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ABSTRACT 

 

RECIRCULATING LOOP TESTBED FOR ALL-OPTICAL 2R REGENERATION 

 

Publication No. ______ 

 

Pallavi Govind Patki, M.S. 

 

The University of Texas at Arlington, 2006 

 

Supervising Professor:  Michael Vasilyev  

This Master’s thesis deals with building a recirculating loop testbed intended for 

proof-of-principle demonstration of multichannel all-optical 2R regenerator proposed in 

[1].  

The proposed multichannel 2R regeneration scheme uses multiple highly-

nonlinear-fiber (HNLF) sections separated by dispersion-compensating periodic-group-

delay devices (PGDDs). The high cost and limited availability of these devices restrict 

us to working with just one PGDD, instead of 16 required by the scheme. Thus, for the 

proof-of-principle demonstration of the regenerator we have to put a single PGDD and a 

piece of HNLF into a recirculating loop through which light will circulate for required 

number of times.  



 v 

In this thesis, we build and experimentally demonstrate the operation of the 

recirculating loop. This work has required building RZ and NRZ transmitter modules, 

coupling standard single-mode fiber (SSMF) to dispersion-compensating fiber (DCF, 

which we use as HNLF) and finally using them in the loop setup along with the other 

lab components and devices. The thesis describes the two transmitter sub-systems that 

we have built using JDS and Lucent modulators. We also discuss in detail the optimized 

bridge splicing technique used to couple SSMF to DCF. Finally, we present the design 

and experimental realization of our recirculating-loop testbed and trigger settings for the 

successful operation of the loop.  
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CHAPTER 1 

INTRODUCTION 

The capacity and reach of optical networks is limited by a combined effect of amplifier 

noise accumulation, chromatic and polarization-mode dispersion, fiber nonlinearity, 

interchannel crosstalk, multipath interference, and other impairments. These 

degradations can be mitigated in two ways. The first way is conventional electronic 

regeneration, which consists of optoelectronic repeaters (transceivers or Tx/Rx pairs) 

periodically placed along the transmission link. This is a very costly as well as power- 

and space-hungry approach, as it requires separate repeaters for different WDM 

channels. The second solution is inline all-optical regeneration. Optical regeneration 

performs the same signal-restoring functions as the electronic approach, but with far 

reduced complexity and enhanced capabilities. Optical regeneration is classified as: 1R 

(reamplifying), 2R (reamplifying + reshaping), and 3R (reamplifying + reshaping + 

retiming). All-optical regeneration has been recognized as a potential enabler of future 

ultralong-reach high-bit-rate systems and all-optical packet-switched networks [2]. In 

Ref. [3], a simple all-optical fiber-based 2R regeneration technique was proposed. Here, 

the signal propagates through a piece of highly nonlinear fiber (HNLF) which causes 

the signal spectrum to broaden due to self-phase modulation (SPM). Then, the 

broadened spectrum is filtered out by an optical band pass filter (OBPF) whose 
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frequency is shifted with respect to the input signal. This method suppresses the noise in 

“zeros” and the amplitude fluctuations in “ones” of return-to-zero (RZ) optical data 

streams [3]. However, with this design simultaneous multichannel regeneration remains 

a challenge as it relies on strong nonlinear optical effects which cause the cross-talk 

among the WDM channels. 

The solution to multichannel all-optical 2R regeneration has been proposed by 

our group in collaboration with Prof. T. I. Lakoba from the University of Vermont in 

[1], and its experimental realization is pursued in our lab. The approach [1] uses 

multiple HNLF sections with high normal dispersion, separated by dispersion 

compensating periodic-group-delay devices (PGDDs). PGDDs are the key components 

of our proposed generation scheme, and even the proof-of-concept demonstration of this 

regenerator requires at least 16 PGDDs. However, PGDDs are very expensive and are 

currently available only in a form of pre-commercial prototypes. We have managed to 

obtain a single PGDD from Avanex and hence will have to carry out the regeneration 

experiment with just one PGDD. For the proof-of-principle demonstration, we will put a 

single PGDD and a piece of HNLF into a recirculating loop through which light will 

pass multiple times.  

This thesis focuses on building the recirculating loop required for the 

regeneration experiment.  This effort has required designing and assembling several 

custom sub-systems and combining them with other commercial components and 

devices into a working setup. As the first step, we have built a transmitter module 

operating at rates up to and including 10 Gb/s, which required external modulators. In 
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our lab, we have had two commercial electro-optic modulators from JDS Uniphase and 

Lucent, respectively. Using these modulators, we have built a JDS-modulator-based RZ 

transmitter sub-system and a Lucent-modulator based NRZ transmitter sub-system. The 

second critical step has required a HNLF (in our case, it is dispersion-compensating 

fiber, or DCF), where the good coupling between this fiber and a standards single-mode 

fiber (SSMF) becomes of paramount importance. We have conducted a thorough 

optimization of splicing between the SSMF and DCF using Fujikura FSM-40PM Arc 

Fusion Splicer in our lab. Bridge splice technique has been used to combine these two 

fibers, wherein SMF-LS was employed as an intermediate bridge fiber. We have 

achieved better than 0.6 dB loss in coupling between the SSMF and DCF. As the third 

step, we have assembled and demonstrated the operation of the recirculating loop 

testbed to be used in 2R regeneration experiments, as well as in other future studies of 

optical communication devices, systems, and networks.  

The thesis structure is as follows. In the first chapter of this thesis we explain in 

detail the working of external lithium niobate (LiNbO3) interferometric Mach-Zehnder 

modulator (MZM). We discuss the RZ transmitter operation and describe in detail the 

transmitter sub-systems that we have built using JDS and Lucent modulators. We also 

discuss different modulation formats realizable with our modulators. The second 

chapter deals with coupling of SSMF to DCF. It describes in detail the optimized bridge 

splicing technique used to achieve this coupling. In the third chapter, we discuss the 

experimental setup of the recirculating-loop testbed constructed in our lab. We also 

explain the trigger settings used for successful operation of this loop. The last chapter 
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summarizes the thesis. In the appendix, we attach the specifications of several critical 

components used in our setup. 

This research has been supported in part by the National Science Foundation 

(grant number DMS-0507540) and Lockheed Martin Corporation. We also 

acknowledge generous support from Corning Incorporated which provided transmission 

and DCF fibers for our experiments. 
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CHAPTER 2 

MODULATION 

2.1 Introduction 

The first step in the design of any optical communication system is to superimpose the 

information signals onto an optical carrier, i.e. to convert the electrical signal into an 

optical bit stream. This is achieved by optical modulators. There are two basic 

techniques used to modulate an optical carrier: Direct Modulation and External 

Modulation. 

2.1.1  Direct Modulation 

In direct modulation, the electrical signal applied to the power terminals of the laser 

source directly modulates the laser gain. A basic advantage of this approach is its 

inherent simplicity. However, at bit rates of 10 Gb/s and higher, undesirable optical 

frequency variations, referred to as frequency chirp become very large [4]. Another 

limiting factor to direct modulation is the relatively long time response of the laser 

diode and its electronic driving circuit. Thus, for high-speed transmitters external 

modulation is required.  

2.1.2  External Modulation 

In external modulation, the semiconductor laser’s output is passed through a separate 

device, called external modulator, which modulates the optical carrier. In external 

modulators, the laser source is biased at constant current to provide the 
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continuous wave (CW) output, and a high-speed optical modulator is placed next to the 

laser. This external modulator then converts the CW light into a data-coded pulse train 

with appropriate modulation format. With external modulation, transmitter design 

becomes more complex, requiring additional expensive components. However, external 

modulation is the preferred method for high-speed communication as it avoids 

excessive spectral broadening and frequency chirping resulting in serious dispersion and 

crosstalk problems inherent to direct-modulated lasers. Key features of external 

modulators that make them attractive for this application are their broad modulation 

bandwidth, large extinction ratio, excellent spectral purity of the transmitted signal, high 

optical power handling capability, low modulation distortion, and fabrication yield and 

reproducibility.  

         Two main classes of external optical modulators are electro-absorption (EA) 

modulators, and electro-optic (EO) modulators. The former are typically used at 10 

Gb/s and lower rates and are often monolithically integrated on the laser diode chip. 

The latter are used at 10 Gb/s and higher rates, since at lower rates less expensive 

approaches are possible. In UTA testbed, the focus is on 10 Gb/s and beyond, hence we 

will concentrate on the description of EO modulators. The EO modulator works on the 

principle of electro-optic effect. While, in general, this effect can be to some extent 

observed in all materials, only linear electro-optic effect inherent to non-centro-

symmetric crystals, such as lithium niobate (LiNbO3) is of practical interest to high-

speed communcation. In this case, the refractive index of the material changes linearly 

in response to an applied electric field. Since the refractive index is inversely 
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proportional to the velocity of light, change in refractive index causes a corresponding 

change in light velocity. Thus, by varying the refractive index, the velocity of light 

beam propagating through such materials can be changed. Electro-optic modulator of 

interest in high-bit-rate, long-haul communication systems is the popular LiNbO3 

interferometric Mach-Zehnder Modulator (MZM). LiNbO3 crystals are traditionally 

used to manufacture these modulators as they exhibit particularly strong linear electro-

optic effect. Next section focuses on the operation principle of the external MZM. 

