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ABSTRACT 
 
 
 
Lee, Ghang-Ho Ph.D., Purdue University, August 2006. Demonstration Of Optical 
Tunable Dispersion Compensation With A Virtually-Imaged Phased-Array Based Pulse 
Shaper.  Major Professor: Andrew M. Weiner. 
 
 

Tunable dispersion compensation is one of the most essential technologies needed 

for the next generation fiber optic communication systems. The applications will include 

replacing various lengths of conventional Dispersion Compensating Fibers (DCF) and 

compensating residual dispersion after the DCF to meet the tight dispersion tolerances 

required in 40-Gbps and above based networks. To satisfy the future applications, tunable 

dispersion compensator (TDC) must provide both positive and negative dispersion as 

well as large tuning range. 

The Virtually-Imaged Phased-Array (VIPA) may be considered as a side-entrance 

etalon device that achieves angular dispersion through multiple beam interference. To our 

knowledge, we introduced the first VIPA based programmable Fourier transform pulse 

shaper in the application of optical pulse manipulation in the femtosecond time scale. 

Here we extend the application of VIPA based pulse shaper to TDC for fiber optic 

communication systems. Although many TDCs have been demonstrated with various 

technologies, their tunability is limited to relative small ranges or only provide single 

wavelength channel compensation. 

This thesis covers development and demonstration of the VIPA based pulse 

shaper in the application of TDC which provide WDM-capability, polarization 

independence, and large tuning range in both positive and negative directions (largest for 

optical TDC, to our knowledge). The fiber optic transmission system with various 

modulation formats has been used to evaluate TDC characteristics.
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1.  INTRODUCTION 
 

Tunable dispersion compensation is essential for the next generation fiber optic 

communication systems. There is a trend away from the static, passive fiber devices 

towards tunable devices that will allow system designers to cope with the shrinking 

system margins and with the rapidly emerging reconfigurable optical networks. The 

important aspect of optical systems and network that make tunable dispersion 

compensation solution attractive include : significantly reducing the inverntory of 

different required types of compensation modules, tuning capability to adapt to routing 

path changes in a reconfigurable networks, tracking dynamic changes in dispersion due 

to environment, and achieving a high degree of accuracy necessary for 40-Gbps and 

above systems. To satisfy future applications, tunable dispersion compensator (TDC) 

must also provide WDM capability, polarization independence, large tuning range, and 

capability to provide both positive and negative dispersion [1]. 

Pulse shaping which allows for manipulation of femtosecond optical pulses 

according to user needs is now a well established technique. The most widely adopted 

pulse shaping method, Fourier transform pulse shaping, uses a pair of diffraction gratings 

as spatial dispersers, a pair of Fourier transform lenses to separate the optical spectrum, 

and a spatial mask or modulator array to manipulate spatially dispersed optical frequency 

components in parallel [2-3]. This technique is now applied in fields ranging from optical 

communications to coherent control of quantum mechanical motions to optical pulse 

compression at the few cycle level. For applications in optical communications, for 

example, there is interest in extending pulse shaping to larger time apertures, which 

requires higher spectral resolution. This requires larger spectral dispersion compared to 

diffraction gratings. One possibility that has been reported involves using modified 

Arrayed Waveguide Grating (AWG) structures. Some of the early papers, Tsuda et al., 
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discussed how AWGs could support larger time apertures [4-5]. Another possibility, 

which is presented in this work, is to use the Virtually Imaged Phased Array (VIPA) as 

the spatial disperser. The VIPA may be considered as a side-entrance etalon device that 

achieves angular dispersion through multiple beam interference. The VIPA has 

advantages compared to conventional dispersers, like diffraction gratings, such as 

polarization insensitivity, compactness, larger angular dispersion, potential for finer 

spectral resolutions, and potentially low cost [6-7]. 

Many TDC technologies have emerged that meet some or most of the above 

requirements including MEMS [8], Gires-Tournois etalons [9-13], fiber Bragg grating 

[14-23], plannar lightwave circuits [24-30], and virtually imaged phased array (VIPA) 

[31-33]. However the tuning range of these works is limited to ±800 ps/nm [8-13, 17-18, 

24-26, 28, 32-33] or only provides negative dispersion [14-16, 19-23, 27-30]. Several of 

TDC technologies [8, 24-26, 32-33] employed an optical signal processing approach 

based on parallel phase control of spatially dispersed optical frequency components [3]. 

The first demonstration of this approach for programmable fiber dispersion compensation 

was performed for subpicosecond pulses using a liquid crystal spatial light modulator 

(SLM) for phase control [34]. 

In this work we employ a similar optical signal processing approach for TDC 

using a VIPA and SLM arranged in a reflective pulse shaper geometry [35]. We 

demonstrate tunable dispersion compensation of 10-Gbps positively chirped nonreturn-

to-zero (NRZ) data signals and 10-Gbps return-to-zero (RZ) with different pulse 

durations, with capability for 50-GHz spaced WDM and polarization independence. 

This work is organized in the following manner. In Chapter 2, we discss the 

application of VIPA based programmable Fourier transform pulse shaper in the optical 

pulse manipulation in femtosecond time scale. We show the intensities of the individual 

pulses in the burst are determined by a temporal envelope function obtained from the 

inverse Fourier transform of the applied spatial phase function which is predictable. In 

Chapter 3, we start with basic principles of the pulse propagation by introducing wave 

equations, dispersion in the fiber, and frequency chirp in the optical transmission system. 
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Some examples of previous work on the tunable dispersion compensation are explained. 

Then, we demonstrate tunable dispersion compensation of 10-Gbps positively chirped 

nonreturn-to-zero (NRZ) data signals over a range of -4080 ~ +850 ps/nm (240km SMF 

to 9.5km DCF), with capability for 50-GHz spaced WDM and polarization independence 

using a VIPA based programmable Fourier transform pulse shaper. In Chapter 4, we 

extend our work to demonstrate tunable chromatic dispersion compensation for 10-Gbps 

Return-to-Zero (RZ) signal transmissions (a string of binary data with optical pulses that 

do not occupy the entire bit period and has improved immunity to fiber nonlinearities 

relative to NRZ), with different pulse durations (~33% RZ and ~50% RZ) with standard 

SMF upto 100-km (-1700ps/nm) using a VIPA based programmable Fourier transform 

pulse shaper. In Chapter 5, we will summarize. 

 



 

 

4

 

 

 

2.  VIPA BASED PULSE SHAPER 
 

This chapter describes the concept of Virtually Imaged Phased Array (VIPA) and 

the VIPA based pulse shaper which will be used as optical tunable dispersion 

compensator (TDC) for DWDM transmission experiements in later chapters. The design 

and experimental results of manipulating optical pulse bursts, which is another 

application of VIPA based pulse shaper that were accomplished prior to optical TDC 

application, is also discussed. 

 

 

2.1  Virtually Imaged Phased Array 

 

The VIPA may be considered as a side-entrance etalon device that achieves 

angular dispersion through multiple beam interference. The VIPA has advantages 

compared to conventional dispersers, like diffraction gratings, such as polarization 

insensitivity, compactness, larger angular dispersion, potential for finer spectral 

resolutions, and potentially low cost [6]. 

The VIPA is composed by two glass plates, namely incident glass plate and 

transmission glass plate, with a different reflectivity coating. The incident glass plate has 

a nearly 100% total reflectivity, except for small window which is anti-reflection coated 

for optical beam input. The transmission glass plate has typically 95~99% partial 

reflectivity to transmit a small portion of optical beam out of etalon cavity and reflect the 

rest of the beam back. Due to the high reflectivity on both sides of glass plates, the 

injected optical beam experiences multiple reflections within the etalon cavity, thus 

producing multiple diverging beams through the transmission glass plate. Diverging 



 

 

5

beams interfere with each other as they propagate, separating different wavelength 

component in the beam with respect to output angle. As a result, the VIPA acts as spatial 

disperser, which separates different wavelength components within the input optical 

beam at different locations. The schematic of wavelength decomposition with the VIPA 

and detailed VIPA structure are shown in Fig.2.1(a) and (b), respectively. The name 

VIPA came from the fact the apparatus produces many beams diverging from individual 

virtual images of the beam waist at the output as shown in Fig.2.1(b). 

Fig.2.2 shows an example of relation between the output angle and the 

wavelength obtained by VIPA [6-7]. The angular dispersion is approximately 2nt/dλ, 

where t is the thickness of the glass plate, d is the displacement of the virtual images 

determined by input beam incident angle θ, n is the refractive index of glass plate and λ 

is the operating wavelength. More accurate and exact expressions on angular dispersion 

can be found in [7]. The wavelength spacing, which is equal to the Free Spectral Range 

(FSR), is determined by the thickness of the plate t. The example on Fig.2.2 is obtained 

by an experiment using t = 100um, θ = 6.4 deg, d = 22.4um, and n = 1.5 which result in 

angular dispersion of 0.4 ~ 0.8 deg/nm, and the wavelength spacing of 8nm. 

