
(N)

-Ppump graph in Figs. 3.6(b) and 3.6(c) by means of least squares approximation. 

Finally,  at wavelenths of 1535 nm and 1539 nm were calculated as 17.2 and 17.3/W/km, 

respectively. These values correspond to a nonlinear index n2 of 3.6×10
-20 

m
2
/W for Aeff of 8.5 m

2
.  

In order to know the effect of the length, we also examined a 0.14-km-long HNLDSF acquired 

from the same spool. The measured P
(N)

 for N=-1 at wavelengths of around 1558 nm is shown in 

Fig. 3.6(d), where Δ was fixed at 15.3×10
12 

rad/s. From Fig. 3.6(d),  was evaluated to be 19 

/W/km, which is closely corresponded to the value of the 1km-long HNLDSF.  

Next, in order to verify if the PM-FWM method can be applied to a low nonlinearity (less than 

one-tenth of that in HNLDSF) and high 2 (about -22 ps
2
/km or chromatic dispersion of about +17 

ps/nm/km) fiber,  of a 1km-long SSMF was measured using Eqs. (3.9) and (3.12). The probe 

frequency was scanned while pump frequency was kept at 1.2×10
15

 rad/s (wavelength of 1550 nm). 

Fig. 3.7(a) shows measured Pidler as a function of ()
2
, where a periodic change of the generated 

idler power Pidler against the squared frequency difference ()
2
 is observed. 2 at pump was 

determined from Eq. (3.9) as -21.4 ps
2
/km. Measured ΔP

(N)
 against Ppump is shown in Fig. 3.7 (b) 

for N = -1. We successfully determined the nonlinear coefficient  and n2 as 1.3 /W/km and 2.7×10
-20
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m
2
/W, respectively. In addition, the chromatic dispersion was also measured as 16.5 ps/nm/km at a 

wavelength of 1550 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6 Experimental results for HNLDSFs. (a): Examples of generated idler power Pidler against 

pump frequency with Δ7.8×10
12

 rad/s for 1km-long HNLDSF. (b)-(d): Pump frequency provid- 

ing the minimal idler power against pump power with (b) N=1 and (c) N=2 for 1.0 km-long 

HNLDSF, and (d) N=-1 for 0.14km-long HNLDSF with =15.3×1012 rad/s. 

  

Finally, we compared the nonlinear coefficient  and n2 measured with the PM-FWM method to 

the ones with CW-SPM method [72], in which a factor of 8/9 was taken into account in the 

evaluation for the random input polarization states. It is noted that  of SSMF was measured with a 

0.40-km-long short fiber not to suffer from the CD effect in the CW-SPM method. The measurement 

results are summarized in Table 3.2. We found that the PM-FWM method gives results well 

consistent with those by the CW-SPM method. The CD and dipersion slope measured with 
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PM-FWM method are also shown in Table 3.2, and agree well with the results obtained by the 

modulation phase shift (MPS) method [74]. The two methods agree well with each other.  

Fig. 3.7 Experimental results for 1km-long SSMF. (a) The generated idler power Pidler against 

squared frequency difference. (b) Squared frequency difference [ΔP
(N)

]
2
 providing the minimal 

idler power against pump power Ppump with N= -1. 

        

Table 3.2 Measured results of n2 

 

 

 

 

 

 

 

 

 

 

 

Measured Fibers HNLDSF SMF 

Wavelength [nm] 1535 1558 1550 

Length [km] 1.0 0.14 1.0 

Aeff [m
2
] 8.5 8.5 84.5 

Dispersion 

[ps/nm/km] 

PM-FWM -0.17 0.155 16.8 

MPS -0.153 0.146 16.7 

Dispersion Slope 

[ps/nm
2
/km] 

PM-FWM 0.019 0.02 0.058 

MPS 0.021 0.02 0.058 

n2 

[×10
-20

m
2
/W] 

PM-FWM 3.6 4.0 2.71 

CW-SPM 3.8 4.2 2.66 (0.40km) 
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3.4 Conclusion 

 

A novel fiber nonlinear coefficient measuring method employing PM-FWM has been proposed. 

With a simple setup, determination of the nonlinear coefficient  for 0.1- to 1-km long HNLDSF and 

1km-long low-nonlinearity SSMF has been achieved in a straightforward way. The measured results 

agreed well with the ones obtained by the CW-SPM method. The CD and dispersion slope can be 

simultaneously measured with high precision, and therefore their influence to the nonlinear 

coefficient  measurement can be removed. 
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Chapter 4 

 

All-optical OOK to 16QAM format 

conversion 

 
In this chapter, in order to well understand the XPM employed in amplitude-to-phase modulation 

format conversion mentioned in Chapter 2, an RZ-OOK to RZ-BPSK format conversion scheme will 

be described in Section 4.2. Then, all-optical OOK to 16QAM format conversion will be proposed 

and numerically demonstrated at 10 Gb/s from Section 4.3. A 16QAM signal is generated as a result 

of super-position of two QPSK signals with different amplitudes. In the converter, the nonlinear 

effects of XPM and OPA are employed for OOK to QPSK format conversion and achieving 2:1 

amplitude ratio between two QPSK signals, respectively. The performance of the OOK to 16QAM 

format converter will be numerically evaluated. 

 

4.1 Introduction 

 

All-optical signal processing techniques have received much attention owing to their ultra-fast 

response time and capability of extending network transparency by eliminating optical-electrical- 

optical conversions in transmission nodes. Nowadays, multi-level modulation formats are 

extensively studied, and various types of multi-level modulation formats have been introduced in 

long-haul transmission systems for WANs in order to upgrade the commercial 10/40G transmission 

capacity to 100G and later 400G. However, conventional RZ-OOK and NRZ-OOK formats may 

keep their main role in MANs and access network or rarely incorporate with the multi-level 

modulation format in the WANs. In the future, different networks may employ different modulation 

formats suited to the network’s coverage. The function of all-optical RZ/NRZ-OOK to multi-level 
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modulation format conversion will be an important interface technology in such optical networks. 

BPSK signaling has been attracting increasing attention for its 3-dB optical signal-to-noise ratio 

(OSNR) advantage over conventional amplitude shift keying (ASK) signaling, as well as its high 

tolerance to transmission impairments such as CD and PMD in long-haul back-bone. Recently, 

all-optical modulation format conversion from NRZ-OOK to RZ-BPSK based on the nonlinearity of 

either fiber or SOA has been proposed [41, 42]. In particular, we had known that RZ-OOK enjoys an 

-1, -2 dB advantage over NRZ-OOK in ASE noise limited systems due to an inherent tolerance of the 

RZ-OOK pulse shape to ISI [22]. In this thesis, we investigated RZ-OOK to RZ-BPSK modulation 

format conversion based on fiber nonlinearity. By employing a low-dispersion HNLF and choosing 

the optimal wavelengths for the probe and the control pulses, the effects of walk-off and parametric 

gain can be suppressed. We experimentally demonstrate an error-free operation of the format 

conversion at a bit rate of 10.7 Gb/s. In addition, we investigated the CD and timing tolerance of the 

converter. 

Among multi-level modulation formats, 16QAM, which carries four bits per symbol, is attractive 

owning to its outstanding performance in terms of the transmission capacity. In this chapter, the 

scheme of a novel all-optical OOK to 16QAM modulation format conversion employing NOLM 

based on XPM and OPA in optical fibers will be described and numerically demonstrated. A 

16QAM signal is generated as a superposition of two QPSK signals with different amplitudes. OOK 

to QPSK modulation format conversion is achieved by XPM in a HNLF. The amplitude ratio 2:1 of 

two QPSK signals can be accomplished by an OPA in another HNLF, in which the phase-matching 

condition cannot be satisfied between lights propagating in the opposite directions. In our scheme, a 

Sagnac interferometer is employed instead of a conventional all-fiber MZI where the phase drift 

between two branches is hard to control.  

