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Summary 

All-optical processing technologies are highly desirable for next generation optical 

networks because they can resolve the electrical bottleneck issues. All-optical 

processing technologies span many research areas, which include optical buffering, 

optical logic gates, optical wavelength conversion/multicasting, optical signal 

regeneration, ultra-fast optical switching, optical signal modulation format conversion, 

de-multiplexing of optical time division multiplexing (OTDM) signal, optical data 

exchange, and etc. This thesis focuses on two aspects of all-optical processing 

technologies; namely, optical buffering and wavelength multicasting.  

First, we experimentally demonstrated an optically controlled loop buffer, which 

utilized a semiconductor optical amplifier (SOA)-based loop mirror as a fast switch to 

realize the writing and reading of optical data packets within this buffer and a 

circulator-based optical reflector to achieve internal re-circulations. According to the 

experimental results, the proposed loop buffer has better performance in terms of 

number of achievable re-circulations, compared to other similar loop buffer structures. 

In addition, the number of re-circulations can be significantly increased while 

maintaining acceptable performance degradation by using negative instead of positive 

control method. 

Next, we devised and experimentally demonstrated an all-optical wavelength 

multicasting scheme based on four-wave mixing (FWM) effect in a highly nonlinear 

fiber (HNLF) Sagnac loop mirror. Normally when the number of pumps used increases 
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to three or more, there is a possibility that the pump-pump generated idlers will have 

the same wavelength as the multicast channels. By using a loop mirror in the proposed 

design, the multicast channels and signal will be filtered out from the pumps and pump-

pump generated FWM idlers. Thus, even when the wavelength of a multicast channel 

overlaps with the pump-pump generated idler, clear eye diagram can be observed. In 

the experimental demonstration, six and ten multicast channels were successfully 

demonstrated by using two- and three-pump lasers, respectively. Both on-off keying 

(OOK) and differential phase-shift keying (DPSK) signals at 10-Gbit/s were 

demonstrated experimentally. 

As FWM-based wavelength multicasting scheme has a drawback of polarization 

dependent operation, we proposed and experimentally demonstrated a practical optical 

wavelength multicasting scheme based on the FWM effect with reduced polarization 

sensitivity using either an HNLF or an SOA. The polarization sensitivity was 

significantly reduced from more than 20 dB to approximately 5 dB using the HNFL 

and 2.5 dB using the SOA in the experiments. Comprehensive comparisons of the 

performance differences between using the HNLF and SOA for this proposed 

multicasting scheme were carried out. By using three co-polarized probes, seven OOK 

and DPSK multicast signals at 10-Gbit/s were demonstrated.  

Finally, by combining cross-gain modulation (XGM) and cascaded FWM effects in 

an SOA, seven 10-Gbit/s OOK multicast channels with 100 GHz spacing were 

demonstrated by using a single-pump laser source. It is highly desirable to obtain as 

many multicast channels as possible by using fewer pump lasers, which can reduce the 

implementation cost. To the best of the author’s knowledge, the number of multicast 
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channels that were demonstrated is the highest reported so far for single-laser 

configuration with an SOA. 

This thesis provides detailed description of the experimental setups, analyses of 

results, and how the work could be further extended. 
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Chapter 1:  Introduction 

1 

 

Chapter 1 Introduction 

Dr. Charles Kuen Kao, sometimes referred to as the “father of fiber optical 

communications”, was awarded the Noble Prize for physics in 2009 for groundbreaking 

achievements concerning the transmission of light in fibers for optical communication. 

Many of the students, researchers, professors, and engineers who work in the field of 

optical communications and related disciplines were elated by this exciting news.  

Since the invention of the laser in 1958 followed by the development of low loss 

optical fibers in the early 1970s, research and application of optical fiber 

communications have progressed by leaps and bounds. Dense wavelength division 

multiplexing (DWDM) and the availability of erbium doped fiber amplifier (EDFA), 

significantly introduce another multi-fold increase in the capacity of the optical fiber 

transmission system [1].  

Today, optical fiber communications play a crucial role in our daily life as the 

foundation of the information superhighways that allow huge data traffic flows among 

cities both geographical near and far, which, in turn, enables everyone to be connected 

in cyberspace. The information-carrying capacity of optical fiber over long distances is 

unsurpassed by any other media. Such a capacity is possible, due to the following 

unique set of salient features that optical fiber offers: huge bandwidth, small size, low 

weight, low cost of fabrication, low signal loss, immunity to electrical interference, and 

high safety and security [1].  



Chapter 1:  Introduction 

2 

 

1.1 Background and motivations 

Since the inception of the Internet, Internet users and traffic have grown 

exponentially [2]. More and more people all over the world can currently afford to buy 

a computer and access the Internet. Fig. 1.1 shows the growth of the number of Internet 

users from 1995 to 2010 [3]. The number of Internet users can be seen to have 

increased significantly from only 16 million in 1995 to about 1650 million in 2010. It is 

also worthwhile to note that terminal devices connected to the Internet are no longer 

only computers, as more smart personal devices, such as iPhones and Androids, have 

the ability to access the Internet. This trend further increases Internet usage. 

In addition to existing applications, such as email and the World Wide Web, new 

applications, such as Facebook, YouTube, online gaming, e-health technology, e-

commerce, high-definition TV and movie, and video conferencing, among others, are 

becoming more and more popular and essential in our daily life. These new 

applications contribute significantly to the explosive growth of Internet traffic. 

Internet traffic doubled every 21 months from 1969 to 1982, and the doubling 

period shortened to 9 months between 1983 and 1997. From 1998 to 2008, Internet 

traffic doubled every 6 months [4]. It would not be a surprise if the doubling period 

were to shorten further in the future. Just imagine how large the Internet traffic will be 

if all YouTube videos were to become high definition! 

Therefore, it is a matter of some urgency to scale up Internet capacity in order to 

handle such an explosive growth in traffic. 
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Fig. 1. 1. Internet users’ growth in the world from year 1995 to year 2010. Source: Internet World 

Statistics [3]. 

Increasing the data rate per wavelength and exploiting the transmission bandwidths 

of the fibers can enhance the transmission capacity. Presently, 40-Gbit/s per 

wavelength optical fiber transmission system is commercially available, and 100-Gbit/s 

per wavelength fiber transmission system will be available in the near future [5]. At the 

same time, ultra-high data rate single-wavelength systems have been pushing toward 1-

Tbit/s and beyond in the laboratories in recent years [6-10]. Advancing in parallel is the 

expansion of the wavelength spectrum of optical fibers to a wider range of 1260 nm to 

1675 nm, which could provide over 50 THz of bandwidth for transmission [1].  

By combining the technologies of DWDM, orthogonal frequency division 

multiplexing (OFDM), and coherent detections, the system transmission capacity can 
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be significantly enhanced. In the post-deadline session of the latest Optical Fiber 

Communication Conference/National Fiber Optics Engineers Conference 

(OFC/NFOEC) 2011, researchers set two records for the world’s largest capacity 

transmission systems, which were 101.7-Tbit/s over a 165-km single mode fiber (SMF) 

and 109-Tbit/s over a 16.8-km homogeneous multi-core fiber, respectively [11, 12]. 

Many design issues need to be addressed as the data rate per wavelength increases 

to 40-Gbit/s and beyond [13]. One of the most important issues is the electrical 

bottleneck [14]. It is acceptable to use optical fibers to transmit such high speed and 

large capacity optical signals. However, some signal processing functions, such as 

signal regeneration, wavelength converting/multicasting, buffering, switching, and 

modulation format conversion, are currently all handled in the electrical domain. This 

means optical signal needs to be first converted to electrical signal and then converted 

back to optical signal for transmission after these processes. The optical-electrical-

optical (OEO) conversion operation is expensive when the data rate reaches 40-Gbit/s 

and beyond. Moreover, OEO conversion consumes considerable energy and requires 

means to dissipate heat, which, in turn, increases the implementation cost.  

All-optical processing technologies, which process signals entirely in the optical 

domain without the OEO conversion, are highly desirable because they bypass the 

electrical bottleneck issue. All-optical processing technologies mainly include optical 

buffering, optical logic gates, optical wavelength conversion/multicasting, optical 

signal regeneration, ultra-fast optical switching, optical modulation format conversion, 

de-multiplexing of optical time division multiplexing (OTDM) signal, and optical data 

exchange [15-35].  
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All-optical processing technologies are implemented by applying certain nonlinear 

optics phenomena in some devices which have high nonlinearity [35]. These nonlinear 

optics phenomena include self-phase modulation (SPM), cross-gain modulation (XGM), 

cross-phase modulation (XPM), cross-absorption modulation (XAM), four-wave 

mixing (FWM), fiber optical parametric amplifier (FOPA), nonlinear polarization 

rotation (NPR), stimulated Brillouin scattering (SBS), stimulated Raman scattering 

(SRS), and cascaded sum- and difference frequency generation (SFG/DFG) [35] . In 

contrast, the devices typically used for nonlinear processing are semiconductor optical 

amplifier (SOA), highly nonlinear fiber (HNLF), dispersion shifted fiber (DSF), 

photonic crystal fiber (PCF), periodically poled lithium niobate (PPLN) waveguide, 

silicon photonic nanowires, Chalcogenides, SOA-MachZehnder interferometer (SOA-

MZI), carbon-nanotube, and electro-absorption modulator (EAM) [15-35]. 

In summary, there are many research topics on all-optical processing technologies. 

However, this thesis mainly focuses on the all-optical buffering and all-optical 

wavelength multicasting technologies.  

1.2 Contributions of the thesis 

The main contributions of this thesis are summarized as follows:  

1. An optically controlled loop buffer was proposed and experimentally 

demonstrated. It utilized an SOA-based loop mirror as a fast switch to realize the 

writing and reading of optical data packets within this buffer and a circulator-based 

optical reflector to achieve internal re-circulations. By adding fibers with different 

lengths between the loop mirror and the circulator, a variable delay time for each 
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circulation can be obtained. The buffering performances of the 2.5-Gbit/s and 10-Gbit/s 

optical data packets were demonstrated. This loop buffer has the merit of improved 

performance on number of achievable re-circulations, compared to other similar loop 

buffer structures. The influence of the two different control signal formats (positive and 

negative control methods) on packet signal degradation during buffering was examined. 

According to the results obtained, the packet data signals, both at 2.5-Gbit/s and 10-

Gbit/s, can still remain in good quality after 24 and 16 circulations, respectively, by 

using the positive control method. The number of circulations obtained can go as large 

as 36 for the 2.5-Gbit/s data packet when the negative control method is used (see 

Chapter 3). 

2. An all-optical wavelength multicasting scheme using FWM in an HNLF Sagnac 

loop mirror was proposed. In the FWM-based multicasting scheme, the number of 

multicast channels that can be produced depends highly on the number of pump lasers 

used. As the number of pump laser increases, the idlers generated among pump-pump 

lasers will be the crosstalk to the multicast channels. Using the loop mirror has the 

advantage that even when the wavelength of a multicast channel overlaps with that of 

the pump-pump generated idler, a clear eye diagram can still be observed. Six and ten 

10-Gbit/s multicast channels, which are compliant with the international 

telecommunication union (ITU) grid, were successfully demonstrated by using two- 

and three-pump lasers, respectively. Multicasting of the on-off keying (OOK) and 

differential phase-shift keying (DPSK) signals were both successfully demonstrated. 

The maximum power penalty of the multicast channels was less than 3.5 dB. 

Furthermore, compared with the non-loop configuration, a power penalty improvement 

of up to 1.2 dB can be achieved in this proposed Sagnac loop configuration (see 
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Chapter 4).  

3. As FWM-based wavelength multicasting scheme has a drawback of polarization 

dependent operation, a practical all-optical wavelength multicasting scheme based on 

the FWM effect with reduced polarization sensitivity was demonstrated in both an 

HNLF and an SOA. Comprehensive comparisons of the performance differences 

between using the HNLF and SOA for this proposed multicasting scheme were carried 

out. Seven multicast channels were experimentally demonstrated by using three co-

polarized probes and a modulated signal. The polarization sensitivity was significantly 

reduced from more than 20 dB to approximately 5 dB using the HNFL and to 2.5 dB 

using the SOA. The low polarization sensitivity led to a difference of less than 1 dB in 

the power penalty of the multicast channels at a bit error rate (BER) of 10
-9

. In addition, 

we compared the multicasting performance of the OOK and DPSK signals using the 

proposed scheme and found that the power penalties of the DPSK multicast channels in 

the HNLF and the SOA were less than 1.25 dB and 1.1 dB, respectively, and the power 

penalties of the OOK multicast channels were less than 1.5 dB and 3.1 dB in the HNLF 

and the SOA, respectively (see Chapter 5). 

4. Combining XGM with the cascaded FWM effects in an SOA, seven multicast 

channels with 100 GHz spacing of an ITU standard grid were demonstrated using only 

a single pump laser source. To the best of the author’s knowledge, the number of 

multicast channels demonstrated is the highest reported to date when only one laser is 

used in an SOA. It is highly desirable to replicate as many multicast channels as 

possible by using fewer pump lasers, which can reduce the implementation cost. Error-

free operations of the seven 10-Gbit/s OOK multicast channels were achieved with a 

power penalty of less than 3.3 dB (see Chapter 6). 
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1.3 Thesis outline 

The thesis is organized in seven chapters.  

Chapter 1 gives brief introductions, background and motivations, and the major 

contributions of this thesis.  

Chapter 2 reviews the current states of the optical buffering and wavelength 

multicasting technologies. In addition, the advantages and disadvantages of using SOA 

and HNLF are compared in this chapter.  

Chapter 3 presents the proposed optically controlled loop buffer with improved 

performance on the number of achievable re-circulations. The operation principle of 

this loop buffer and the experimental results are described. 

Chapter 4 describes the optical wavelength multicasting scheme using FWM in an 

HNLF Sagnac loop mirror. The advantages of using the Sagnac loop mirror are 

addressed, and the experimental results of using two- and three-pump lasers for 

multicasting in loop and non-loop configurations are demonstrated. Moreover, OOK 

and DPSK signals are demonstrated for multicasting performance.  

Chapter 5 describes original research work on polarization sensitivity reduced 

optical wavelength multicasting based on the FWM effect. The operation principle of 

this scheme is described in detail. Both OOK and DPSK signals’ multicasting are also 

demonstrated. In addition, a performance comparison of HNLF and SOA for this 

multicasting scheme is included. 
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Chapter 6 presents another optical wavelength multicasting scheme, which can 

generate seven multicast channels in an SOA using only single pump laser. The 

operation principle and the experimental results are discussed there.  

Chapter 7 concludes the thesis and proposes some interesting work for the future. 
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Chapter 2 Literature Survey 

In this chapter, we present a brief literature survey of the optical buffering and 

optical wavelength multicasting technologies, including recent research advances. 

However, the implementation details and measurement results of these schemes are 

largely omitted, due to space limitations.  

2.1 Optical buffering technologies 

2.1.1 Introduction 

Optical buffering has attracted considerable attention because it is one of the most 

important enabling technologies for next generation optical networks. Optical buffering, 

as well as wavelength conversion (WC) and space-deflection routing [36], can resolve 

the contention problem and be applied to slotted optical packet switching (OPS) 

network to synchronize the packets from different input ports [37]. 

Optical buffers can be categorized into a few different types. One possible approach 

is based on slow light [15], [38-48]. However, this technology still has a long way to go 

before it could be used in practice because of the limited delay-bandwidth product [15]. 

Recently some researchers proposed using dispersions in dispersion compensating 

fibers (DCF) or chirped fiber Bragg grating (CFBG) to delay the optical signal [49-52]. 

This scheme is not affected by the delay-bandwidth limitation, as is the case for slow 

light buffers; however, the dispersions could significantly degrade the quality of high 
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data rate signal. Another optical buffering technology is based on fiber delay line, 

which has the merits of low loss and cost effectiveness. Unfortunately, the large 

physical size of the fiber delay line makes it difficult to be integrated with other 

components [53-63]. 

2.1.2 Optical buffering based on slow light effect 

Several methods are possible to realize the slow light effect, such as 

electromagnetically induced transparency (EIT) [38], the coherent population 

oscillation (CPO) [39], SRS [40], Raman-assisted parametric amplification [41], 

coupled-resonator optical waveguide (CROW) [42], polarization bi-stable vertical-

cavity surface-emitting laser (PB-VCSEL) [43], and the SBS effect [44-48].  

Among these schemes, the SBS slow light offers several advantages compared with 

the other methods [45]: low relative threshold pump power, room temperature 

environment, and compatibility with existing telecommunication technology.  

However, the gain bandwidth of the SBS is only on the order of tens of MHz, 

which is too small for practical application. Thus, other approaches, such as phase or 

noise modulation of the pump [44-46] or using double Brillouin pumps [47], were 

proposed to increase the slow light bandwidth. However, the SBS gain is reduced at the 

expense of expanding the bandwidth. As a result, the delay time that can be achieved, 

which is proportion to the gain, is reduced. Due to the uneven gain bandwidth, the issue 

of pulse broadening after SBS slow light buffering also needs to be addressed [48]. 

In summary, slow light based optical buffers still have a long way to go before 
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becoming practical. One of the essential research issues is how to overcome the delay-

bandwidth limitation. 

2.1.3 Optical buffering based on dispersions in DCF or 

CFBG 

Recently, some researchers proposed a novel optical buffer using the dispersions in 

DCF or CFBG [49-52]. Due to the large dispersion slopes in DCF and CFBG, optical 

signals at different wavelengths experience different delays. Thus, different delay times 

can be achieved by converting the signal into different wavelengths before undertaking 

the DCF or CFBG. 