2.2 The External Interferometric Mach-Zehnder Modulator (MZM)                      

The LiNbO3-based MZM has become popular choice in high-bit-rate, long-haul 

communication systems because of its wide bandwidth, relatively small absorption and 

coupling losses, and potential for integration with other photonic components on a 

single LiNbO3 chip.  

MZM modulators can be used either as phase or as amplitude modulators. One 

way to implement a MZM is a dual-electrode dual-drive configuration shown in Fig. 

2.1. The dual-drive modulator can achieve either phase or amplitude modulation, or 

even a combination of the two. However, this advantage comes with a drawback, as it is 

requires precise match of amplitude and phase responses of two electronic amplifiers 

driving the two electrodes. The dual-drive MZM consists of a single optical input of 

polarization-maintaining (PM) fiber, a Y-junction (50/50 beam splitter), two phase-

modulated waveguides (arms) with independent drive electrodes, an output Y-junction 

(50/50 combiner), and a single optical output of PM or single-mode fiber (SMF). The 

two electrodes allow injection of two independent RF signals into the modulator. The 
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input optical signal with amplitude E0 is split at the first Y-junction into the two arms of 

the modulator with amplitudes 2/0E . Voltages applied to the electrodes positioned 

either next to or on top of the waveguides introduce phase shifts in both arms. Thus, if 

V1(t) and V2 (t) are the voltages applied to the two electrodes, then light will be phase-

shifted by amounts θ1(t) and θ2(t) in the two arms of the modulator.  

 
 

Fig. 2.1. Schematic diagram of LiNbO3 Mach-Zehnder modulator. 
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If equal voltages are applied to both arms, then θ1=θ2=θ. The modulator output 

in equation (2.1) can now be expressed as: 

Eout=E0e
iθ (t) ,     (2.2) 

i.e. the modulator performs pure phase modulation. 

If the modulator arms are driven by voltages with equal magnitude but opposite 

polarity, i.e. V1 (t) = −V2 (t), then θ1= −θ2 = θ and the modulator output is given by 

Eout=E0 cosθ(t) .     (2.3) 
 

In general, if V1 (t) and V2 (t) are adjusted such that the phase-shift difference 

between the two arms is an odd multiple of π, the two light beams will cancel (extinct) 

at the beam-combiner output. The amount of extinction depends on the ideality of the 

modulator, which depends on how equally light has been divided into the two arms of 

the modulator, how well the polarization has been maintained in the device, etc. The 

voltage applied to the electrodes changes the phase of light in each arm, which causes 

the output optical amplitude to vary as the light recombined from the two paths moves 

from constructive to destructive interference. Therefore, MZM achieves intensity 

modulation via phase modulation. If the phases are exactly equal in magnitude in each 

path but are different in sign, the modulator is referred to as ‘chirp-free,’ which means 

that the output is purely intensity modulated [as shown in equation (2.3)] without 

incidental phase modulation.  

Several important parameters that determine the performance of a modulator are 

[5]: 
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1.  Bandwidth is related to the maximum speed at which the modulator performs 

on/off operation efficiently.  

2. Drive Voltage (Vπ) is the voltage that achieves a phase difference of π 

between the two arms and hence results in shift from perfect addition of the two light 

beams to complete cancellation of light at the modulator output. An electrically efficient 

modulator should have a value of Vπ as small as possible.  

3. Bias Voltage (Vb) is the DC voltage around which the modulation signal 

swings. 

4. Optical Insertion Loss (IL) characterizes the amount of light that is 

passively lost (i.e. not through the process of modulation) due to propagation from one 

end of the modulator to the other. It is usually expressed in decibels as 10 log10 (input 

power / output power) under the constructive interference conditions. Higher optical 

losses translate into less light available to transport the information. 

5. Modulator Chirp describes the change in wavelength (frequency) of the 

light beam, caused by on/off operation of the modulator. Consequently, as the chirped 

pulse of light propagates through the dispersive fiber, it is significantly more distorted 

than a chirp free pulse. In addition, this effect limits the spectral efficiency of the optical 

transmission system by increasing the signal bandwidth. 

6. Optical Extinction Ratio (ER) describes the ability of modulator to 

extinguish light when the modulator is driven to an off state and is expressed in decibels 

as 10 log10 (power in “on” state / power in “off” state). 
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2.3 LiNb03 MZM: Electrode Configuration and Fabrication 

In high speed digital communication applications, fiber dispersion is one of the factors 

limiting system performance. LiNbO3 external modulators provide both the required 

bandwidth and the equally important means for minimizing the effects of dispersion. 

Unlike direct modulation of a laser diode, LiNbO3-based guided-wave modulator can be 

designed for zero-chirp or adjustable-chirp operation. Zero-chirp and negative-chirp 

modulators help to minimize the system degradation associated with the fiber 

dispersion. Advances in LiNbO3 modulator technology have enabled stable operation 

over temperature, very low bias-voltage drift rates and bias-free devices [6]. In this 

section, an overview of LiNbO3 modulator is given. 

Lithium niobate has been the material of choice for the fabrication of electro-

optic modulators. Apart from exhibiting strong electro-optic effect, LiNbO3 has other 

advantages for being used in fabrication of modulator waveguide. It is thermally, 

chemically and mechanically stable and is compatible with the conventional integrated-

circuit processing technology. LiNbO3 wafers with diameters up to 100 mm are 

commercially available in different crystal cuts (x-, y-, and z-cuts) [6]. RF electrodes are 

fabricated either directly on the surface of the wafer or on an optically transparent 

buffer layer. In general, an adhesion layer such as Ti is first deposited on the wafer, 

followed by the deposition of a base layer of the metal from which the electrodes are to 

be made. The electrode pattern is then photo-lithographically defined. High-speed 

modulators incorporate RF electrodes whose thickness can range from a few 

micrometers to greater than 15 µm [6]. Due to crystal symmetry in LiNbO3, there are 
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two useful crystal orientations (z-cut and x-cut) which take advantage of the strongest 

electro-optic coefficient for the modulating electric field aligned with z-axis [6]. Figure 

2.2 shows the electrode configurations for x- and z-cut devices. 

             

                                                       (a) 

       

                                                         (b) 

Fig. 2.2. Electrode configuration for (a) nonbuffered x-cut, (b) buffered single-drive z-cut [6]. 

A z-cut device uses the vertical component of the modulating electric-field, and 

an x-cut device uses the horizontal component. The first choice encountered in 

designing a LiNbO3 modulator is orientation of the crystal axes to the waveguides and 

electrodes. The strongest component of the applied electric field must be aligned with 

the z-axis of the crystal, which has the highest electro-optic coefficient. This requires 

that the waveguide be placed between the electrodes for an x-cut configuration and 

beneath the electrodes for z-cut [6]. As electrodes are placed on top of the waveguides 
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in z-cut devices, it is necessary to have a buffer layer (isolation layer) between the two 

in order to avoid increased optical losses due to metal loading. Buffer layer is not 

required in x-cut devices as the electrodes are not placed directly above the waveguides.  

2.4 Modulation Formats 

It is vital to choose an appropriate modulation format to achieve good system 

performance while transmitting signals in high-speed WDM communication systems. 

The simplest modulation format is on-off-keying (OOK) intensity modulation, which 

can take either of two forms: non-return-to-zero (NRZ) or return-to-zero (RZ). Figure 

2.3 illustrates the RZ and NRZ coding for the same data sequence 1 1 1 0 0 1 0 1 0 1 1 

1. 

 

Fig. 2.3. NRZ and RZ coding for 111001010111 data stream. 

 

2.4.1 NRZ modulation format 

In a conventional NRZ modulation format, “0” is represented by low logic level and 

“1”—by high logic level that does not return to zero between consecutive “1” bits. Thus 

in NRZ, the input data rate determines the pulse width. NRZ is relatively easy to 

implement, less costly and needs the signal bandwidth which is half the bandwidth 
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required by RZ format, which makes it the preferred choice for bit rates below 10 Gb/s 

and for metropolitan area networks. However, NRZ is more susceptible to “bit-pattern-

dependent” effects due to optical pulse spreading during propagation. Hence there is a 

need for rigid control of dispersion and nonlinearity at higher bit rates.  

2.4.2 RZ modulation format 

In the RZ format, “ones” are represented by a high logic level that returns to “zero” 

between consecutive “one” bits. For this reason, RZ format requires two transitions 

(high-low) per bit, which result in larger bandwidth compared to NRZ. Since RZ creates 

distinct pulse encoding of the bit, it is less susceptible to pattern dependence caused by 

dispersion and nonlinearity. For the same average power as NRZ, the pulse’s peak 

power is higher, leading to better receiver sensitivity than the NRZ. Owing to these 

advantages, RZ modulation has become predominantly popular with high-speed 

lightwave systems such as ultra-long-haul 10 Gb/s and 40 Gb/s [7, 8], where the effects 

of dispersion and nonlinearity are prominent.  