 

4.2 All-optical OOK to BPSK format conversion by employing XPM 

 

Fig. 4.1 illustrates the operation principle. A RZ pulse sequence and a RZ-OOK signal are 

synchronously launched into a HNLF as probe and control pulses, respectively. The phase of each 

probe pulse is optically modulated due to XPM induced by the overlapped control pulse, where the 

phase change of the probe pulse is proportional to the peak power of the control pulses. By properly 

adjusting the peak power of the control pulse, the phase change of the probe pulse can be either “π” 

or “0” corresponding to the “1” or “0” level of the input RZ-OOK signal. Then, only the probe 

pulses are passed through an OBPF. In order to generate a uniform-amplitude BPSK signal, the 

effect of OPA in the HNLF should be suppressed. The walk-off arising from the difference in the 
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group velocity between the control and probe pulses with different wavelengths should also be 

considered because it will reduce the efficiency of XPM. 

 

Fig. 4.1. Schematic diagram of the proposed modulation format conversion. 

 

4.2.1 Experimental demonstration 

 

 

Fig. 4.2 Experimental setup. 

 

The experimental setup is shown in Fig. 4.2. Two cascaded Z-Cut lithium niobate-intensity 

modulators (LN-IM) were used to modulate CW light into a differentially encoded RZ-OOK signal 

with 10.7Gb/s PRBS with a length of 2
15

-1 from a pulse pattern generator (PPG), since we used 

one-bit delay balance detection to demodulate a converted BPSK signal. The probe pulse sequence 

was generated by modulating another CW light with one Z-Cut LN-IM by using a 10.7-GHz clock 

from the PPG. An RF delay was used to overlap the data and clock signals in HNLF. Considering 

the walk-off and OPA, the wavelengths of CW laser 1 and CW laser 2 were set at 1551nm and 

1545nm, respectively. A variable optical delay line (VODL) is used to adjust the time delay between 
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the control and probe pulses. Here, we set the bias point of LN-IM for the probe pulse to induce a 

down-chirp, because the probe pulse was up-chirped in HNLF by the RZ-OOK signal. Two PCs 

were used to optimize the input polarization states of the control and probe pulses, respectively. The 

average powers of the control and probe signals launched onto the HNLF were 22 dBm and 1.6 dBm, 

respectively. The zero-dispersion wavelength, the dispersion slope, the fiber loss, the nonlinear 

coefficient, and the length of the HNLF were 1566.965 nm, 0.02089 ps/ nm
2
/km, 0.426 dB/km, 12 

/W/km, and 406 m, respectively. 
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Fig. 4.3 Spectrum of converted signal before 1-bit delay interferometer. 

 

 

Fig. 4.4 Eye diagram of the converted signal after 1-bit delay and balance receiver. 

 

We can observed a clear pulse train of the converted signal as shown in the inset of Fig. 4.2. Fig. 

4.3 shows the spectrum of the 10.7 Gb/s converted BPSK signal before a one-bit delay 

interferometer. The carrier suppressed spectrum implies the generation of a PSK signal. However, 

the  phase modulation could not be perfectly achieved due to the unsuppressed SBS phenomenon 

[75]. Fig. 4.4 shows the eye diagram of the converted BPSK signal after a one-bit delay 

interferometer and a balance receiver. We can see a clear eye opening, which indicates that the phase 

Time [ps] 
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of the converted BPSK signal is properly modulated by “π” and “0”, according to the RZ-OOK 

signal of “1” and “0”, by XPM in the HNLF. We measured the bit error rate (BER) of the converted 

BPSK signal by changing the power of BPSK signal before the receiver using an optical variable 

attenuator (VOA) as shown in Fig. 4.5(a). An error free operation was achieved in this measurement. 

 

4.2.2 Time and dispersion tolerance  
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Fig. 4.5. Results of time-tolerance measurement. (a) BER for several time delays. (b) Power penalty 

at BER=10
-9

 as a function of time delay between control and probe pulses. (c) Eye diagram after 

one-bit delay and balance receiver for 20ps time delay between control and probe pulses.. 

 

The performance of this RZ-OOK to RZ-BPSK modulation format converter is affected by the 

time detuning between the control and probe pulses. We investigated the timing tolerance by 

measuring the eye diagrams and the power penalty at BER=10
-9

 with changing the time delay 

between the control and probe pulses controlled by VODL, as shown in Fig. 4.5. Fig. 4.5(a) shows 
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the BER in several different time delays, and Fig. 4.5(b) shows the measured power penalty as a 

function of the time delay between the control and probe pulses. Time detuned control and probe 

pulses results in an asymmetric spectrum in the converted BPSK since the time delay results in 

asymmetric phase modulation by XPM. In Fig. 4.5(a), an error floor was observed for a relatively 

large time delay. Fig. 4.5(c) shows an eye diagram after the one-bit delay and the balance receiver 

for a 20-ps time delay between the control and probe pulses. The asymmetric XPM phase shift can 

be observed, compared with the eye diagram shown in Fig. 4.4. 
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(b)                                          (c) 

Fig. 4.6. Results of dispersion-tolerance measurement. (a) Power penalty as a function of the 

imposed dispersion. Eye diagrams of the received signal using DCF/SMF with dispersion. (b) 

-500.19ps/nm. (c) 503.85ps/nm. 

 

The transmission capability of the converted BPSK signal was inspected by examining the 

dispersion tolerance. We measured the eye diagrams and the power penalty at BER=10
-9

 as a 

function of the imposed dispersion. Fig. 4.6(a) shows the results of the power penalty. A reasonable 

dispersion tolerance of ±300 ps/nm suitable for long-haul transmissions was observed. Figs. 4.6(b) 

and 4.6(c) show the eye diagrams of the received signal after transmitted through dispersion 

compensated fiber (DCF) with a dispersion of -500.19 ps/nm and SSMF with a dispersion of 503.85 
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ps/nm. The waveform shown in Fig. 4.6(c) is degraded from that shown in Fig. 4.6(b). This 

degradation was probably caused by the imbalance frequency chirp induced by the LN-IM and XPM. 

It implies that the results of dispersion tolerance can be improved further. 

 

4.3 Principle of OOK to 16QAM format conversion based on NOLM 

 

Fig. 4.7(a) shows the configuration of the proposed OOK to 16QAM modulation format converter 

whose main part is a NOLM including two HNLFs in it. We denote the four ports of the 3dB 

couplers as ports 1, 2, 3, and 4 as shown in Fig. 4.7(a). The 3dB coupler has a 1:1 power-split ratio 

and the phases of the coupled output signal and the through output signal are 90° shifted. Port 3 is 

the input port of this converter. The probe pulse Ein incident on the NOLM from the 3 dB coupler 

travels through the loop in both directions. We call these two probe pulses as clockwise and 

counter-clockwise probe pulses, respectively. The electrical fields of the two probe pulses are 

denoted as Ec and Ecc and come out from port 1 and port 2 of the 3dB coupler, respectively. The 

relation between the input electrical field and the output from port 1 and port 2 is expressed as 

   c cc in

1
= = .

2
E jE E－

                             (4.1) 

HNLF1 is employed for phase modulation as shown in Fig. 4.7(b). It works as an OOK to QPSK 

modulation format converter. The probe pulse and two OOK signals, as control pulses, are 

synchronously launched into HNLF1. The probe pulse is modulated in its phase due to XPM induced 

by the co-propagating control pulses. From Eq. (2.9), the phase changes of the probe pulses due to 

XPM are given by 
 

 c eff 1 2+  2 L P P ,=   

    cc eff 3 4+  2 L P P ,=   

where Pj (j=1, 2, 3, 4) are the peak powers of OOK-j. γ and Leff are the nonlinear coefficient and the 

effective interaction length of HNLF1, respectively. Leff depends on the fiber loss that is defined as 

                       (4.3) 

 

where  and L are the attenuation constant and the length of HNLF1, respectively. Eq. (4.2) shows 

that the phase change of the clockwise probe pulse 𝑐 and the counter-clockwise probe pulse 𝑐𝑐 

eff

1 exp( )
,

αL
L           

α

 


(2) (2) (2) 

(4.2) 
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are proportional to the sum of the peak powers of the two OOK signals acting as the control pulses. 