 

 

2.2  VIPA Based Pulse Shaper Design 

 

Pulse shaping is a powerful tool for ultrafast scientific studies and optical 

communications [2-3]. The applications of pulse shapers include optical pulse 

manipulations [4, 35-40], dispersion compensation [5, 41], and optical encoding [42]. 

Fig.2.3 shows the generic layout of a Fourier transform pulse shaper [35]. It 

consists of a pair of spatial dispersers, a pair of lenses in 4f configuration, and a spatial 

mask. The frequency (wavelength) components within the incident pulse are angularly 

dispersed by the first spectral disperser, and then focused to small diffraction-limited 

spots at the Fourier plane, where the frequency components are spatially separated along 

one dimension. Essentially the first focal lens performs a spatial Fourier transform, which 
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converts the angular dispersion from the disperser to a spatial separation at the Fourier 

plane. A spatial mask or a spatial light modulator is placed in this plane to manipulate the 

spatially dispersed optical frequency components. After manipulation by the spatial mask, 

the second lens and spatial disperser pair recombine all the frequency components into a 

single collimated beam. The resulting output pulse shape is determined by the Fourier 

transform of the spatial mask pattern. 

The spectrum of the pulse emerging from the Fourier transform pulse shaper can 

be written as 

 

)()()( ωωω HEE inout ⋅=         (2.1) 

 

where Eout(ω) and Ein(ω) are the complex spectral amplitudes of the output and the input 

fields, respectively, and H(ω) is the frequency response function of the filter synthesized 

via the pulse shaper. For a pulse shaper with a grating as the spectral disperser, the 

applied filter transfer function is related to the spatial mask function by [36] 

 

∫ −−⋅= )/)(2exp()()( 2
0

2 wxxdxMH αωω        (2.2) 

 

where M(x) is the spatial mask function as a function of spatial position x, α denotes the 

spatial dispersion, and w0 denotes the beam radius of individual frequency components at 

the Fourier plane. For the phase-only mask, the spatial mask function can be expressed as 

 

))(exp(~)( xixM Φ−          (2.3) 

 

The shaped pulse in time domain can be obtained by performing the Fourier transform on 

Eq. (2.1), and is given by 

 

)()()( thtete inout ∗=         (2.4) 
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where eout(t), ein(t), and h(t) are the inverse Fourier transform of Eout(ω), Ein(ω), and H(ω).  

For the conventional grating based Fourier transform pulse shaper, the spectral 

filter function H(ω) is essentially a scaled version of the spatial mask function M(x) as 

illustrated in Eq. (2.2). But for the VIPA based Fourier transform pulse shaper, in which 

VIPA replaces the grating as spectral disperser, new behavior arises due to the properties 

of the VIPA, namely periodic spectral dispersion. 

Fig. 2.4 illustrates schematically the relationship between the realized spectral 

phase function, Ψ(ω), and the spatial phase function, Φ(x), for the VIPA Fourier 

transform pulse shaper. Fig. 2.4(a) shows an example of the VIPA response (angular 

dispersion) with frequency ω as function of the spatial position x at the Fourier plane. 

The key point is that the VIPA exhibits many closely spaced diffraction orders. The 

phase shift Φ(x0) imparted by the spatial mask at spatial position x0 in the Fourier plane 

determines the phases at frequencies ω1, ω2 and ω3 in the spectral plane, i.e., Ψ(ω1) = 

Ψ(ω2) = Ψ(ω3) = Φ(x0). Fig. 2.4(b) shows an example of a single period quadratic spatial 

phase function, Φ(x), applied at the Fourier plane by a spatial mask. Fig. 2.4(c) is the 

resulting periodic quadratic spectral phase function, Ψ(ω), applied to input spectrum.  

Approximating the VIPA spectral dispersion within a single diffraction order as 

linear, we can write Eq. (2.1) as 

 

)()()( ωωω HEE inout ⋅=          

⎥
⎦

⎤
⎢
⎣

⎡
Δ−∗⋅=⎥

⎦

⎤
⎢
⎣

⎡
Δ−⋅= ∑∑

k
in

k
in kSEkSE )()()()()( ωωδωωωωω    (2.5) 

 

where H(ω) is now a periodic function with period Δω equal to the VIPA free spectral 

range. S(ω) is the effective filter function for a single free spectral range in frequency, 

which is directly related to the spatial phase function, Φ(x), via 

 

))(exp(~)( xiS αω Φ−         (2.6) 
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The temporal output is obtained by performing inverse Fourier transform of Eq. (2.5), 

which yields 

 

⎥
⎦

⎤
⎢
⎣

⎡
Δ

−⋅∗ ∑
l

inout lttstete )2()()(~)(
ω
πδ      (2.7) 

 

where eout(t), ein(t), and s(t) are the inverse Fourier transform of Eout(ω), Ein(ω), and S(ω), 

respectively. The temporal output, eout(t), is proportional to temporal input, ein(t), 

convolved with a set of delta functions spaced by the inverse of the free spectral range 

(2π/Δω). For an input pulse shorter than 2π/Δω, this results in a burst of periodically 

spaced output pulses. The amplitudes of the individual pulses are determined by the 

envelope function s(t), the inverse Fourier transform of the single-period spectral filter 

function S(ω). 

Fig.2.5 is a simulated example comparing the results of applying a single period 

phase function and a periodic phase function (which is the new behavior arising due to 

the properties of the VIPA). The input optical spectrum Ein(ω) is same in all cases. Three 

different phase functions Ψ(ω) and resulting output intensity profiles Iout(t) are shown as 

the middle and right traces, respectively. Fig. 2.5(a) shows the result when no phase is 

applied to the input spectrum (Ψa(ω)=0). The resultant output pulse, Ia,out(t), is a single 

narrow pulse centered at zero delay in the temporal window. Fig. 2.5(b) shows the result 

when a single period quadratic phase function, Ψb(ω), is applied to the input spectrum. 

The resultant output pulse, Ib,out(t), is broadened in the time domain and chirped 

compared to the result in Fig. 2.5(a). Fig. 2.5(c) shows the result for the VIPA based 

pulse shaper, i.e. when a periodic quadratic phase function, Ψc(ω), is applied to the input 

spectrum. Instead of a single broadened pulse as in Fig. 2.5(b), a burst of identical pulses 

with different amplitudes is generated as shown in Ic,out(t). For the VIPA Fourier 

transform pulse shaper, the periodic spectral phase function, Ψ(ω), similar to the one 

shown in the middle trace of Fig. 2.5(c), can be generated automatically from a 
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nonperiodic spatial phase function, Φ(x), provided that the input bandwidth exceeds the 

VIPA free spectral range. This allows us to perform experiments in which we generate 

optical pulse bursts and manipulate the envelopes of their bursts via pulse shaper control. 

 

 

2.3  Optical Pulse Burst Manipulation Using VIPA Based Pulse Shaper 

 

Fig.2.6 shows the schematic diagram of the experimental set up. The Fourier 

transform pulse shaper in Fig.2.3 was modified to a reflective geometry for simplicity, 

due to symmetry in the geometrical configuration, by inserting a mirror at the Fourier 

plane after the SLM (spatial mask) and separating the input and the reflected output by a 

circulator. An erbium fiber ring laser producing 250fs pulses with a repetition rate of 50-

MHz centered at 1545nm with 12nm bandwidth was used as the source. By using a fiber 

collimator and a semicylindrical lens, the source is fed into the VIPA. The air spaced 

VIPA, with FSR of 400-GHz, spatially disperses the line-focused different frequency 

(wavelength) components of the source. The spatially dispersed frequency components 

are focused at the Fourier plane, where the SLM is located, by using a 190mm focal 

length lens. The SLM at the Fourier plane modulates the phases of individual wavelength 

components according to desired phase function, Φ(x). For the reflected path, the lens 

and the VIPA recombine the phase modulated frequency components into a single output 

beam which is coupled back into the fiber.  

The SLM is a standard liquid crystal modulator array composed of 128 elements 

with dimensions of 2mm by 100μm per elements and having roughly 3μm gap between 

each element. The SLM was programmed to apply a desired phase function, Φ(x), by a 

laboratory computer through a controller. We have applied both continuous gray level 

phase modulation and discrete binary level phase modulation to the SLM. 

Other design parameters used in the experimental setup include the focal length of 

semi-cylindrical lens (~10mm), and the input angle into the VIPA (~5 degrees). The total 

spatial spread of the incident spectrum on the SLM at the Fourier plane was 4.0mm 
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(corresponds to VIPA FSR : 3.2nm), which covers 40 SLM pixels. In most of our 

experiments, the SLM was programmed to provide quadratic and cubic phase functions, 

Φ(x), by using 40 adjacent discrete pixels within the SLM. The spatial phase function 

programmed onto the SLM can be written as 

 

3
,

2
, )

2
()

2
()( shiftc

BW
cubicshiftq

BW
quad NNnNNnn −−+−−=Φ φφ    (2.8) 

 

where Φ(n) is the phase at the n-th pixel of the programmable SLM and n varies from 1 

to 40. It has same meaning as Φ(x), but with spatial position x digitized to pixel number n.  