2.4.3 Advanced modulation formats 

The simple NRZ and RZ modulation formats are a natural choice when the bandwidth is 

plentiful and the dispersion and nonlinearities are well controlled [8]. Otherwise, the 

ultra-high speed systems working with RZ signal transmission may encounter symbol 

interference between the neighboring bits (intersymbol interference), or ISI. Hence 

sophisticated modulation formats are needed to provide benefits like improved receiver 

sensitivity, higher tolerance to nonlinear effects, improved dispersion tolerance and 
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possibility of closer channel spacing [8]. However, it is extremely difficult to get all the 

above mentioned features in a single format, hence the system designers select the 

modulation format depending on the application. Here, we briefly mention two of the 

advanced modulation formats, carrier-suppressed RZ (CS-RZ) and duo-binary coding. 

2.4.3.1 Carrier Suppressed RZ (CS-RZ) 

As the name implies, CS-RZ optical signal has no carrier component and hence it is less 

sensitive to certain nonlinearities (e.g. Stimulated Brillouin Scattering). In addition, CS-

RZ occupies narrower bandwidth than RZ, thereby enabling tighter WDM channel 

spacing. The CS-RZ signal is obtained by introducing a phase shift of π between 

consecutive pulses, which also reduces intersymbol interference.  It can be implemented 

with the same dual-modulator configuration as that used for RZ format, to be discussed 

in Section 2.5, where the pulse carver is operated at half the bit rate with twice the peak-

to-peak voltage (i.e. 2Vπ) and the modulator is biased at minimum transmission (Vb= Vπ) 

to produce optical pulses with 67% duty cycle [8].  

2.4.3.2 Optical duo-binary format 

A duo-binary modulation format uses three different physical levels, E, 0, and −E to 

represent 1, 0, −1, where E is the optical field amplitude. This facilitates duo-binary 

signal to be more tolerant to ISI distortion, as bit patterns, for instance 1 0 1 are 

transmitted with ones carrying an opposite phase (i.e. the corresponding optical 

amplitude is either E 0 –E or –E 0 E). Thus, if the pulses corresponding to the 1 bits 

spread out into the 0 time-slot in between due to fiber dispersion, they tend to cancel out 

each other [8].  
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2.5 RZ Transmitter 

A conventional RZ transmitter system mainly consists of three optical components: a 

continuous-wave laser source, one lithium niobate MZM for pulse generation, referred 

to as “pulse carver,” and another lithium niobate MZM for encoding data on this 

generated pulse train. Each modulator is accompanied by a voltage driver amplifying 

the RF modulating signal to level of the order of Vπ. Figure 2.4 shows the traditional RZ 

transmitter. The continuous-wave light from a distributed-feedback (DFB) laser source 

is input to the first MZM driven by a sinusoidal signal, either at full- or half-clock 

frequency, to produce a periodic RZ pulse train. If directly driven at the clock 

frequency, the modulator is biased at its transmittance midpoint and is driven by Vπ /2-

amplitude sine wave to provide full on/off output. If the modulator is driven at half the 

clock frequency, it is biased at a peak or a null, and is driven between two adjacent nulls 

or peaks, respectively, at twice the voltage.  The half-clock-frequency approach results 

in narrower pulses because of the sinusoidal transfer function of the EO MZM. In either 

case, the output of the first modulator is a pulse train at the bit rate. This pulse train  

then enters the second MZM encoding the data on it by blocking some of the pulses. 

 

Fig. 2.4. Typical RZ transmitter [9]. 
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To reduce the IL of two cascaded MZMs used for RZ signal generation, the 

commercial RZ transmitters integrate both MZMs on the same LiNbO3 substrate, 

thereby eliminating fiber coupling losses between them.  Figure 2.5 shows a RZ 

transmitter implemented using two-stage LiNbO3 device. The ability to integrate 

multiple functions on a single chip has been a powerful attribute of LiNbO3 technology.  

 
 

Fig. 2.5. Schematic showing pulse-data modulator architecture for RZ transmission [5]. 
 

 
2.6 Duty cycle of generated RZ pulses 

 
With traditional 50% duty-cycle pulse generation, the bias of the pulse carver is set at 

the midpoint of linear region (quadrature point) of the MZM transmittance curve and 

the sinusoidal drive voltage at clock frequency, with Vπ/2 amplitude is allowed to swing 

between the points of minimum and maximum transmittance [8], as depicted in Fig. 

2.6(a). By decreasing the modulation swing and adjusting the bias point to anywhere 

between the midpoint and minimum point of the transmittance curve (i.e. lowering the 

bias point on the transmittance curve), shorter (smaller duty cycle) pulses can be 

generated as depicted in Fig. 2.6(b).  
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(a) 

 

(b) 

Fig. 2.6. Drive and bias voltage settings for the generation of (a) standard 50%    
duty cycle RZ pulses (b) 38% duty cycle pulses [10]. 
 

For the half-clock-frequency driving signal, two options are available:  
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(a) Modulator can be driven by a half-clock-frequency sine wave with 

amplitude of Vπ and biased at the maximum, as shown in Fig. 2.7(a). 

In that case, 33%-duty-cycle pulses are generated [8, 10].  

(b) When the MZM is driven with a half-clock-frequency sine wave with 

amplitude of Vπ and biased at the minimum transmission, as shown in 

Fig. 2.7(b), CS-RZ pulses with 67% duty cycle are generated at the 

output of the modulator [8, 10], because neighboring maxima 

produce output fields with opposite phases.  

                          
 

                   (a)                                                                          (b) 

Fig. 2.7. Generation of (a) RZ and (b) CS-RZ pulses by the pulse-carver 
modulator driven at half the clock frequency [11]. 

 
2.7 Lab Modulator 

 
In our lab, we use two lithium niobate MZMs, one of which is manufactured by JDS 

(model number 10022802) and the other one by Lucent (model number X2625X0018). 

Figure 2.8 shows the block diagram of our 10 Gb/s JDS modulator-based transmitter 
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sub-system. The JDS modulator used here is a dual- stage MZM comprised of 10 Gb/s 

NRZ data modulator and RZ pulse carver stage.  

 

Fig. 2.8. Block diagram of JDS-modulator-based RZ transmitter sub-system. 

 

Fig. 2.9. Power supply section of JDS-modulator-based RZ transmitter sub-system. 

Each modulator driver requires a positive DC voltage supply of +8V and 

negative supply of −5V. To provide this, we have built power supply circuit, depicted in 



 

 21 

Fig. 2.9, which converts 12V from an inexpensive wall-pluggable DC adapter into 

stabilized +8V and −5V, respectively. Through this circuit, DC power supply is 

provided to each modulator.  

 
Fig. 2.10. Block diagram of Lucent-modulator-based NRZ transmitter sub-system. 

 

Fig. 2.11. Power supply section of Lucent-modulator-based NRZ transmitter sub-system. 
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Figure 2.10 shows the block diagram for 10 Gb/s RZ transmitter sub-system 

using Lucent modulator, and Figure 2.11 shows the schematic of the power supply 

section of Lucent modulator sub-system. While the Lucent modulator can work up to 40 

Gb/s, our driver electronics only allows for operation up to and including 10 Gb/s. The 

modulator consists of only one stage; hence, only NRZ operation is possible. However, 

we can drive the two arms of the MZM independently, thereby achieving either 

intensity, or phase modulation, or the combination of the two (e.g. single-sideband 

modulation).   

       

Fig. 2.12. JDS-modulator-based RZ transmitter sub-system. 

          

Fig. 2.13. Lucent-modulator-based NRZ transmitter sub-system. 
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Both JDS and Lucent modulators are fixed on the bottom of the corresponding 

rack-mounted aluminum boxes. Each box provides optical and RF inputs and outputs on 

the front panel and electrical connections (12V power, gain-control, bias, and cross-

point voltages) on the back panel. Figures 2.12 and 2.13 show both modulator boxes 

with their front and back panels.   

Picosecond Pulse Labs’ 5865-107 RF drivers used in JDS-based sub-system 

allow for electronic control of their RF gain and crossing point, as well as provide an 

input for DC bias to be connected to the modulator in series with 2.5 kΩ resistor. We 

have found optimum settings under which no electronic gain or crossing-point 

adjustment is needed (the corresponding inputs are left open). For 9.95654 Gb/s bit rate, 

these settings are as follows: 

RZ stage: CP = 0 V, GC = 0 V, Bias = 3.1 V (half-transmittance), RF input 

power = 2 dBm; 

NRZ stage: CP = 0 V, GC = 0 V, Bias = 7.1 V (half-transmittance), driven by 

6-dB-attenuated DATA output of the pattern generator set to 

Amplitude = 600 mV, Termination = 0 V DC, High level = 0 V. 