Fig. 2.1 illustrates the general concept of this buffer. At the input, a tunable 

wavelength converter (TWC) is required to convert the wavelength of the input optical 

signal into certain wavelength that can experience the desired delay in the dispersion 

mediums (DCF or CFBG). At the output, another TWC is used to convert the 

wavelength of the delayed optical signal back to its original. Compared to the slow 

light buffer, this buffer does not have the issue of limited delay-bandwidth product. 

However, the dispersions can degrade the signal quality when the data rate of the signal 

increases. Therefore, the phase conjugation method was proposed to reduce such 

degradation, which can also further increase the maximum delay time [50-52].  

It was reported that more than one microsecond time delays were achieved with 

relatively fine delay time resolution [50]. 
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Fig. 2. 1. General concept of optical buffer based on dispersion in DCF or CFBG. 

2.1.4 Optical buffering based on fiber delay line 

Fiber delay line based buffers have been regarded as the most feasible solution. For 

this buffer, the objective is to increase the propagation distance of light in the medium 

in order to attain the desired delay. Thus, the ability to reconfigure dynamically within 

a few nanoseconds, even when the signal is already being buffered, becomes a major 

research topic. In addition, because only a 5-μs delay time is achievable by going 

through 1-km long fibers, which is quite bulky in size, the problem of bulky fiber needs 

to be addressed when implementing this buffer.  

2.1.4.1 Multistage delay line 

 

Fig. 2. 2. Logarithmic delay line. 

As shown in Fig. 2.2, a simple conventional fiber based buffer is the logarithmic 

delay line [53]. The incoming optical signal enters a pipeline of cascaded 2 × 2 fast 
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optical switches. One of the outputs of the switch is connected to a delay line, while the 

other is connected straight through to the following switch, providing a choice of 

introducing a delay or not. By controlling these fast switches, variable delays can be 

attained. 

 

Fig. 2. 3. Broadcast and select buffer Type 1. 

 

Fig. 2. 4. Broadcast and select buffer Type 2. 

Another form of the multistage delay line is based on the broadcast and select 

structure [54] (see Fig. 2.3 and Fig. 2.4). In this structure, the delay time is tuned by 

controlling the SOA on-off gates. 
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Increasing the number of stages in the above buffer structures can enhance the 

maximum time delay capacity. However, the insertion loss and crosstalk also increase 

with the increasing number of stages in the logarithmic delay line. Large coupling loss 

and accumulated amplified spontaneous emission (ASE) noise from the SOA degrades 

the signal quality in each broadcast and select stage. Therefore, multistage delay line 

based buffer is not scalable. 

2.1.4.2 Folded-path delay line 

 

Fig. 2. 5. Dynamically reconfigurable folded-path delay line based on SOA on-off gates [55]. 

Fig. 2.5 and Fig. 2.6 show two different forms of dynamically reconfigurable 

folded-path buffer [55, 56]. In this buffer, the optical signal goes through the fiber 

delay line twice, which can reduce the length of the fiber by half. In addition, 

dynamical reconfiguration can be achieved by controlling the SOA on-off gates in Fig. 

2.5. In contrast, the reconfiguration in Fig. 2.6 is adjusted by modifying the TWC to 
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match the reflect wavelength of the fiber Bragg grating (FBG).  

Compared to the multistage delay line based buffer, this folded-path buffer has the 

advantages of being more scalable and compact. 

 

Fig. 2. 6. Dynamically reconfigurable folded-path delay line based on TWC and FBG reflector [56]. 

However, because the fiber delay line can be used only twice, more sections will be 

required in Fig. 2.5. The TWC with a large wavelength tuning range is necessary in Fig. 

2.6 when constructing a large capacity buffer. 

2.1.4.3 Re-circulating delay line 

The re-circulating buffer was first proposed in 1996 [57]. As depicted in Fig. 2.7, 

an optical packet signal traverses a delay line loop repeatedly until it is ready to be read 

out from the buffer. The variable delay time is obtained by electronically controlling 

the two SOA on-off gates. The SOA gate in the loop can amplify the signal to 

compensate for the insertion loss during each circulation. Though a large delay time 

can be achieved by increasing the number of circulations, this buffer structure still 
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suffers from a large insertion loss as the number of circulation increases. Moreover, the 

accumulated ASE noise from the SOA is detrimental to the signal. 

 

Fig. 2. 7. Re-circulating buffer. 

In [58], a novel dual loop optical buffer (DLOB) based on a 3 × 3 collinear fiber 

coupler was proposed and designed. In this structure, a semiconductor laser amplifier in 

a loop mirror (SLALOM) provides the function of reading and writing [59], and a fiber 

loop mirror works as a reflector. As illustrated in Fig. 2.8, a signal, launched from the 

circulator to the 3 × 3 collinear fiber coupler, is split into clockwise (cw) and counter-

clockwise (ccw) traveling signals in loop 1. When cw and ccw signals meet again at the 

coupler, the signal is reflected to port 2 of the coupler and leaves from this DLOB. If an 

optical control signal is coupled into the SOA through the wavelength division 

multiplexer (WDM) coupler, a phase difference of π between the cw and ccw signals is 

introduced by means of the XPM effect in SOA, the signal will be split into loop 2 and 

no signal will appear at port 2 of the coupler. This means that the signal has been 

written into the DLOB. The signal circulates between loop 1 and loop 2 until the 

desired delay time reaches. Next, another optical control signal is injected into the SOA, 
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leading to a phase difference of π between the two cw and ccw traveling signals. The 

buffered optical signal will leave the DLOB through port 2 of the coupler, which means 

the optical signal is being read out from the buffer. 

 

Fig. 2. 8. DLOB based on a 3 × 3 collinear fiber coupler (courtesy of [58]). 

Compared to the re-circulating buffer mentioned above, this DLOB is optically 

controlled, and no large insertion loss exists as the number of circulation increases. 

However, optimizing the two polarization controllers (PC) in these two loops makes 

this buffer more complicated. In addition, the 3 × 3 collinear fiber coupler might not be 

easy to fabricate. 

There are some other optical loop buffers that are optically controlled. For example, 

in [60], a Sagnac interferometer and phase sensitive amplifier (PSA) were employed to 

read optical data packets through the XPM effect, and a nonlinear optical loop mirror 

(NOLM) was employed to write the stored packet. In addition, the PSA has the 

inherent characteristic of stabilizing the “one” and “zero” of the buffered signal, 



Chapter 2:  Literature Survey 

19 

 

thereby eliminating the ASE noise.  

Furthermore, by using a terahertz optical asymmetric de-multiplexer (TOAD) as an 

optical 2R regenerator in the fiber loop, the accumulated ASE noise in the optical 

packet can be eliminated in every round trip [61]; thus, the number of circulations can 

be increased further. However, the implementation cost will be greatly increased if a 

PSA or 2R regenerator is incorporated in the buffer structure.  

 

Fig. 2. 9. Electrically tunable delay line using an optical single-side-band modulator [64]. 

In addition to using SOA as the medium for the XPM induced nonlinear phase shift, 

DSF and PCF can also be employed as the nonlinear medium for the XPM effect [62, 

63]. 
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To date, the above proposed loop buffer structures have a common drawback in that 

the length of buffered optical packet is limited by the loop length. In other words, the 

length of the buffered packet should be less than the loop length. In [64], a novel loop 

buffer using an optical single-side-band (SSB) modulator was proposed to buffer the 

packets of arbitrary length (shown by Fig. 2.9). The number of circulations in the loop 

is determined by the SSB tuning frequency. Though variable length can be buffered in 

this structure, the high insertion loss due to the SSB modulator limits the number of re-

circulation to just a few. 

In addition to using the SSB modulator for frequency detuning, a parametric 

wavelength converter, working as a wavelength shift, can also be employed to detune 

the wavelength of the buffered signal [65]. The insertion loss inside this loop is much 

lower because the parametric wavelength converter has high conversion efficiency (CE) 

[65]. 

2.1.5 Summary 

Table 2.1 compares the performances of different optical buffers in terms of delay 

time range, tuning resolution of delay time, transparency to data rate and modulation 

format, etc. 

Optical buffering is still a hot research topic as there is no effective way to design 

an optical buffer that demonstrates the same functions as those of an electrical buffer. 

There is a long way to go before the optical signal can be arbitrary written into and read 

from an optical buffer without or with little signal degradation. 
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Table 2. 1. Performance evaluation of different optical buffers. 

Type of buffer Delay time range 
Tuning 

resolution 

Transparency to 
data rate and 

modulation format 

 

Disadvantages 

Slow light 

(SBS) [45] 

Several signal 

pulses (small) 

Continuous 

(good) 
Yes 

Requires high power pumps and 

nonlinear devices for SBS 

effect; Delay-bandwidth product 
limitation  

Dispersion in 

DCF/CFBG 
[49-52] 

Microseconds in 

DCF (medium)/ 

Several hundreds 
of picoseconds in 

CFBG (small) 

Continuous 

(good) 
Yes 

Two TWCs are required, each 

consists of pumps, tunable 

filters and amplifiers; 
Dispersion degrades high speed 

data signal 

Multistage 

fiber delay line 

[53, 54] 

Seconds (large) 
Discrete 
(medium) 

Yes 

Fast tuning 2×2 optical switches 
or on-off SOA gates are 

required; Insertion loss; 

Crosstalk and ASE noise from 
SOA; Bulky 

Folded-path 

delay line [55, 
56] 

Seconds (large) 
Discrete 

(medium) 
Yes 

On-off SOA gates or two TWCs 

are required; ASE noise from 

SOA; Bulky (although it is 
reduced by half due to using the 

fiber twice) 

Re-circulating 

delay line 
(DLOB) [58] 

Around ten re-
circulations, from 

microseconds to 

seconds (large)   

Discrete (poor) 

Transparent to the 
modulation 

format, the data 

rate is limited by 
the carrier 

recovery time of 

the SOA 

Nonlinear medium, such as 

SOA, is required to realize  fast 
switching; ASE noise from 

SOA; The buffered optical 

signal should be smaller than 
the loop length 

 

2.2 Optical wavelength multicasting technologies  

2.2.1 Introduction 

Optical wavelength multicasting, whereby an input signal is simultaneously 

replicated onto multiple selected destinations, is another key technique for 

implementing a multicast-capable optical network. The efficiency and throughput of 

DWDM optical networks can be improved significantly in the presence of multicast 

traffic [66]. Multicasting can be implemented in the network [67-72] or physical layers 

[18, 19], [27], [73-103]. In this thesis, we only focus on physical layer multicasting.  

Substantial effort has been made to realize all-optical wavelength multicasting [18, 
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19], [27], [73-103]. Based on the working principle, these techniques can be classified 

into broadcast and select structure [73], SPM in PCF or HNLF [74, 75], XGM in SOA 

or in FOPA [76-80], XPM in HNLF Sagnac loop mirror or SOA-MZI [81-84], NPR in 

SOA [85], single-pump modulated FOPA or two pumps self-seeded FOPA [18], [86-

88], XAM in EAM [19], [89, 90], cascaded SFG/DFG in PPLN waveguide [91], 

injection locking in Fabry-Pérot laser diode (FP-LD) [92], and FWM in PCF, HNLF, 

Bismuth-oxide HNLF, DSF, SOA, silicon photonic nanowires, and lead silicate fiber 

[27], [93-100]. 

2.2.2 Multicasting based on broadcast and select 

structure 

 

Fig. 2. 10. Broadcast and select structure based multicasting scheme. 

Fig. 2.10 shows the broadcast and select multicasting structure. The input signal is 

first split to all branches, and the SOA on-off gates select the desired multicasting ports 

[73]. This scheme has the merits of data rate and modulation format transparency. 

However, it is not scalable, due to the high split loss when the number of multicast 
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channels increases. Moreover, all the multicast channels generated have the same 

wavelength, which may not be practical in certain circumstances where the multicast 

channels should be on different wavelengths [18]. 

2.2.3 Multicasting based on the SPM effect 

It is well known that the SPM effect can lead to spectral broadening of optical 

pulses [35]. By splicing the broadened spectrum of the optical pulse, several multicast 

channels can be generated [74, 75]. Fig. 2.11 describes the general idea behind this 

multicasting scheme. The return-to-zero (RZ) optical signal is firstly amplified to a 

high-power level before being coupled into the nonlinear medium (PCF or HNLF) [74, 

75]. Next, the spectrum of the optical signal is broadened in the nonlinear medium, and 

an arrayed waveguide grating (AWG) is used to splice the multicast channels. 

 

Fig. 2. 11. The concept of splicing SPM broaden spectrum for multicasting. 

This multicasting scheme demonstrates the merits of a polarization-insensitive 

operation and of not using an external pump laser source. Unfortunately, it can be only 

applied to the OOK signal for multicasting. Moreover, the pulse of the signal should be 

narrow, and a high input power is required in order to significantly broaden the signal 



Chapter 2:  Literature Survey 

24 

 

spectrum. 

2.2.4 Multicasting based on the XGM effect 

XGM has been widely used in SOA because of its simplicity, compactness, stability, 

and polarization independence. Fig. 2.12 demonstrates the operation principles of this 

wavelength multicasting scheme in an SOA [76]. Several low-power continuous 

wavelength (CW) probes and a high-power OOK modulated signal are coupled in the 

SOA. When the signal is at a high level, ‘1’, the gain of the SOA is saturated, and the 

probes do not have any gain in the SOA. However, when the signal is at a low level, ‘0’, 

the gain of the SOA is not saturated and the probes are all amplified. As a result, the 

low-power probes are modulated by the high-power OOK signal. 

 

Fig. 2. 12. XGM based wavelength multicasting in an SOA. 

As the data format of the multicast channels is inverted compared to the original 

format due to the XGM effect, double stages of XGM were proposed in two successive 

SOAs to convert the multicast channels’ format back to the original format [78, 79]. 

Moreover, the ASE noise in an SOA can also be modulated through the XGM effect, 

and four 622-Mbit/s multicast channels can be obtained by spectrum splicing the 
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modulated ASE noise [80]. 

The XGM-based multicasting scheme is modulation format dependent, which can 

only be applied on OOK signal. In addition, the data rate of the multicast signal is 

limited by the carrier recovery time of the SOA. 

2.2.5 Multicasting based on the XPM effect 

XPM-based multicasting is commonly applied in interferometric schemes, as in the 

Sagnac loop mirror or in SOA-MZI [81-84]. The operation principle of SOA-MZI is 

illustrated in Fig. 2.13. Several low-power CW probes are divided equally into the two 

arms of SOA-MZI, and they experience identical phase shifts in each arm. These 

probes are transmitted through constructive interference. If a high-power OOK signal at 

a different wavelength is injected into the arm of SOA 1 and the signal is also at ‘1’, 

then the phase of all the probes in that arm will be changed due to the XPM effect in 

SOA 1. These probes will be transmitted through destructive interference if the phase 

shift of the probes is close to π. However, the probes will still be transmitted through 

constructive interference when the signal is at ‘0’. Thus, the data information of the 

signal is multicast to all the probes. The data format of the probes at the constructive 

interference port is inverted with respect to the input signal, whereas it is not inverted at 

the destructive interference port. The operation principle of a Sagnac loop mirror 

interferometer is quite similar to that of SOA-MZI [81]. Therefore, we will not discuss 

the XPM-based multicasting scheme implemented with the Sagnac loop mirror.  

The primary shortcoming of using an XPM-based multicasting scheme is that it can 

only be applied on OOK signal. In addition, the data rate is constrained by the carrier 
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recovery time of the SOA. 

Fig. 2. 13. XPM based wavelength multicasting in SOA-MZI. 

2.2.6 Multicasting based on the NPR effect 

Fig. 2.14 describes the general idea behind the NPR-based multicasting scheme 

[85]. The high-power OOK signal and several low-power CW probes are coupled into 

an SOA. By carefully controlling the polarization states of the input probes and the PC 

at the output of the SOA, the probes will go through Output 2 of the polarization beam 

splitter (PBS) if the signal is at ‘0’. However, when the signal is at ‘1’, the polarization 

states of all the probes will be rotated, due to the NPR effect in the SOA. If the 

polarization rotation angle is 90 degree, the probes will go through Output 1 of the PBS 

[85]. Thus, the signal is multicast to the probes either at Output 1 or Output 2. The data 

format of the multicast channels at Output 2 is inverted to the original signal, whereas it 

is not inverted at Output 1.  
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Fig. 2. 14. NPR based multicasting in an SOA. 

2.2.7 Multicasting based on the FOPA effect 

One of the most effective FOPA-based multicasting schemes is single-pump 

modulated FOPA [18],[86]. As shown in Fig. 2.15, the signal is OOK modulated at the 

wavelength of the parametric pump. When the pump is at ‘1’, the CW probes are 

amplified and the corresponding idlers are generated at the other side of the parametric 

pump. However, when the pump is at ‘0’, which means that the pump power is notably 

low, the probes are not amplified, and the idlers cannot be generated as well. As a 

result, the signal information of the pump is multicast to the probes and to the idlers. 

By using 20 CW probes, a total of 40 multicast channels can be achieved. This number 

represents the largest number of multicast channels ever reported in the literature [18]. 

In spite of such a large number of multicast channels that can be generated in a 

single-pump modulated FOPA, only OOK signals can be used for multicasting, and the 

polarization-dependent operation of FOPA also needs to be addressed. 



Chapter 2:  Literature Survey 

28 

 

 

Fig. 2. 15. Operation principle of single-pump modulated FOPA based multicasting. 

In addition to the single-pump modulated scheme, FOPA can be used as a FWM-

based multicasting scheme [87, 88], the operation principle of which will be described 

in Section 2.2.10.  