φquad and φcubic are the amplitudes of the quadratic and cubic phases involved in pulse 

shaping operation, NBW (equal to 40) denotes the total number of pixels, Nq,shift and Nc,shift 

denote shifts in the applied quadratic and cubic phase functions. 

The output of VIPA Fourier transform pulse shaper was connected via fiber to an 

intensity correlator, using ~250 fs reference pulses taken directly after the source input. 

Dispersion compensated fiber was used to balance the dispersion of the fiber used to 

relay the pulses to the cross-correlator. To a good approximation, the cross-correlation 

measurement yields the intensity profiles of the shaped pulse bursts generated by the 

VIPA Fourier transform pulse shaper. 

We have obtained a number of results in manipulation of optical pulse bursts via 

the periodic phase modulation imparted using the VIPA Fourier transform pulse shaper. 

Fig.2.7 to Fig.2.9 are the examples. The top traces in these figures are the spectral phase 

functions, Ψ(ω), which are applied to the input optical spectrum. The middle traces are 

the experimental cross-correlation measurements of the temporal intensity profiles 

obtained at the pulse shaper output. The bottom traces are the simulated results obtained 

by multiplying the input optical spectrum, Ein(ω), with the periodic filter transfer function, 

H(ω), and performing the inverse Fourier transform. The dashed lines on the bottom 

traces are the simulated temporal envelope functions, |s(t)|2, of the optical pulse bursts, 

which determine the relative intensities of the individual pulses in the generated bursts. 
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s(t) is obtained by performing the inverse Fourier transform of the single period filter 

transfer function, S(ω), in eq. (2.5) and (2.6). 

Fig.2.7 shows results when a periodic quadratic phase function with a period of 

400-GHz (equal to the VIPA FSR) is applied. The cubic phase term is set to zero (φcubic = 

0). The phase function repeats ~4 times within the total input optical bandwidth. For 

Fig.2.7(a) the quadratic phase factor, φquad, is set to 0.005 and Nq,shift = 0. This results in a 

symmetric quadratic phase variation ranging between zero and π/2 within a single period. 

The resulting output contains three observable pulses consistent with the predicted 

envelope function shown in the dashed line in the bottom trace. Fig.2.7(b) shows the case 

when the maximum phase variation is increased to π (Φmax (n)= π). The quadratic phase 

factor, φquad, was increased to 0.01 and other parameters remained same as the case in 

Fig.2.7(a). The resulting output is burst of five distinct optical pulses. It is clear from 

Fig.2.7(a) and 2.7(b) that increasing the magnitude of quadratic phase variation broadens 

the temporal window and increases the number of pulses in the burst. There is some 

deviation between experimental results (middle trace) and simulated result (bottom trace) 

of Fig.2.7(b); in particular, the pulse at t = 0 is higher for the experiment than for the 

simulation. We attribute this to a small phase calibration error for the SLM, since a phase 

calibration error modifies the modulo-2π operation and intensity at t = 0 for the case of 

large total phase swing. Otherwise the experimental and simulated results are in good 

agreement. 

Fig.2.7(c) and 2.7(d) show cases where the phase functions are spectrally shifted. 

The spatial phase function within a single period in both cases is given by 

 

2
, )

2
()( shiftq

BW
quad NNnn −−=Φ φ       (2.9) 

 

where all parameters are the same as the case in Fig.2.7(b), except 0, ≠shiftqN . This 

yields asymmetric parabolas for the phase function as shown in the top traces of 

Fig.2.7(c) and Fig.2.7(d). In Fig.2.7(c), the spectral phase function, Ψ(ω), is spectrally 
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shifted by 300-GHz (2.4nm) which corresponds to 3/4 of a single period (VIPA FSR), 

Nq,shift = 3/4 NBW = 30 pixels. The resulting optical pulse burst is advanced in time by 

7.5ps, which is three times the pulse separation (2.5ps). The relatively strong intensity 

peak at t = 0 for the experimental is, once again, attributed to phase calibration error in 

modulo-2π operation. In Fig.2.7(d), the spectral phase function, Ψ(ω), is spectrally 

shifted by –200-GHz (-1.6nm) which corresponds to 1/2 of a single period, Nq,shift = -1/2 

NBW = -20 pixels. The resulting optical pulse burst is delayed by 5.0ps, which is two 

times the pulse separation. From the results in Fig.2.7, we can see that it is possible to 

control the number of generated optical pulse bursts by adjusting the quadratic phase 

factor, φquad, and to shift the optical pulse burst in time by introducing a shift (Nq,shift) in 

the quadratic spatial phase function. 

Fig.2.8. show the results of applying periodic cubic phase functions. The phase 

functions are cubic within a single period, i.e., 

 

3
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2
()( shiftc

BW
cubic N

N
nn −−=Φ φ       (2.10) 

 

Here the quadratic phase factor, φquad, in equation (8) is set to zero and the cubic 

phase factor, φcubic, is set to either -0.0005 (for negative cubic) or 0.0005 (for positive 

cubic) in all cases. The total bandwidth, NBW, in terms of pixel numbers is equal to 40 as 

before. The resulting pulse bursts have temporal envelope functions (dotted line in 

bottom traces) that peak near t = 0 with asymmetric ringing on one side. This is similar to 

what is observed for single ultrafast pulse with cubic spectral dispersion. 

Fig.2.8(a), 2.8(b), 2.8(c) are the cases for a negative cubic phase function (φcubic = 

-0.0005) with no shift (Nc,shift = 0), 1/4 of a period shift (Nc,shift = 1/4 NBW = 10 pixels) and 

3/8 of a period shift (Nc,shift = 3/8 NBW = 15 pixels), respectively. For Nc,shift = 0, the total 

phase variations within one period is 2π. For larger Nc,shift, the total phase variations 

within one period increases. The resulting temporal envelope functions are all broadened 

toward negative time. The extent of the temporal envelope functions and the number of 



 

 

13

pulses within the burst increases with increasing Nc,shift, as expected when the total phase 

variation increases. 

Fig.2.8(d), 2.8(e), 2.8(f) are the results when positive cubic phase terms are 

applied. The settings are the same as Fig.2.8(a), 2.8(b), 2.8(c), respectively, except a 

positive cubic phase factor is applied (φcubic = 0.0005). The results are similar to those 

shown in Fig.2.8(a), 2.8(b), 2.8(c), except that the pulse bursts extend toward positive 

time window. The data in Fig.2.8 demonstrate that we can produce optical pulse bursts on 

either the positive or negative side of t = 0 by changing the sign of the cubic phase. 

Fig.2.9 shows examples where binary phase patterns are applied instead of the 

gray level phase functions of Fig.2.7 and Fig.2.8. In particular, we programmed the SLM 

with m-sequence phase codes. For the binary phase modulation, we applied zero phase, 

Φ(n) =  0, for digit ‘0’ and π phase, Φ(n) =  π, for digit ‘1’. The m-sequence is a pseudo 

random binary sequence often used in wireless communications and coding [43]. Due to 

the periodic spectral dispersion of VIPA, the single m-sequence programmed onto the 

SLM results in a periodic m-sequence spectral phase function. This results in a pulse 

burst with the number of pulses in the burst roughly equal to the length of m-sequence 

code [34]. Fig.2.9(a) and 2.9(b) show the pulse bursts that result when a 7-element m-

sequence (digits ‘0010111’) and a 15-element m-sequence (digits ‘000100110101111’) 

are applied respectively. The number of pulses scales roughly with the length of the m-

sequence code, as expected. Results may have application to OCDMA, where pseudo 

random phase encoding/decoding is often employed [2-3, 36-37, 42]. 

 From the experiment of optical pulse burst manipulation using VIPA based pulse 

shaper, we have showed the intensities of the individual pulses in the burst are 

determined by a temporal envelope function obtained from the inverse Fourier transform 

of the applied spatial phase function. These effects arise specifically because of the 

periodic spectral dispersion provided by the VIPA and have not been observed with 

grating based Fourier transform pulse shapers. The experimental data are in good 

agreement with simulations. The VIPA-based Fourier transform pulse shaping scheme 

holds promise for programmable optical waveform synthesizers with finer spectral 
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resolution than conventional grating-based pulse shapers. Furthermore, this work 

provides evidence that previous experiments on dispersion compensation using VIPAs [6, 

31-33, 42] can be understood as an example of pulse shaping. 
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(a) 

 

 
(b) 

 

Fig.2.1  (a) Schematic of wavelength decomposition with the VIPA.  (b) 
Details of the VIPA structure. 
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Fig.2.2  Example of relation between angular dispersion and wavelength 
(adapted from [6]). 