NRZ bias is supplied to the separate bias port of the JDS modulator (NRZ RF 

port is AC coupled). On the other hand, RZ bias needs to be provided through RZ RF 

port using either driver’s bias port or an external bias “T.” We have found that, in our 

modulator’s RZ section, the bias termination has been damaged and its impedance 

fluctuates wildly between tens of Ohms and infinity. As a result, using bias port of the 

driver becomes impossible, and we use the external bias “T” (Picosecond Pulse Labs’ 
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5575A, not shown in Fig. 2.12). Even with this arrangement, the bias voltage across the 

modulator sometimes exhibits erratic behavior. 

100 ps100 ps

125 ps125 ps

100 ps100 ps

(a)

(b)

(c)

 

Fig. 2.14. Eye diagrams of JDS-modulator-based RZ transmitter sub-system 
showing three modulation formats: (a) NRZ at 10 Gb/s, (b) RZ at 10 Gb/s, and (c) 
CS-RZ at 8 Gb/s. 
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2.8 Modulator Results 

Figure 2.14 shows the eye diagrams of NRZ, RZ and CS-RZ modulation formats 

generated using JDS-modulator-based transmitter. The generated NRZ format has 

extinction ratio (or ER) of 12.2 dB and Q-factor of 13.9. The RZ pulses are generated 

with 50% duty cycle and CS-RZ—with 33% duty cycle. Since CS-RZ requires higher 

driving voltage, we have put our RF drivers to their extreme of heavy saturation. As a 

result, we have obtained 33% CS-RZ duty cycle with some added distortion, as can be 

seen in Fig. 2.14(c), instead of 67% duty cycle expected for a modulator driven by 

linear RF amplifier. 

In addition, electrically, the first stage of the JDS modulator (“pulse carver”) 

represents a resonant circuit having maximum response around 10 GHz and zero 

response around 5 GHz. Thus, driving it at half clock frequency of 10 Gb/s signal (i.e. 

at 5 GHz) is impossible (for this, a separate modulator with finite 5 GHz response 

would be needed). To demonstrate CS-RZ operation, we have produced 8 Gb/s signal 

(pulse carver driven by 4 GHz) instead. 
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CHAPTER 3 

COUPLING OF STANDARD SINGLE-MODE FIBER TO DISPERSION-
COMPENSATING FIBER 

 
3.1 Introduction 

An optical signal transmitted through optical fiber suffers from linear and nonlinear 

degrading effects. While fiber dispersion and attenuation are the linear effects in optical 

fibers, self phase modulation (SPM), cross phase modulation (XPM), and four-wave-

mixing (FWM) are the nonlinear effects. Dispersion and nonlinear effects are 

interrelated with each other. Increase in local dispersion of the transmission fiber 

decreases most of the effects of nonlinearity in optical fibers. Although large local 

dispersion is desirable in order to suppress the effects of nonlinearity, the resulting large 

accumulated dispersion itself is an important degrading effect and hence dispersion 

compensation becomes essential.  

This chapter starts with a discussion of dispersion in single-mode fibers, 

followed by brief explanation of different types of optical transmission fibers based on 

their value of dispersion. It is then followed by the discussion of dispersion-

compensating fiber (DCF), whose use requires attaching standard-single-mode-fiber 

(SSMF) pigtails to the DCF using bridge-splicing technique. The last section of this 

chapter elaborates on splice-loss optimization when splicing SSMF to SMF-LS and 

SMF-LS to DCF (bridge-splice), using fusion splicer in our lab.  
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3.2 Dispersion in Single-mode fibers 
 

For single-mode fiber (SMF), the main source of dispersion is the Group-Velocity 

Dispersion (GVD). GVD in SMF comes from the fact that the refractive index of the 

optical fiber is a function of the wavelength, n(λ). Therefore, a specific spectral 

component, with wavelength λ, traveling though a SMF of length L, would arrive at the 

output end of the fiber after a time delay of T = L / gν (λ), where gν (λ) is the group 

velocity. Since different spectral components associated with the pulse propagate with 

different speeds given by gν  (λ) = c / n(λ), they do not arrive at the same time at the 

fiber output and hence lead to pulse broadening. This is commonly referred to as 

chromatic dispersion.   

Mathematically, the effects of dispersion are accounted for by expanding the 

mode-propagation constant β [1/km] in Taylor series about frequency ω0 at which the 

pulse spectrum is centered [4, 12]: 
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           Second derivative of Eq. (3.1) can be obtained by differentiating Eq. (3.3) and is 
given by 
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In the above equations, c is the speed of light in vacuum, λ is the wavelength and ω  is 

the frequency. The parameter β2 is known as the GVD parameter. It determines how 

much an optical pulse would broaden up on propagation inside the fiber [4]. Quite 

often, an alternative parameter D is used to characterize the dispersion instead of β2 and 

is expressed in units of ps/nm/km. D is related to β1and β2 by 
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The wavelength at which β2 and D become zero is known as zero-dispersion 

wavelength and is denoted by λ0. Figure 3.1 shows the dependence of β2 on wavelength 

for bulk silica glass. As seen in Fig. 3.1, β2 vanishes at a wavelength of about 1.27 µm 

and becomes negative for longer wavelengths [12]. In optical fiber, the total dispersion 

includes both the material dispersion of bulk glass and waveguide dispersion of 

cylindrical dielectric waveguide. The main contribution of waveguide dispersion to β2 is 

to shift λ0 slightly toward longer wavelengths. λ0 is approximately equal to 1.31 µm for 

SSMF [12]. Figure 3.2 shows the measured dependence of total dispersion parameter D 

on wavelength for the SSMF [12]. For β2>0 (or D<0), i.e. for wavelengths such that λ < 

λ0, the fiber is said to exhibit normal dispersion. In normal dispersion regime, low 

frequency components of an optical pulse travel faster than high frequency components 
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of the same pulse. For β2<0 (or D>0, i.e. for wavelengths such that λ>λ0), the fiber 

displays anomalous dispersion, where in the high frequency components of an optical 

pulse travel faster than the low frequency components.  

 

Fig. 3.1. Dependence of β2 on wavelength for bulk silica glass. (Revised from Fig. 
1.5 in Ref. [12]).  

 
 

Fig. 3.2. Measured dependence of dispersion parameter D on wavelength for a 
standard single-mode fiber. (Revised from Fig. 1.6 in Ref. [12]). 
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3.3 Overview of Transmission Optical Fibers for WDM Systems 

Since different types of optical fibers have different dispersion properties, the value of 

dispersion of an optical fiber becomes an important parameter of interest. An optical 

fiber can have small, moderate or large value of dispersion. The choice of optical fiber 

dispersion in modern WDM systems cannot be made without considering the 

detrimental nonlinear optical effects. Nonlinear effects increase with the decrease in the 

local dispersion of the transmission fiber. Four-wave-mixing (FWM) is a nonlinear 

process by which signals at different wavelengths are mixed together to produce new 

signals at new wavelengths. If the FWM-generated signals have same frequencies as 

some WDM channels, it leads to crosstalk among channels, particularly when all 

channels are equally spaced in frequency. In order to avoid the interchannel crosstalk, it 

is necessary to introduce a phase mismatch in the FWM-generation process. For 

systems employing optical fibers whose dispersion is small, the phase mismatch to 

suppress FWM can be achieved by increasing the channel spacing. However, the 

ultimate goal of employing WDM systems is to transmit as many channels as possible 

for a given available bandwidth. Hence to minimize the effects of FWM and at the same 

time utilize the available bandwidth, it is favorable to use fibers with large dispersion. 

Another nonlinear effect such as self-phase modulation (SPM) in presence of dispersion 

can affect the intensity profile of the signal [12]. SPM enhances the effect of dispersion, 

i.e. more severely broadens the pulse, when the operating wavelength is in the normal 

dispersion regime (D<0). On the contrary, SPM may fully or partially cancel the effect 

of dispersion (i.e. make the pulse narrower and its spectrum broader) in the anomalous 
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dispersion regime (D>0). Neither temporal nor spectral broadening is desirable in a 

WDM system, which limits the absolute value of dispersion that can be used with a 

pulse of a given peak power. Furthermore, the third nonlinear effect, the cross-phase 

modulation (XPM) can only be observed when dispersion is not zero, as it converts 

phase modulation into amplitude jitter. It can be reduced by increasing the group 

velocity difference between neighboring WDM channels. Thus to minimize the 

nonlinear effects in WDM systems, the channel separation and dispersion of the optical 

transmission fiber have to be properly chosen to  satisfy the (sometimes conflicting) 

requirements on keeping the various nonlinearities under control. Here we consider 

three different optical transmission fibers that are commonly deployed in optical 

communication links.  

3.3.1 Standard Single-Mode Fiber (SSMF) 

SSMF, also known as Non-Dispersion Shifted Fiber (NDSF), is the most commonly 

deployed transmission optical fiber and is an example of a fiber having large local 

positive dispersion D. It has its λ0 at 1310 nm, making it suitable for inexpensive short-

range direct-modulated laser links. It can also operate at 1550 nm band, where the fiber 

loss has a minimum of ~ 0.19 dB/km and has a high dispersion value of 17 ps/nm/km. 