Thus, by properly adjusting the peak powers of the control pulses, 𝑐 and 𝑐𝑐 can be set to 0, 

or 3/2.  Namely, an OOK to QPSK modulation format conversion is bilaterally realized in 

HNLF1. 

 

 
Fig. 4.7. Schematic diagram of the proposed modulation format converter. (a) The configuration of 

the converter. (b) Schematic diagram of phase modulation in HNLF1. (c) Schematic diagram of 

amplitude modulation in HNLF2. 
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 Based on this consideration, we expect the control pulses of OOK 1 and OOK 2 signals to induce 

/2 and  phase changes onto the clockwise probe pulse, respectively. The other two control pulses, 

OOK 3 and OOK4, induce the same amount phase changes to the counter-clockwise probe pulse. 

From Eq. (4.2), the desired peak powers of the four OOK signals 𝑃𝑗 are given by 

1 2 3 4

eff

2 .2
2

P P P P
L

= = = =


                         (4.4) 

The clockwise and counter-clockwise probe pulses also receive a phase shift from the counter- 

propagating OOK signals due to XPM. The phase shift    is given by the average powers of the 

control pulses as  

 c_cp eff 3 4+  2 L P P ,=   

 cc_cp eff 1 2+  2 L P P ,=   ,  

where 𝑃̅𝑗 (j=1, 2, 3, 4) are the average powers of the OOK signals.      and       are the phase 

changes of the clockwise and counter-clockwise probe pulses, respectively, induced by counter- 

propagating OOK signals. From Eq. (4.4), for long trains of random input signals, the relation 

between the average powers of the four OOK signals are given by 

1 2 3 42 2P P P P   .                              (4.6) 

The clockwise and the counter-clockwise probe pulses obtain the same phase shift from the 

counter-propagating OOK signals via XPM as 

cp c_cp cc_cp.     

The probe pulse itself also experiences SPM, which is expressed as 

c_SPM eff c L P ,=   

cc_SPM eff cc L P ,=   

where       and        are the phase changes of the clockwise and counter-clockwise probe 

pulses induced by SPM. The OPA was employed to induce 6-dB gain to the counter-clockwise probe 

pulse, then the peak powers of the clockwise 𝑃  and counter-clockwise 𝑃   probes pulses should 

satisfy the following relation, 

    𝑃    𝑃                                  (4.9) 

(4.5) 

(4.8) 

(4.7) 
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In a general situation, we can set 𝑃       , thus neither       or        is small enough to 

be ignored. 

QPSK1 and QPSK2 are generated after the clockwise and counter-clockwise probe pulses 

experience a 4-level phase change in HNLF1. The electric fields of the clockwise probe pulse and 

counter-clockwise probe pulses after passing through HNLF1 are expressed as 

 c cpc in

1
exp

2
E E j ,=   

   

 cc cpcc inexp .
2

j
E E j=   

   

In order to generate 16QAM signal from the above two QPSK signals, the amplitude of QPSK2 

should be doubled relative to that of QPSK1. A 2:1 amplitude ratio is accomplished in HNLF2 via 

OPA as shown in Fig. 4.7(c). CW pump light and the probe pulses are transmitted together in 

HNLF2, and OPA occurs effectively by properly allocating the wavelengths of the probe and CW 

lights. The launched power of the CW light is adjusted to induce a 6-dB OPA onto the 

counter-clockwise probe pulse. The CW light induce the same phase shift cw by XPM to both the 

clockwise and counter-clockwise probe pulses, while inducing OPA only to the counter-clockwise 

probe pulse in HNLF 2, since that phase matching cannot be achieved between anti-directionally 

propagating pulses. 

OBPFs are used to remove the OOK signals and the CW pump light at the output of the NOLM. 

The one- round transmitted electric fields of the probe pulses at port 1 and port 2 of the 3dB coupler 

are expressed as 

   1 cc cw in cc cp cw2 exp 2 exp ,E E j j E j       
 

 

   2 c cw in cc cp cw

1
exp exp .

2
E E j E j       

 
 

At the output of the converter, i.e., port 4, the electrical field of the probe pulse is then given by 

       out 1 2 in cp cw c cc

1 1
exp exp 2exp .

22
E jE E E j j j           

 

Eq. (4.12) shows that the output signal of this converter is a superposition of the two QPSK signals. 

The amplitude of one QPSK signal is two times the other. In Eq. (4.12),    ,    and    are

constant, thus

(4.10) 

(4.11) 

(4.12) 
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   out c cc

c cc c cc

exp exp 2exp
4
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E j j j

j

 

   

 
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 

              
                 

          

  (4.13) 

 

In Eq. (4.13), we assumed that the phase difference relative to the reference is /4, both 𝑐 and 

𝑐𝑐 at the HNLF output take one of the four values, 0, /2, , and 3/2, depending on the “0” or “1” 

data of the four OOK channels. Each symbol of Eout carries 4 data bits, and the I-Q constellation map 

by sampling each symbol peak have 16 levels as shown in Fig. 1.2. Therefore, OOK to 16QAM 

format conversion can be realized by the proposed scheme.

 

4.4 Simulation 

 

In the previous section, we neglected FWM and the walk-off between the control and probe pulses. 

They can induce a power fluctuation and imperfect phase modulation to the probe pulse. Therefore, 

the parameters of HNLF and the wavelengths and peak powers of control and probe pulses should be 

carefully designed. We calculate the waveform and the I-Q diagram of the converted 16QAM signal 

at the output of NOLM at a symbol rate of 10 GS/s by using the split-step Fourier method including 

the 3
rd

-order dispersion of HNLF. The simulation model is shown in Fig. 4.8. To simplify the 

simulation, we separated the clockwise and counter-clockwise paths by assuming a MZI model. cw 

is the calculated constant phase shift of the clockwise probe pulses due to XPM induced by the 

counter propagating CW light. 

 

 

 

Fig. 4.8. Simulation model of the proposed modulation format converter. 
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The phase is given by 

cw 2 eff 2 cw 2 L P ,=  ，                                (4.14) 

where 𝛾2 and 𝐿eff,2 are the nonlinear coefficient and the effective interaction length of HNLF 2, 

respectively. 𝑃   is the power of the CW light. The parameters of HNLF1 and HNLF 2 are shown 

in Table 4.1. Here, we have added a phase offset offset  π/ − (  +  ) to the output signal 

of this converter. The output electrical field   out can be written as 

   c ccout in

1
exp exp -2exp  .

2 4
E E j j j=  

 
    

 
                  (4.15) 

The pulse shapes of the control and the probe pulses were assumed to be a super-Gaussian and a 

Gaussian, respectively. Their waveforms can be expressed as  

 
2

0

exp ,

m

t
E t P

T

 
  

 
 

FWHM 01.665 ,T T  

where parameter m determines the degree of the edge sharpness.       is the full width at half 

maximum (FWHM) of the pulses. 

 

Table 4.1. Parameters of HNLF1 and HNLF2 at a wavelength of 1570nm. 

 

 

 

 

 

 

 

Table 4.2. Wavelengths and peak powers of control, probe pulses, and CW light. 

 

 

 

 

 

The wavelengths, the peak powers, the pulse width and parameter m of the control pulses of 

OOK1-4, which are used to induce /2 or phase shift to probe pulses by XPM, and those of the 

probe pulses and the CW pump light used to induce 6-dB parametric gain to the counter-clockwise 

probe pulses are summarized in Table 4.2. These parameters were designed for our simulation. 

There is an almost a 3dB power difference between the peak powers of OOK1 (OOK3) and OOK2 

 HNLF1 HNLF2 

Dispersion [ps/nm/km] 0.08343 0.04646 

Dispersion slope [ps/nm
2
 /km] 0.02035 0.02047 

Loss [dB/km] 0.426 0.411 

Nonlinearity [1/W/km] 12.0 12.0 

Length [km] 0.406 0.403 

 λ  [nm] P [dBm] m TFWHM [ps] 

OOK1,OOK3 1551.2 22.6  
3 

 
60 

OOK2,OOK4 1536.5 25.4 

Probe pulse 1545.0 0.0 1 30 

CW pump light 1569.5 24.5  

(4.16) 
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(OOK4), even though they are a bit larger than the theoretical value given by Eq. (4.4), since 

waveform deformation due to dispersion is not included in the theoretical estimation. Here, we 

ignore the losses of the OBPFs and couplers for coupling the OOK signals, the CW pump light, and 

the probe pulses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9. Waveforms. (a) Waveforms of four input OOK signals. (b) Intensity waveform and I-Q 

diagram at the output of the converter at 10 GS/s. 