 

 

 

 
 

Fig.2.3  Generic layout of the Fourier transform pulse shaper. 
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Fig.2.4  VIPA Fourier transform pulse shaper response :  (a) Example of 
VIPA response (angular dispersion) with frequency ω as function of 
spatial position x.  (b) Example of single period quadratic spatial phase 
function, Φ(x), applied at Fourier plane by spatial mask.  (c) Resulting 
periodic quadratic spectral phase function, Ψ(ω), applied to input 
spectrum. 
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Fig.2.5  Schematic diagram illustrating effect of applying different spatial 
masks to identical inputs, Ein(ω). Input optical spectrum (left trace), 
applied phase functions (middle traces), resulting output intensity 
correlations (right traces), Ia,out(t), Ib,out(t), Ic,out(t) :  (a) No phase applied, 
Ψa(ω).  (b) Single period quadratic phase function applied, Ψb(ω).  (c) 
Periodic quadratic phase function applied, Ψc(ω). 
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Fig.2.6  Experimental apparatus for programmable Fourier transform pulse 
shaper based on VIPA. 
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Fig.2.7  Results obtained by applying periodic quadratic phase function with 
apparatus. Applied phase functions (top trace), resulting output intensity 
correlation measurements (middle trace), simulated results (bottom trace), 
dashed line in bottom trace is optical pulse burst envelope function:  (a) 
Phase function varying zero to π/2.  (b) Phase function varying zero to π.  
(c) Phase function spectrally shifted by 3/4 of single period.  (d) Phase 
function spectrally shifted by –1/2 of single period. 
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Fig.2.8  Results obtained by applying periodic cubic phase function with 
apparatus. Applied phase functions (top trace), resulting output intensity 
correlation measurements (middle trace), simulated results (bottom trace):  
(a) Phase function varying -π to π, with negative slope (φcubic < 0).  (b) 
Phase function with negative slope, spectrally shifted by 1/4 of single 
period.  (c) Phase function with negative slope, spectrally shifted by 3/8 
of single period.  (d) Phase function varying -π to π, with positive slope 
(φcubic > 0).  (e) Phase function with positive slope, spectrally shifted by 
1/4 of single period.  (f) Phase function with positive slope, spectrally 
shifted by 3/8 of single period. 
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Fig.2.9  Output intensity correlation measurements obtained by applying 
periodic m-sequence phase function with apparatus.  (a) Phase function 
with 7-element periodic m-sequence (0010111).  (b) Phase function with 
15-element periodic m-sequence (000100110101111). 
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3. OPTICAL TUNABLE DISPERSION COMPENSATION WITH 

VIPA BASED PULSE SHAPER 
 

This chapter describes the concept of fiber dispersion, tunable dispersion 

compensation (including the comparison of previous works on optical TDC), and the 

experiemental setup and results for positively chirped 10-Gbps NRZ signal transmission 

and compensation using VIPA based optical TDC. 

 

 

3.1  Fiber Dispersion And Positively Chirped Optical Source 
 

3.1.1  Basic Propagation Equation 
 

The field distribution of wave propagating in a single-mode fiber is obtained by 

solving wave equation in cylindrical coordinate by making use of cylindrical symmetry 

of the fiber [44-46]. 
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Applying Ez in Eq. (3.1) yields three ordinary differential equations as follow 
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As the solution to the wave equation in Eq. (3.2) is cumbersome, in practice it is 

approximated by a Gaussian distribution or super Gaussian distribution. The frequency 

component of the quasi-monochromatic optical field propagating in a single-mode fiber 

can be expressed as [44-46] 

 

)exp(),0(~),(),(~ ziByxFxrE βωω =        (3.3) 

 

where x  is the polarization unit vector, ),0(~ ωB  is the initial amplitude, β is the 

propagation constant, and z is the spatial position in the propagating direction. F(x, y) is 

the field distribution of the fundamental fiber mode that can be approximated by a 

Gaussian distribution obtained by Eq. (3.2). 

For the pulse propagating in the fiber, pulse broadening results from the 

frequency dependence of propagation constant β. By expanding β(ω) in a Taylor series 

around the carrier frequency ωo and neglecting high-order terms above four yields, 
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where  Δω = ω - ωo and βm = (dmβ / dωm)ω=ωo. is the m-order dispersion. The amplitude 

of different spectral components propagating inside the fiber can be expressed as  
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The amplitude in the time domain can be obtained by inverse Fourier transform and is 

given by 
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where A(z, t) is the slowly varying amplitude of the pulse envelope and is given by 
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where A(0,Δω) is the Fourier transform of A(0, t). From Eq. (3.7), we have the basic 

propagation equation for the pulse evolution inside the single-mode fiber by replacing Δω 

by )/( tAi ∂∂  and solving in terms of zA ∂∂ / [44-46]. 
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3.1.2  Dispersion In Single Mode Fiber 
 

In the single-mode fiber, the group velocity for the fundamental mode is frequency 

dependent. The different spectral components of the pulse travel at slightly different 

group velocities, a phenomenon called the Group Velocity Dispersion (GVD) occurs 

which results in pulse broadening. The effect of GVD can be explained by using group 

delay per unit length, T(ω), defined as inverse of group velocity [44-45, 47]. 
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where Δω = ω - ωo and ωo is the center carrier frequency. As the frequency ω moves 

away from the center carrier frequency ωo, the group delay deviate from β1 which 

indicates dispersion. Also if pulse width decreases, due to increasing bit rate, spectral 

spread Δω increases and group velocity spread also increases indicating more severe 

dispersion. The dispersion can also be expressed in terms of the variation in the group 

delay with respect to the wavelength given as 
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where Δλ = λ - λo and λo = 2πc/ωo is the center wavelength. The first and second term on 

right hand side are called dispersion parameter and second-order dispersion parameter (or 

dispersion slope parameter), respectively and they are given as 
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The dispersion parameter D is expressed in units of ps/(nm-km). The dispersion slope 

parameter S is in units of ps/(nm2-km).  

We can relate time delay ΔT, which is the extent of pulse broadening for a fiber 

length L, with the transmission bit rate B. The time delay should be less than the allocated 

bit slot TB = 1/B. So the condition for this will be BΔT < 1, which indicates BL product 

(limiting bit rate-distance product).  

 

1<Δ=Δ λDBLTB           

1)( 2 <Δ=Δ λSBLTB          (3.12) 

 



 

 

27

For β2 > 0 (D < 0) it is called normal dispersion regime, where as for β2 < 0 (D > 

0) it is called anomalous dispersion regime. In the normal dispersion regime, high-

frequency (blue-shifted) components of an optical pulse travel slower than the low-

frequency (red-shifted) components of the same pulse. In the anomalous dispersion 

regime it is the opposite. Both dispersion regimes broaden the initial pulse. The 

dispersion slope β3 can be neglected when | β2 | exceeds 1 ps2/km [44-46]. 

When dispersion slope is neglected (β3 = 0), the solution to the propagation 

equation for the pulse evolution inside the single-mode fiber in Eq.(3.7) can be rewritten 

as 
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The initial pulse amplitude is obtained by performing inverse Fourier transform to 

the factor A(0, Δω) in Eq.(3.13), and it can be approximated by super-Gaussian model 

given by 
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where A0 is the peak amplitude, σ is the half-width (at 1/e intensity point). 

The dispersion induced degradation is due to the phase factor exp[iβ2z(Δω)2/2], or 

frequency chirp, in Eq. (3.13) obtained during the propagation along the fiber. The 

degradation induced by dispersion may be compensated by several ways, depending on 

the applications, using dispersion shifted fiber, low-chirp transmitters, soliton 

propagation and dispersion equalization. All these dispersion compensation schemes 

attempt to cancel the phase factor exp[iβ2z(Δω)2/2].  
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3.1.3  Positively Chirped Optical Source 
 

 The optical pulse emitted from the semiconductor laser exhibit considerable chirp, 

when it is directly modulated (positively chirped). The direct amplitude modulation in the 

semiconductor laser is accompanied by time varying phase. A time varying phase is 

equivalent to transient changes in the mode frequency from its steady-state value. The 

pulse having this property is called to have chirp. Taking account for the frequency chirp 

for direct modulated laser in fiber propagation, the initial pulse amplitude obtained in Eq. 

(3.14) is modified to [44-46, 48-50] 
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where C is the chirp parameter, which indicates amount of chirp induced in the pulse 

amplitude. 

The chirp of direct modulated lasers can be characterized by the time dependent 

change in frequency expressed as [48-52] 
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where φ is the phase profile in pulse amplitude as in Eq. (3.15) and P = |A|2 is the 

modulate optical power. For direct modulated laser the chirp parameter C is negative 

(positively chirped), typically -6, where the pulse is blue shifted near the leading edge 

and red shifted near the trailing edge, as observed experimentally by Linke [50] shown in 

Fig. 3.1. 

Fig.3.1 is the time resolved spectra for a 2ns optical pulse in 100ps steps from a 

positively chirped optical source. The wavelength is seen to move toward the blue on the 
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start-up (upper left side) and toward the red on the shut-down (upper right side). The total 

light is shown versus time in the inset. Fig3.2 shows the broadening factor, defined as the 

final-to-initial rms-width ratio as a function of the fiber propagation length for three 

values of chirp parameters 0, -3, and -5 (corresponds to the linewidth enhancement 

factors α = - C = 0, 3, and 5), respectively. Note, when the chirp parameter is negative, it 

is called positively chirped and when the chirp parameter is positive, it is called 

negatively chirped. The dashed line corresponds to the linearly chirped Gaussian pulse 

and solid line corresponds to the super-Gaussian pulse. A super-Gaussian pulse broadens 

faster than a Gaussian pulses with increase in the fiber propagation length and the 

situation becomes worse when the chirp parameter increases. The increase in broadening 

for super-Gaussian pulse is due to the abrupt changes in leading and trailing edges, which 

broaden the spectrum of the pulses. For the increase in the value of α (increase in the 

positive frequency chirp) leads to an additional spectral broadening that further increases 

the pulse rms-width ratio with propagation. 