In this wavelength window, large dispersion in the SSMF transmission fiber results in 

large accumulated dispersion and hence requires dispersion compensating techniques 

(dispersion mapping). The high dispersion of SSMF practically eliminates FWM, but 

leaves XPM and SPM penalties highly dependent on the particular dispersion map used. 

Examples of this type of fiber are Corning SMF-28TM and OFS AllWave®.  
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3.3.2 Dispersion-Shifted Fiber (DSF) 

By changing the refractive index profile of the core and cladding, the waveguide 

dispersion can be customized so that the total dispersion is zero at 1.55 µm. This type of 

optical fiber in which the λ0 is shifted from 1310 nm to 1550 nm is referred to as the 

dispersion-shifted fiber (DSF). DSFs are optimized for operating in the 1.55 µm 

wavelength window. Thus, for DSF at 1.55 µm, the effect of dispersion is extremely 

weak, and hence dispersion compensation is not necessary. However, small dispersion 

implies that the nonlinear effects are no longer negligible. FWM in the DSF is very 

large owing to nearly perfect phase matching, which means that the channel spacing 

between the WDM channels has to be dramatically increased in order to suppress this 

degrading effect. In addition, to obtain a noticeable phase mismatch, all the channels 

have to be sufficiently far from the zero-dispersion wavelength. This introduces an 

additional constraint on the utilization of available bandwidth, further limiting the 

number of channels that can be transmitted. Thus with DSF, WDM operation is 

seriously handicapped by nonlinear effects, which has initiated the development of 

NZDSF. 

3.3.3 Non-Zero Dispersion-Shifted Fiber (NZDSF) 

Nonlinear effects in WDM systems can by reduced to a certain extent by using non-zero 

dispersion-shifted fiber (NZDSF). NZDSF fiber overcomes these effects by moving the 

zero-dispersion wavelength outside the C-band telecommunications window (1530 nm 

… 1560 nm). Unlike the DSF, this fiber is designed such that it has small but finite 

amount of chromatic dispersion at 1550 nm. This dispersion is sufficiently large to 
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reduce the nonlinear effects in WDM and DWDM systems. Also, since the dispersion is 

small, its effect is not so strong as to cause severe waveform distortion, and hence 

NZDSF often does not require costly dispersion-compensation techniques.  There are 

two fiber families called NZD+ and NZD−, in which the zero-dispersion wavelength is 

lower and higher than 1550 nm, respectively. A typical NZD+ fiber has a chromatic 

dispersion of ~4.5 ps/nm/km and attenuation parameter of 0.22 dB/km at 1550 nm. The 

Corning LEAFTM and SMF-LSTM fibers are examples of the NZD+ and NZD− fibers, 

respectively.  

Figure 3.3 shows dispersion versus wavelength for the fibers mentioned above.  

 
 
Figure 3.3 Dispersion versus wavelength for four kinds of fibers: SSMF, NZD+, 
NZD−, and DSF [13]. 
 

From the above discussion, we see that DSF has the lowest dispersion while 

SSMF has largest dispersion in the 1.55 µm wavelength window. The dispersion of 

NZDSF is the compromise between the DSF and SSMF. Moreover, the nonlinear 

effects, in general, increase with decrease in local dispersion. Hence, in order to 
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effectively suppress the nonlinear effects, transmission fibers with sufficiently large 

local dispersion have to be deployed. As stated above, SSMF fibers having large 

dispersion can be used to solve the problems caused by the nonlinear effects in WDM 

systems. However, such large dispersion results in large accumulated dispersion and 

hence makes dispersion compensation scheme necessary. The next section of this 

chapter discusses dispersion compensation using dispersion compensating fiber (DCF). 

3.4 Dispersion Compensation by DCF 

Dispersion compensation consists of combining fibers with different characteristics 

such that the average GVD of the entire link is quite low while the GVD of each fiber 

section is chosen to be large enough to make the FWM effects negligible and XPM 

effects small [7, 12]. This can be accomplished by combining two kinds of fibers, with 

opposite signs of β2, so that the average dispersion is reduced to a small value.   

If L1 and L2 are the lengths of fiber segments one and two respectively, and D1 

and D2 their respective dispersion parameters, then the condition for 100% dispersion 

compensation can be given as [12]:  

            D1L1+ D2L2=0 .                                                                                    (3.6) 

If L1 = L2, i.e. if two segments are of equal lengths, the fibers should have 

opposite dispersions, i.e. D1= −D2, in order to satisfy equation (3.6). However, to avoid 

extra fiber loss due to long length of the compensating fiber, a short piece of specially 

designed DCF with D< −100 ps/nm/km is typically used.  
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3.4.1 Dispersion-Compensating Fiber (DCF) 

DCF exhibiting a large positive value of β2 (large negative value of D) is commonly 

used for compensating large accumulated dispersions in SSMFs and NZDSFs. With 100 

km SSMF (D~ 17 ps/nm/km) employed as the transmission fiber, 17 km of DCF (D ~ 

−100 ps/nm/km) is required for dispersion compensation. DCF has a much narrower 

core and relatively high attenuation (α=0.5 dB/km) in the 1.55 µm wavelength region. A 

useful index of the performance of a DCF fiber is the so-called “figure of merit” 

(FOM), which is defined as the dispersion of the fiber divided by the attenuation [14]. 

Since DCF has high attenuation of 0.5 dB/km, it is desirable for the DCF to have large 

dispersion value so that short length (i.e. small loss) of DCF can be sufficient to 

compensate for dispersion in SSMF.  

 

(a) 

 
(b) 

 
Fig. 3.4. Schematic diagram showing (a) single-span system employing DCF for 
dispersion compensation at the receiver, (b) multi-span system employing DCF at 
each inline amplifier. 

 
In single-span systems, dispersion compensation is performed by placing the DCF near 

the transmitter or the receiver, as depicted in Fig. 3.4(a). However, in multi-span 
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systems dispersion compensation is commonly performed by placing DCF at the inline 

amplifier site (typically, between two stages of the amplifier) to achieve periodic 

dispersion compensation along the transmission link, as shown in Figure 3.4(b). This 

type of periodic compensation is also known as dispersion management. In advanced 

systems, the periodic compensation is less than 100%, and the remaining residual 

dispersion can be fully or partially compensated at the transmitter and the receiver sites, 

giving rise to various dispersion maps. 

3.4.2 Splicing SSMF to DCF 

As mentioned in the preceding Section, it is necessary to combine two kinds of fibers 

with opposite signs of β2 to get a small average value of dispersion of the entire 

transmission link. This joining of two optical fibers to create a continuous path for 

transmission is often achieved by splicing. However, splicing two different types of 

fibers gives high splice loss, when compared to splicing two fibers of the same kind. 

This elevated splice loss is due to the mode-field diameter mismatch between the two 

different types of fiber. Mode-field diameter is a measure of the spot size or beam width 

of the light propagating in a single-mode fiber. In this section we discuss splicing SSMF 

to DCF using arc fusion splicer.  

To obtain a highly negative dispersion, DCF uses a small core with a high 

refractive index, resulting in a mode-field diameter of 5 µm  (Aeff = 20 µm2) compared 

to the 10 µm mode-field diameter of SSMF (Aeff = 80 µm2) at 1550 nm. This large 

difference in the mode-field diameters results in significant signal loss when a fusion 

splicing technique is used to connect DCF to SSMF. It is possible to reduce the amount 
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of signal loss by using another fiber with intermediate mode-field diameter between 5 

and 10 µm (i.e. between SSMF and DCF). This arrangement of fibers will allow more 

gradual decrease in the diameter and thereby help in reducing the splice loss. This 

technique of introducing an intermediate fiber between two optical fibers is known as 

bridge splicing. The intermediate fiber used here is Corning SMF-LSTM, which is a 

single-mode NZDSF. It has an attenuation of about 0.25 dB/km and mode-field 

diameter of about 8.4 µm at 1550 nm (see the SMF-LS specification sheet in the 

Appendix F). These characteristics of SMF-LS make it a good choice as an intermediate 

fiber.  

Fiber fusion splicing is the most widely used permanent method for joining 

optical fibers. Splice losses can be minimized by careful fiber preparation and by proper 

fiber alignment. Preparing fiber for splicing basically involves three steps: fiber 

stripping, surface cleaning, and cleaving. Fiber stripping involves removing the fiber 

coating by techniques like mechanical stripping, thermal stripping or chemical 

stripping. Mechanical stripping is recommended as it is inexpensive and easy to 

perform. However, care must be taken to avoid damaging the fiber surface. The fiber 

surface has to be cleaned to remove residues that remain after fiber stripping. A clean 

lint-free cotton pad soaked in alcohol can be used to clean the fiber surface. Cleaving is 

the most important step in the splicing since it is used for proper fiber-end preparation, 

which is a fundamental step in achieving an acceptable fusion splice. Fiber alignment 

becomes extremely easy with fully automated fusion splicing equipment and involves 
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nothing but placing the fibers in the V-groove chucks, after which the device 

automatically aligns the fibers.  