One interesting finding that needs to be addressed is the use of two parametric 

pumps by self-seeded FOPA [88]. In this scheme, two FWM idlers of high power are 

generated by the pump-pump non-degenerate FWM effect. Next, these two high-power 

idlers, serving as new pump sources, interact with the signal to generate new multicast 

channels via the FWM effect. However, the parametric pumps need to be phase 

modulated in order to suppress the SBS effect, which leads to crosstalk to the phase 

modulated multicast signal [87, 88].  

2.2.8 Multicasting based on the XAM effect 

The operation principle of this multicasting scheme, which is illustrated in Fig. 

2.16, is quite straightforward. A high-power OOK signal and several CW probes are 

counter launched into the EAM. Nonlinear optical transmission is realized by applying 
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a high input signal to the EAM. When the signal is at ‘1’, a transmission window is 

created and all the probes can be transmitted through the EAM. However, when the 

signal is at ‘0’, the transmission window is closed and all the probes are blocked. Thus, 

the data information of the input signal can be multicast to all the probes [19], [89, 90]. 

The advantage of this scheme is that it is polarization insensitive. The disadvantages of 

this scheme are that it can only be used with OOK signal and the data rate of the signal 

is limited by the data rate of the EAM [19]. 

 

Fig. 2. 16. The general idea of XAM based multicasting. 

2.2.9 Multicasting based on the cascaded SFG/DFG 

effect in PPLN 

The operation principle of this multicasting scheme can be explained by means of 

Fig. 2.17. One pump laser and one signal are located symmetrically at both sides of the 

quasi-phase matching (QPM) wavelength of the PPLN. A sum signal is subsequently 

generated by the SFG process between the pump and signal. Next, through the DFG 

process between the sum signal and these CW probes, several multicast channels are 
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generated at the output of the PPLN [91]. This scheme is transparent to the modulation 

format and data rate of the signal. However, the power of the multicast channels is not 

high due to the low CE. 

 

Fig. 2. 17. Multicasting based on SFG/DFG effect in PPLN. 

2.2.10 Multicasting based on injection locking in FP-LD 

The wavelength multicasting scheme based on injection locking in FP-LD is 

described in Fig. 2.18. A high-power OOK modulated signal and several low-power 

CW probes are coupled into the FP-LD. The wavelengths of the signal and all the 

probes need to be set at the longitudinal modes of the FP-LD; otherwise, no injection 

locking will be achieved. When the signal is at ‘0’, no injection locking occurs, due to 

the low input power of the probes, all of the probes will be reflected back from the FP-

LD. However, when the signal is at ‘1’, the FP-LD will be injection-locked at the signal 

wavelength because the signal has higher power than do the probes, and the power of 

the probes will be suppressed from the FP-LD [92]. As such, the signal information is 

multicast to the probes. Similar to the XGM-based multicasting scheme, the data 
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format of the multicast channels is inverted with respect to the input signal. And it can 

only be applied on OOK signal for multicasting. In addition, the operation data rate is 

limited by the FP-LD itself [92]. 

 

Fig. 2. 18. Multicasting based on injection locking in FP-LD. 

2.2.11 Multicasting based on the FWM effect 

The origin of FWM lies in the nonlinear response of bound electrons of a substance 

to an electromagnetic field [35]. The FWM phenomenon is a third-order process that 

involves nonlinear interaction among four optical waves [35].  

The general coupling equation for the FWM process in the fibers, which takes into 

account the SPM and XPM effects and pump depletion, can be expressed by [35]: 
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where ( 1,2,3,4)jA j  is the slowly varying envelope of the optical field with a 

frequency at ωj with a corresponding power that is given by Pj =| jA |
2
. The fiber loss 

coefficient is denoted as α, and γ is the fiber nonlinear coefficient. k is the 

propagation constant mismatch, defined as: 

3 4 1 2 , (2.5)k        
                

where ( )j j    (j=1,2,3,4) is the propagation constant in the fiber. Strong FWM 

occurs only if the phase mismatch nearly vanishes. Thus, the fibers and waveguides 

with zero dispersion and zero dispersion slopes are highly desirable for the FWM [35] 

[93, 94]. The phase matching condition in SOA, however, is immune [96]. 

A considerable amount of work on FWM-based multicasting scheme has been 

reported. Fig. 2.19 illustrates the general concept of this scheme. A signal at frequency 

S  ( SE ) and two high-power pumps at frequencies 1P and 2P  ( 1PE and 2PE ) are 

coupled to the FWM medium. The FWM medium can be HNLF, PCF, Bi-HNLF, SOA, 

silicon photonic nanowires, or lead silicate fiber [27], [87, 88], [93-100]. If the 

polarization states of the signal and pumps are co-polarized, several FWM idlers will 

be generated at the output, as can be seen in Fig. 2. 19.  
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Fig. 2. 19. Operation principle of FWM-based wavelength multicasting. 

Taking the FWM wave 1 1P P S  as an example, the complex amplitude of this FWM 

idler can be expressed as [94]: 

2 *
1/2

1 exp[ ( )], (2.6)f P S f fE E E j t   
       

where   denotes the CE of the FWM process, and f  and f  denote the 

frequency and phase of the FWM wave, respectively. 

And  

12 ,(2.7)f P S   
                            

 

12 ,(2.8)f P S   
                            

The power of this FWM wave is  

*
2

1 , (2.9)f ff P SP E E P P  
             

Table 2.2 summarizes the frequency, phase, differential phase, and power 

information of all the FWM waves. The phase and amplitude of the pumps are constant. 
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Table 2. 2. Frequency, (differential) phase, power information of all the FWM waves. 

FWM wave Frequency (
f ) Phase (

f ) Differential Phase Power 

2 2P P S  22 P S   22 P S   S  
2

2P SP P  

2 2 1P P P  2 12 P P   2 12 P P   0 2

2 1P PP P  

1 2P P S  1 2P P S     1 2P P S     S  1 2P P SP P P  

2 1P SP  2 1P S P     2 1P S P     
S  2 1P S PP P P  

1 1P P S  12 P S   12 P S   S  
2

1P SP P  

1SSP  12 S P   12 S P   0 2

1S PP P  

1 1 2P P P  1 22 P P   1 22 P P   0 
2

1 2P PP P  

1 2P SP  1 2P S P     1 2P S P     S  1 2P S PP P P  

2SSP  22 S P   22 S P   0 
2

2S PP P  

 

From Table 2.2, we can see that the FWM idlers at frequencies of 2 2P P S , 1 2P P S , 

2 1P SP , 1 1P P S , and 1 2P SP  are the multicast channels because these idlers preserve the 

amplitude and phase information of the signal, whereas the rest are not.  

Like broadcast and select and cascaded SFG/DFG-based multicasting schemes, the 

FWM-based multicasting scheme has the advantage of modulation format and data rate 

transparency. However, the CE of the multicasting channels is not high [94]. 

2.2.12 Summary 

In summary, much research on all-optical wavelength multicasting has been 

reported. Table 2.3 compares the performances of different optical multicasting 

schemes in terms of transparency to data rate and modulation format, CE of the 

multicast channels, number of used probes, pumps and the number of multicast 

channels achievable, etc. 
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Table 2. 3. Performance comparison of different optical multicasting schemes. 

Type of 
multicasting 

schemes  

Transparency to data 
rate and modulation 

format 

CE of the 
multicast 

channels 

Comments 

Number of 

CW 
probes 

Pumps 

Multicast 

channels 

achievable 

Broadcast and 

selected [73] 
Yes 

Poor when 

the number 

of multicast 
channel 

increases 

Polarization insensitive;  
Not scalable; All the 

multicast channels have 

the same wavelength 

 0 0 
Not 

reported 

SPM in 
PCF/HNLF 

[74, 75] 

Only OOK can be 

used 
Good 

Polarization insensitive; 
Require narrow signal 

pulse  

0 0 6/14  

XGM in 

SOA/FOPA 

[76-79] 

Only OOK can be 
used and the data rate 

is limited by the 

carrier recovery time 
of SOA if using SOA 

Good 

Data format inverted to 
input signal; Polarization 

insensitive in 

SOA/Polarization 
dependent in FOPA 

8/3 0/2 8/3 

XPM in SOA-

MZI/Sagnac 
loop mirror 

[81-84] 

Only OOK can be 

used and the data rate 

is limited by the 
carrier recovery time 

of SOA if using 

SOA-MZI 

Good 

Polarization insensitive in 

SOA/Polarization 
dependent in Sagnac loop 

mirror 

8/8 0 8/8 

NPR in SOA 

[85]  

Only OOK can be 

used 
Good Polarization dependent 4 0 4 

Single pump 

modulated 
FOPA [86] 

Only OOK can be 

used 
Good Polarization dependent 20 0 40 

Self-seeded 

FOPA [88] 
Yes Good Polarization dependent 0 2 8 

XAM in EAM 

[89, 90] 

Only OOK can be 

used and data rate is 
limited by the 

operation bandwidth 

of EAM 

Good Polarization insensitive 7 0 7 

Cascaded SFG 

and DFG in 

PPLN [91] 

Yes   Poor Polarization dependent 7 1 7 

Injection 
locking in FP-

LD [92] 

Only OOK can be 
used, data rate is 

limited 

Good 
Data format inverted to 
input signal; Polarization 

dependent 

8 0 8 

FWM [94] Yes Poor Polarization dependent 0 3 9 

 

It can be seen from Table 2.3 that there is no report on the number of multicast 

channels that can be achieved with the broadcast and select structure, which may be 

due to the very simple operation. We believe it is not difficult to generate 256 multicast 

channels in a simple stage using the broadcast and select structure. In such case, the 

power of each multicast channel shall be  

24 ,(2.10)P Input power of signal Insertion loss of the splitter dB  
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The insertion loss can be easily compensated by the gain of the SOA; however, 256 

SOA on-off gates are required, which is very costly. Another disadvantage of the 

broadcast and select structure is that all the multicast channels generated will have the 

same wavelength, which renders the scheme useless for many practical application 

scenarios [86].  

Most of the multicasting schemes proposed in the literature can only be applied on 

OOK modulated signals. Only the broadcast and select, cascaded SFG/DFG in PPLN, 

and FWM based multicast schemes are transparent to the modulation format and data 

rate. 

In addition, with the exception of the single-pump modulated FOPA, for which 40 

multicast channels have been demonstrated, the number of multicast channels that can 

be achieved with all the other multicasting schemes is merely a few, due to the system 

performance degradation when the number of multicast channels is increased. 

It is noted that, by combing the injection locking and FWM effects [101] or by 

combing XGM, XPM, and FWM effects [102, 103], the number of multicast channels 

that can be generated can be further increased to eleven and beyond. 

2.3 Introduction to SOA and HNLF  

As described in Sections 2.1 and 2.2, SOA and HNLF are widely used in optical 

buffering and wavelength multicasting technologies. We will give a brief description of 

the nonlinear properties of SOA and HNLF and then compare the advantages and 
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disadvantages of using them in optical buffering and wavelength multicasting 

applications. 

The nonlinear properties of SOA that are widely exploited are XGM, XPM, NPR, 

and FWM effects, while SPM, XPM, NPR, FWM, and optical parametric process of 

HNLF are used extensively. Since safe optical power input to the SOA is usually 

limited to less than 20-dBm, the SPM and optical parametric process, which normally 

require the pump power to be at least 25-dBm, are difficult to be achieved using SOA. 

The optical power input to the HNLF can be much higher, says 30-dBm or higher; 

hence, SPM and optical parametric process can be more easily demonstrated using 

HNLF. 

On the other hand, it is quite easy to achieve XGM effect in the SOA due to its 

nonlinear gain property and that the required pump power to the SOA needs not be very 

high, usually in the realm of several dBm. FOPA based XGM effect can be 

demonstrated in HNLF [77]. Since FOPA requires rather high input pump power [77], 

the implementation cost is higher than that of using SOA. As a result, XGM is normally 

achieved with SOA and not HNLF.  

Table 2. 4. Advantages and disadvantages of using HNLF and SOA for nonlinear optical applications. 

 Advantages Disadvantages 

SOA 

(a). Ease of photonics integration 

(b). Compact in size 

(c). High CE 

(d). Low pump power 

(a). Limited carrier recovery time 

(b). Large ASE noise figure 

(c). Active device (power consumption) 

HNLF 

(a). Ultrafast response time 

(b). Low noise figure 

(c). Passive device (no power consumption) 

(d). Wide and flat band wavelength 

conversion bandwidth 

(a). Low CE 

(b). Difficult for photonics integration 

(c). Bulky 

(d). High pump power 
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The advantages and disadvantages of employing SOA and HNLF for nonlinear 

optical applications are summarized in Table 2.4.  

The carrier recovery time of the SOA limits the data rate of the signal. Recently, 

quantum dot (QD) SOA has been fabricated and demonstrated, the gain bandwidth is 

much larger than that of the quantum well/wire SOA, and more importantly, the carrier 

recovery time of QD SOA can be reduced to several picoseconds [76]. In addition, 

SOA used with offset filtering and turbo-switch SOA can further increase the data rate 

of the signal [104, 105].  

The nonlinear coefficient of HNLF varies from 10 to 30 W
-1

Km
-1

. Recently some 

novel nonlinear fibers with ultra-high nonlinear co-efficient have been produced. The 

nonlinear co-efficient of a Bi-HNLF that has been produced recently is around 1100 W
-

1
Km

-1
[94]. Only a few meters of these nonlinear fibers can be used to generate the 

required nonlinear effects. 

When the technology becomes mature, the disadvantages of using SOA and HNLF 

will be overcome; and both will play import roles in future all-optical processing 

systems. 

2.4 Conclusions  

In this chapter, we give a brief review of two enabling technologies for realizing an 

all-optical processing optical network; namely, optical buffering and wavelength 

multicasting technologies. In addition, the basic nonlinear properties of SOA and 

HNLF are briefly introduced and the advantages and disadvantages of using SOA and 
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HNLF are compared. 

For all-optical buffering technology, slow light based optical buffer was once 

regarded as a promising solution. However, it was found to be not suitable for practical 

use subsequently due to its low delay-bandwidth product. Buffer based on dispersions 

in DCF or CFB does not have the delay-bandwidth constraint, however, the dispersions 

could degrade system performance and, hence, not suitable for high data rate systems. 

Fiber based buffer seems to be most practical if the bulkiness problem can be resolved, 

which could be achieved via the use of fiber loop buffer.  

In conclusion, fiber loop based optical buffer has the most potential to be used in 

practice. There is still a long way to go before an optical buffer can arbitrary delay any 

modulation format and data rate signal without significant degradation. 

Substantial research work on all-optical wavelength multicasting technology has 

been carried out and reported over the last few years. However, more research efforts 

are required to design an optical wavelength multicasting scheme that: 1) is transparent 

to the data modulation format and data rate; 2) can generate as many multicast channels 

as possible using fewer pumps or probes; and 3) can arbitrarily select the multicast 

channels at different wavelengths. 

In the following chapters, we will describe how our proposed optical buffering and 

wavelength multicasting technologies operate and perform; and how they could help to 

resolve some of the aforementioned issues. 
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Chapter 3 Optically Controlled 

Loop Buffer with Improved 

Performance 

3.1 Introduction  

As discussed in Chapter 2, the fiber loop buffer is one of the promising schemes for 

implementing optical buffers owing to its compactness. There are two key design 

challenges for fiber loop buffer. First, to increase the number of re-circulations such 

that optical packet could be buffered for a long period of time; second, to design the 

buffer such that it can cater for optical packets with different lengths or variable lengths 

[57, 58], [60-65]. 

In this chapter, we present a simpler loop buffer that is based on the same operation 

principle as the DLOB for writing and reading of packets, but to do so without a 3×3 

collinear coupler [58]. Here we only make use of an SOA-based loop mirror as a fast 

switch [59] and a circulator-based optical reflector to achieve a cost effective optical 

loop buffer with improved number of achievable re-circulations. Furthermore, the 

buffering performances under both positive and negative control methods are 

demonstrated [104]. 
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3.2 SOA-based loop mirror as a fast switch 

 

Fig. 3. 1. Configuration of the SOA based loop mirror as a fast switch. 

The use of an SOA-based loop mirror as a fast switch is illustrated in Fig. 3.1. The 

fast switch is based on the XPM effect in SOA. The switch consists of a 50:50 coupler, 

a PC, a fiber of a certain length, and an SOA. The SOA is asymmetrically located in the 

loop [59]. A signal with an electrical field ( )inE t  (optical power ( )inP t ), is split in the 

coupler and travels in cw and ccw directions through the fiber. Assume t1 and t2 are the 

traveling times for the cw and ccw signals from the coupler to the SOA, and that t1 is 

smaller than t2. The cw signal will be amplified by the SOA with the complex gain as 

follows [59]: 

( ) ( ) exp[ ( )],(3.1)cw cw cwg t g t j t  
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with         1( ) ( ),(3.2)cwg t g t t 
                                        

                
1( ) ( ),(3.3)cw t t t  

                              

The ccw signal, which arrives at the SOA by time t2-t1 later, will be amplified with 

the gain of:  

( ) ( ) exp[ ( )],(3.4)ccw ccw ccwg t g t j t  
           

with    2( ) ( ),(3.5)ccwg t g t t 
                  

                 
2( ) ( ),(3.6)ccw t t t  

                                           

After traveling through the loop, these two (cw and ccw) signals will interfere at the 

coupler if the PC inside the loop is properly adjusted. Let d and k stand for the through 

and cross coupling ratios of the coupler, and the electrical fields at Output 1 and Output 

2 can be expressed as follows [59]: 

1( ) ( ) [ ( ) ( )],(3.7)djwt
out in d d dcw ccw

E t jdkE t t e g t t g t t


      
  

2 2
2( ) ( ) [ ( ) ( )],(3.8)djwt

out in d d dcw ccw
E t E t t e d g t t k g t t


        

 

Consider the ideal 50:50 coupler with 2 2 0.5d k   and suppose td=t1+t2 is the 

round trip time of the signal traveling in this loop, the powers at Output 1 and Output 2 

can be expressed respectively as: 
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1 11

1
( ) ( ) ( )

2

1
( )[ ( ) ( )

4

2 ( ) ( ) cos( ( ) ( ))], (3.9)

out outout

in d cw d ccw d

cw d ccw d cw ccw

P t E t E t

P t t G t t G t t

g t t g t t t t 



 

    

       

2 22

1
( ) ( ) ( )

2

1
( )[ ( ) ( )

4

2 ( ) ( ) cos( ( ) ( ))], (3.10)

out outout

in d cw d ccw d

cw d ccw d cw ccw

P t E t E t

P t t G t t G t t

g t t g t t t t 



 

    

        

where 
2( ) | ( ) | , (3.11)cw d dcw

G t t g t t  
                     

 

2( ) | ( ) | , (3.12)ccw d dccw
G t t g t t  

                  
 

From (3.9) and (3.10), it can be seen that if the gain and phase of the cw and ccw 

signals are the same, the injected signal will be entirely reflected back to Output 1, and 

no power will be emitted at Output 2. 