Fig.3.3 is the dependence of the maximum achievable bit rate-distance (BD) 

product on the chirp parameter assuming that a pulse broadening of at most 20% can be 

tolerated. It is the case for the bit rate, B = 4Gbps propagating along standard single-

mode fiber having dispersion parameter, D = 16 ps/km/nm. It is clear that the system 

performance depends critically on the numerical values and the sign of the chirp 

parameter C. In particular, the BD product is larger when C is positive (negatively 

chirped). This is because the negatively chirped pulse undergoes an initial compression in 

the anomalous dispersion regime (β2 < 0, D > 0). However for semiconductor lasers, the 

chirp profile is positive (generally C = - 6). The positively chirped optical sources 

operating in the anomalous dispersion regime (laser center wavelength at 1.5um, using 

standard single-mode fiber) induce additional limit in propagation distance. 

There are some new approaches in semiconductor lasers to compensate the 

chromatic dispersion along the fiber transmission by modifying the characteristics of 

input pulses at the transmitter before they are launched into the fiber link. The underlying 

idea of this approache can be understood from Eq. (3.13). It consists of changing the 
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spectral amplitude A(0, Δω) of the input pulse in such a way that GVD-induced 

degradation is eliminated, or at least reduced, substantially. Clearly, if the spectral 

amplitude is changed as 

 

)2/)(exp(),0(),0( 2
2 LiAA βωωω Δ−Δ→Δ      (3.17) 

 

where L is the fiber length, GVD will be compensated exactly, and the pulse will retain 

its shape at the fiber output. Unfortunately, it is not easy to implement Eq. (3.17) in 

practice. In a simple approache, the input pulse is chirped suitably to minimize the GVD-

induced pules broadening. Since the frequency chirp is applied at the transmitter before 

propagation of the pulse, this technique is referred as pre-chirping. 

Fig.3.4(a) is an example of measured dispersion penalty for a BER of 1 x 10-9 in 

5Gbps transmission system using external LiNbO3 modulator with adjustable chirp [53-

54]. For the case of 128km transmission, operation with a chirp parameter of ~ 0.8 

reduces the dispersion penalty by 0.7dB. Similarly, at 192km and 256km the dispersion 

penalties were reduced by 0.5dB and 0.3dB by operating at a chirp parameter of 0.6 and 

0.4 respectively. Note, that there is a specific value of chirp parameter which minimizes 

the dispersion penalties at specific propagation length. Note also, the large value of chirp 

parameter (large negative chirp) does not improve the system performance, but lead to 

large dispersion penalties. In Fig.3.4(b), the received eye-patterns at 256km for different 

chirp parameters (C = 2, 1, 0, and -1), are shown. The top trace indicates the eye-pattern 

at the transmitter. Note the eye-opening is somewhat larger for negative chirp (C = 1) 

than the chirp-less case (C = 0). The eye-closure is severe even for the small value 

positive chirp (C = - 1). 
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3.2  The Reason For Tunable Dispersion Compensation 

 

3.2.1  Time Variant Optical Networks 

 

Fiber chromatic dispersion in optical networks has been considered as a time-

invariant phenomenon. The fixed compensation of signal impairments in a “set-and-

forget” approach at the time of manufacture and deployment would be expected to 

perform uniformly well over time. This is certainly the case for the optical networks 

operating at relatively low bit-rate where dispersion compensation is most often not 

needed. In scenarios that do not require either accurate compensation or dynamic 

network conditions, fixed compensation can be considered adequate. This static view is 

challenged more and more as the performance of optical networks continues to rise and 

the timescale of the system changes continues to decrease. The shrinking system margins 

are due to three key systems advances including, higher bit rates, WDM capabilities with 

narrower channel spacings, and the migration to more complex, time varying network 

topologies. The small changes that used to be insignificant when compared to the design 

power margins are now becoming very significant. These changes must now be 

compensated for to keep the systems operating. In addition, events that used to be viewed 

as catastrophic, such as restoration in case of failure, are becoming more common as the 

networks become truly reconfigurable. Therefore, it is not surprising that control of 

signal impairments in fiber-optic systems has acquired the new dimension of time, and 

that dispersion compensation has gained tunability as a highly desirable function [1]. 

 

3.2.2  The Reason For Tunable Dispersion Compensation 

 

 The fixed dispersion compensations are suitable only for relatively low-speed, 

static systems as explained above. For the future optical communication systems, 

compensation devices must be tunable due to the following reasons [1]: 
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1. Inventory management. Even in a static network, distances between 

dispersion compensation points will vary, depending on the geography of the 

region and on the traffic requirements. Each fiber link will have a different 

length, and the chromatic dispersion value of the deployed fiber is only 

accurate to within some nonzero factory specification. As such, dispersion 

compensation modules must cover a wide range of compensation values. Any 

system integration company would need to stock many different moduls of a 

given dispersion compensation module to account for the many values of 

accumulated chromatic dispersion. When considering inventory reduction, it 

is highly attractive to stock modules that can be tuned to the desired value, 

and the deployed interchangeably in a “set-and-forge” fashion. The alternative 

is to have a large stock of devices covering the whole range of required 

discrete compensation values or a source for custom devices to match the 

deployment needs. Similar considerations apply to the management of backup 

devices for an existing system. 

 

2. Accuracy for ≥40-Gbps systems. The required accuracy in dispersion 

compensation increases dramatically with the signal bit rate. Whereas the 

amount of residual dispersion that is tolerable at 10-Gbps in a partially-

compensated link is approximately 1000 ps/nm, this margin shrinks to only 60 

ps/nm for 40-Gbps systems. It is clear that providing highly accurate 

compensation would require either tunable or custom modules. Otherwise, 

increasing amounts of residual dispersion will accumulate over cascaded 

stages of imperfect partial dispersion compensation. The use of tunable 

modules seems to be the only practical solution for compensating 

accumulated dispersion with a manageable inventory of modules. 
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3. Changes in the path length. In a reconfigurable network, as signals are 

rerouted to avoid traffic congestion or faulty sections, the distance and type of 

fiber may change. The chromatic dispersion compensation unit at the receiver 

must follow these changes. It is important to note that even if the fiber spans 

are compensated periodically, span-by-span, the pervasive use of 

compensation at the trasmitter and receiver suggests that optimization and 

tunability based on the path will still be needed. Moreover, the span length 

itself is constantly modified by rework of the network in the form of splicing 

in case of fiber breakage and repair. 

 

4. Environmental effects. Temperature changes can lead to variations in 

dispersion that may be significant enough to impact the system. In fiber, the 

zero-dispersion wavelength changes with temperature, at a rate of 0.03 nm/℃. 

Thus, the relative changes in dispersion is proportional to the magnitude of 

the slope of the fiber and to the thermal change [55]. Given a temperature 

change of ΔT = 25℃, a distance of L = 500-km, and an SMF dispersion slope 

of D(2) = 0.08 ps/(nm2-km), the thermally induced variation in dispersion is 

ΔD = 30 ps/nm, which corresponds to the accumulated dispersion of 2-km of 

SMF or 7.5-km of NZDSF. This amount is relatively insignificant for 10-

Gbps systems, but is becoming significant for 40-Gbps systems, where the 1-

dB tolerance is at ~60 ps/nm. 

 

5. Wavelength drift and filter passband shape. It is quite possible that in any 

WDM network, various components, such as lasers, filters, and multiplexers 

will experience wavelength drift. Particularly in the case of SONET rings, 

there could potentially be many demux/mux pairs that must be traversed by a 

signal. Now let’s consider the filter passband shaper of filter and muxes. In 

any filter, there is a phase change induced on the transmitted signal if the 

signal is located off peak and on the sloping roll-off edges of the filter 
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passband function. A phase change can be thought as a time shift, in 

picoseconds. This change is taking place across the spectral bandwidth of the 

signal itself, as measured in nm. Therefore, a signal that passes through a filter 

but is not located at the peak will suffer from frequency-dependent phase 

delay (i.e., dispersion), which will then interact with the fiber chromatic 

dispersion and degrade the signal.  

 

6. Changes in the signal power. As channels are added/dropped in a network or 

if the transmitter power changes over time, the total power in the fiber will 

change, thereby changing the effect due to fiber nonlinearities [56]. As the 

power changes, the optimal dispersion-compensation map may also change, 

requiring tunability of the dispersion. For ≥40-Gbps signals, even self-phase 

modulation will change the dispersion map sufficiently to require tunable 

dispersion compensation [57]. 