 

 

 

 

 

 

 

 

Fig. 4.10. I-Q diagram and intensity eye diagram of the output 16QAM signal when the four input 

OOK signals are 10 Gb/s PRBSs of length 2
7
-1. 
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The simulation results are shown in Fig. 4.9. Fig. 4.9(a) shows the waveforms of four OOK 

signals, where all possible patterns of 2
4
=16 symbols are taken into account. Fig. 4.8(b) shows 

intensity waveform and the I-Q diagram at the output of the converter. In the I-Q diagram, the red 

circles indicate the sampling point of each pulses’s peak, and the lines connecting the center point 

and red circles indicate each pulses’ sidelobe between the bottom and peak. A clear three-level pulse 

train can be observed. Due to FWM between OOK signals and the probe pulse, small fluctuations 

are observed at the output pulse’s peaks. 

Fig. 4.10 depicts the I-Q diagram and the intensity eye diagram of the output 16QAM signals 

when the four OOK signals are modulated at a 10-Gb/s pseudo-random binary sequence (PRBS) 

with a length of 2
7
-1. We can observe a clear eye opening. Even when the pattern length of the input 

signal is long, the I-Q diagram hardly changes from Fig. 4.9(b). These simulation results confirm 

that OOK to 16QAM modulation format conversion at a symbol rate of 10 GS/s is feasible by the 

proposed scheme. 

 

4.5 Performance of the OOK to 16QAM format converter 

 

4.5.1 Influence of OOK signals’ pulse shape 

 

Since the phase shift is proportional to the power of the control pulses as indicated in Eq. (4.2), 

the shape of the phase shift of the probe pulse follows the control signals’ pulses shape. Thus, the 

pulse shape is also an important factor when employing XPM effect. The influence of the OOK 

control signals’ pulse shape will be examined in this section. 

 

 

 

 

 

 

 

 

Fig. 4.11. Intensity waveforms of 33%, 50%, 67% RZ and NRZ-OOK signals. 

 

The intensity waveforms of different OOK signals are summarized in Fig. 4.11. The RZ signal 
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For OOK signals with a bit rate of 10 Gb/s, the symbol interval  𝑠  1   ps.  RZ x(𝑡) and 𝑃RZ x 

are the electric fields and the peak powers of the RZ-OOK signals with different duty cycles of 33%, 

50%, and 67%, respectively. On the other hand, the electric field of the NRZ-OOK signal ENRZ(t) is 

bit-pattern depended function represented by 
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where  ′𝑠 is the time interval for continuous “1” signals, namely  ′𝑠  𝑁 𝑠, where N is the length 

of each signal train segment with continuous “1” signals, a is a parameter taking from 0 to 1 which 

determines the pulse width. In our simulation, a was assumed as 0.45.  NRZ(𝑡) and 𝑃NRZ are the 

electrical field and the peak power of the NRZ-OOK signals, respectively.  

The simulation results of the I-Q diagram in terms of optical power and eye diagram of the output 

16QAM signal are shown as Fig. 4.12 for different OOK signals’ pulse shapes of RZ-OOK signals 

with duty cycles of 33%, 50%, 67% and NRZ-OOK signal. The results show that the 16QAM signal 

converted from the OOK signals with a larger pulse width has a better signal quality. This may be  

(4.17) 
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Fig. 4.12 The I-Q diagram and intensity eye diagram of the output 16QAM signal observed at the 

output of the converter for various pulse widths of OOK signal. The bit rate is 10 Gb/s. 
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because the full signal power effectively contributes to the phase shift when the OOK pulse width is 

large. Besides, if full power OOK signals are employed as control pulses, the converter is robust 

against the walk-off between the control and probe pulses. 

 

4.5.2 Power tolerance of the control pulses 

 

The results shown in Section 4.4 are obtained from ideal parameter values listed in Table 4.2. 

Unfortunately, however, non-ideal peak powers of the OOK signals result in imperfect phase 

modulation onto the two QPSK signals, and non-ideal power of the CW pump light results in 

imperfect amplitude ratio between two QPSK signals. In this section, the power tolerance of the 

converter will be analytically evaluated.  

We calculate the error vector magnitude (EVM) to evaluate the tolerance of power deviation in the 

conversion. The EVM is defined as the mean square root of the difference between the 16QAM 

signal converted with ideal power and that with actual power of the control light or the CW pump 

light, normalized by the mean square of the 16QAM signals which are converted under the ideal 

power operation, that is 

 

2

k

2

out _ idealk

e( )
EVM . 

( )

k

E k





                        (4.21) 

 

Here,  out  deal(𝑘)   out(𝑘∆𝑡) is a sample of the ideal output signal and  e(𝑘)  e(𝑘∆𝑡) is a 

sampled error signal defined as  

out out ideal_e( ) ( ) ( )E Ek k k － ， 

where  out(𝑘)   out(𝑘∆𝑡) is the sampled actual output signal. ∆𝑡 represents the sampling period. 

The sampling point of the k-th converted 16QAM signal pulse is the central time point of the k-th 

symbol period.  

   The electric field observed at the output of this converter is expressed as Eq. (4.12), which can be 

modified for non-ideal case as 

        out in cp cw c cc

1
exp exp (2 )exp

2
E j j jE        

   .    (4.23) 

Here,   and    are the phase changes of the clockwise and counter-clockwise probe pulses 

induced by non-ideal OOK signals, and are given by Eq. (4.2).  is the amplitude difference relative 

(4.22) 
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to ideal 1:2 ratio and is related to the parametric gain induced by the non-ideal CW pump light as 

2

QPSK1QPSK1 2

2

QPSK2 QPSK2

(2 ) .
EP

G
P E

   
                   (4.24) 

We define the peak power difference ∆𝑃𝑗 (𝑗  1, 2, 3,  ) as 

_idealj j jP P P  ，                              (4.25) 

where 𝑃𝑗 is the actual peak power of OOK-j and 𝑃𝑗  deal is the ideal peak power given by Eq. (4.4). 

Using Eq. (4.25), the phase differences, ∆  and ∆  , can be expressed as 

 

 c c c_ideal eff 1 22 ,L P P          

 cc cc cc_ideal ef 4f 32 ,L P P          

where    deal and     deal are the ideal phase changes induced by 𝑃𝑗  deal. Substituting Eqs. 

(4.23) and (4.26) into Eq. (4.22), the sampled error signal can be expressed as 

 

       

     

in cp cw c_ideal c

cc_ideal cc

1
e exp {exp exp 1

2

exp [ 2 exp 2]}.

k E j j j

j j

     

   

   

  
 

 

Substituting Eqs. (4.12) and (4.27) into Eq. (4.21), we obtain 

 

  c_ideal cc_ideal

( )
EVM ,   

5 4cos[ ( )]

k

k

a k

k k


 



                 (4.28) 

 

where  

 

         

          

        

2

c cc

c cc c_ideal cc

c cc_ideal c_ideal cc_ideal

2 6 2cos 4 2 cos

2[ 2 cos cos

2 cos cos ].

a k k k

k k k k

k k k k

             

         

         

   

   





 
 

 

Assuming a deterministic deviation of the control and CW lights and the equal appearing probability 

(4.26) 

(4.27) 

(4.29) 
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of 16 kinds of 16QAM signal, we have 

   
16

c_ ideal cc_ ideal

1

cos[ ] 0.
k

k k  


                        (4.30) 

Substituting Eq. (4.30) into Eq. (4.28), we obtain 

 

2 16

1

( 2) 6 1
EVM ( ), 

5 40 k

b k


 
  


                    (4.31) 

where 
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cos 2 2 cos 2 cos
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b k k k k k

k k k k

                 

         

    

     

 

Firstly, we derive the EVM induced by the deviation of OOK1 or OOK2. In this case, ∆   𝛼  

  and 8 kinds of 16QAM signal deviate from the ideal signal points as shown in Fig. 4.14(a). Then, 

the EVM is expressed as  

 

 
8

eff

1
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2_ ideal

2 1
EVM 8 cos[2γ ]  

5 40
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    

    


 



                (4.33) 

 

Here, we used Eq. (4.4) to derive the second line in the right-hand side. Next, we consider the EVM 

induced by the deviation of OOK3 or OOK4. In this case, ∆  𝛼    and 8 kinds of 16QAM 

signal deviate from the ideal signal points as shown in Fig. 4.14(b). Then, the EVM can be expressed 

as 
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8
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1

4_ ideal
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2 1
 EVM 2 8 cos[2γ ]

5 40
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            (4.34) 

(4.32) 
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Here, we used Eq. (4.4) to derive the second line of the right-hand side. Based on Eqs. (4.33) and 

(4.34), we calculate the EVM induced by the deviation of each OOK signals. 