When the cw signal arrives at the SOA, a control signal is injected into the SOA at 

the same time, and this control signal leaves the SOA before the ccw signal arrives at 

the SOA. Next, the gain and phase between the cw and ccw signals are varied. The 

control signal is coupled into the SOA via WDM 1 and leaves from WDM 2 (see Fig. 

3.1). 

The amplitude and phase change of an optical field after going through an SOA 

with the length of active region L can be described as [59]: 
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' ''

2
exp( )

2 2
exp( ) exp( )

exp( ) , (3.13)

out

in

s

E nL
j

E

n L n L
j

j G





 

 



 

   

    
 

The complex refractive index equation can be written as follows: 

' '' , (3.14)n n jn    

The real part of the refractive index indicates the phase delay, whereas the 

imaginary part denotes the gain or attenuation of the signal. 

Also, assume the relation [59]: 

' ''

, (3.15)
dn dn

dN dN
 

  

where   is the line-width enhancement factor of the SOA and N is the carrier 

density in the conduction band of the SOA.
 

Next, from (3.13) to (3.15), the relation between the phase differences and gain 

ratios for the signals having two different states in the SOA can be derived as follows: 

1
1 2

2

ln , (3.16)
2

G

G


   

 
 

Thus, the phase difference ( ) and gain ratios ( cwG and ccwG ) for the cw and 

ccw traveling signals induced by the SOA can be expressed by: 
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( ) ( ) ln , (3.17)
2

cw
cw ccw

ccw

G
t t

G


     

 
 

Therefore, (3.9) and (3.10) can be written as: 

2

1

1
( ) ( ) ( ) [1 2 cos ],(3.18)

4
out in d ccw dP t P t t G t t e e 

 
 

      

  
 

2

2

1
( ) ( ) ( ) [1 2 cos ],(3.19)

4
out in d ccw dP t P t t G t t e e 

 
 

      

       

The nonlinear phase shift ( ) in the cw traveling signal is introduced as a result 

of the XPM effect in the SOA by the control signal. 

From (3.18) and (3.19), it can be seen that the signal will be reflected back to 

Output 1 (see Fig. 3.1) when = 0, and no power will be reflected at Output 2. If 

  = π, the signal will be switched to Output 2. However, there will be some residual 

signal at Output 1 as can be seen from (3.18). Fig. 3.2 shows the normalized residual 

signal power against the value of  . It can be seen that as the value of   increases, 

the residual power decreases dramatically and it reduces to zero when the value of   

approaches infinity. The typical value of   is in the range of 5 to 9 [106]. 

In order to make sure that the cw and ccw packet signals arrive at the SOA at 

different time, t2 must be larger than t1. Also, the duration of the packet length should 

be less than t2 – t1. As a result, the delay time per circulation in this buffer must be 

larger than the duration of a packet length. 
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Fig. 3. 2. Normalized residual signal power at Output 1 against line-width enhancement factor. 

3.3 Positive and negative control methods 

 

Fig. 3. 3. Illustration of positive and negative control pulses. 

Fig. 3.3 shows the positive and negative control pulses required to achieve the read 

and write functions of the loop buffer. The control pulse should be slightly wider than 

the length of the packet in order to ensure that the entire packet has a nonlinear π phase 

shift. As the control pulse narrows, the synchronization becomes more precise between 

the control pulses and packet data.  
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In the positive control method, the control signal enters the SOA with the cw 

traveling signal and introduces a nonlinear π phase shift to the cw signal. However, in 

the negative control method, the nonlinear π phase shift is introduced to the ccw 

traveling signal. The value of the phase difference   is π in the positive control 

method and –π in the negative control method [107]. 

In [107], the researchers demonstrated theoretically that the negative control 

method had an improved power transfer ratio over the positive control method. It can 

be explained as follows.  

The output power of the signal after n re-circulations can be expressed as [107]:  

2

1 1 2

1 2

1
( ) [1 2 cos ] ,(3.20)

16

n n n

stored in d ccwP P t nt G L L e e 

 
 

      
 

where Gccw is the gain of the ccw signal, L1 and L2 are the loss of the SOA-based 

loop mirror and circulator-based reflector (see Fig. 3.5). 

Assume the gain and loss are equal (the gain and loss normally are not equal in 

practice), 1 1

1 2 1n n n

ccwG L L   , then the power transfer ratio of the buffer can be expressed as: 

2

21
[1 2 cos ] , (3.21)
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Since the value of the phase difference   is π in the positive control method and 

–π in the negative control method, we can calculate the power transfer ratio of using 

positive and negative control method with respect to the value of  according to (3.21). 

Fig. 3.4 demonstrates the power transfer ratio Γ against the value of α using positive 
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and negative control methods, respectively. The negative control method has better 

power transfer ratio than the positive control method when the value of   is not large. 

When the value of   increases, their power transfer ratio differences become small 

and close to 1.  

 

Fig. 3. 4. Calculated power transfer ratio of using positive and negative control methods against the value 

of α. 

In addition, there is another factor that leads to the improved performance of the 

negative control method. The SOA will be saturated most of the time in the negative 

control scheme as opposed to the case of positive control (see Fig. 3.3). Because the 

output ASE noise power from a saturated SOA is lower [80], the ASE noise has a 

smaller influence on the buffered signal degradation when the negative control scheme 

is used.  

The improved power transfer ratio and reduced ASE noise in negative control 

method result in 1.8-dB BER power penalty improvement in [107]. This improved 

performance was confirmed in our experimental results [108]. 
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3.4 Experiment demonstration of the proposed 

loop buffer 

3.4.1  Experimental setup 

The experimental setup is shown in Fig. 3.5. Distributed feedback (DFB) laser 1 

emitting at a wavelength (λ) of 1540.56 nm is used as the optical carrier for the packet 

signal. The packet data is in the form of non-return-to-zero (NRZ) OOK signal 

modulated with the pattern “1010011000101111” by the intensity modulator (IM) and 

pulse-pattern generator (PPG) 1. Packet data rates at 2.5-Gbit/s and 10-Gbit/s are 

chosen to test the loop buffer performance. Each packet is separated by 31,984 zero bits 

as guard time. The reason why such a short packet length and long guard time are 

employed is to ensure that the delayed packet will not overlap with the next incoming 

packet after a large number of circulations.  

In order to ensure that the cw and ccw direction signals arrive at the SOA 

asynchronously, an extra fiber needs to be inserted into the SOA loop mirror. In our 

experiment setup, a 5-m long additional fiber was inserted between PC and WDM 2 

(see Fig. 3.5). The total delay time per circulation in this buffer is around 175 ns, which 

is determined by the total fiber length including the SOA loop mirror and the 

circulator-based reflector. By adjusting the fiber length between points A and B in Fig. 

3.5, a variable time delay can be induced in each circulation. In the experimental setup, 

we did not insert extra fiber between points A and B. 

The control signal, emitting from DFB 2 at the wavelength of 1550.12 nm, is also 
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NRZ-OOK modulated by PPG 2. Fig. 3.6 shows two control signal formats (positive 

and negative) for controlling the 2.5-Gbit/s data. According to Fig. 3.6, both the 

positive and negative control pulses are around 70 ns wide in order to overlap with the 

length of a 6.4 ns (16 bits) 2.5-Gbit/s data packet. As mentioned above, using relatively 

wider control pulses is an easy way to achieve the overlap between the control pulses 

and the packets. These two traces in Fig. 3.6 show approximately 700 ns of storage 

time, which equates to four circulations in this buffer.  

For the 10-Gbit/s data, the duration is 1.6 ns, and a narrower control pulse, 

approximately 20 ns, is used as the control signal. 

 

Fig. 3. 5. The experimental setup of the proposed loop buffer. 

Due to the limitations in measuring the burst-mode BER performance in our 

experimental setup, we were unable to give the detailed power penalty performance of 

the buffered signals under different delay times. As a result, the optical waveform was 



Chapter 3:  Optically Controlled Loop Buffer with Improved Performance 

51 

 

used to describe the quality of the buffered signal. The optical waveform of the 

buffered signal is measured by using the oscilloscope (OSC). 

 

Fig. 3. 6. Two control signal formats (positive (a) and negative (b)) for controlling the 2.5-Gbit/s data. 

Each packet arriving at the coupler via circulator 1 will be split into two parts, cw 

and ccw traveling signals. This packet will be written into the buffer when a phase 

difference of π occurs between the cw and ccw traveling signals. Therefore, this packet 

continues to circulate between the loop mirror and circulator-based reflector until 

another phase difference of π occurs again between the cw and ccw signals to read this 

packet. The detailed operation principle has been described in Section 3.2.  

The coupler used in our experiment has the coupling ratio of 49:51. The bias 

current of the SOA is 300-mA with a small signal gain of 13.6 dB. The saturation 

output power of the SOA is 11.4-dBm. The carrier recovery time of this SOA is around 

100-ps. A variable optical attenuator (VOA) is inserted into the loop to avoid ring laser 

effects. 
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In addition to the XPM effect between the control and data signals in the SOA, 

there are other nonlinear effects, such as FWM, XGM and NPR. Since the FWM idlers 

can be filtered out by WDM 1 and WDM 2 in the loop mirror; so it does not affect the 

performance of the buffer. For the XGM effect, the control signal remains constant 

during the switching period, the buffered signal will not be affected either. The NPR, 

indeed, introduces some polarization rotations to the data signal; however, this can be 

compensated by the PC inside the loop. 

3.4.2  Experimental buffering performance of the 2.5-

Gbit/s and 10-Gbit/s packets  

Fig. 3.7 gives the buffering performance of the 2.5-Gbit/s data packet. Fig.3.7 (a) is 

the back-to-back (BTB) input data packet “1010011000101111”. Fig. 3.7 (b) to (f) are 

the buffered packets after 1, 6, 12, 18, and 24 circulations under the positive control 

method, whereas Fig. 3.7 (g) to (l) are the buffered packets after 1, 6, 12, 18, 24, and 36 

circulations under the negative control method. 

According to Fig. 3.7, it is not surprising to find that the negative control scheme 

performs much better than the positive one. The 2.5-Gbit/s data signal is still of 

relatively good quality after 36 circulations under the negative control scheme (see Fig. 

3.7 (l)). However, the signal quality degrades severely after 18 circulations under the 

positive control scheme (see Fig. 3.7 (f)). 
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Fig. 3. 7. Buffer performances of the 2.5-Gbit/s data packet. 

The buffering performance of the 10-Gbit/s data packet is shown in Fig. 3.8. Fig. 

3.8 (a) is the BTB input data signal “1010011000101111”. Fig. 3.8 (b) to (f) are the 

data packets after 1, 4, 8, 12, and 16 circulations by positive control, and Fig. 3.8 (g) to 

(l) show the data packets after 1, 4, 8, 12, 16, and 18 circulations by negative control. 

For the 10-Gbit/s data signal, however, the negative control method seems to only 

have a rather limited improvement. This finding is perhaps due to the limited carrier 

recovery time of the SOA, which results in data pattern degradation for the 10-Gbit/s 

signal [109]. 
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Fig. 3. 8. Buffer performances of 10-Gbit/s data packet. 

 Although the ASE noise may still be reduced by employing negative control 

methods, the pattern degradation due to the limited carrier recovery time of the SOA is 

more significant compared to the ASE noise induced signal degradation. Nevertheless, 

we are confident that this buffer structure can work at 40-Gbit/s or at an even higher 

data rates if we employ a suitable SOA with a much shorter carrier recovery time [110]. 

It can be seen from Fig. 3.7 and Fig. 3.8 that the power of the buffered packet in the 

negative control method is higher than that in the positive control method, given the 
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same amount of delay time.  

Nevertheless, there is a tradeoff because the negative control method requires more 

power than the positive one. 

Fig. 3.9 shows the amplitude of the 2.5-Gbit/s and 10-Gbit/s buffered signals 

against the number of re-circulations for both the positive and negative control methods. 

According to Fig. 3.9, the amplitude of the buffered signal is larger than that of the 

BTB input data when the number of re-circulations is small. As the number of re-

circulations increases, the amplitude decreases. This is because the total gain 

1 1

1 2 1n n n

ccwG L L    when n is smaller, and 1 1

1 2 1n n n

ccwG L L    when n increases. 

 

Fig. 3. 9. Buffered signal amplitude against the number of re-circulations using positive and negative 

control methods (a) 2.5-Gbit/s (b) 10-Gbit/s data packet. 

3.4.3  Discussion 

The DLOB requires the use of a 3 × 3 collinear coupler, and it is difficult to 

fabricate such coupler with ideal coupling ratios of 50:0:50 and 25:50:25 [58]. 

Meanwhile, the buffered packet needs to go through the 3 × 3 collinear coupler twice 
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for each circulation, and the power leakage of buffered packet is unavoidable. However, 

in our structure, the coupler with a 50:50 coupling ratio is much easier to obtain, and 

the data packet experiences only one interference transmission through the SOA-based 

loop mirror for each circulation. Therefore, the packet in the DLOB configuration 

cannot be stored for a long time due to the non-ideal coupling ratio of the 3 × 3 

collinear coupler. This is the reason why our configuration allows an increased number 

of circulations in comparison to the results reported in [58]. 

So far only OOK signal is demonstrated for buffering performance in this loop 

buffer structure. From (3.7) and (3.8), we can see that the phase information of the 

buffered signal at Output 1 and Output 2 is the same as that of the input signal. 

Moreover, in Reference [111], the authors reported successful application of such 

NOLM to de-multiplex the OTDM DPSK signal. Hence, we believe this buffer can be 

used for other advanced modulation formats. 

A short packet sequence with a large guard time was used in the experiments in 

order to observe the distortion of packet after being buffered for a long time. For 

instance, for a 16-bit packet at 10-Gbit/s, the packet duration is 1.6 ns. For a guard time 

of about 3200 ns and time delay per circulation of about 175 ns. The 16-bit packet can 

be allowed a maximum of 18 circulations (approximately 3150 ns delay) in this buffer 

without worrying about the arrival of the next packet to this buffer. For a data rate of 

2.5-Gbit/s, the 31984 zero bits are equivalent to a guard time of about 12800 ns. As a 

result, it is possible to have a maximum of 70 circulations (around 12250 ns delay) in 

this buffer. 

As indicated in Section 3.2, the duration of a packet length must be less than t2-t1, 



Chapter 3:  Optically Controlled Loop Buffer with Improved Performance 

57 

 

and the delay time per circulation must be larger than the duration of a packet length. 

Nevertheless, we can choose the packet length to be of a larger value as long as a 

longer length fiber is inserted between the PC and WDM 2 (see Fig. 3.1), making sure 

the cw and ccw signals arrive at the SOA asynchronously.  

In our experimental setup, only one data signal was demonstrated for buffering; 

however, it is possible to demonstrate two or even more data signals at different 

wavelengths [112]. Note that the wavelengths of the control and data signals should be 

within the gain bandwidth of the SOA; otherwise, the XPM effect will become weak 

and the performance of the buffer will be degraded. 

Due to non-perfect switching in the loop, part of the signal power will leak to the 

data output port during each switching. Fig. 3.10 (a) and (b) show the 10-Gbit/s output 

data after two circulations in this buffer under positive and negative control, 

respectively. According to Fig. 3.10, the signal power leakage only occurs at the 

writing process, which results from the limited line-width enhancement factor of the 

SOA [106], [113]. Although the coupling ratio of the coupler is not the ideal 50:50 and 

the SOA has a small gain difference between the cw and ccw signals, there is no 

obvious power leakage to the data output when the packet is stored in this buffer. 

Furthermore, the leak power under the negative control method can be seen to be 

smaller than that under the positive control method. 

However, as can be seen from Fig. 3.8 and Fig. 3.10, the leakage power is nearly 

comparable to the packet data power after 12 and 18 circulations for the positive and 

negative controls, respectively. One method to overcome this obstacle is to add an extra 
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SOA as a gate at the buffer data output. This extra SOA is switched off when the signal 

is re-circulating inside the loop buffer, thus the leak power is gated out. And when the 

signal is being read out of the buffer, this SOA is switched on to amplify the buffered 

signal.  