 

7. High performance data formats. Tunability may be quite important when 

using nontraditional data formats in a system. For example, it has been shown 

that RZ transmission at 40-Gbps can extend the distance by a factor of two as 

compared to NRZ [58]. (Moreover, the RZ format is more sensitive to 

chromatic dispersion.) For this reason, RZ systems may require dynamically 

adaptive dispersion compensation even when NRZ formats may not. 

 

 

3.3  Previous Works On Optical Tunable Dispersion Compensation 

 

As explained in previous sections, tunable dispersion compensation is becoming 

an essential technique in the optical links. Techniques employed for tunable dispersion 

compensation can be divided into two different sectors. The ones that process the signal 

after the photodetector or perform dispersion equalization at the transmitter are called 
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“electrical”. In contrast, techniques that operate on the optical signal directly are termed 

“optical”. Both types of tunable dispersion compensation techniques (electrical and 

optical) have received considerable attention in recent years. 

In the electrical domain, a transversal filter is commonly employed, and the 

search for a “smart” equalizer filter capable of operating at bit rates as high as 80-Gbps is 

continuing [59-62]. The interest in electrical compensation is motivated by the possibility 

of integrating such a dispersion compensators with the photodetector and other receiver 

components. The combination of digital signal processing, high speed D/A converters 

and a complex E-field E/O converter enabled implementation of transmitter based 

electrical compensation possible. The advantages of the electrical techniques include the 

possibility of easily and dynamically tuning the amount of dispersion compensation. 

Beside pure performance, the size of compensators, its power consumption, the effort for 

adaptation and the cost are important factors in electrical techniques. 

In the optical domain, one way to compensate for the dispersion effects is to force 

the optical signal through a device where spectral components that traveled faster slow 

down relative to other components. This process can in principle be adjusted to equalize 

the delay over the entire spectrum of an optical pulse, resulting in full dispersion 

compensation. The main advantage of using optical TDC are the ability to share the 

compensators between channels, capability to perform in-line compensations, and the 

characteristics including independent of power comsumption and operating bit-rate. 

Table 3.1 summarizes advantages and disadvantages of optical and electrical TDC [63]. 

As both types of tunable dispersion compensation techniques have their own 

advantages, the best future solution is to combine both techniques. However, as bit rates 

increase, optical TDC may dominate over electrical TDC, because of their higher 

performance and lower power consumption. Also, as WDM networks become more 

complex and dynamic, optical TDCs may replace current DCF spools. 
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3.3.1  Previous Works On Optical Tunable Dispersion Compensation 

 

In this section, we introduce a number of previous approaches on optical TDC 

including MEMS [8], multicavity etalons [9-13], fiber Bragg grating (FBG) [14-23], and 

integrated optical devices [24-30]. 

The implementation of MEMS based TDC requires an optical circulator, a bulk 

diffraction grating, lenses, and MEMS mirrors, as shown in Fig.3.5. The insertion loss 

was around ~10 dB. It uses pulse shaping concept which was explained in detail in 

chapter 2 and first demonstrated in [34]. The input beam from a single-mode optical fiber 

is collimated through the first lens and goes to the bulk diffraction grating. WDM signals 

are separated to single channels and these signals are separated to angular frequency 

components, simultaneously by the bulk diffraction grating. Each beam is focused by the 

second lens onto the MEMS mirrors. The optical phase of each signal is tailored by one 

of the MEMS mirrors to give appropriate chromatic dispersion. The beams travel back to 

the lens and the bulk diffraction grating, and are coupled to the optical fiber. The output 

is separated by the optical circulator. MEMS mirrors are the key parts of this type of 

TDC. Fig.3.6 shows a schematic of the MEMS actuator and mirror. By changing the 

applied voltage given to the comb shape field actuator (from 0 to 100 V), the mirror 

deforms, as shown in Fig.3.6(a) and 3.6(b). Changing the applied voltage from 0 to 100 

V, the chromatic dispersion was changed from 4.6 to 16.7 ps/nm having tuning range of 

~12 ps/nm. 

The basic principle of multicavity etalon based TDC is shown in Fig.3.7 [9-13]. It 

employ two types of multicavity etalon, designed to have a linearly varying dispersion 

(as a function of wavelength) over a particular bandwidth. Etalon A in the figure is 

designed to have a negative dispersion slope while etalon B in the figure has a positive 

slope. The magnitude of the slopes are designed to be either equal to each other or in a 

simple ratio so that when the appropriate number of reflections is combined, there is a 

region where the dispersion is constant. The value of the dispersion is determined by the 
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relative spectral shift between the two etalons, which is controlled by thermoelectric 

cooler. The glass substrate thicknesses determine the overall device free spectral range 

(FSR). The end coating reflectivity (R1) is designed to be close to 100% to yield the all-

pass transfer function, while the other coating reflectivities vary down to about 0.1%. 

Optical coupling is achieved using grin lenses with a typical fiber–to-fiber loss per pass 

of 0.5 dB as shown in Fig.3.8. Fig.3.8 is an example of double-pass the (2A/2B) etalons, 

yielding 4A–4B reflections. The device has a tuning range of –1500 ~ +1700 ps/nm, 

25GHz FSR and the insertion loss of 8.2 dB. 

The most widely adopted optical TDC is FBG based TDC [14-23]. FBG has 

emerged as a powerful technology for dispersion compensation because of their potential 

for low loss, small footprint, and low optical nonlinearity. Bragg gratings are sections of 

single mode fiber in which the refractive index of the core is modulated in a periodic 

fashion as a function of the spatial coordinate along the length of the fiber. When the 

spatial periodicity of the modulation matches what is known as the Bragg condition with 

respect to the specific wavelength of light propagating through the fiber core, the periodic 

structure acts like an efficient mirror, reflecting the optical radiation that is traveling 

through the core of the fiber. This is know as a uniform grating and ideally reflects a 

single frequency of light. Such a resonant reflection structure has applications in optical 

filters, add/drop multiplexers, and optical switches. Most often, the useful part of the 

signal is that which is reflected from the grating. A three port optical circulator is 

traditionally used to separate the input and the output ports and enable the reflected wave 

to be accessed. For reflection based gratings, the transmitted part of the signal can be 

simply discarded by using an absorbing termination at the far end of the grating. When 

the periodicity of the grating is varied along the length, the result is a chirped grating, 

which can be used to compensate for chromatic dispersion. In chirped gratings, the Bragg 

matching condition for different optical frequencies occurs at different positions along 

the grating length. Thus, the round trip delay of each frequency can be tailored from the 

design of the chirp profile. In a data pulse that has been temporally distorted by 

chromatic dispersion, different frequency components arrive at the FBG with different 
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amounts of relative time delay. By tailoring the chirp profile such that the frequency 

components see a relative delay that is the inverse of the accumulated delay of the 

transmission fiber, the reflected pulse can be compressed. For instance, the frequencyies 

in the leading edge of a pulse are reflected later in the grating and incur a long time delay, 

whereas the frequencies in the trailing edge of the pulse are reflected in the earlier part of 

the grating and incur a shorter time delay. The negative dispersion induced by the grating 

can be characterized by the slope of the time delay when plotted as a function of 

wavelength, which is related to the grating chirp. The chirp, in turn, is the rate of change 

of the spatial frequency as a function of position along the grating. This time vs 

wavelength slope is in units of ps/nm, which is the same as the fiber chromatic dispersion. 

To achieve tunable dispersion compensation in a chirped FBG, the slope of the 

delay curve as a function of wavelength must be altered. Fig.3.9 shows the schematic of 

chirped reflective FBG based TDC. The ways to achieve tunability include bending [17], 

stretching [18], heating (thermal strain) [19], and rotating (mechanical strain) [21] the 

chirped FBG. The achieved tunable ranges and device bandwidth are summarized in 

Table 3.3. 

Several types of dispersion compensation devices can be integrated on an optical 

chip. Such integration has long term promise for low cost and high performance. The 

techniques include integrating array waveguide gratings (in other words wavelength 

grating router) [24-26] and integrating Mach-Zehnder interferometers with thermal phase 

tuning [27-29]. The waveguide layout and the concept of the TDC are shown in Fig.3.10. 

Light enters a planar lightwave circuit (PLC) containing an extremely high-resolution 

wavelength grating router (WGR) through the single waveguide that is attached to an 

optical circulator, which is used to separate the input and output signal. The light passes 

through a first free-space region in the PLC, is coupled into the WGR, and enters a 

second free-space region. At this second free-space region, the PLC is cut and the light is 

then spectrally spread out across a variable-curvature reflecting membrane. There is a 

plano-cylindrical glass lens attached to the PLC that collimates the light in the plane of 

the PLC. To achieve linear chromatic dispersion, variable curvature reflecting mirror has 
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been used to apply a phase distribution that varies quadratically with wavelength. The 

WGR approach also uses pulse shaping concept which was explained in detail in chapter 

2 and first demonstrated in [34]. 

Table.3.2 summarizes the characteristics of various technologies in optical TDC 

[1]. 