The analytical and numerical results are shown in Fig. 4.13 by lines and symbols, respectively. In 

the numerical simulation, the parameters of the two HNLFs and the wavelengths of the probe and 

the control lights are the same as those shown in Tables 4.1 and 4.2, except that the peak power of 

the probe pulse is 3 dBm. 
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Fig. 4.13. The tolerance against peak power deviations of four OOK signals. 

 

As shown in Fig. 4.13, the analytical results have a good agreement with the numerical results. 

The EVM almost linearly increases along with the absolute value of ∆𝑃𝑗  in all the results. 

According to Eqs. (4.33) and (4.34), the EVM for the deviation of OOK 3 and 4 is two times larger 

than OOK 1 and 2 because of the two times amplitude difference between QPSK1 and QPSK2 

signals. Besides, the EVM for the deviation of OOK2 and 4 used for inducing  phase shift is two 

times larger than OOK1 and 3 which are used for inducing /2 phase shift to the probe pulse. 

The converted 16QAM signal constellations for some ∆𝑃1/𝑃1  deal are shown in Fig. 4.14(a) by 

the filled squares and triangles, where the QPSK 2 signals are also represented by the open circles. 

In order to understand the dynamics of signal points, dotted lines are used to connect the four-point 

signal sets of QPSK 1 and QPSK2. In these results, we can observe that the non-ideal peak power of 

OOK1 signal results in a phase drift proportional to the power difference between the non-ideal and 

the ideal QPSK 1 signals, in addition to the four-point signal set of the QPSK2 remains on its ideal 

position. The converted 16QAM signal constellations for some ∆𝑃3/𝑃3  deal are presented in Fig. 

4.14(b) by the filled squares and triangles. From these, four points signal set of the QPSK 1 remains 

their ideal position, but the phase drifts proportional to the power difference between the actual and 

the ideal QPSK2 signals. This is shown by the open squares and triangles.  
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Fig. 4.14. I-Q diagram of the converted 16QAM signal from four OOK signals with a length of 2
13

-1 

PRBS. (a) for P1/P1_ideal. (b) for P3/P3_ideal. 

 

 The output power of the control OOK signals is quite high. Whereas the peak power of the OOK 

signal pulses of data of 0 is assumed to zero in the previous sections, the residual off level of the 

OOK signals can affect the converter performance. Thus issue is disscussed in the following. The 

extinction ratio of four OOK signals is defined as  
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where 𝑃𝑗   and 𝑃𝑗 1 are the powers of the zero and one pulses, respectively. The nonzero power of 
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the off state induces undesired phase shift onto the probe pulses. However, the effect of extinction 

ratio can be compensated by readjusting the ideal power of OOK signal as 

ideal_1 _ _0j j jP P P 
,
                            (4.36) 

with 

   0 eff 1_0 2_0 eff 3_0 4_02 2 .L P P L P P                  (4.37) 

From Eq. (4.12), the output signal can be expressed as 

     out in cp 0 cw c_ideal cc_ideal

1
exp exp 2exp .

2
E E j j j          

       (4.38) 

Finally, we consider the EVM induced by the deviation of the CW pump light. In this case, 

∆𝑐  ∆𝑐𝑐= 0, and then the EVM can be expressed as 

EVM  . 
5




                            (4.39) 

The EVMs due to the deviation of CW pump light calculated by the numerical simulation and that 

by Eq. (4.39) are shown in Fig. 4.15. The agreement between those results is very well for small , 

where for large , the numerical results are larger than the analytical ones. This is because the term 

∆   2γ𝐿eff∆𝑃   is ignored in Eq. (4.23).  
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Fig. 4.15. Power tolerance for CW pump light. 
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4.6 Conclusion 

 

An all-optical RZ-OOK to RZ-BPSK format conversion scheme has been introduced in this 

chapter in order to well understand the XPM employed in amplitude-to-phase modulation format 

conversion. We experimentally demonstrated an error-free operation of this format conversion at a bit 

rate of 10.7 Gb/s. In addition, we investigated the CD and timing tolerance of the converter.  

As a main research work of thesis, an all-optical OOK to 16QAM modulation format conversion 

scheme using NOLM has been proposed and numerically demonstrated, and the tolerance against the 

power deviation has been analytically evaluated. A 16QAM signal is generated as a result of 

super-position of two QPSK signals with different amplitudes. In the converter, the nonlinear effects 

of XPM and OPA are employed in the converter for OOK to QPSK format conversion and achieving 

2:1 amplitude ratio between two QPSK signals, respectively. It is noteworthy that this technique 

enables to realize a transparent gateway node for 100 Gb/s and beyond because XPM and OPA in 

optical fibers are ultrafast phenomena with a response time less than sub-picoseconds. The influence 

of the pulse shape of the control pulses has been discussed because it is an important factor when 

employing XPM effect. The peak powers of all the control lights are the key parameter in these 

nonlinear phenomena. The power tolerance for the 4-channel OOK signals and the CW pump light 

of the converter has been also analytically evaluated and simple relations between the EVM and the 

power deviations have been derived. 
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Chapter 5 

 

OOK to 16QAM format conversion 

employing NOLM with 1:2 coupler 

 
In order to experimentally demonstrate all-optical OOK to 16QAM format conversion, a 

simplified configuration of the converter with a 1:2 coupler employed in the NOLM will be 

described in this chapter. The first experimental demonstration of an all-optical modulation format 

conversion from NRZ–OOK to RZ–16QAM in NOLM with a 1:2 coupler configuration will be 

presented at 10 GS/s. Regarding a problem observed in the experimental results, the effect of the 

ASE noise accompanied with the amplified OOK signals from an EDFA will be numerically studied. 

 

5.1. Introduction  

 

Due to the rapidly worldwide growing data and internet traffic in telecommunication networks, 

the next-generation optical networks will require significant improvements in transmission capacity. 

The 16QAM modulation format is an attractive multi-level modulation format which possesses 

outstanding performance of transmission capacity, implying its potentiality for the next generation 

transmission system of higher than 100G. However, its large constellation size significantly reduces 

the tolerance against noise and nonlinear impairments and limits the feasible transmission reach. One 

conclusion maybe that the 16QAM format is employed in MAN. Researches will unremittingly 

explore the practicability of 16, 32, or 64QAM format employed in a WDM channel at a bit rate of 

400 Gb/s for long-haul WANs in a cost-effective manner. On the other hand, the conventional OOK 

formats may keep their main role in MANs and access networks or rarely incorporate with the 

multi-level modulation format in the WANs. The function of OOK to 16QAM format conversion 

will be an important interface technology for a gateway between optimally designed WAN and MAN 
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(or MAN and access networks), which separately employ different modulation formats.  