Another issue that needs to be addressed is that part of the signal power will remain 

in the buffer when the packet is switched to the output. This residue signal can lead to 

crosstalk on the next buffered packet. The best way to solve this problem is to switch 

off the bias current of the SOA, thereby gating out this crosstalk. The on-off speed of 

an SOA is about several nanoseconds [55]; since the delay per circulation is about 175 

ns, the on-off speed of the SOA is fast enough to do this task.  

 

Fig. 3. 10. The 10-Gbit/s output data after two circulations in the loop under positive (a) and negative 

control format (b). 
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3.5 Conclusions 

A loop buffer that has better performance in terms of the number of achievable re-

circulations compared other similar structures was reported in this chapter. According 

to experiment results, by employing the negative control format, the 2.5-Gbit/s and 10-

Gbit/s data packets, still can be maintained in good condition after 36 and 18 

circulations, respectively. Further improvements can be achieved by adding an extra 

SOA as a gate amplifier; this will enable the number of circulations to be increased, 

and also solve the problem of power leakage to the data output. The proposed buffer is 

scalable in that it will allow to work 40-Gbit/s or higher data rate if an SOA with a 

shorter carrier recovery time is used. 
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Chapter 4 Optical Wavelength 

Multicasting Based on FWM in 

an HNLF Sagnac Loop Mirror 

In Chapter 3, we demonstrated an optically controlled loop buffer with improved 

performance compared to other similar structures. In the following three chapters, we 

will introduce three new all-optical wavelength multicasting schemes. 

4.1 Introduction 

As reviewed in Chapter 2, considerable research on all-optical wavelength 

multicasting has been reported in the literature. Among the multicasting schemes 

proposed, only the broadcast and select, cascaded SFG/DFG, and FWM based 

multicasting schemes are modulation format and date rate transparent. For other 

multicasting schemes, only OOK modulated signal can be used for wavelength 

multicasting. 

Since modern optical communications systems should have the flexibility to allow 

the use of different modulation formats and because the data rate of optical 

communications systems has been significantly increased [114-116], a multicasting 

technique that is transparent to the modulation format and date rate of the signal is 



Chapter 4:  Optical Wavelength Multicasting Based on FWM in an HNLF Sagnac Loop 

Mirror 

61 

 

highly desirable. 

Unfortunately, the broadcast and select multicasting scheme has the drawback of 

not being scalable. For multicasting scheme based on the cascaded SFG/DFG effect in 

PPLN waveguide, K CW probes and one pump laser are required in order to produce K 

multicast channels. However, in FWM-based multicast schemes, six and nine multicast 

channels can be obtained by using only two- and three-pump laser sources, respectively 

[94]. Compared with the cascaded SFG/DFG-based multicasting scheme, the FWM-

based multicasting scheme has the advantage of being more efficient. 

Nevertheless, the number of multicast channels that can be generated in FWM-

based multicasting scheme still depends on the number of pumps used. However, when 

a larger number of pump lasers is used, more pump-pump generated idlers are 

produced. Some of the idlers may have the same wavelengths as the multicast channels 

and thus induce significant crosstalk. This issue complicates the design and operation, 

as careful selection of pump wavelengths is critical in order to reduce the level of 

crosstalk [94]. 

In this chapter, we make use of an HNLF Sagnac loop mirror to realize optical 

wavelength multicasting based on the multi-pump FWM approach. As the Sagnac loop 

mirror can inherently separate the FWM idlers from the input pump and signal and also 

suppress the background ASE noise without optical filtering [30], [117-120], the 

problem of pump-pump generated idlers overlapping with the multicast channels can be 

overcome by using this HNLF Sagnac loop mirror. 

In our proposed FWM-based multicasting scheme, the pumps, pump-pump 
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generated idlers, and pump ASE noise can be greatly suppressed at the output of the 

multicast channels. Consequently, clear eye diagrams can be observed even when the 

wavelength of a multicast channel has the same wavelength as the pump-pump 

generated idler does.  

The generation of six and ten 10-Gbit/s OOK/DPSK multicast channels was 

experimentally demonstrated by using two- and three-pump lasers, respectively. The 

multicasting performance in a non-loop mirror configuration was also demonstrated for 

comparison. 

4.2 FWM in HNLF-based Sagnac loop mirror 

Fig. 4.1 (a) illustrates the operation principle of our proposed wavelength 

multicasting using Sagnac loop configuration. Beams from two pump lasers together 

with the pump amplifier’s ASE noise ( 1PE , 2PE , and ASEE ) are coupled into the 

Sagnac loop via Input 1, whereas the signal ( SE ) is injected into the loop via Input 2. 

Via the FWM effect in HNLF, the cw and ccw beams return to the 3-dB OC. By 

adjusting PC in the symmetric loop mirror, the pump beams and the ASE noise ( 1PE ,

2PE , and ASEE ) exit from Output 1, whereas the signal ( SE ) leaves through Output 2. 

However, the FWM waves ( fE ) will leave through either Output 1 or Output 2, 

depending on their phase conjugation.  

The complex amplitudes of the pumps at port 3 of the coupler are 

1 1 10.5 exp[ ( )]P P PE j t   , and 2 2 20.5 exp[ ( )]P P PE j t   respectively. And the 
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complex amplitudes at port 4 are 1 1 10.5 exp[ ( )]P P Pj E j t    , and 

2 2 20.5 exp[ ( )]P P Pj E j t     respectively. 

The complex amplitude of the signal at port 3 and 4 of the coupler can be expressed 

as 0.5 exp[ ( )]S S Sj E j t    , and 0.5 exp[ ( )]S S SE j t   . 

 

Fig. 4. 1. Operation principle of the proposed wavelength multicasting technique using Sagnac loop 

configuration. 

Taking the FWM wave 1 1P P S  as an example first (see Fig. 4.1 (b)), the complex 

amplitudes of the FWM wave 3fE  and 4fE  at ports 3 and 4 after propagating through 

the loop can be expressed as [117]: 

2 *
1/2

3 1( / 8) exp[ ( )], (4.1)f P S f fE E E j t    
       

2 *
1/2

4 1( / 8) exp[ ( )], (4.2)f P S f fE j E E j t   
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where   denotes the CE of the FWM process, and f  and f  denote the 

frequency and phase of the FWM wave, respectively. 

When 3fE  and 4fE interfere at ports 1 and 2, the FWM output powers P1 (at Output 

1) and P2 (at Output 2) can be expressed as: 

2
3 4

1

| |
0, (4.3)

2

f fE jE
P
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| |
, (4.4)
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where 
2 2

3 4| | | |f fFWMP E E   is the total power of the generated FWM waves. As a 

result, the FWM wave 1 1P P S  will leave through Output 2, and no light component 

will appear at Output 1. 

Next, let us take the FWM wave 2 2 1P P P  as another example. The complex 

amplitudes of the FWM wave 3fE  and 4fE at ports 3 and 4 after propagating through 

the loop can be expressed as: 

2 *
1/2

3 2 1( / 8) exp[ ( )], (4.5)f P P f fE j E E j t    
        

2 *
1/2

4 2 1( / 8) exp[ ( )], (4.6)f P P f fE E E j t   
        

When 3fE  and 4fE  interfere at ports 1 and 2, the FWM output powers P1 (at 

Output 1) and P2 (at Output 2) can be expressed as: 
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As a result, the FWM wave 2 2 1P P P  will leave through Output 1. 

Table 4. 1. Phase relationship of all the FWM waves and their corresponding output port. 

FWM 

 wave 

Frequency 

(
f ) 

Phase 

(
f ) 

Differential 

Phase 
Ef3 and Ef4 Pout1 Pout2 

2 2P P S  22 P S   22 P S   S  

1/2 2 *

3 2( /8) exp[ ( )]f P S f fE E E j t      

1/2 2 *

4 2( /8) exp[ ( )]f P S f fE j E E j t     
0 Yes 

2 2 1P P P  2 12 P P   2 12 P P   0 

1/2 2 *

3 2 1( /8) exp[ ( )]f P P f fE j E E j t      

1/2 2 *

4 2 1( /8) exp[ ( )]f P P f fE E E j t     
Yes 0 

1 2P P S  
1 2P P

S

 






 1 2P P

S

 






 

S  

1/2 *

3 1 2( /8) exp[ ( )]f P P S f fE E E E j t      

1/2 *

4 1 2( /8) exp[ ( )]f P P S f fE j E E E j t     
0 Yes 

2 1P SP  
2

1

P S

P

 






 2

1

P S

P

 






 

S  

1/2 *

3 2 1( /8) exp[ ( )]f P S P f fE E E E j t      

1/2 *

4 2 1( /8) exp[ ( )]f P S P f fE j E E E j t     
0 Yes 

1 1P P S  12 P S   12 P S   S  

1/2 2 *

3 1( /8) exp[ ( )]f P S f fE E E j t      

1/2 2 *

4 1( /8) exp[ ( )]f P S f fE j E E j t     
0 Yes 

1SSP  12 S P   12 S P   0 

1/2 2 *

3 1( /8) exp[ ( )]f S P f fE j E E j t     

1/2 2 *

4 1( /8) exp[ ( )]f S P f fE E E j t      
Yes 0 

1 1 2P P P  1 22 P P   1 22 P P   0 

1/2 2 *

3 1 2( /8) exp[ ( )]f P P f fE j E E j t      

1/2 2 *

4 1 2( /8) exp[ ( )]f P P f fE E E j t     
Yes 0 

1 2P SP  
1

2

P S

P

 






 1

2

P S

P

 






 

S  

1/2 *

3 1 2( /8) exp[ ( )]f P S P f fE E E E j t      

1/2 *

4 1 2( /8) exp[ ( )]f P S P f fE j E E E j t     
0 Yes 

2SSP  22 S P   22 S P   0 

1/2 2 *

3 2( /8) exp[ ( )]f S P f fE j E E j t     

1/2 2 *

4 2( /8) exp[ ( )]f S P f fE E E j t      
Yes 0 

 

Table 4.1 summarizes the phase relationships of all the FWM waves and the output 

ports through which they exit. S , 1P and 2P  are the phases of input signal, pump 

1, and pump 2. Table 4.1 clearly shows that the FWM products ( 2 2 1P P P , 1SSP , 1 1 2P P P , 
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and 2SSP ) leave through Output 1, whereas the rest ( 2 2P P S , 1 2P P S , 2 1P SP , 1 1P P S , and 

1 2P SP ) leave through Output 2. Therefore, at the outputs of the multicast channels 

(Output 2), the pumps, pump-pump idlers, and pump amplifier ASE noise can be 

greatly suppressed.  

In addition, as the phases of pump 1 and pump 2 are constant and do not carry data 

information, the differential phase information and the amplitude information of the 

input signal can be preserved in the multicast channels. 

4.3 Experimental performance of using loop 

mirror and non-loop mirror for wavelength 

multicasting 

4.3.1 Multicasting using two pumps 

4.3.1.1 Experimental setup 

Fig. 4.2 shows the experimental setup of multicasting in the HNLF loop mirror 

using two pump lasers. The signal (S) at the wavelength of 1550.92 nm is first intensity 

modulated/phase modulated by 10-Gbit/s 2
31

-1 pseudo-random bit sequence (PRBS) 

data through the IM and phase modulator (PM). Next, the signal is amplified by EDFA 

1. After the ASE noise is filtered, the signal (14-dBm) is coupled into the HNLF 

Sagnac loop via circulator 1. 

Laser diode (LD) 2 (at 1551.72 nm denoted as P1) and LD 3 (at 1554.12 nm 
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denoted as P2) are used as pumps. These two pumps are combined and amplified by 

EDFA 3, which has a high saturated output power of around 32-dBm. Next, the pumps 

and EDFA 3 induced ASE noise are coupled into the HNLF loop via circulator 2. 

Tunable-wavelength filter (TF) 1 is used to select the desired multicast channel at port 

3 of circulator 1. EDFA 2 is used to amplify the multicast channel, and TF 2 is used to 

reject the ASE noise before the eye diagram and BER are measured. VOA is used to 

adjust the optical power before the eye diagram and BER of a multicast channel are 

measured. In the case of DPSK, a 100-ps delay interferometer (DI) is employed to 

demodulate the 10-Gbit/s DPSK multicast channels before the eye diagrams and BER 

are measured. 

In our experimental setup, the nonlinear coefficient of HNLF is 11W
-1

Km
-1

 and the 

dispersion zero wavelength λ0 is 1560 nm. The dispersion slope and the total fiber loss 

at λ0 are 0.035 ps/km-nm
2
 and 2.3 dB, respectively. The coupler used has a coupling 

ratio of 49:51. Note that the performance degradation of Sagnac loop mirror due to 

coupling ratio perturbation was thoroughly investigated [59]. 

To determine the FWM bandwidth of this HNLF, the pump wavelength and pump 

power need to be known [121]. The FWM bandwidth is wider when the pump 

wavelength is close to the zero dispersion wavelength of HNLF and the power of the 

pump increases [121]. This HNLF was used for FOPA experiments by other 

researchers in our lab [122], and from their measurement results, the 3-dB FWM 

bandwidth is 9 nm with 29-dB amplifier gain when the pump wavelength and power 

are set at 1559.35 nm and 27-dBm, respectively [122]. 

In order to achieve the best CE for all of the multicast channels, PC 1, PC 2, and PC 
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3 are adjusted to make sure the signal and the three pumps are co-polarized with each 

other. 

 

Fig. 4. 2. Experimental setup for wavelength multicasting using two pumps in the loop structure. 

The power of each pump after EDFA 3 is adjusted to 15.5-dBm. The SBS threshold 

of the CW laser in this 1-km HNLF is approximately 10-dBm [35]. Taking into 

consideration the insertion loss at circulator 2 and the 3-dB optical coupler, the 

effective optical power of the CW pump laser is around 11-dBm, close to the threshold 

value. Therefore, the SBS effect on the CW pump is small and can be neglected. 

The experimental setup of the non-loop configuration is shown by Fig. 4.3 where 

all the device settings are the same as in the loop structure. All of the FWM-generated 

idlers, signal, and pumps exit from point B after passing through the HNLF. TF 1 is 

used to select the desired multicast channel for measurement. Output A and port 3 of 
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circulator 1 and 2 are connected to the attenuator (Att.) to avoid any reflections.  

 

Fig. 4. 3. Experimental setup for wavelength multicasting using two pumps in non-loop structure. 

4.3.1.2 Experimental results and discussion 

Fig. 4.4 (a) and (b) show the optical spectra measured by the optical spectrum 

analyzer (OSA) at port 3 of circulator 1 and port 3 of circulator 2 when multicasting the 

OOK modulated signal. By adjusting PC 4 within the Sagnac loop mirror, the power of 

the two pumps, as well as the P1-P2 generated idlers (IP2P2P1 at 1556.52 nm and IP1P1P2 

at 1549.32 nm), can be suppressed by more than 30 dB at the output of the multicast 

channels (see Fig. 4.4 (a)). The background ASE noise is also suppressed by about 10 

dB. At port 3 of circulator 2, the signal and multicast channels are suppressed 

significantly with a suppression ratio of about 30 dB (see Fig. 4.4 (b)). Due to the high 

level of background ASE noise, the suppressed multicast channels are not so obvious in 

Fig. 4.4 (b). If a perfect 50:50 coupler is employed, a higher suppression ratio 
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(approximately 40 dB) of the pumps and crosstalk can be achieved [119]. Nevertheless, 

the suppression ratio of around 33 dB, as obtained in our loop mirror, is high enough to 

enable clear eye diagrams of the overlapped multicast channels to be observed. 

 

Fig. 4. 4. Measured optical spectra using two pumps. (a). Optical spectra at port 3 of circulator 1. (b). 

Optical spectra at port 3 of circulator 2. (c). Optical spectra of the non-loop configuration. 

The optical spectra of the non-loop experimental setup are illustrated in Fig. 4.4 (c). 

It can be seen from Fig. 4.4 (c) that the optical signal-to-noise ratio (OSNR) of the 

multicast channels is not as robust as that of the Sagnac loop configuration (see Fig. 4.4 
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(a)). This difference is due to the ASE noise arising from the pump amplifier.  

The ripples in Figs. 4.4 (b) and (c) are due to the side modes of the DFB laser used. 

 

Fig. 4. 5. BER curves of the BTB OOK signal and the multicast channels in loop configuration by using 

two pump lasers. L: loop configuration. 

The BER performances of the OOK multicast signals for the loop and non-loop 

configurations are shown in Fig. 4.5 and Fig. 4.6, respectively. Fig. 4.7 shows their 

corresponding eye diagrams. The state of polarization (SOP) of the signal is fixed for 

all the multicast channels when the BER and eye diagrams are measured. Compared 

with the BTB input data signal, the maximum power penalty of the six multicast signals 

in the Sagnac loop configuration is approximately 1.2 dB. An extra power penalty of up 

to 1.1 dB is incurred by using the non-loop configuration compared to the loop 

configuration. This increased power penalty is due to the degradation of OSNR. In 

addition, the mark level of Ch 3 and Ch 6 can be seen to be much noisier compared 

with those of other channels. The main reason for this finding is that the converted 
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powers of Ch 3 and Ch 6 are about 3 dB lower than those of the other channels, and 

more ASE noise is introduced due to the noise figure (NF) of EDFA 2. 

 

Fig. 4. 6. BER curves of the BTB OOK signal and the multicast channels in non-loop configuration by 

using two pump lasers. NL: non-loop configuration. 

 

Fig. 4. 7. Eye diagrams of BTB OOK signal and multicast channels in loop and non-loop configurations 

by using two pump lasers. L: loop configuration. NL: non-loop configuration. 
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Fig. 4. 8. BER curves of the BTB DPSK signal and the multicast channels in loop configuration by using 

two pump lasers. L: loop configuration. 