3.4.3 Bridge Splicing 

The standard single-mode fiber and the dispersion compensating fiber utilized in the 

recirculating loop experimental testbed have been joined together by using Fujikura 

FSM-40PM Arc Fusion Splicer available in our lab. We have used bridge splicing 

technique to combine these two fibers, wherein SMF-LS has been employed as 

intermediate bridge fiber. Splicing has been conducted by carefully observing the above 

mentioned fiber preparation and alignment steps. Figure 3.5 depicts the final 

arrangement of fibers obtained after performing six splicing steps. The most important 

task here is the optimization of each splice. 

 
Fig. 3.5. Schematic showing the final fiber arrangement after performing six 
splicing steps using fusion splicer in the lab.  

 

Light from the Tunable Laser Source (TSL) having 1550 nm wavelength and 1 

mW power is launched into one end of SSMF patchcord (with FC/APC connector). 

Power at the output (bare-fiber) end of the patchcord (pigtail) is measured in dBm using 

bare-fiber-coupled power-meter. This value P1 is taken as reference for subsequent loss 

measurements. Figure 3.6 shows the arrangement for measuring power of optical signal 

at the output end of the SSMF patchcord. Once the power is measured, the SSMF end is 

disconnected from the power-meter and is prepared for splicing.  
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Fig. 3.6. Arrangement to measure the power of input signal by power meter (PM) 
before starting the splicing.  

 

The procedure used to make and optimize four splices of the final arrangement 

of fibers in Fig. 3.5 is explained below in six steps.   

Step 1: A temporary splice (not necessarily optimized) is made between the 

fiber-prepared end of SSMF patchcord and one end of DCF (e.g. 500 m spool). With the 

other end of DCF connected to channel B of power meter, power in dBm (P2), is 

measured by launching light into the SSMF FC/APC patchcord from TSL, as shown in 

Fig. 3.7(a). Total loss of DCF and the temporary splice is calculated by subtracting P2 

from P1, i.e. Loss = (P1 – P2) dB.   

Step 2: Now, the end of the DCF is disconnected from the power meter and 

prepared for the first splice. This prepared fiber end of DCF spool is fusion spliced with 

one end of 2-m-long SMF-LS fiber. The splicer settings used to perform this splice are 

as follows: 

• Splice Mode Select: NZD – NZD 

• Arc 1 time: 1500 ms 

• Sweep Splice: OFF 

• Taper Splice: OFF   
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Arc 1 time has been chosen to be 1500 ms after long and careful optimization discussed 

in detail in Section 3.6. 

Once the splice has been made, the loss of this first splice has to be measured. 

This is done with the free end of SMF-LS connected to channel B of power meter and 

launching light at the SSMF connected to TSL by FC/APC patchcord as shown in Fig. 

3.7(b). Let this power meter reading be P3 dBm. Splice loss of first-splice is then 

calculated by subtracting P3 from P2, i.e. Loss = (P2 – P3) dB; this value is now used as 

reference for the second splice. 

  Step 3: Once one end of the SMF-LS fiber has been spliced to DCF, the other 

end of SMF-LS has to be spliced to SSMF patch-cord.  The splicer settings used to 

perform this splice are: 

• Splice Mode Select: NZD – NZD 

• Arc 1 time: 3000 ms 

• Sweep Splice: Auto 

• Sweep Time: 1500 ms 

• Taper Splice: ON 

Again, these settings have been selected as a result of optimization process discussed in 

Section 3.6.  

The power of optical signal, P4 dBm, at the output end of SSMF patchcord is 

measured by using the fiber arrangement shown in Fig. 3.7(c) (now, with FC/APC-

connected power meter).  Splice loss of the second splice is then calculated by 

subtracting P4 from P3, i.e. Loss = (P3 – P4) dB. 
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Step 4: At this moment, with two splices successfully made, the temporary 

splice is broken, the resulting fiber arrangement is reversed as depicted in Fig. 3.7(d), 

and the power of signal at the output end of the DCF is measured. This power meter 

reading, say P5 dBm, includes the measured splice losses (first-splice + second-splice) 

and, in addition, the loss of the DCF fiber. As mentioned above, DCF has a loss of 

0.5−0.7 dB/km, which means that 500-meter DCF spool would have 0.3−0.4 dB loss.  

P5 will now be used as reference for the third splice.  

 Step 5: Third splice is performed between the free end of DCF and one end of a 

second SMF-LS fiber piece, which is also 2 m long, using the same splicer settings as 

those mentioned in step 2. Power meter reading is noted as P6 dBm with the 

arrangement shown in figure 3.7(e). Third-splice Loss = (P5 – P6) dB. P6 dBm is used 

as reference reading to calculate the fourth-splice loss.  

Step 6: Fourth splice, which is the last splice, is performed between the free end 

of SMF-LS fiber and one end of the second SSMF patchcord. This splice is carried out 

using the splicer settings of step 3. Power meter reading P7 dBm is noted as shown in 

Fig. 3.7(f). Fourth-splice Loss = (P6 – P7) dB. By subtracting P7 from the TSL output 

power P8 measured in setup of Fig. 3.7(g), the overall loss suffered by the signal 

propagating through the fiber link of Fig. 3.7(f) is calculated as (P8 – P7) dB. This loss 

includes the splice loss of all the four splices plus the losses of two SSMF patchcords 

(pigtails), DCF spool (e.g. 500 m) and two SMF-LS fiber pieces (each 2 m long).      
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(a) 

 
(b) 

 
(c) 

 

 

(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 3.7. Arrangements to measure power of output signal after (a) the temporary 
splice, (b) the first splice, (c) the second splice, (d) breaking the temporary splice 
and reversing the fiber arrangement, (e) the third splice, and (f) the fourth and 
final splice. The TSL output power is measured by the setup (g). 
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3.5 Splicing Results 

Using the aforementioned six steps of bridge-splicing technique, DCF spools of lengths 

500 m (two spools), 1.25 km (one spool) and 2.5 km (one spool) have been spliced to 

SSMF patchcords (pigtails). Splice loss less than 0.2 dB was obtained between SSMF 

and SMF-LS. Furthermore, splice loss less than 0.4 dB was achieved between SSMF-

LS and DCF. Thus, an overall splice loss, between SSMF and DCF, was consistently 

accomplished in the 0.5 to 0.55 dB range. With DCF directly spliced to SSMF, splice 

loss ≥  0.9 dB was obtained, which is considerably higher than the overall splice loss of 

bridge-splice technique. This proves that splice loss between SSMF and DCF can be 

significantly reduced by introducing SMF-LS, which can be spliced to both DCF and 

SSMF with low loss.  The table below illustrates the total loss for fiber arrangement of 

figure (f) when DCF spools of lengths 500 m, 1.25 km and 2.5 km are used.  

Table 3.1. DCF length and corresponding total loss. 
 

DCF Length Total Loss in dB 
500 m < 1.4 
500 m < 1.4 

1.25 km < 1.7 
2.5 km < 2.5 

 
 

3.6 Splicing Parameters 
 

The splice results mentioned in Table 3.1 were achieved after choosing appropriate 

splicing parameters, which required long and careful optimization process. The final 

optimized parameters set on the fusion splicer for splicing SMF-LS fiber to DCF and 

SSMF, respectively, were already mentioned in step 2 and step 3 of section 3.4.3. In 
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both cases, the splice mode selected for splicing on fusion splicer was NZD-NZD. The 

advice given to us by our Corning Inc.’s colleagues was to achieve a ‘tuck’ splice by 

heating DCF for only short time to avoid the collapse of refractive index profile. The 

main parameters that caused variations in the splice loss were Arc 1 time, sweep splice, 

sweep time, and taper splice. On the other hand, the parameters which hardly affected 

the splice loss were Arc 2 time, Arc 2 power, Arc 2 ON-Time, Arc 2 OFF-Time, and 

Prefuse Time. The original factory settings of important parameters of NZD-NZD mode 

were: Arc 1 time = 3000 ms, taper splice = OFF, and sweep splice = OFF. 

The final splicer settings used to splice SMF-LS to DCF are:  

• Splice Mode Select: NZD – NZD 

• Arc 1 time: 1500 ms 

• Sweep Splice: OFF 

• Taper Splice: OFF 

Splices performed with the original factory settings yielded splice loss > 1 dB and hence 

we had to vary the parameter Arc 1 time in 100 ms steps. Arc 1 time ≥ 2000 ms 

consistently resulted in splice loss ≥ 1 dB. Using taper splice and varying sweep time 

did not make any noticeable difference and the loss continued to remain ≥ 1 dB. When 

Arc 1 time was varied between less than 2000 ms to 1000 ms, splice loss ≥ 0.6 dB was 

achieved, but was not consistent and sometimes even produced loss ≥ 1 dB. 

Furthermore, with Arc 1 time < 1000 ms, bubbles were formed in most of the splices. 