An all–optical OOK to 16QAM format converter based on XPM and OPA in a NOLM was 

numerically demonstrated in Chapter 4. The influence of the OOK signal’s pulse shape was 

theoretically discussed for that it is an important factor when employing the XPM effect. According 

to these simulation results, the NRZ–OOK format provides the best performance because of its 

relative full phase modulation to the probe light. Traditionally, a 1:1 coupler is employed in a NOLM. 

In such a NOLM, a CW pump light was required to induce 6-dB amplitude ratio via OPA in HNLF 

between the clockwise and counter-clockwise probe pulses. The scheme proposed in the previous 

chapter needs a complicated parameter design, which implies a difficulty in experimental 

implementation. In this chapter, an experimental demonstration of the all-optical NRZ–OOK to 

RZ–16QAM format conversion with a simplified configuration will be presented. The complexity of 

the scheme proposed in the previous chapter can be reduced by replacing the 1:1 coupler with a 1:2 

coupler in the NOLM. In this way, one HNLF and the CW pump light for OPA can be removed to 

construct a simple and cost effective setup. The all-optical modulation format conversion from 

NRZ–OOK to RZ–16QAM in NOLM with the 1:2 coupler configuration will be experimentally 

demonstrated at 10 GS/s. The simulation and experimental results confirm the feasibility of this 

proposed converter. However, the phases of the generated 16QAM signals are affected by the 

amplitude-to-phase-noise conversion due to the amplitude-dependent property of XPM. In our 

scheme, the OOK signals should be amplified to high power before launched into the HNLF for 

intensity-to-phase conversion [76], where the ASE noise from the amplifiers degrades the quality of 

the converted phase. The effect of ASE noise will be theoretically discussed to improve the 

performance of the converter. 

 

5.2 Simplified configuration with 1:2 coupler employed in a NOLM 

 

  Fig. 5.1 shows the configuration of the simplified modulation format converter which is basically 

a NOLM with a 1:2 coupler. The 1:2 coupler is used in place of the 1:1 coupler in the previous 

chapter. In this configuration, the HNLF and the CW pump light for amplifying the transmitted 

probe pulse in one branch are not required. This simplified configuration is expected to provide a 

better cost efficiency and stable operation. The operation principle can be easily understood by Fig. 

5.1. In Fig. 5.1, we define four ports of the 1:2 couplers as ports 1, 2, 3, and 4. The 1:2 coupler has 

the 1:2 power-splitting ratio and the phases of the coupled output signal and the through output 

signal are 90° shifted. Port 3 is the input port of this converter. When the probe pulse is incident to 

the NOLM from the coupler, it is split into two pulses at ports 1 and 2. Denoting the electrical field 
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of the input probe pulse as Ein, the relation between the input and the output electrical fields at ports 

1 and 2 can be expressed as 

1 in

1
= ,

3
E E

     

 

 

 

 

Fig. 5.1. Schematic diagram of the proposed modulation format converter. 

 

The probe pulses, that are split into ports 1 and 2, travel through the loop in the clockwise and 

counter-clockwise directions, respectively. The clockwise OOK signals 1 and 2 are used to modulate 

the clockwise probe pulse to be QPSK1 by XPM in the HNLF as shown in Fig. 5.1. On the other 

hand, the counter-clockwise OOK signals 3 and 4 are used for creating QPSK2. For simplicity, we 

presume here the use of a polarization-maintaining (PM)-HNLF, or an equivalent, so that only one 

polarization state of the optical field needs to be considered [77]. According to Eq. (2.9), the 

nonlinear phase changes of the clockwise and counter-clockwise probe pulses which are induced by 

the co-propagating OOK signals via XPM can be given by 
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where γ and Leff are the nonlinear coefficient and the effective interaction length of the fiber, 

respectively. POOKi are the peak powers of the OOKi signals. After one-round transmission, the 

electrical fields of the probe pulses at ports 1 and 2 can be expressed as 
 

   T
cc cc1 2 in

2
exp exp ,

3
E j E j j E    

   T
c c2 1 in

1
exp exp .

3
E j E j E    

 

An OBPF is used to remove the OOK signals at the NOLM output. Then, at the output of the 

converter, the electrical field of the probe pulse Eout is obtained as 

    T T
out cc c1 2 in

2 1 1
= 2exp exp .

3 33
E j E E j j E      

This equation indicates that the output signal is a superposition of two QPSK signals with an 

amplitude ratio of 1:2. Therefore, a 16QAM signal can be generated at the output of the converter. 

However, non-ideal peak powers of the OOK signals will result in imperfect phase modulation of the 

two QPSK signals as discussed in the previous chapter. From Eq. (5.2), the non-ideal phase 

difference depends on the peak-power difference as 

 

 c eff OOK1 OOK22 ,L P P      

 cc eff OOK3 OOK42 .L P P      

 

Here, 
OOKiP  is the power difference between the noisy and the ideal OOKi signals. If the ASE 

noise in the amplified OOK signals is assumed to be additive white Gaussian noise (AWGN), the 

probability density function of 
OOKiP

 
is a Gaussian distribution as 
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where
OOKi is the standard deviation of the probability distribution of OOKi signal’s peak power. 

Squaring and averaging Eq. (5.5) gives a standard deviation of the phase fluctuations as  
 

2 2

c eff OOK1 OOK22 ,L    

 
2 2

cc eff OOK3 OOK42 .L      

(5.3) 

(5.4) 

(5.7) 

(5.6) 

(5.5) 
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where c and cc represent the standard deviations of the phase fluctuations in the clockwise and 

counter-clockwise QPSK signals which is proportional to the power fluctuations of the OOK signals. 

Eq. (5.7) indicates that even moderate power fluctuations in the OOK signals can be converted into 

considerable phase noise in the probe pulse because of the large nonlinear coefficient and a long 

interaction length of the HNLF. 

 

5.3 Experimental demonstration 

 

The experimental setup of the converter is shown in Fig. 5.2. The generation unit of NRZ-OOK 

signals is shown in the top left dotted box. CW lights from tunable laser sources 1 (TLS 1) and 2 

(TLS 2) with wavelengths of 1546.2 nm and 1550.3 nm, respectively, were modulated together to be 

NRZ-OOK signals with a 10 Gb/s PRBS of length 2
15

-1 by an intensity modulator (IM). A phase 

modulator was also used after the IM in order to suppress the SBS [75] which may emerge when 

high power OOK signals enter the PM-HNLF. Then, a 3-dB OC followed by OBPFs with a 

pass-width of 0.4 nm was used to separate the generated NRZ-OOK signals so that the different 

wavelengths went into two branches, respectively. We denote the separated OOK signals with 

different wavelengths as OOK 1, 3 and OOK 2, 4. They were amplified by two EDFAs to two 

specified peak powers, separately, for inducing /2 and phase shift onto the probe pulses. Two 

OBPF with a pass-width of 1nm followed the EDFAs in order to filter out the ASE noise generated 

from the EDFA. This is because ASE would induce fluctuations in the peak powers of the OOK 

signals, which turn to be phase fluctuations in the generated QPSK signal via XPM in the PM-HNLF. 

A PM-3dB coupler was used to combine and re-separate the NRZ-OOK signals generated in the 

upper and lower branches with different wavelengths and peak powers into two groups OOK 1, 2 

and OOK 3, 4 for the phase modulations to the clockwise probe pulse and the counter-clockwise 

probe pulse. A PCs were used to maximize the output powers of the PM-3dB coupler that induced a 

function of eliminating one linear polarization mode. The VODL were also used to skew the time 

delay between the OOK signals and the probe pulses. The PM-NOLM for NRZ-OOK to 

RZ-16QAM modulation format converter is shown in the top right dotted box in Fig. 5.2. In the 

PM-NOLM, a VOA was used to balance the peak powers of clockwise OOK1, 2 and 

counter-clockwise OOK3, 4. Two PM-WDM couplers were used to combine the clockwise and the 

counter-clockwise OOK signals with the probe pulses into both sides of the PM-HNLF. Optical 

isolators (ISOs) were used before the PM-WDM coupler to remove the OOK signals from the 

opposite directions. The probe pulse was generated from TLS 3 with a wavelength of 1565nm. PC 

was used to maximize the input power of the probe pulses. Then, a 16QAM signal is generated at the 

output of the PM-NOLM. A sampling oscilloscope and an optical coherent receiver followed by a 
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real-time oscilloscope with a sampling rate of 10 GS/s were used to observe the waveform and the 

constellation map of the output signal, respectively. The fast polarization mode of the PM-HNLF 

was used. The zero-dispersion wavelength, the dispersion slope, the loss coefficient, the nonlinear 

coefficient, and the length of the HNLF were λ0 = 1590 nm, Dl =0.024 ps/ nm
2
/km,  = 2.7 dB/km, 

= 18.0 W
-1

km
-1

, and L = 0.5 km, respectively. The wavelengths of the two OOK signals were set to 

be 1550.3 nm and 1546.2 nm, respectively.        