 

Fig. 4. 9. BER curves of the BTB DPSK signal and the multicast channels in non-loop configuration. NL: 

non-loop configuration. 

The BER performances of the DPSK multicast signals for the loop and non-loop 

configurations are shown in Fig. 4.8 and Fig. 4.9, respectively. Fig. 4.10 shows the 



Chapter 4:  Optical Wavelength Multicasting Based on FWM in an HNLF Sagnac Loop 

Mirror 

74 

 

corresponding eye diagrams. The maximum power penalty of the six multicast signals 

in the Sagnac loop configuration is approximately 1.4 dB compared with the BTB 

signal, and the maximum power penalty is 1.9 dB in the non-loop configuration.  

 

Fig. 4. 10. Eye diagrams of BTB DPSK signal and multicast channels in loop and non-loop 

configurations by using two pump lasers.  L: loop configuration. NL: non-loop configuration. 

The detailed performance comparisons between the proposed Sagnac loop 

configuration and the non-loop configuration are summarized in Table 4.2. As the 

pumps and signal have a 3-dB coupling loss at the OC, the CE in the non-loop 

configuration is lower than that in the Sagnac loop configuration. There is 

approximately 10 dB OSNR of improvement in the loop configuration owing to the 

suppressed background ASE noise. Therefore, no filters are required to reject the pump 

amplifier ASE noise in the loop configuration. Note that using a filter to remove the 

pump amplifier ASE noise will inevitably introduce undesirable insertion loss to the 

pump power.  
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Table 4. 2. Performance comparison between the loop (L) and non-loop (NL) structures (2 Pumps). 

Channels 
Wavelength 
(nm) 

 

L/NL 
CE 

(dB) 

OSNR 

(dB) 

Power penalty (dB) 

OOK DPSK 

Ch 1 1548.52 
L -17 45 1 1.3 

NL -21 34 1.4 1.8 

Ch 2 1550.92 
L  61 0.2 0.3 

NL  50 0.2 0.4 

Ch 3 1552.52 
L -20 40 1.2 1.4 

NL -23 28 2.3 1.9 

Ch 4 1553.32 
L -17 43 0.7 0.9 

NL -21 33 1.2 1.4 

Ch 5 1554.92 
L -17 43 0.6 1.2 

NL -20 33 1.3 1.8 

Ch 6 1557.32 
L -20 38 1.1 1.4 

NL -24 27 2.1 1.9 

 

4.3.2 Multicasting using three pumps 

4.3.2.1 Experimental setup 

 

Fig. 4. 11. Experimental setup for wavelength multicasting in HNLF loop mirror using three pump lasers. 

As there is a possibility that the intended multicast channel may be located at the 
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same wavelength as the pump-pump generated idler, we add LD 4 to verify that our 

Sagnac loop configuration can indeed filter the overlapped channel. In this experiment, 

the power of each pump after the EDFA 3 is still maintained at 15.5-dBm. Fig. 4.11 

shows the experimental setup for wavelength multicasting in the loop mirror structure 

using three pump lasers. All of the parameters are the same in the two-pump 

multicasting structure. 

The experimental setup of non-loop mirror-based configuration is similar to the one 

in Fig. 4.3 except one more LD 4 is added. 

4.3.2.2 Experimental results and discussion 

Fig. 4.12 (a) and (b) show the measured optical spectra at port 3 of circulator 1 and 

port 3 of circulator 2 when using three-pump lasers. Fig. 4.12 (c) shows the measured 

spectra in the non-loop configuration. It can be seen from Fig. 4.12 that ten usable 

multicast channels have been generated by the FWM effect in the HNLF loop. Because 

the wavelength of the multicast channel, IP2P2S at 1557.32 nm, is located at the same 

wavelength as LD 4 (P3 at 1557.32 nm), and the power of the suppressed P3 is still high 

at the output of the multicast channels, we did not measure the BER performance and 

eye diagram of this channel. According to Fig. 4.12 (c), five of the multicast channels 

(Ch 1, Ch 2, Ch 6, Ch 7, and Ch 9) are located at the same wavelengths as the other 

FWM generated idlers (ISSP2, IP1P2P3, IP1P3P2, IP2P2P1, and IP2P3P1). If we adopt the non-

loop configuration, these multicast channels cannot be filtered, due to the in-band 

crosstalk. However, by using the Sagnac loop configuration, the other FWM-generated 

idlers (ISSP2, IP1P2P3, IP1P3P2, IP2P2P1, and IP2P3P1) will leave through port 3 of circulator 2 
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(see Fig. 4.12 (b)), whereas the five overlapped multicast channels will leave through 

port 3 of circulator 1 (see Fig. 4.12 (a)), which leads to wide openings in the eye 

diagrams of these overlapped channels.  

 

Fig. 4. 12. Measured optical spectra using two pumps. (a). Optical spectra at port 3 of circulator 1. (b). 

Optical spectra at port 3 of circulator 2. (c). Optical spectra of the non-loop configuration. 
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Fig. 4. 13. BER curves of the BTB OOK signal and the multicast channels in loop configuration by using 

three pump lasers. L: loop configuration. 

 

Fig. 4. 14. BER curves of the BTB OOK signal and the multicast channels in non-loop configuration by 

using three pump lasers. NL: non-loop configuration. 

Fig. 4.13 and Fig. 4.14 show the BER performances of the OOK multicast signals 

in loop and non-loop configurations, respectively. The corresponding eye diagrams are 
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shown in Fig. 4.15. The BER performances and eye diagrams of the DPSK multicast 

signals in loop and non-loop configurations are described in Fig. 4.16, Fig. 4.17, and 

Fig. 4.18. 

 

Fig. 4. 15. Eye diagrams of BTB OOK signal and multicast channels in loop and non-loop configurations 

by using three pump lasers. L: loop configuration. NL: non-loop configuration. OL: overlapped. 

Ten error-free multicast channels can be obtained by using the loop configuration; 

however, only five error-free multicast channels can be obtained if the non-loop 

structure is used. It can be seen that Ch 10 has the maximum power penalty, due to its 

relatively small CE compared with the other channels. This penalty is owing to the fact 

that as the frequency detuning of the signal from the pump increases, the phase 

mismatching parameter also increases and leads to poor CE [123]. If an HNLF with a 

smaller dispersion slope [123, 124] is used, the CE of Ch 10 will remain as large as that 

of the other channels. The power penalty of Ch 10 is around 3.5 dB for the OOK signal 

and 2.7 dB for the DPSK signal in the loop configuration, and it increases to about 4.7 

dB for the OOK signal and 3.7 dB for the DPSK signal in the non-loop configuration. 
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Due to the smaller CE, the overlapped Ch 1 has a large power penalty of about 3.4 dB 

for OOK signals and 2.2 dB for DPSK signals. 

 

Fig. 4. 16. BER curves of the BTB DPSK signal and the multicast channels in loop configuration by 

using three pump lasers. L: loop configuration. 

 

Fig. 4. 17. BER curves of the BTB DPSK signal and the multicast channels in non-loop configuration by 

using three pump lasers. NL: non-loop configuration. 
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Fig. 4. 18. Eye diagrams of BTB DPSK signal and multicast channels in loop and non-loop 

configurations by using three pump lasers. L: loop configuration. NL: non-loop configuration. OL: 

overlapped. 

Table 4. 3. Performance comparison between the loop (L) and non-loop (NL) structures with overlapped 

channels existing (3 pumps) 

Channels 
Wavelength 

(nm) 
L/NL 

CE 

(dB) 

OSNR 

(dB) 

Power penalty (dB) 

OOK DPSK 

Ch 1 1547.72 
L -25 37 3.4 2.2 

NL     

Ch 2 1548.52 
L -18 42 1.7 1.3 

NL     

Ch 3 1550.92 
L  54 0.2 0.3 

NL  23 0.8 0.8 

Ch 4 1552.52 
L -21 40 1.3 1.4 

NL -25 27 2.4 1.8 

Ch 5 1553.32 
L -18 41 0.7 1.1 

NL -21 29 1.3 1.6 

Ch 6 1554.92 
L -18 41 1.5 1.6 

NL     

Ch 7 1556.52 
L -21 38 1 1.2 

NL     

Ch 8 1558.12 
L -21 36 0.7 1.3 

NL -24 25 1.4 1.9 

Ch 9 1560.52 
L -21 36 1.7 1.9 

NL     

Ch 10 1563.72 
L -28 29 3.5 2.7 

NL -31 17 4.7 3.7 

Table 4.3 gives detailed performance comparisons between the loop and non-loop 

configuration. The reason that Ch 3 has 23 dB OSNR in the non-loop configuration is 
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that the P2-P3-generated idler IP2P2P3 is located at the same wavelength as Ch 3 and 

introduces in-band crosstalk to Ch 3. Owing to the high input signal power, the power 

penalty of Ch 3 is approximately 0.8 dB for both OOK and DPSK signals. Moreover, a 

power penalty improvement of up to 1.2 dB can be seen to be achieved by using the 

loop configuration. 

The following are some design considerations of this proposed multicasting scheme. 

First of all, the channel spacing between the adjacent multicast channels in this scheme 

is not equal, but we can carefully set the wavelengths of the pumps to make the 

multicast channels having equal spacing [93].  

Second, the channel spacing of the pumps plays an important role in determining 

the wavelength spacing of the multicasting channels. According to Table 4.1, the 

wavelength of the multicasting channels depends on the wavelengths of the pumps and 

signal. The closer the pumps to the signal, the smaller the wavelength spacing is. On 

the other hand, the multicast channel spacing becomes large when the pumps are far 

away from the signal. In such case, the CE of the multicasting channels will be reduced 

if the FWM bandwidth of the HNLF is limited. 

Finally, to the best of the author’s knowledge, there is no report on multi-pump 

based FWM multicasting using four or more pump lasers. This is because the FWM 

process becomes rather complicated with four pumps and one signal. 

4.4 Conclusions 

In conclusion, we experimentally demonstrated an all-optical modulation and date 
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rate transparent wavelength multicasting technique using the FWM effect in an HNLF 

Sagnac loop. Our proposed design overcame the undesirable effect of pump-pump 

generated idlers overlapping with the multicast channels. The experimental results 

showed that the pumps and the pump-pump idlers can be greatly suppressed by more 

than 30 dB at the output of the multicasting channels. The background ASE noise 

arising from the pump amplifier had a suppression ratio of around 10 dB. Six and ten 

10-Gbit/s OOK/DPSK multicast channels complying with the ITU grid were generated 

by using two- and three-pump lasers. The power penalty of these multicast channels 

was found to be less than 3.5 dB. If we employed the non-loop configuration, the eye 

diagrams of the overlapped multicast channels were closed, due to the in-band crosstalk 

arising from the pump-pump idlers. Comparing the proposed Sagnac loop configuration 

with the non-loop configuration, we observed that the former can achieve up to a 1.2-

dB improvement in power penalty. Another advantage of the proposed technique was 

that the pump amplifier ASE noise can be suppressed at the output of the multicast 

channels without the need for an extra filter. 

Nevertheless, the polarization states of the pumps and signal in this scheme need to 

be adjusted to obtain the best CE for all the multicast channels. As the SOP of the input 

data signal is generally random in practice, this situation requires that the SOPs of the 

pumps be adjusted to achieve the highest CE for all of the multicast channels. 
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Chapter 5 Optical Wavelength 

Multicasting Based on FWM 

with Reduced Polarization 

Sensitivity  

5.1 Introduction 

In Chapter 4, we demonstrated a FWM-based optical wavelength multicasting 

scheme in an HNLF-based Sagnac loop mirror capable of overcoming the undesirable 

effect of pump-pump generated idlers overlapping with the multicast channels.  

However, to implement a multi-pump FWM-based multicasting scheme in a real 

system, an important practical issue that needs to be addressed is polarization 

sensitivity [93-98]. The polarization states of the pumps and signal need to be adjusted 

in order to obtain the best CE for all the multicast channels. As the SOP of the input 

data signal is generally random, this situation requires that the SOPs of the pumps be 

adjusted to achieve the highest CE for all the multicast channels. Otherwise, the CE 

fluctuation of the multicast channels due to the polarization sensitivity is more than 20 

dB [125-130]. This fluctuation may not be practical for a real system.  
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Many schemes for realizing the FWM-based low polarization-sensitive WC have 

been reported [125-130]. However, for FWM-based low polarization-sensitive 

wavelength multicasting, little work can be found in the literature likely due to the 

operation’s complexity [131-133]. In [131], the researchers proposed a polarization-

insensitive wavelength multicasting scheme based on FWM in a PCF with residual 

birefringence. In that scheme, one optical pump was required to be coupled into the 

PCF precisely at 45 degree to the principal axes. In addition, only five error-free 

multicast channels, including the signal itself, were generated by using three-pump 

laser sources.  

In this chapter, we propose and demonstrate a practical all-optical wavelength 

multicasting scheme based on the FWM effect in an HNLF and an SOA with reduced 

polarization sensitivity. Using three co-polarized probes with pre-defined wavelength 

separations, three beating gratings were generated to scatter the modulated signal far 

from the probes to avoid unwanted crosstalk [125, 126]. In this way, six new multicast 

channels that have rather small degrees of polarization dependence on the modulated 

signal were generated. Thus, seven multicast channels, including the signal itself, were 

obtained at the output of HNLF/SOA. Compared to the requirement of the precisely 

coupling conditions in [131], another advantage of our proposed scheme is that the co-

polarized probes are easily obtained by using the polarization maintaining devices at 

the output of the laser sources. 

Although both HNLF and SOA have been reported for low polarization-sensitive 

WC, their application to low polarization-sensitive wavelength multicasting was not 

reported in the previous study. The performance comparison pertaining to their 
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applications to our proposed low polarization-sensitivity wavelength multicasting 

scheme will be reported in Section 5.3 and 5.4. Experimental results showed that the 

power fluctuations of the converted multicast channels due to the polarization 

sensitivity were greatly reduced from more than 20 dB [125-130] to about 5 dB in an 

HNLF and 2.5 dB in an SOA. Moreover, both OOK and DPSK signals’ multicasting 

were demonstrated. 

5.2 Operation principle of polarization sensitivity-

reduced FWM-based multicasting 

 

Fig. 5. 1. Operation principle of this proposed polarization sensitivity reduced multicasting technique. 

Fig. 5.1 illustrates the operation principle of this proposed polarization-sensitivity 

reduced multicasting technique. The signal (S) with electrical field ( SE ) is coupled into 

the HNLF/SOA with random polarization. Three probes (P1-P3) with electrical fields (

1E - 3E ) are co-polarized with each other and coupled into the HNLF/SOA. Their 
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frequency separations are pre-defined, e.g., 100-GHz between P2 and P3, 200-GHz 

between P1 and P2, and 300-GHz between P1 and P3. From Fig. 5.1, it can be seen that 

six FWM generated multicast channels are symmetrically located at both sides of the 

signal. In addition, other FWM-produced idlers also appear at the output of the 

HNLF/SOA. In order to separate the multicast channels from other FWM idlers, we set 

the frequency of the signal far from the probes.  

We will first describe the operation principle of this proposed multicasting scheme 

in the HNLF. Taking the multicast channel at the frequency of ω1-ω2+ωS as an 

example, this multicast channel is composed of two FWM idlers. Co-polarized probes 

P1 and P2 generate a beating grating, and this beating grating subsequently scatters the 

modulated signal. Consequently, two new FWM idlers are generated on both sides of 

the signal symmetrically with the frequencies of ω1-ω2+ωS, and ω2-ω1+ωS, 

respectively. These two idlers have constant powers with respect to any SOP of the 

signal [125]. 

On the other hand, S and P2 also generate a beating grating. This beating grating 

then scatters P1 to generate two idlers at the frequencies of ωS-ω2+ω1, and ω2-ωS+ω1. 

The power of these two idlers, however, depends strongly on the SOP of the signal. 

The power of the idlers reaches maximum value when the signal has the same 

polarization as the probes and becomes zero when the SOP of the signal is orthogonal 

to that of the probes. 

Based on the above analysis, the electrical field of the multicast channel at the 

frequency of ω1-ω2+ωS can be expressed as [126]: 
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where 1 2( - )r   and 2( - )Sr   denote the relative CE functions, which decrease 

rapidly with the increase of the spacing between the two pumps [134]. For ease of 

discussion, the fiber loss is not taken into consideration. 

As P1 and P2 are co-polarized with each other and θ represents the polarization 

angle between the signal and probes, the power of this channel can be expressed as 

[125]:  

*
2 2 2

1 2 1 2 2[ ( ) ( )cos ],(5.2)i ii S SP E E PP P r r         
     

Because 2( - )Sr   is smaller than 1 2( - )r   , and the power of the second component 

in (5.2), which depends on the polarization angle θ between the signal and probes, can 

also be treated as a small variation of this multicast channel. Therefore, the polarization 

sensitivity of the multicast channels is greatly reduced.  

Then, we replace the HNLF with an SOA in our proposed all-optical multicasting 

scheme and still take the multicast channel at the frequency of ω1-ω2+ωS as an 

example. Similar to that in the HNLF, this channel is also composed of two FWM 

idlers. Suppose the gain (G) of the SOA is polarization-insensitive for simplicity, and 

we employ the lumped model to describe the FWM effect in the SOA [126]. The 

electrical field of this channel can be expressed as [126]: 
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where G1, G2 and GS represent the P1, P2, and S gains in the SOA, respectively. 

1 2r(ω -ω ) and S 2r(ω -ω ) still represent the relative CE functions in the SOA and decrease 

rapidly with the increase of the spacing between the two pumps [135].  