With Arc 1 time set to 1500 ms, splice loss < 0.4 dB was consistently achieved.   
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The final splicer settings used to splice SMF-LS to SSMF are: 
 

• Splice Mode Select: NZD – NZD 

• Arc 1 time: 3000 ms 

• Sweep Splice: Auto 

• Sweep Time: 1500 ms 

• Taper Splice: ON 

With original factory settings of NZD-NZD, splice loss between 0.2 and 0.25 dB was 

consistently achieved. Reducing the Arc 1 time didn’t make much difference in the 

results. With Arc 1 time of 3000 ms and taper splice ON, loss of 0.2 dB was achieved. 

But the splice loss was not consistent when splicing was performed with same settings 

repeatedly. Introducing sweep splice made considerable difference and loss < 0.2 dB 

was consistently achieved. However, sweep splice had to be operated in auto-mode as 

the other options L (left sweep), R (right sweep), and L-R (left and right sweep) did not 

help in reducing the loss below 0.2 dB. Sweep time was set to maximum (default 

setting, i.e. 1500 ms), as changing it did not make any difference.  
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CHAPTER 4 
 

RECIRCULATING LOOP TESTBED 
 

4.1 Introduction 
 
Modern optical fiber communication systems employ hundreds of components and 

thousands of kilometers of optical fiber. In the lab environment, the cost and space 

considerations do not permit us to employ so many components and more than several 

fiber spans. The recirculating loop enables characterization of long-haul systems by 

putting a few components and a limited length of fiber in a loop and letting the signal 

propagate through them many times. In addition to helping in testing various lumped 

devices, it also facilitates studying the degrading effects of dispersion, noise and optical 

nonlinearities in ultra-long-haul transmission systems and networks. This chapter 

describes in detail the experimental setup and operation of our recirculating loop. The 

basic principles and operation of the loop are similar to those employed in telecom 

industry [15, 16].  

4.2 Experimental Setup 

Figure 4.1 shows the schematic diagram of the recirculating loop setup built in our lab. 

Entire testbed is contained in two movable racks as depicted in Fig. 4.2. The 

recirculating loop consists of four basic elements: transmitter, loop switch controller, 

transmission link, and receiver. 
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Fig. 4.1. Experimental setup of recirculating loop. PC−polarization controller, 
OBPF−optical bandpass filter. 
 

SRS Digital Delay / Pulse
Generators

Digital Communication Analyzer

Display for Pattern Generator / 
Error Detector

LCD Display for Computer and
Optical Spectrum Analyzer

Computer for Automation and 
Data Acquisition

Computer Keyboard and Mouse

Receiver
Tunable Filter

Variable Optical Attenuator

Clock Recovery Circuit

Pattern Generator / 
Error Detector

RZ Transmitter sub-system

Power Supply

10 GHz Clock Generator

Slow Scope

Optical Spectrum Analyzer

Fiber-Optic Switch

Polarization Controllers

Recirculating Loop Controller

Optical Power Meter

Variable Optical Attenuators

SSMF reel

DCF Reel

DFB Lasers

Various Fiber Couplers

Erbium-Doped Amplifiers

Polarization Controllers

 

Fig. 4.2. Recirculating loop testbed configured in two movable racks. 

1. Transmitter contains 36 distributed feedback (DFB) lasers, arrayed-waveguide 

grating (AWG) multiplexer as a passive combiner, polarization controller (PC), 

modulator, and an erbium-doped amplifier (EDFA). 36 DFB lasers separated by 

100 GHz are multiplexed with an AWG and modulated using a 10 Gb/s electro-
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optic modulator described in Section 2.7. DFB lasers are used for their very 

narrow linewidth, and low relative intensity noise. External modulator used here 

is a LiNbO3 Interferometric Mach-Zehnder Modulator (MZM) which imposes 

the same data stream generated by pattern generator onto 36 DFB lasers. We de-

correlate the patterns of these 36 WDM channels by sending the signals through 

1.25 km of DCF (−150 ps/nm). To compensate for the losses of modulator, 

controller, multiplexer, and DCF we use an EDFA. 

2. Loop Switch Controller is the most important active component in a 

recirculating loop which injects and circulates the bit stream. It is comprised of 

the following main parts: two acousto-optic switches (AOSs), one 3-dB coupler, 

1% and 5% taps, two polarization controllers, and two variable optical 

attenuators (VOAs). The signal is coupled into the loop by means of a four-port 

(2×2) optical 3-dB coupler. In a 3-dB coupler, light enters a particular port on 

one side and exits from each of the two ports on the other side. Thus the signal is 

split in half. The AOSs are the essential elements in the loop switch and work in 

counter-phase, i.e. when AOS 1 is in “on” state (i.e. transparent) to load the 

loop, AOS 2 is in the “off” state (no light propagates through it), and vice versa.  

When AOS 1 is open (“on” state), signal comes from it into the 3-dB 

coupler, from which half of the signal goes to the receiver and the other half 

goes into the recirculating loop. By the time the signal reaches the end of the 

loop, AOS 1 closes (“off” state), AOS 2 opens, and the signal circulates in the 

loop for as long as AOS 2 is open. The variable optical attenuator is used to 
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balance gain and loss after each round-trip so that the total signal powers after 

each round-trip are the same. This balance operation eliminates the wild 

transients of EDFAs that can damage the optical components in the loop. Even 

though the AOSs are designed to be polarization-insensitive, they still exhibit 

some polarization-dependent loss (about 0.2 dB). To prevent accumulation of 

this loss over many circulations, we employ polarization controllers inside and 

outside the loop. The receiver equipment is triggered to take data after the 

desired number of circulations. Two SRS (Stanford Research System Inc.) 

DG535 Digital Delay/ Pulse Generators are used to trigger the AOMs as well as 

the receiver equipment. The length of the burst generated by the first pulse 

generator corresponds to the loop length, in order to fill it up completely. The 

duty cycle is adjusted in such a way to allow the burst to recirculate in the loop 

as many times as necessary for the investigation.  

A 5% tap (95/5 coupler) is used in the loop switch to monitor the signal 

spectrum at any given circulation on an Optical Spectrum Analyzer (OSA). A 

tap is a coupler that splits only a small part of the light into one (tap) port 

leaving the rest in the other (through) port. Hence 5% of the signal goes to OSA 

and the remaining 95% goes into the loop. In addition, a 1% tap is connected to 

photodiode to monitor the power inside the loop. 

3. Transmission Line basically contains variety of components inside the loop, 

including device under test (DUT) or fiber under test (FUT). As depicted in the 

Fig. 4.1, the transmission link of our loop contains one high-power erbium-



 

 50 

doped fiber amplifier EDFA 2, optical bandpass filter, 0.5…1.25 km of Corning 

DCF, and 1…3 km of SSMF (Corning SMF-28eTM). DCF is used to compensate 

the accumulated dispersion due to SSMF fiber in the loop. EDFA 2 is placed at 

the beginning of the loop to boost the signal before launching it into the 

transmission line. An EDFA can also be placed after the DCF spool in the link 

to compensate for the DCF losses as DCF has high attenuation. AWG 

demultiplexer is used as a 200-GHz-wide optical bandpass filter (OBPF). It is 

only used with single-channel signal to prevent accumulation of out-of-band 

ASE (Amplified Spontaneous Emission) noise in the loop. Furthermore, an 

optical isolator should be placed between EDFA and the filter to prevent 

propagation of back reflection generated by the filter. Here we use an EDFA 

with internal optical isolator. During the operation of loop, loss and gain need to 

be balanced so that there is constant unity loop gain. This is achieved either by 

adjusting the loop gain using EDFA 2 pump current or by changing the loop loss 

using VOA. 

4. Receiver continuously receives data from every circulation from the 3-dB 

coupler. The error detector connected to the receiver operates in the burst mode 

gated by the digital delay / pulse generator in order to detect the errors occurring 

after a particular number of circulations. The error detector compares the bits 

during the gate window with the bits supplied to the transmitter by the pattern 

generator. Any difference between the patterns represents the bit error. The 

device used in our testbed for error detection is Error Performance Analyzer, 
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model number 70843B by Agilent. A 0.22-nm-wide tunable filter used at the 

input of the receiver acts as a demultiplexer and selects specific channel to be 

measured by 10 Gb/s receiver. In future 2R regeneration experiments, this filter 

will also perform off-center filtering. 

4.3 Triggering Setup 
 
As mentioned above, two SRS digital delay/pulse generators, termed DG 1 and DG 2 

are used to trigger AOSs, receiver, Optical Spectrum Analyzer (OSA) and the Digital 

Communications Analyzer (DCA) simultaneously. Figure 4.3 shows trigger connections 

between these devices. Both generators have five delay output ports: T0 (internal 

trigger), A, B, C, D and four pulse outputs AB, −AB (i.e. inverted AB), CD, and −CD. 

DG 1 controls AOS 1 and AOS 2, as well as the error detector and DCA. DG 2 is 

externally triggered by −CD output on DG 1 and controls diagnostic devices: OSA and 

slow oscilloscope. 