 

Fig. 5.2 Experimental setup. 

 

The experimental results without using of digital signal processing are shown in Fig. 5.3. Fig. 

5.3(b) shows the eye diagram of the power of the output 16QAM signal. The waveform of the output 

power is shown in Fig. 5.3(a). The 16QAM signals had three power levels with a power ratio of 

1:5:9 which were measured as 1.5 mW, 7 mW, and 13 mW. The constellation map of the 16QAM 

signal is shown in Fig. 5.3(c). The ideal position is also shown by black circles. The open and closed 

circles respectively indicate constellation points of the clockwise and counter-clockwise probe pulses 

at the output of the PM-HNLF. We can observe that the output signals suffered from phase noise due 

to the amplitude-to-phase-noise conversion. The ASE noise generated from the EDFAs, in addition 

to a bit OPA and Raman gain, may induce random and pattern dependent intensity fluctuation to the 

OOK signals. The effect of the ASE noise will be theoretically discussed in the next section. In Fig. 

5.3(c), the upper half of the constellation map looks so noisy that it is hard to identify each signal 
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Fig. 5.3. Experimental results of the output signal when the input OOK signals are 10Gb/s PRBS 

with length of 2
15

-1. (a) waveform, (b) eye diagram, (c) I-Q constellation map. 

Fig. 5.4. Experimental results of the eye diagram and the I-Q constellation maps of APSK1 and 

APSK2 when the input OOK signals are 10Gb/s PRBS with a length of 2
15

-1. (a)APSK1, (b) 

APSK2. 
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point. In order to examine the constellation in more detail, APSK1 and APSK2 as part of the 

16QAM signal’s constellation map were also measured. 

When all the OOK 1, 3 signals are fixed as 0, the probe pulse experiences only a phase shift at 0 

or from the control pulses and the amplitude of the output signal only take two levels. This signal 

is called as the APSK1 signal, and is shown in Fig. 5.4(a). When all the OOK 2, 4 signals are fixed at 

0, on the other hand, the probe pulse only get /2 phase shift from the control pulses. The eye 

diagram and the constellation map of APSK2 are shown in Fig. 5.4(b). The ideal location of the 

superposition of two BPSK signals modulated in the clockwise and counter-clockwise branches of 

the NOLM is also indicated in Fig. 5.4. The above conditions were experimentally achieved by 

turning off one of the amplifiers in the upper and lower branches. The ideal constellation maps of the 

clockwise and counter-clockwise probe pulses are shown in the left-hand side of the experimental 

results. From the constellation maps of APSK1 and APSK2, we can see that the right half of APSK1 

suffered from some phase noises since the EDFA used to amplify the OOK signals for  phase 

modulation was not stable enough. Therefore, the upper half of the 16QAM signals became so noisy 

that it is hard to identify each point in Fig. 5.3(c). 

 

5.4 Effect of ASE noise from EDFA  

 

Fig. 5.5 Simulation model. 

 

In this section, the Split-Step Fourier method will be used to evaluate the effect of the ASE noise 

generated from the EDFAs in the OOK to QPSK/16QAM modulation format converter. The 
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simulation system model is shown in Fig. 5.5. In Fig. 5.5, probe pulses going to the upper and lower 

branches of a MZI simulate the clockwise and counter-clockwise probe pulses in the NOLM. In this 

simulation, the phase change of the clockwise probe pulse induced by counter-propagated OOK 

signals was not taken into account since the phase difference is small enough to be ignored for long 

pulse trains of the input OOK signals, as mentioned in Chapter 4. The parameters of the HNLF and 

the wavelengths of the control and probe pulses were the same as those in the experiment. Fig. 5.6 

shows the simulation results of the intensity eye diagram and the constellation map of the output 

16QAM signal when the input OOK signals are 10 Gb/s PRBS with a length of 2
7
-1 without ASE 

noise accompanied. The red circles in the constellation map indicate the sampling points of each 

pulse. The clear eye opening and undistorted constellation points could be obtained under this ideal 

condition. The ideal peak powers of the OOK signals for inducing/2 and  phase shift are 20 dBm 

and 23 dBm, respectively.  
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Fig. 5.6. Simulation results of the eye diagram and constellation maps of the output 16QAM signal 

when the input OOK signals are 10 Gb/s PRBS with a length of 2
7
-1 without ASE noise 

accompanied. 

 

Then, an AWGN was added to the OOK signals as a model of ASE noise. The Gaussian-shape 

OBPF with a pass-width of 1nm followed the EDFA to cut a wide power spectrum of ASE into a 

narrow range. The OSNRs of the OOK signals, which were used to induce 1 and 

 phase shift onto the probe pulse, were OSNROOK_/2 = 34.2dB and OSNROOK_= 22dB, 

respectively. The numerically obtained probability density function 
OOKf( )iP  of the peak power 

fluctuation of the OOK PRBS with a length of 2
16

-1 is shown with red lines in Fig. 5.7(a). Then, the 

variance of the numerically obtained power fluctuation of the OOK signals could be calculated by 

the discrete probability density function 
OOKf( )iP  from  
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where n is the sum of the discrete points of function . Substituting Eq. (5.8) into Eq. (5.6), 

a fitting Gaussian distribution was obtained, which is shown by the black line in Fig. 5.7(a). The 

peak power to fluctuation ratio (POOKi/OOKi) of the ASE noise added OOK signals is also shown in 

Fig. 5.7(a). The simulation results of the constellation maps of QPSK1 and QPSK2 signals generated 

in the upper and lower branches of the Mach-Zehnder interferometer are shown in Figs. 5.7(b) and 

5.7(c). Even when the OSNROOK_ was as low as 18 dB, the phase fluctuation didn’t exceed the 

range of ±/4. The phase fluctuation of the constellation point of QPSK2 was the same as the 

QPSK1 except the  phase offset. The numerically obtained phase probability distribution functions 

of each constellation point of the QPSK1 signal were shown in Fig. 5.7(b). The numerically obtained 

variances of the peak power and phase fluctuation, shown in Figs. 5.7(a) and 5.7(b), come in great 

agreement with the analytical relation described in Eq. (5.7). 

Fig. 5.7. Simulation results of the power distribution and phase distribution. (a) Peak power 

fluctuation of the OOK signals with ASE noise accompanied. P=Pactual-Pideal. (b), (c) I-Q diagram 

and the phase fluctuation of two phase noisy QPSK1 and QPSK2 signals with  phase offset and 1:2 

amplitude ratio which are modulated by the amplitude noisy OOK signals. 
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Fig. 5.8 shows the simulation results of the constellation map and the intensity eye diagram 

observed at the output of the converter as a superposition of the two noisy QPSK signals. Each cell 

was marked by red letters which was divided by the boundry lines of each constellation point. In Fig. 

5.8(a), we can find that the 16 constellation points suffer from a rotation with different angles, and 

errors obviously arise in the upper half of the constellation map for low OSNR of OOK_ signals. 

Comparing Figs. 5.8(b) and 5.8(c) with the experimental results shown in Figs. 5.3 and 5.4, we can 

find that the experimental results have an agreement with the simulated results. However, the 

constellation map of the experimental results seems even worse, maybe because of the non-ideal 

optical coherent receiver and time mismatching of the real-time oscilloscope. It implies that the 

constellation map of 16QAM and APSK1 can be improved obviously, if the OOK_ signals were 

amplified with less ASE noise. 
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Fig. 5.8. Simulation results of the constelation map and the eye diagram observed at the output of the 

converter as the superposition of two noisy QPSK signals. (a) 16QAM. (b) APSK1. (c) APSK2. 