The power of this channel can be expressed as [126]: 

*
2 2 2

1 2 1 2 1 2 2
[ ( - ) ( - )cos ],(5.4)i i

i S S S
P E E GG G PP P r r       

  

Because S 2r(ω -ω ) is much smaller than 1 2r(ω -ω ) , and the power of the second 

component in (5.4), which also depends on the polarization angle θ, is treated as the 

variation to the overall power of this channel.  

Likewise, the polarization sensitivity of the other multicast channels is significantly 

reduced as well. 

To summarize, the power of the multicast channels is almost polarization 

insensitive to the input signal. In the existing results [93-98], the CE of the multicast 

channels depends on the polarization angle between the signal and the pumps, similar 

to that observed in the second FWM idler in (5.2) and (5.4). In addition, as the phases 

and amplitudes of the three probes are constant and do not carry any data information, 

it can be concluded from (5.1) and (5.3) that the phase and amplitude information of the 

signal can be preserved in all the multicast channels. 
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5.3 Experimental performance 

5.3.1  Multicasting in HNLF 

5.3.1.1 Experimental setup 

The experimental setup is shown in Fig. 5.2. Three laser diodes (LD 1, LD 2, and 

LD 3 at 1548.52 nm, 1550.12 nm, and 1550.92 nm, respectively) that are multiplexed 

by a polarization maintaining wavelength division multiplexer (PM-WDM) are used as 

the probes. Because the three probes have the same SOPs when they emit from the LD 

sources, the SOPs of the probes remain co-polarized with each other when they are 

introduced to the subsequent HNLF. PC 1 is used to adjust the overall SOP of the three 

co-polarized probes. LD 4 (at 1558.12 nm), as the modulated signal, is intensity 

modulated/phase modulated by 10-Gbit/s 2
31

-1 PRBS data and then amplified by 

EDFA 1. A fixed-wavelength filter (FF) is used to reject the ASE noise. Different SOPs 

of the input modulated signal can be achieved by adjusting PC 2. 

The power of each probe that is coupled to the HNLF is set to approximately 3-

dBm, and the power of the modulated (OOK and DPSK) signal is approximately 12-

dBm. At the receiver side, TF 1 is used to select the desired multicast channel at the 

output of HNLF. EDFA 2 is used to amplify this channel, and TF 2 is used to reject the 

ASE noise. VOA is used to adjust the optical power before the eye diagram and BER of 

a multicast channel are measured. A 100-ps DI is used to demodulate the10-Gbit/s 

DPSK signal. 
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Fig. 5. 2. Experimental setup for FWM-based wavelength multicasting with reduced polarization 

sensitivity in HNLF. 

The HNLF used in this experimental setup is the same as in Chapter 4. The 

nonlinear coefficient, zero dispersion wavelength, dispersion slope and total fiber loss 

are 11W
-1

Km
-1

, 1560 nm, 0.035 ps/km-nm
2
, and 2.3 dB, respectively. 

5.3.1.2 Experimental results and discussion 

Fig. 5.3 (a) and (b) show the optical spectra at the output of the HNLF when the 

SOP of the modulated OOK signal is orthogonal and parallel to the three co-polarized 

probes. Seven multicast channels, including the signal itself, with 100 GHz spacing are 

individually located at 1555.72 nm (Ch 1), 1556.52 nm (Ch 2), 1557.32 nm (Ch 3), 

1558.12 nm (Ch 4), 1558.92 nm (Ch 5), 1559.72 nm (Ch 6), and 1560.52 nm (Ch 7). 

As shown in Fig. 5.3, the difference in power level among the six FWM-generated 

multicast channels is within 1 dB. The CE, defined as the power of multicast channel 

over the power of output probe, is approximately -23.5 dB when the SOP of the signal 
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is orthogonal to the probes; it increases to approximately -18.5 dB when the SOP of the 

signal is parallel to the probes. By varying the SOP of the input signal, the CE varies 

from -18.5 dB to -23.5 dB. Therefore, the polarization sensitivity is greatly reduced, 

and this reduction results in only about a 5-dB conversion power fluctuation.  

 

Fig. 5. 3. Optical spectra measured by the OSA when the OOK signal is orthogonal (a) and parallel (b) to 

the three co-polarized probes by using the HNLF. 

In addition, we can see from Fig. 5.3 that the CE fluctuations of Ia, Ib, and Ic are 

more than 30 dB when the SOPs of the signal are varied. Ia, Ib, and Ic are generated by 
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the degenerate FWM between the signal (LD 4) and LD 1-3. The electrical field of Ia, 

for example, can be expressed as  

*

1
1 1 1

( ) ( - ) exp [( - ) ( - )],(5.5)Ia S S
S S S S S

E E E r E j t            
  

The power of Ia is  

*
2 2 2

1 1
( - )cos ,(5.6)Ia Ia

Ia S S
P E E P Pr     

            
 

From the above equations, the converted power of Ia reaches maximum when the 

SOPs of the signal and the probes are co-polarized with each other ( 0  ). It becomes 

zero when the signal and the probes are orthogonal polarized with each other ( 90  ). 

This observation provides additional evidence that the FWM CE greatly depends on the 

polarization states between the signal and pumps if no special techniques are used to 

reduce the polarization sensitivity.  

The number of other higher order FWM idlers in Fig. 5.3 (a) is found to be much 

less than that in Fig. 5.3 (b). This is because extra beating gratings will be generated 

among the signal and probes as the SOP of the modulated signal is parallel to the 

probes. 

Fig. 5.4 and Fig. 5.5 show the BER curves and the corresponding eye diagrams of 

the OOK multicast channels. In contrast, the BER curves and eye diagrams of the 

DPSK multicast channels are shown in Fig. 5.6 and Fig. 5.7, respectively. All of the 

eye diagrams are measured when the SOP of the signal is orthogonally polarized to the 

probes. 
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Fig. 5. 4. BER curves of the BTB OOK signal and the multicast channels using HNLF. O: signal 

orthogonally polarized to probes. P: signal parallel polarized to probes. 

 

Fig. 5. 5. Eye diagrams of the BTB OOK signal and the multicast channels using HNLF. 

When the SOP of the input signal is parallel to the probes, the maximum power 

penalties of the OOK and DPSK multicast channels are less than 0.7 dB and 0.8 dB, 

respectively, at BER = 10
-9

 compared to the BTB input signal. However, the maximum 

power penalties of the OOK and DPSK multicast channels increase to 1.5 dB and 1.25 

dB, respectively, when the SOP of the input signal is orthogonal to the probes. 
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Fig. 5. 6. BER curves of the BTB DPSK signal and the multicast channels using HNLF. O: signal 

orthogonally polarized to probes. P: signal parallel polarized to probes. 

 

Fig. 5. 7. Eye diagrams of the BTB DPSK signal and the multicast channels using HNLF. 

The power penalty of Ch 4 is around 0.2 dB for both OOK and DPSK signals when 

the SOP of the signal is orthogonally polarized to the probes. As the powers of Ch 4 in 

Fig. 5.3 (a) and (b) are almost the same, little difference is expected on the eye diagram 

and the BER of Ch 4 for the co-polarized case. 

Table 5.1 summarizes the power penalty performance of the six FWM-generated 

OOK and DPSK multicast channels when the signal is orthogonal (O) and parallel (P) 
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to the probes. It can be seen that there is about up to 1-dB power penalty difference for 

the OOK multicast signals (see Ch 3), whereas for the DPSK multicast signals, the 

power penalty difference is up to 0.75 dB (see Ch 2). This extra 1-dB and 0.75-dB 

power penalty is due to the 5-dB lower CE, and more ASE noise is introduced by 

EDFA 2. 

Table 5. 1. Power penalties of the six FWM generated OOK and DPSK multicast channels at BER = 10
-9

 

when the signal is orthogonally (O) and parallel (P) to the probes. 

 Power penalties of  OOK signals (dB) Power penalties of DPSK signals (dB) 

P O P O 

Ch 1 0.35 0.8 0.25 0.95 

Ch 2 0.7 1.25 0.4 1.15 

Ch 3 0.5 1.5 0.7 1.25 

Ch 5 0.4 1.1 0.8 1.05 

Ch 6 0.55 0.9 0.6 1.1 

Ch 7 0.3 0.6 0.5 0.85 

 

By varying the SOP of the modulated signal, the residual 5-dB polarization 

fluctuation only results in approximately 1-dB and 0.75-dB power penalty differences 

to the OOK and DPSK multicast signals, respectively. These differences in power 

penalty can be further reduced by using an EDFA with a lower NF. 

5.3.2 Multicasting in SOA 

5.3.2.1 Experimental setup 

The SOA-based multicasting experimental setup is shown in Fig. 5.8, which is 

similar to the experimental setup using the HNLF. LD 1 (at 1558.02 nm), LD 2 (at 

1559.73 nm), and LD 3 (at 1560.49 nm) work as three probes, and their optical powers 

coupled into the SOA are set at 6.9-dBm, 3-dBm, and 4.1-dBm, respectively. The 



Chapter 5:  Optical Wavelength Multicasting Based on FWM with Reduced 

Polarization Sensitivity 

97 

 

wavelength of the signal is 1548.73 nm, and the power of the signal coupled to the 

SOA is set at 7-dBm by using the VOA 1. PC 1 and PC 2 are used to adjust the SOPs 

of the co-polarized probes and signal. 

 

Fig. 5. 8. Experimental setup for FWM-based wavelength multicasting with reduced polarization 

sensitivity in SOA. 

 

Fig. 5. 9. The ASE gain spectrum of the SOA when the bias current is 500-mA. 

The SOA being used here has a small signal gain of around 34 dB and a 16.5-dBm 
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saturation output power when the bias current is set at 550-mA. The carrier recovery 

time of this SOA is typically 10-ps, which does not cause any degradation on the eye 

diagrams of the 10-Gbit/s data signal. The ASE gain spectrum of the SOA when the 

bias current is 500-mA is shown by Fig. 5.9. 

 

Fig. 5. 10. The measured polarization dependent gain difference of the SOA under different bias current. 

Fig. 5.10 shows the measured polarization dependent gain (PDG) difference of the 

SOA when the bias current is set at 550-mA, 500-mA, 400-mA, and 300-mA. The gain 

difference can be seen to become small as the power of the input signal increases. The 

PDG difference is less than 1 dB when the power of the input signal is above -12.5-

dBm. On the other hand, when increasing the bias current of the SOA, the PDG 

difference also decreases. 

5.3.2.2 Experimental results 
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Fig. 5. 11. Optical spectra measured by the OSA when the OOK signal has minimum (a) and maximum 

(b) gain in the SOA due to the polarization dependent gain. 

Fig. 5.11 shows the optical spectra at the output of the SOA when the SOPs of the 

three probes are fixed at randomly chosen states. The bias current of the SOA is set at 

550-mA. Seven multicast channels can be seen individually located at 1546.26 nm (Ch 

1), 1547.02 nm (Ch 2), 1547.97 nm (Ch 3), 1548.73 nm (Ch 4), 1549.49 nm (Ch 5), 

1550.44 nm (Ch 6), and 1551.2 nm (Ch 7). Because the CE of FWM arising in the SOA 

is much higher than that in the HNLF, some high-order FWM idlers are also generated. 
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Once we assign the probes with the same wavelength separations as the configuration 

used in the HNLF (0.8 nm between LD 2 and LD 3, 1.6 nm between LD 1 and LD 2, 

and 2.4 nm between LD 1 and LD 3), some of the high-order FWM idlers will overlap 

with the multicast channels and consequently introduce significant in-band crosstalk. 

The eye diagrams of these multicast channels are severely degraded, and an error floor 

occurs at the BER of 10
-4

. To avoid such crosstalk, we set the wavelengths of LD 1 at 

1558.02 nm, LD 2 at 1559.73 nm, and LD 3 at 1560.49 nm. Thus, the crosstalk can be 

suppressed by using the TF 2. 

Due to the PDG in the SOA, Fig. 5.11 (a) shows the optical spectra measured by the 

OSA when the OOK signal has minimum gain in the SOA by adjusting PC 2. In 

contrast, Fig. 5.11 (b) shows the optical spectra for which the OOK signal has 

maximum gain in the SOA by adjusting PC 2.  

The PDG difference of the signal (Ch 4) can be seen to be around 2 dB. In addition, 

the conversion power of Ch 1-Ch 3 in Fig. 5.10 (a) is up to about 1.5 dB lower than that 

in Fig. 5.11 (b), whereas the conversion power of Ch 5-Ch 7 in Fig. 5.11 (a) is up to 

around 2.5 dB higher than that in Fig. 5.11 (b). This shows that the polarization 

sensitivity has been reduced to within 2.5 dB in the SOA. Moreover, Ch 2 and Ch 6 

have the largest and lowest conversion powers in the generated multicast channels, 

respectively. Their conversion power differences are 6.5 dB in Fig. 5.11 (a) and 9.5 dB 

in Fig. 5.11 (b). The reason why the conversion power of Ch 5-Ch 7 is smaller than that 

of Ch 1-Ch 3 is that the relative CE function of wavelength up-conversion is smaller 

than that of the wavelength down-conversion in this SOA [135, 136]. 

Because the power conversion fluctuation in the SOA is less than 2.5 dB, we 
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believe that the power penalty difference is much smaller than that in the HNLF. We 

measure all the eye diagrams and BER curves by setting both PC 1 and PC 2 in a fixed 

random state. 

 

Fig. 5. 12. BER curves of the BTB OOK signal and the multicast channels using SOA. 

 

Fig. 5. 13. Eye diagrams of the BTB OOK signal and the multicast channels using SOA. 

Fig. 5.12 and Fig. 5.13 show the BER curves and the corresponding eye diagrams 

of the OOK modulated multicast channels. Compared with the BTB case, the largest 

power penalty of these multicast channels can be seen to be less than 3.1 dB at BER = 

10
-9

. 
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Fig. 5. 14. BER curves of the BTB DPSK signal and the multicast channels using SOA. 

 

Fig. 5. 15. Eye diagrams of the BTB DPSK signal and the multicast channels using SOA. 

The BER curves and the corresponding eye diagrams of the DPSK modulated 

multicast channels are illustrated by Fig. 5.14 and Fig. 5.15, and the maximum power 

penalty of these multicast channels is less than 1.1 dB. 

The detailed power penalties of OOK and DPSK multicast channels are 

summarized in Table 5.2. 

According to Fig. 5.12 and Fig. 5.14, the multicast channels Ch 5-Ch 7 have higher 
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power penalties than do Ch 1-Ch 3. This difference is because the former channels have 

lower conversion powers than do the latter channels, and more ASE noise is introduced 

by EDFA 2. This difference in power penalty among different multicast channels can 

be further reduced by using an EDFA with lower NF. In addition, the reason why the 

OOK multicast signals have a higher power penalty than that of the DPSK signals is 

that the XGM effect in the SOA degrades the quality of the OOK multicast signals. 

This XGM effect is much less significant for DPSK multicast signals owing to its 

constant envelope in the time domain. 

Table 5. 2. Power penalties of the OOK and DPSK multicast channels at BER = 10
-9

 when the signal is 

fixed at a random polarization state. 

 Power penalties of  OOK signals (dB) Power penalties of DPSK signals (dB) 

Ch 1 1.0 0.45 

Ch 2 1.9 0.35 

Ch 3 2.2 0.25 

Ch 4 0.7 0.15 

Ch 5 3.1 0.9 

Ch 6 2.9 1.1 

Ch 7 2.5 0.8 

 

Fig. 5.16 gives the optical spectra at the output of the SOA when the bias current is 

set at 550-mA, 450-mA, 350-mA, and 250-mA, respectively. The input SOPs of the 

signal and the three probes are both set at a fixed random state. From Fig. 5.16, we can 

see that a higher bias current results in a higher gain and conversion power to the signal 

and multicast channels. The gain and conversion power difference of the signal and 

multicast channels is within 5 dB and 10 dB when the bias current of the SOA is varied 

from 250-mA to 550-mA. 
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Fig. 5. 16. Optical spectra at the output of the SOA when the bias current of the SOA is 550-mA (a), 

450-mA (b), 350-mA (c), and 250-mA (d). 

5.3.2.3 Discussion 

The experimental results show that seven multicast channels can be obtained using 

either the HNLF or the SOA. Although the residual polarization sensitivity in the SOA 

is approximately 2.5 dB smaller than that in the HNLF, the power difference among the 

generated multicast channels is around 9.5 dB in the SOA, which is much higher than 

the 1-dB difference measured in the HNLF. Due to the high FWM CE in the SOA, 
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another issue that needs to be addressed is the crosstalk generated from other high-

order FWM idlers when the SOA is used for multicasting. It is found that the BER error 

floor at 10
-4

 will occur if we assign the probes with the same wavelength separations as 

the same configuration used in the HNLF. However, this issue can be resolved by 

slightly detuning the wavelength separations of the probes, e.g., setting LD 1 at 

1558.02 nm, LD 2 at 1559.73 nm, and LD 3 at 1560.49 nm. 

Moreover, the maximum power penalty of the OOK multicast signals in the SOA is 

approximately 3.1 dB, which is about 1.6 dB higher than that in the HNLF. This 

difference is due to the XGM effect-induced crosstalk in the SOA. Such crosstalk can 

be suppressed when the phase modulated signals are multicasting, e.g., the maximum 

power penalty of the DPSK multicast signals is reduced to 1.1 dB in the SOA. 