 

3.3.2  Figure Of Merit 

 

Given that the purpose of dispersion compensation devices is to provide negative 

dispersion, a figure of merit (FOM) is being used to compare the relative performance 

among the different solutions. The FOM is defined as [63] 

 
2)(BDFOM ×Δ=             (3.18) 

 

where ΔD is the dispersion adjustment range of the device and B is the bandwidth of the 

device. The larger FOM indicates better tunability with wider available bandwidth. The 

actual amount obtained by different technologies in terms of dispersion adjustment range 

(tuning range), device bandwidth, and normalized FOM are summarized in Table 3.3. 

 

 

3.4  Optical Tunable Dispersion Compensation With A VIPA based TDC 

 

3.4.1  VIPA Based Optical TDC 
 

In this section, VIPA based pulse shaper which provides both tunable dispersion 

compensation and DWDM capability will be explained in detail. The VIPA based optical 

TDC is identical to the VIPA Fourier transform pulse shaper used in the optical pulse 

burst manipulation explained in Chapter 2. The main difference is that for the optical 

pulse burst manipulations, the periodic spectral phase function is applied to a broadband 
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optical spectrum (much broader than VIPA FSR), where as for the tunable dispersion 

compensations, only single period spectral phase is applied to the input optical spectrum 

(narrower than VIPA FSR) and the periodic spectral phase function is used to extend 

applications to the DWDM. 

The schematic of the VIPA based optical TDC is shown in Fig.3.11 [35, 64]. It is 

similar to the setup in [6] but the curved mirror is replaced with a SLM to provide 

programmability without any moving parts. The VIPA spatially disperses the spectral 

components of each wavelength channels. The spatially dispersed spectral components 

are focused at the Fourier plane, where the SLM is located, by using a focal length lens. 

The SLM at the Fourier plane applies the phases of individual spectral components 

within each wavelength channels according to the desired phase function which is pre-

calculated to compensate the dispersion within the wavelength channels by a laboratory 

computer through a controller. For the reflected path, the lens and the VIPA recombine 

the dispersion compensated spectral components into a single output beam which is 

coupled back into the fiber. For the experiments of various fiber spans (in Fig.3.18 to 

Fig.3.22 and Fig.3.25 to Fig.3.26), a polarizer was inserted into the TDC setup to allow 

programmable independent phase and amplitude control. For the experiments of DWDM 

capabilities and polarization independence of TDC (in Fig.3.23 and Fig.3.24), the 

polarizer was removed and a flipper mirror and a polarimeter were inserted between the 

collimator and the VIPA to tap and monitor the polarization of the incoming light. The 

polarization controller at the input was used to change the polarization state of incoming 

light and later used to prove the polarization independence of the TDC. 

The optimum focal length for the semicylindrical lens, f1, is chosen to minimize 

beam clipping loss at the edge of the VIPA incident window as [7, 65],   
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where the incident angle θi = 2.5o, refractive index of glass nr = 2.0, VIPA thickness t = 

1.5-mm, operating wavelength λ0 = 1550-nm, and beam radius at the fiber collimator W = 

2.0-mm. We used f1 = 10.0-mm which is close to the optimal range. 

 The SLM is a standard liquid crystal modulator array composed of 128 

controllable pixels with dimensions of 2-mm by 100-μm per pixels which yields 12.8-

mm in total. The optimum focal length f2 for the focusing lens was found by [7, 65], 
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where θin = θi / nr = 1.25o and Δλ(x) ~ 9.0-mm is the spatial spread at the Fourier plane 

for wavelength of VIPA FSR (~ 0.4-nm, 50-GHz). We used the optimum value of f2 = 

300-mm (the spatial spread, Δλ(x), can be increased to 12.0-mm, which will cover the 

total SLM dimension by replacing f2 to 400-mm). In the actual experimental setup, we 

achieved spatial spread of 7.0-mm which yields 70 controllable pixels in the SLM which 

yields the spectral spread of ~0.0055-nm/pixel (~0.68-GHz/pixel) for each wavelength 

channels. The pulse shaper has the resolution of ~1-pixel/chip (meaning the beam 

diameter at the SLM is approximately the size of a pixel). The pulse shaper was 

configured in a reflective geometry which has the advantage of saving the components 

(and space) and provides simpler alignment. The periodicity of the TDC was ~49.98-GHz, 

which was determined by the VIPA FSR, with passbands approximately centered on the 

ITU grid. The insertion loss for the TDC including circulator and polarization controller 

is around 15-dB. As a DCF module today is capable of compensating 80kms of SMF 

transmission fiber with an insertion loss of about 6-dB, the loss of the TDC is comparable 

to the estimated 18-dB loss that would be incurred for compensation of a 240km SMF 

span with the DCF. The complete description of insertion loss mechanisms in VIPA 

based pulse shaper can be found in Appendix A. 

 In section 3.1, we have explained the dispersion induced degradation is due to the 

phase factor exp[iβ2z(Δω)2/2] in Eq.(3.13) obtained during the propagation along the 
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fiber and all dispersion compensation schemes attempt to cancel the phase factor 

exp[iβ2z(Δω)2/2]. This cancellation can be achieved by adding appropriate quadratic and 

cubic phase curve to the laser spectrum. Since the spectral components of the each 

wavelength channels are spatially dispersed at the Fourier plane of pulse shaper by the 

VIPA, quadratic and cubic phase curve can be added to the laser spectrum simply 

through applying the required voltage across the SLM by a laboratory computer through 

a controller. The phase provided by the n-th SLM pixel can be written as 
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where NBW is the total number of pixels, φquad (in squared picoseconds) and φcubic (in 

cubic picoseconds) represent the second and third order dispersion, respectively. δω (in 

rad/s) is the wavelength (or frequency) increment between the adjacent pixels. Note that 

the pixels are numbered in such way that longer wavelength components impinge on 

higher number pixels. φquad and φcubic are also the amplitudes of the quadratic and cubic 

phases involved in pulse shaping operation. We should also note, when |β2| exceeds 

1ps2/km, β3 term is neglected in practice [44-45], so we set φcubic = 0. 

Fig.3.12 shows the conceptual diagram of the quadratic phase applied to incident 

wave spectrum by SLM in VIPA based optical TDC. By using the amplitude modulation 

capability of the SLM, we have limited the passband within the FSR to 28-GHz (41 

pixels, shown as ΔΩ1 in Fig.3.12), which is large enough for 50-GHz spaced WDM 

systems, and placed the wavelength channel at the middle of the passband (passband 

characteristics of TDC is shown in Fig.3.25). This is done to ensure a linear mapping 

between optical frequency and spatial position (or SLM pixel number). 

Within the programmed passband, the quadratic phases provided by pixel n of the 

SLM can be formulated as [64] 
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where n is the pixel number from 1 to 41, φquad (in squared picoseconds) is the second-

order phase dispersion, Δf is the frequency increment between adjacent pixels (which is 

~0.0055nm or ~0.68-GHz in our case), and (DL)eff is the effective dispersion provided by 

the VIPA based optical TDC setup. The phase variation is discretely sampled over the 41 

pixels. The amount of chromatic dispersion applied by the TDC is determined by the 

quadratic phase variations within the pixels by changing φquad in Eq.(3.22). The 

chromatic dispersion compensation of 240km standard SMF transmission was achieved 

by applying quadratic phase with maximum excursion of -6.3π for pixels 1 and 41 in 

Eq.(3.22) (ΔΦmax = -6.3π in Fig.3.12). Likewise, 120km and 60km SMF were 

compensated by applying the quadratic phase with maximum excursion of -3.3π and -

1.8π, respectively. One of the significant advantages of our set-up is that the SLM in 

TDC has close to 800 different phase levels within the 0 to 2π range which can be 

programmed by using a laboratory PC and allow us to apply accurate values of chromatic 

dispersion needed in the system. 

 

 

3.4.2  Evaluating System Performances 
 

Bit Error Ratio (BER) Measurements 
 

In any digital communications transmission system, the fundamental measure of 

the quality of the system is found in the probability that transmitted bits will be correctly 

received as logic ones or zeros. The parameter that describes this measure of quality is 

the BER. Simply stated, BER is the average probability of incorrect bit identification of a 

bit by decision circuit of the receiver for a specified time interval or quantity of bits. A 

commonly used criterion for digital optical receivers requires BER of less than 1x 10-9 

[66]. 
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Fig.3.13 shows the schematic diagram of BER test set-up. The test equipment 

required to perform a BER test include a pattern generator and an error detector. The 

pattern generator will produce a known data sequence to the system or device under test. 

Test patterns can be designed such that they intentionally stress some aspect of the 

system. For example, a data sequence may be generated that is difficult for a clock 

recovery system to synchronize. Also, data patterns that attempt to mimic real traffic can 

be produced. A common pattern used is the pseudo-random binary sequence (PRBS). A 

PRBS has the characteristic of producing all possible combinations of ones and zeroes 

for a given pattern length. For example, a 27-1 PRBS pattern will produce all possible 

combinations of 7 bit binary numbers from 0000001 to 1111111 (The 0000000 sequence 

is not produced due to limitations of the logic hardware used to generate the pattern). 