The +AB output on DG 1 is connected to the AOS 1 driver which drives AOS 1. 

Since the pulse that drives AOS 2 is the complementary to the pulse that drives AOS 1, 

AOS2 driver is connected to −AB (i.e. inverted) output on DG1.  

The measurement window corresponding in time to a particular circulation is selected by gating 

the DCA (fast oscilloscope), error detector, and OSA. The Agilent DCA specifies gating 

width of 1 µs at 10 GHz. The gating pulse input at least 1 µs long is supplied by DG 1 

using the CD output. The same signal is also used to gate the error detector. Despite 

having option 100 (enhanced trigger), our DCA has shown very poor time-jitter 
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performance in gated trigger mode. Therefore, in the future we plan to use another AOS 

to gate the input signal to the DCA which will be continuously triggered.  

 

Fig. 4.3. Schematic showing connections between SRS delay / pulse generators 1 
and 2 to other equipment of the setup. 

 
 Gating input of the OSA (EXT TRIG IN) needs a negative-logic TTL signal, 

hence −AB on DG 2 is used trigger it. The OSA gating pulse must be at least 5 µs long. 

In addition, OSA essentially integrates the signal over 120 µs preceding the gate. Thus, 

to show the true spectrum after a particular circulation, either long loop length 

(propagation time longer than 120 µs) is needed, or the OSA input needs to be optically 

gated using another AOS. 

 High-Z termination needs to be set on DG 1 and DG 2 for all TTL signals. In 

case of connection to a 50-Ohm load, the signal may decrease in amplitude, but will not 

change its temporal profile. On the other hand, using 50-Ohm setting on DG 1 and DG 

2 would only work with 50-Ohm load and will produce a dramatically distorted 

waveform if connected to a high-impedance device. 
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4.3.1 Trigger Settings 
 
The trigger settings are calculated similar to [15, 16]. When AOS 1 is in “on” state, the 

loop is loaded with the bit stream. The time taken by the signal to travel once around the 

loop, known as circulation time Tcirc, can be calculated as 

gc

L
T total

circ =  ,                                                                              (4.1) 

where Ltotal is the total length of fiber in the loop (SSMF+DCF) and cg is the group 

velocity of light in fiber, given by 

n

c
cg

0=   ,                                                                                   (4.2) 

where c0 is the speed of light in vacuum and n is the refractive index of the core.  
 

AOS 1 should be left in the ON state for at least one complete circulation time, 

i.e. the time of the loading state must be equal to or more than one circulation of the 

loop in order to allow the loop to fully fill up and ensure that the EDFAs are saturated 

and in steady state. The loading-state duration can be calculated by 

circload TkT ×=   ,                                                                           (4.3) 

 
where k ≥ 1 is the number of times the loop is filled or loaded. In our loop, we use k = 3. 

Once the loop has been fully loaded, AOS 1 is switched off, and AOS 2 is 

switched on. With AOS 2 in “on” state (i.e. transparent), light propagates in the loop for 

the number of times decided by the repetition rate of the pulse generator. This repetition 

rate is calculated by 

( )circload
rep

1

TmT
R

×+
=  ,                                                              (4.4) 
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where m is the number of times the bit stream circulates in the loop before the loop is 

reloaded. This calculated Rrep is set in the trigger menu of DG 1.   

 In the first demonstration of our loop’s operation, we have put 1.25 km of DCF 

and 1 km of SSMF into the loop. In order to overcome long (120 µs) integration time of 

the OSA, we have added 30 km of LEAF fiber to the loop. Then Ltotal = 32.25 km. 

Using n=1.5 for glass, we obtain Tcirc = 161 µs, which is close to the experimentally 

measured value of Tcirc = 158 µs. With k = 3, we have Tload = 474 µs. The multichannel 

2R regeneration experiment needs 11.2 km of DCF. Thus, with 1.25 km of DCF in the 

loop, the number of circulations m is set to 9. This results in a repetition rate of 527 Hz.   

4.4 Recirculating Loop Results 

Figure 4.4 shows the timing diagram of our recirculating loop (slow-oscilloscope trace). 

The two lower traces show the loading and unloading waveforms applied to AOS 1 and 

AOS 2, respectively. Top trace shows the signal power in the loop measured by the 

photodiode at 1% tap port. The narrow (~100 ns) spikes represent AOS transients 

between the circulations. Using loading state equal to k = 3 circulations allows us to 

distinguish the loading time from the subsequent circulations even in the absence of the 

two lower traces. One can easily see that the power stays constant from circulation to 

circulation, i.e. the loss and gain in the loop are balanced. Otherwise, in addition to the 

narrow AOS transients we would have seen longer (tens of µs) EDFA 2 transients 

between the circulations. The second from the top trace in Fig. 4.4 shows the timing of 

the measurement window (gate). It selects 8th circulation to be characterized. The gate 

has been pushed toward the end of the circulation in order to allow for 120-µs OSA 
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integration time to precede the measurement. By changing delay C on DG 1, we can 

move the gate to any other circulation as well. 

Optical signal

Gate at the end of 
circulation #8

Loop transients between 
the circulations

Loading and unloading pulses

Horizontal scale: 200 µs/div

 

Fig. 4.4. Recirculating loop timing diagram. 
 

 Figure 4.5 shows the signal spectra after N circulations through the loop, when a 

single channel modulated by a CS-RZ format at 5 Gb/s data rate is used. From Fig. 4.5 

we see that the spectrum broadens (up to ~7 times) and flattens at the top as the signal 

propagates, as predicted by the 2R regenerator theory [1, 17]. This broadening of the 

spectrum is the result of self-phase modulation (SPM) and is essential for 2R 

regeneration. Our results indicate that the loop is ready for 2R regeneration experiment.   
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(b) 

Fig. 4.5. Optical spectra for CS-RZ after N = (a) 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and (b) 0, 
3, 6, 9 circulations.  
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CHAPTER 5 
 

CONCLUSIONS 
 
This thesis has focused on constructing the reciculating loop testbed intended for proof-

of-principle demonstration of all-optical multichannel 2R regeneration in our lab.  

We have successfully built two transmitter modules operating at bit rates up to 

10 Gb/s. This work required integrating lab-built power supplies with commercially 

available 10 Gb/s electro-optic modulators and RF drivers, and assembling them in 

rack-mounted aluminum boxes. To make the device user friendly, optical and electrical 

connections were provided on the front and back panels of the box. The lab-built power 

supply section was used to provide several DC voltages necessary for the modulator 

operation, and helped in reducing the number of required external power supplies. This 

work has resulted in making two 10 Gb/s transmitter sub-systems: JDS-modulator-

based RZ and Lucent-modulator-based NRZ modules. Using the JDS-modulator-based 

transmitter, we have successfully demonstrated generation of NRZ, RZ and CS-RZ 

modulation formats.  

We have also successfully coupled standard single-mode fiber (SSMF) to 

dispersion-compensating fiber (DCF) using bridge-splicing technique. SMF-LS has 

been used as intermediate bridge fiber and was spliced to SSMF with loss < 0.2 dB, on 

one end, and to DCF with loss < 0.4 dB, on the other end. Thus, we have achieved 

better than 0.6 dB loss in coupling between SSMF and DCF, and obtained this result 
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consistently in all splices in the process of SSMF-pigtailing four DCF reels of 500 m 

(two), 1.25 km, and 2.5 km lengths.   

After building the transmitter module and achieving good coupling between 

SSMF and DCF reels, we have used them along with other lab components to assemble 

the recirculating-loop testbed.  All the components of the recirculating-loop testbed 

have been mounted in two movable racks and connected by optical fiber patchcords. 

After setting the timing of the loop switches and measurement gates and triggers, we 

have successfully demonstrated the loop operation with single channel. With 1.25 km of 

DCF as a nonlinear medium in the loop, we have observed 7-fold increase in the signal 

spectrum width after 9 circulations (11.25 km of DCF). This clearly indicates that the 

loop is ready for 2R regeneration experiments.  
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APPENDIX A 
 

JDS UNIPHASE, DUAL STAGE 10 GB/S NRZ DATA MODULATOR WITH RZ 
PULSE GENERATOR STAGE DATA SHEET 
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APPENDIX B 
 

LUCENT TECHNOLOGIES, 40GB/S LITHIUM NIOBATE ELECTRO-OPTIC 
MODULATOR DATA SHEET 
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APPENDIX C 
 

PICOSECOND PULSE LABS, MODEL 5865 12.5GB/S DRIVER AMPLIFIER DATA SHEET 
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APPENDIX D 
 

JDS UNIPHASE, 10 GB/S OPTICAL MODULATOR DRIVER H301 SERIES DATA SHEET 
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APPENDIX E 
 

PICOSECOND PULSE LABS, MODEL 5575 BIAS TEE DATA SHEET 
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APPENDIX F 
 

CORNING INC, SMF-LS TM CPC6 SINGLE-MODE NON-ZERO DISPERSION-
SHIFTED OPTICAL FIBER SPECIFICATION SHEET 
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