5.4 Conclusions 

In summary, we proposed and experimentally demonstrated another all-optical 

modulation format and bit rate transparent wavelength multicast scheme based on the 

FWM effect in both an HNLF and an SOA. By using three co-polarized probes and a 

modulated signal, seven multicast channels were generated. The proposed multicast 

scheme can significantly reduce the polarization sensitivity from more than 20 dB to 

about 5 dB in the HNLF and to 2.5 dB in the SOA. The low polarization sensitivity led 

to a difference of less than 1 dB in the power penalty of the multicast channels. We 

reported a comprehensive multicasting performance comparison of the OOK and 

DPSK signals in the HNLF and the SOA. The converted power difference between the 

generated multicast channels in the SOA was found to be around 9.5 dB, and this 
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difference was much higher than the 1-dB difference measured in the HNLF. This 

larger conversion power difference is due to the fact that the CE function of wavelength 

up-conversion is smaller than that of the wavelength down-conversion in the SOA. In 

addition, the maximum power penalties of the DPSK multicast channels in the HNLF 

and the SOA were less than 1.25 dB and 1.1 dB, respectively. In comparison, the 

maximum power penalty of the OOK multicast channels in the SOA was 

approximately 3.1 dB, which was 1.6 dB higher than that in the HNLF. This difference 

is due to the XGM effect-induced crosstalk. Such crosstalk in the SOA can be 

suppressed when the phase modulated signals are used for multicasting. 
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Chapter 6 Optical Wavelength 

Multicasting Based on XGM 

and Cascaded FWM in an SOA 

Using Single Pump Laser 

Source 

6.1 Introduction 

In Chapter 4 and Chapter 5, we proposed and demonstrated two optical wavelength 

multicasting schemes based on the FWM effect, where at least two pumps or probes 

were required in order to obtain several multicast channels. It is noted that temperature 

controllers (TEC) are necessary to stabilize the emission wavelengths of these LDs and 

increase the implementation cost. Therefore, it is highly desirable to design an all-

optical wavelength multicasting scheme with none or only a single LD to obtain as 

many multicast channels as possible.  

In [74, 75], the multicasting scheme based on SPM without any external laser 

source was proposed. By spectrum slicing the SPM-broadened signal, several multicast 
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channels were obtained. In addition, by XGM with the ASE noise in an SOA, four 

multicast channels can also be obtained [80]. However, the data rate cannot be too high 

because of the large intensity noise originating from the spectrum spliced ASE noise 

carrier [80]. 

While in [103], eleven multicast channels were obtained by using XGM, XPM, and 

cascaded FWM effects in an HNLF with single pump laser. This is the largest reported 

number of obtained multicast channels in HNLF by using a single pump laser. 

In this chapter, we demonstrate an optical wavelength multicasting by combining 

XGM, and cascaded FWM effects in an SOA by using only a single pump laser source, 

which can yield seven 10-Gbit/s OOK multicast channels with 100 GHz wavelength 

spacing [137]. The number of multicast channels demonstrated is the highest reported 

for a single laser configuration in an SOA. 

6.2 Operation principle 

The operation principle, illustrated in Fig. 6.1, is straightforward. A high power 

signal (S) and a pump (P) at frequency of S  and P are injected into the SOA. For the 

safe operation of SOA, the total input power should not be too large. In addition, the 

SOPs of the signal and pump need to be co-polarized to each other in order to obtain 

the best performance. 

The data information of the signal is modulated to the pump via the XGM effect. 

Then two degenerated FWM idles at frequency of S   and S  are generated. 

Here   denotes the frequency difference between the pump and signal. Finally, more 
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FWM idlers with the frequency spacing of   are generated via the cascaded FWM 

effects. All the FWM idlers preserve the amplitude information of the signal. Thus, the 

pump, signal, and FWM idlers are used as the multicast channels at the output of the 

SOA.  

 

Fig. 6. 1. Operation principle of the optical wavelength multicasting scheme based on XGM and 

cascaded FWM using single pump source. 

6.3 Experimental setup and discussion on results 

6.3.1  Experimental setup 

Fig. 6.2 shows the experimental setup. The light source, LD 1, (at 1558.17 nm) is 

intensity modulated by a 10-Gbit/s data stream (2
31

-1 PRBS) and amplified by EDFA 

1. VOA 1 is used to adjust the probe signal power coupled into the SOA. LD 2 (at 

1557.36 nm) is used as the pump laser source. EDFA 2 is used to amplify the power of 

the pump. The pump and probe signal are then multiplexed by a WDM before injected 

into the SOA. The powers of the pump and probe signal launched into the SOA are set 
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to 11.8-dBm and 5.8-dBm, respectively. PC 1 and PC 2 are used to adjust the 

polarization states of the pump and signal to obtain the best CE for all the multicast 

channels. The SOA used here is the same as used in Chapter 5, which has a small signal 

gain of about 34 dB, and a 16.5-dBm saturation output power, when the bias current is 

set at 550-mA. At the receiver side, another WDM with 100 GHz wavelength spacing 

is used to de-multiplex all the multicast channels at the output of the SOA. EDFA 3 is 

used to amplify this channel and a TF is used to further reject the ASE noise. VOA 2 is 

used to adjust the optical power before the eye diagram and BER of the multicast 

channels are measured.  

 

Fig. 6. 2. Experimental setup of the 1-to-7 wavelength multicasting in an SOA using single-pump laser 

source. 

6.3.2  Experimental results and discussion 

Fig. 6.3 shows the optical spectra measured by the OSA at the output of SOA. The 

bias current of the SOA is 550-mA. It can be seen that seven multicast channels, 

including the pump and probe signal, are generated with 100 GHz wavelength spacing. 

These multicast channels are individually located at 1554.94 nm (Ch 1), 1555.75 nm 
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(Ch 2), 1556.55 nm (Ch 3), 1557.36 nm (Ch 4), 1558.17 nm (Ch 5), 1558.98 nm (Ch 

6), and 1559.79 nm (Ch 7), which comply with the ITU grid. Ch 4 (P) is generated by 

means of the XGM effect in the SOA. Ch 3 and Ch 6 are generated by the degenerate 

FWM effect. The OSNR of these multicast channels is over 30 dB. 

 

Fig. 6. 3. Optical spectra measured by the OSA at the output of the SOA. 

The BER performance and the corresponding eye diagrams (zero level indicated) 

are shown in Fig. 6.4 and Fig. 6.5. It can be seen that Ch 4 has the largest power 

penalty, about 3.3 dB at BER = 10
-9

. This is owing to the high DC power coming from 

the pump (see the eye diagram of Ch 4). Nevertheless, we believe by slightly detuning 

the central wavelength of TF to filter one side-band, which is similar to the vestigial 

sideband (VSB) modulation signal [138], DC component in Ch 4 can be further 

suppressed, and the BER performance of Ch 4 can be improved. In addition, the data 

format of Ch 4 is inverted to the original signal due to the XGM operation principle 



Chapter 6:  Optical Wavelength Multicasting Based on XGM and Cascaded FWM in an 

SOA Using Single Pump Laser Source 

112 

 

[78]. Nevertheless, the data format of Ch 4 can be easily converted back by using a 

NOT gate at the receiver side. While for the other multicast channels, Ch 7 has the 

maximum power penalty, which is about 1.5 dB. This is due to the lower OSNR, and 

more ASE noise is introduced by EDFA 3. This relatively larger power penalty can be 

further reduced by using an EDFA with lower NF. Ch 3 suffers a high noise level at bit 

‘0’, which is due to the relative small pump-to-signal ratio that increases the effect of 

inter-symbol interference (ISI) in the SOA [139].  

 

Fig. 6. 4. BER curves of the BTB signal and the multicasting channels. 

It is worth noting that the powers of the seven multicast channels are not equal, 

however, we may use the power equalization technique to make them having the same 

power level [140]. In addition, the channel spacing can be further adjusted to 50 GHz 

or even 25 GHz, the CE of the multicast channels can be further increased, and more 

channels can be obtained (e.g., the cascaded FWM idlers next to Ch 1 and Ch 7 can be 

used due to the improved OSNR), but this will require the WDM to have very good 
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suppression performance to separate these multicast channels without crosstalk. Lastly, 

the bit rate of the multicast channels can be easily increased to 40-Gbit/s or even higher 

because the carrier recovery time of this SOA is typically 10-ps. 

 

Fig. 6. 5. Eye diagrams of the BTB signal and the multicasting channels. 

6.4 Conclusion 

In summary, we experimentally demonstrated a simple all-optical wavelength 

multicasting technique that had the highest number of multicast channels in an SOA for 

a single pump laser source. Combing the XGM and FWM (including cascaded FWM) 

effects in an SOA, seven 10-Gbit/s multicast channels with 100 GHz wavelength 

spacing were successfully demonstrated. The experimental results show that the CE of 

these multicast channels was larger than -27 dB and the maximum power penalty was 

less than 3.3 dB at BER = 10
-9

. The channel spacing can be reduced to 50 GHz or even 
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25 GHz and the data rate can be increased to 40-Gbit/s and beyond. In addition, it 

should be possible to use an ultra-long bulk SOA that has a very high FWM efficiency 

[141] to further increase the number of multicast channels. 

Unfortunately, only OOK signal can be used for wavelength multicasting in this 

scheme. In addition, the SOPs of the signal and pumps need to be adjusted to obtain the 

best CE for all the multicast channels.  
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Chapter 7 Conclusions and 

Future Work 

7.1 Conclusions 

All-optical processing technologies are highly desirable for next generation optical 

networks, due to the critical urgency in moving the processing functions from the 

electrical to the optical domain in order to solve the electrical bottleneck issue. 

All-optical processing technologies span many research topics, and this thesis 

focused on the all-optical buffering and wavelength multicasting technologies.  

In Chapter 3, we proposed an optically controlled loop buffer, which demonstrated 

better performance in terms of number of achievable re-circulations compared to other 

similar structures. This loop buffer consists of an SOA-based loop mirror as a fast 

switch to realize the writing and reading of packets and a circulator-based optical 

reflector to achieve internal re-circulations. Variable delay time per circulations can be 

achieved by adding fibers with different lengths between the loop mirror and the 

circulator. From the experimental results, the packet data signals with pattern 

“1010011000101111”, both at 2.5-Gbit/s and 10-Gbit/s were able to maintain good 

quality after 24 and 16 circulations, respectively. Moreover, by using the negative 

control format, as many as 36 circulations can be obtained for the 2.5-Gbit/s data 

packet. 
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In Chapter 4, we proposed and experimentally demonstrated an all-optical 

modulation format and data rate transparent wavelength multicasting technique using 

the FWM effect in an HNLF Sagnac loop. This proposed design overcame the 

undesirable effect of pump-pump generated idlers overlapping with the multicast 

channels. The experimental results showed that the pumps and the pump-pump idlers 

can be greatly suppressed by more than 30 dB at the output of the multicasting channels. 

Six and ten 10-Gbit/s OOK/DPSK multicast channels complying with the ITU grid 

were generated by using two- and three-pump lasers, respectively. The power penalty 

of these multicast channels was found to be less than 3.5 dB. In addition, we also 

investigated the multicasting performance in a non-loop configuration for comparison. 

Also we discovered that the eye diagrams of the overlapped multicast channels were 

closed due to the in-band crosstalk arising from the pump-pump idlers. Comparing the 

proposed Sagnac loop configuration with the non-loop configuration, we observed that 

the former can achieve up to a 1.2-dB improvement in terms of the power penalty. 

Another advantage of the proposed technique is that pump amplifier ASE noise can be 

suppressed by 10 dB at the output of the multicast channels without the need to have an 

extra filter, which has the effect of not incurring the insertion loss due to the filter. 

In Chapter 5, we proposed and experimentally demonstrated another all-optical 

modulation and data rate transparent wavelength multicasting scheme based on the 

FWM effect in an HNLF and an SOA, respectively. Seven multicast channels were 

generated by using three co-polarized probes and a modulated signal. Meanwhile, the 

polarization sensitivity of the generated multicast channels was significantly reduced 

from more than 20 dB to about 5 dB in the HNLF and 2.5 dB in the SOA. The low 

polarization sensitivity led to a difference of less than 1 dB in the power penalty of the 
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multicast channels. Comprehensive multicasting performance comparisons of the OOK 

and DPSK signals in the HNLF and the SOA were reported. The converted power 

differences of the generated multicast channels in the SOA was found to be around 9.5 

dB, much higher than the 1 dB difference measured in the HNLF. In addition, the 

maximum power penalties of the DPSK multicast channels in the HNLF and SOA were 

less than 1.25 dB and 1.1 dB, respectively. In comparison, the maximum power penalty 

of the OOK multicast channels in the SOA was around 3.1 dB, which was 1.6 dB 

higher than that in the HNLF. This difference is due to the XGM effect induced 

crosstalk. Such crosstalk in the SOA can be suppressed when phase modulated signals 

are used.  

In Chapter 6, we experimentally demonstrated a simple all-optical wavelength 

multicasting technique that has the highest number of multicast channels in an SOA for 

a single pump laser source. Combing the XGM and FWM (including cascaded FWM) 

effects in an SOA, seven 10-Gbit/s multicast channels with 100 GHz wavelength 

spacing were successfully demonstrated. The experimental results showed the CE of 

these multicast channels to be larger than -27 dB and the maximum power penalty of 

these multicast channels to be less than 3.3 dB at BER = 10
-9

. Moreover, the channel 

spacing can be reduced to 50 GHz or even 25 GHz, and the data rate can be increased 

to 40-Gbit/s and beyond. 

7.2 Suggestions for future work 

For optical buffering technology, fiber delay line based optical loop buffer currently 

seems to be the best candidate for practical implementation.  
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The SOA used in the multicasting schemes has a shorter carrier recovery time than 

that for the proposed loop buffer. Thus, we can employ this SOA in the loop buffer to 

demonstrate the buffering performance at the data rate of 40-Gbit/s and beyond for 

future work. The buffering performance of advanced modulation formats, such as 

DPSK, will be studied too. 

In recent years, SOA-based loop buffers have been demonstrated with photonics 

integration [142]. This promising progress gives hope to possible practical use of loop 

buffer in future. 

 

Fig. 7. 1. Three stages cascaded DLOBs with increased delay range. 

Moreover, it is highly desirable to enhance the variable delay range of the loop 

buffer. Fig. 7.1 illustrates the operating principle of cascaded DLOBs, which can 

greatly increase the delay range [143]. In DLOB 1, the delay time per loop is T slots, 

whereas the delay times per loop in DLOB 2 and DLOB 3 are 10T and 100T, 

respectively. The packets can be buffered in the first DLOB within the range of 0 to 9T. 

The second stage DLOB has the delay time step as 0, 10T, 20T, ······, and 90T. The 
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third stage has the step 0, 100T, 200T, ······, and 900T. As a result, the delay range can 

vary from 0 to 999T, whereas the number of required circulations for any delay time 

between 0 to 999T is totally no larger than 27 in the three DLOBs. This demonstrates 

the amazing performance of loop buffers and sheds light on how to enhance the delay 

range in a scalable fashion. 

Another issue that needs to be addressed is that only one packet can be buffered per 

time slot in most of the loop buffers. In [112], two packets at different wavelengths 

were demonstrated to be written into and read from the DLOB simultaneously. Further 

research is expected to carry out reading and writing of several packets asynchronously. 

The ultimate goal for optical buffer is to fulfill similar functions as the electrical 

buffer. In other words, many optical signals, as long as they are smaller than the buffer 

capacity, can be arbitrarily written into and read from the buffer without any 

degradation. Meanwhile, the optical buffer should be transparent to the modulation 

format and data rate of the signal.  

Moreover, it would be even more optimal if some other all-optical processing 

technologies can be integrated into the buffer, such as optical signal regeneration, and 

optical wavelength conversion/multicasting. 

For the all-optical wavelength multicasting technology, a lot of research works and 

results have been reported. The most important feature of the multicasting scheme is 

data rate and modulation format transparency. Second, it is highly desirable to obtain as 

many multicast channels as possible by using less pumps or probes. Its ability to 

arbitrarily select the multicast channels at different wavelengths is another attractive 
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feature. 

To the best of the author’s knowledge, the world record for the largest number of 

multicast channels obtained in single-pump modulated FOPA is forty [86]. However, 

this scheme is not data modulation format transparent. 
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Fig. 7. 2. Operation principle of the dual stage optical wavelength multicasting scheme. 

In this research, we propose a dual stage optical wavelength multicasting scheme 

based on the FWM effect to achieve 100 multicasting channels, which will be the world 

record. This multicasting scheme is data rate and modulation format transparent to the 

signal. Fig. 7.2 illustrates the operation principle.  

As shown in Fig. 7.2, the input signal at λf will be first multicast to ten channels 

from λa to λj by the first stage multicast module. These ten generated multicast channels 

are with large wavelength spacing to each other. Then, each multicast channel will go 
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through the second stage multicast module, and another ten multicast channels are 

generated at each multicast module. Finally, by multiplexing these multicast channels, 

100 multicast channels can be obtained at different wavelengths.  

The operation of the multicast module is based on the multi-pump FWM effect, 

which provides the modulation format and data rate transparency. In Chapter 4, we 

demonstrated that ten multicast channels can be obtained by using three pump lasers. 

Thus, each multicast module needs only three pump lasers. In addition, some of the 

pumps may be shared by several multicast modules, which can further reduce the total 

number of pump lasers in use. 

However, the most critical part in this scheme lies in the multicast module at the 

first stage. The input signal needs to be multicast to ten multicast channels, which 

should have large wavelength spacing between each of them. Then, the nonlinear 

medium for achieving such wideband wavelength multicasting becomes highly 

essential.  

As multicasting can also be implemented in the network layer, more interesting 

results will emerge if physical and network layer multicasting can be taken into 

consideration simultaneously. 

Finally, besides optical buffering and optical wavelength multicasting technologies, 

many other interesting topics that are essential to next generation optical networks need 

to be addressed. 
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