SNROOK1, 3=30.2dB, SNROOK2, 4= 18dB. 

 

Different from conversion to QPSK signal, the amplitude-to-phase-noise conversion is a crucial 

problem in the 16QAM signal converter because of the ASE noise accumulated in the two OOK 

signals is and the compact signal points alignment of the 16QAM signal. Moreover, the noisy 

constellation points of the converted 16QAM signal are curving in different angles and different 

(a) (b) (c) 
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directions. In order to evaluate the BER of the output 16QAM signal, the method of least squares 

was used to find the fitting circle of each curved constenllation points. In Fig. 5.8(a), the 

constellation of the output 16QAM signal with the data of (1001) is marked as “C”. For instance, a 

fitting circle of the constellation point “C” is shown in Fig. 5.9(a), where the phase boundry points 

points on the circle, labeled as L and S, are indicated. The numerically obtained probability 

distribution function of the phase on the above fitting circle is shown in Fig. 5.9(b). The BER of the 

converted 16QAM signal could be written as 
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where  f i  is the fitting phase Gaussian distribution function of each constellation points of the 

output 16QAM signal with respect to the fitting circle center, Land S represent the phase 

boundry angles.  
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Fig. 5.9(a) The fitting circle for point “C”. (b) The phase probability density function of point “C” 

relative to the fitting circle center. 

 

The simulated BER results of the 16QAM signal versus the peak power fluctuation caused by the 

ASE noise in the OOK_ and OOK_/2 signals, separately, are shown in Fig. 5.10. The BER 

becomes better as the POOK_/OOK_ and POOK_/OOK_ increases from 12.2 dB to 18 dB, 

represented by the black and red lines in Fig. 5.10, respectively. The constellation maps of the 

16QAM signal is shown in the upper right side of Fig. 5.10 when OSNR of all of the OOK signals is 

30.2 dB, P 18 dB. Compared with Fig. 5.8(a), the signal points on the upper half of the 

constellation map are obviously condensed for small peak power fluctuation of OOK_signals. In 

(a) (b) 
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addition, the constellation maps of the 16QAM signal, when the OSNR of OOK_/2 signal is 18 dB, 

is shown in the lower left side of Fig. 5.10. We can observe that it is different from the constellation 

maps in Fig. 5.8(a), and that the APSK2 signal has noisy phase if the OSNR of OOK_/2 signals is 

low. According to Fig. 5.10, the peak power to fluctuation ratio of all the OOK signals should be 

larger than 18 dB. Although the simulated result does not precisely tell us how the phase noise will 

limit the transmission capability of the converted 16QAM modulation format, the errors induced by 

the amplitude-to-phase-noise conversion could be surmised by the simulation result. 
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Fig. 5.10 Bit error rate of the converted 16QAM signal verus peak power fluctuation caused by ASE 

noise added to the OOK_ and OOK_/2 signals, separately. 

 

5.5  Conclusion   

 

In this chapter, an all-optical OOK to 16QAM modulation format conversion scheme using a 

NOLM with 1:2 coupler has been proposed and experimentally demonstrated for the first time. 

However, the output signals were phase noisy due to the amplitude-to-phase-noise conversion. The 

ASE noise from EDFAs, in addition of a bit OPA and Raman gain, may induce random and pattern 

dependent power fluctuation in the OOK signals. The influence of ASE noise from the EDFAs used 

to amplify the control pulses for phase modulation onto the probe pulses has also been theoretically 
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discussed. The simulation results imply that the experimental results of the constellation map of 

16QAM and APSK1 could be improved obviously, if the OOK_signals were also amplified with 

limited ASE noise accompanied. The BER of the 16QAM signal versus the peak power to 

fluctuation ratio of the OOK signals has been numerically calculated. The errors induced by the 

amplitude-to-phase-noise conversion as the XPM employed all-optical OOK to 16QAM modulation 

format conversion system could be surmised by the simulation result. 
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Chapter 6 

 

Conclusions 

 
The nonlinearities in SOAs and optical fibers had been widely employed to realize all-optical 

modulation format conversion. The pattern effect in a SOA can seriously impair the performance of 

high-speed signal processing systems, and thus its operation speed is limited by its low recovery 

time. This thesis focuses on the fiber nonlinearity and its applicability for high-speed signal 

processing systems. The objective of this thesis is to develop technologies contributing to enlarge the 

network capacity by enhancing the throughput in gateway nodes and the network flexibility on 

choosing an optimal modulation format. Aiming at realization of a transparent gateway node for 100 

Gb/s and beyond, the nonlinear effects in optical fibers are exploited, which are ultrafast phenomena 

with a response time of less than sub-picoseconds. A novel all-optical OOK to 16QAM format 

conversion based on fiber nonlinearity has been proposed in this thesis. 

The NLS equation and the nonlinear effects of XPM and FWM, which are employed in the 

all-optical OOK to 16QAM format converter, have been introduced. Our system of a OOK to 

16QAM format converter consists of a NOLM which is a valuable tool in optical signal processing 

applications. Compared with an all-fiber based Mach-zehnder interferometer, the phase drift between 

the clockwise and counter-clockwise lights can be ignored in the NOLM. 

Measurement of the optical fiber nonlinear coefficient  is now important for applications of fiber 

nonlinear devices in optical networks. We have proposed a novel fiber nonlinearity measurement 

method utilizing PM-FWM. With a simple setup, we have confirmed that the nonlinear coefficient  

can be determined for 0.1- to 1-km long HNLDSFs and a 1km-long low-nonlinearity SSMF in a 

straightforward way. The measured results had a good agreement with ones by the CW-SPM method. 

The CD and dispersion slope can be simultaneously measured with a high precision, and therefore, 

their influence on the nonlinear coefficient  measurement could be removed. 

An RZ-OOK to RZ-BPSK format conversion scheme has been described as part of the research 

work of this thesis. The Kerr effect of XPM was employed to achieve the amplitude to phase 
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modulation conversion. The main research work of this thesis was the all-optical OOK to 16QAM 

format conversion. We have proposed and numerically demonstrated an all-optical OOK to 16QAM 

modulation format conversion scheme using NOLM, and analytically evaluated the tolerance against 

the power deviation. It is noteworthy that this technique will enable to realize a transparent gateway 

node for 100Gb/s and beyond because XPM and OPA in optical fibers used are ultrafast phenomena 

with a response time of less than sub-picoseconds. The influence of the pulse shape of the control 

pulses were discussed because it is an important factor when employing the XPM effect. The peak 

powers of the control lights are key parameters in these nonlinear phenomena. In this regards, the 

power tolerance for four OOK signals and CW pump light used in the converter have also been 

analytically evaluated, and simple relations between the EVM and power deviations were derived. 

In order to experimentally demonstrate the all-optical OOK to 16QAM format conversion, a 

simplified configuration of the converter with a 1:2 coupler employed in the NOLM has been 

proposed. This all-optical OOK to 16QAM modulation format conversion scheme has been 

experimentally demonstrated at 10GS/s for the first time in this thesis. However, the output signals 

were phase noisy due to the amplitude-phase-noise conversion. The ASE noise from EDFAs, in 

addition of a bit OPA and Raman gain, may induce power fluctuation to the OOK signals. The 

influence of ASE noise from the EDFAs used to amplify the control pulses for phase modulation 

onto the probe pulses has also been theoretically discussed. The simulation results imply that the 

experimental results of the constellation map of 16QAM and APSK1 could be improved obviously, 

if the OOK_signals were also amplified with limited ASE noise accompanied. The BER of the 

16QAM signal versus the peak power to fluctuation ratio of the OOK signals has been numerically 

calculated. The errors induced by the amplitude-to-phase-noise conversion as the XPM employed 

all-optical OOK to 16QAM modulation format conversion system could be surmised by the 

simulation result. 
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