Pattern generators also typically produce longer PRBS patterns, some as long as 231-1, 

that will generate all combinations of 31 bit binary numbers except the case of all zeros. 

The error detector is used to determine if the data received match the transmitted 

pattern. The error detector will receive the output of the receiver of the system. The 

system receiver under test will have attempted to determine the logic level of each bit 

transmitted by the system under test. The output of the receiver decision circuit is then 

routed to the error detector. In its most basic building blocks, the error detector consists 

of an internal pattern generator and an exclusive or logic gate. The error detectors 

internal pattern generator will produce a reference pattern identical to the pattern fed 

from the pattern generator feeding the test drive. The reference pattern is synchronized to 

the test device output and then compared bit for bit with the exclusive or gate. 

Determining the BER is then a simple matter of counting the total bits received and the 

number of bits that were incorrectly received. 

In typical digital communication systems, the power from the transmitter is large 

enough that if it were to arrive unattenuated at the system receiver, there would be error-

free communication. System performance in terms of BER is then often characterized in 

terms of the amount of attenuation between the transmitter and the receiver. Similarly, 

the BER can be characterized in terms of power level at the receiver. Fig.3.14 shows an 



 

 

45

example of a typical BER characterization of a high-speed system. As the received power 

decreased, the signal-to-noise ration is reduced and the probability of a bit being received 

in error increases. 

 

 

Eye diagram 
 

The eye diagram shown in Fig.3.15 is an overlay of many transmitted waveforms 

[66]. By using a clock signal as the trigger input to the digital sampling oscilloscope, the 

transmitted waveform can be sampled over virtually the entire data pattern generated by 

the transmitter. Thus, all the various bit sequences that might be encountered can be 

sampled to build-up a eye diagram. 

For eye diagram analysis the sample rate of a digital sampling oscilloscope is 

typically orders of magnitude slower than the data rate of the signal being characterized, 

i.e. when a point is sampled, the next adjacent point in time sampled will occur thousands 

of bits later in transmitted waveform. It should be noted that the intent of the eye diagram 

is not to display individual transmitted bits. Instead, it is constructed from a multitude of 

waveform samples. It then allows a good visual representation of the overall quality of 

the waveform. 

The eye diagram includes a significant amount of information about the 

transmitted signal. The relative separation between the two logic levels is easily seen in 

the vertical “opening” of the eye. Obviously, the more open the eye is, the easier it will 

be for the receiver to determine the signal logic level. Rise and fall times can be 

measured on an eye diagram to determine transmitter speed. Modern digital sampling 

oscilloscopes have the ability to automatically construct histograms to statistically 

analyze the eye diagram. The jitter describes the relative instability of the bit period or 

data rate of a signal. This can be quantified by measuring the variance in the relative time 

in which the rising and falling edges occur. By constructing a histogram at the eye 

diagram crossing point, jitter is determined. 
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3.4.3  Optical Transmission Results Using VIPA Based Optical TDC 
 

Fig.3.16 shows the experimental set-up for TDC. A Tektronix OTS 9010 Optical 

Test System which consists of pulse pattern generator (PPG) and bit error rate tester 

(BERT) modules has been used to measure transmission performances (For the return to 

zero (RZ) lightwave transmission experiments in Chapter 4, Agilent Technologies 

N490113 Serial BERT has been used). The PPG provides both the 10Gbps data signal (in 

non-return to zero (NRZ) with 231-1 length PRBS format) and the clock signal for the 

synchronization between the PPG and the BERT as shown in Fig.3.13. The electric-to-

optic (E/O) converter module is composed by a CW tunable laser, polarization controller 

(PC), and a LiNbO3 external modulator (shown in Fig.3.17(a)). The E/O converter 

module was intentionally positively chirped to yield similar characteristics as a directly 

modulated laser (shown in Fig.3.17(b)) explained in Section 3.1.3. A RF driver is used to 

amplify the 10Gbps PPG data signal and a bias-T is used to apply the amplified 10Gbps 

data signal and a fixed dc bias to the LiNbO3 external modulator input as shown in 

Fig.3.17(a). The output optical power of the CW LD is 5.0dBm. The LiNbO3 external 

modulator had ~7dB insertion loss and the two PCs before and after the LiNbO3 external 

modulator had ~3dB insertion loss including the connector losses. So the output optical 

power of E/O converter module is –5.0dBm. The polarization controller between the E/O 

converter module and the TDC is needed to change the polarization state of incoming 

light and later used to prove the polarization independence of the TDC. The TDC is a 

VIPA based optical TDC explained in detail in Section 3.4.1. The TDC and polarization 

controller combination had ~15dB insertion loss including the optical circulator, yielding 

–19.5dBm optical power at the output. The pre-compensated TDC output is then 

connected to the erbium doped fiber amplifier (EDFA) to boost the optical power. The 

EDFA is operated at 150mA bias current yielding ~30dB optical gain in the 1550nm 

window, resulting in 10.5dBm optical power. 

The transmission link consist of two fiber spans up to 240km SMF. An additional 

optial in-line amplifier (EDFA) was used to compensate the optical power loss within the 
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system link. Various length of fiber spools within the system link were used to generate 

different dispersions (20km ~ 240km SMF with D = +17ps/nm-km and 4.8km ~ 9.5km 

DCF with D = -90ps/nm-km) to prove tunability of TDC in both positive and negative 

directions, and variable optical attenuators (VOA) were placed after the fiber spools to 

fix the insertion loss within the fiber links to 26dB in order to maintain constant optical 

power of –16.0dBm at the optical in-line amplifier and pre-amplifier input for different 

fiber length. 

The received optical signal at the transmission link output is amplified by an 

optical pre-amplifier (EDFA). The tunable optical bandpass filter (BPF) from JDS Fitel 

(TB4500), having the 3dB bandwidth of ~1.3nm and the insertion loss of ~4dB in the 

1530nm to 1560 nm window, is used after the EDFA to filter out the optical amplifier 

noises (and select a single wavelength channel within the DWDM channels in the future 

experiments). Another VOA is used to vary the received optical power at the O/E 

converter module. By changing the received optical power with the VOA, we could 

construct the BER curve similar to Fig.3.14 which quantifies the system performance. 

The O/E converter module output is fed to the BERT to measure the BER. The O/E 

output is also connected to the digital sampling oscilloscope to measure the eye diagram. 

The 2x2 coupler is used to measure the optical power and the BER simultaneously as 

shown in Fig.3.16. 

Fig.3.18 shows TDC measurements using a positively chirped 10-Gbps NRZ 

source in terms of BER characteristics and power penalties. Fig.3.18(a) is the BER 

curves for SMF transmission without TDC upto 40km (which is the maximum distance 

that can be transmitted without TDC for our positively chirped 10-Gbps NRZ 

transmission system). The curve with cross(+) markers is the back-to-back case (B2B), 

where everything is removed except a VOA and a 2x2 coupler between the E/O module 

and the O/E converter module (no SMF propagation) in Fig.3.16. This curve will be used 

as the reference curve for the entire experiments. The curve with circle(○) markers is the 

case for no SMF propagation but every optical components between E/O module and O/E 

converter module in Fig.3.16 are included (B2B VIPA). In this case the SLM phase in 
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TDC set to a constant (No compensation). The ~1.5dB power penalty in B2B VIPA case 

from B2B case is partly due to additional components in the setup and partly due to the 

residual dispersion in VIPA based TDC setup (path length difference between shorter 

wavelength and longer wavelength within the VIPA based TDC setup [6]). It can be 

further reduced (or eliminated) by carefully aligning the setup. But we performed 

experiments without fully eliminating such residual dispersion, because it can be 

removed by applying some additional negative chromatic dispersion provided by the 

VIPA based TDC itself which is much simpler. The power penalties due to 20km and 

40km SMF transmissions are ~5dB and ~8dB, respectively. Fig.3.18(b) shows the BER 

curves for the chromatic dispersion compensation results for various fiber lengths upto 

240km (4080 ps/nm) using TDC. The chromatic dispersion compensation of 240km 

standard SMF transmission was achieved by chaning quadratic phase with maximum 

excursion of -6.3π for pixels 1 and 41 (ΔΦmax = -6.3π in Fig.3.12) by adjusting φquad in 

Eq.(3.22). Likewise, 120km and 60km SMF were compensated by applying the quadratic 

phase with maximum excursion of -3.3π and -1.8π, respectively. The results in 

Fig.3.18(b) show error-free transmission with the power penalty kept below 1-dB in all 

cases. For comparison figures also show the BER curves for back-to-back operation 

without the TDC set-up (B2B), with the TDC set-up but with the SLM phase set to a 

constant (B2B VIPA), and for 20km and 40km of SMF transmission without dispersion 

compensation (without TDC set-up). 

Fig.3.19 shows the eye diagrams of various SMF transmission lengths without 

TDC compensation using a 10-GHz photodiode (which was used to measure the BER in 

Fig.3.18). The eye diagrams start to degrade when SMF transmission length exceeds 

20km (Fig.3.19(b)), and they are completely closed when SMF transmission length 

exceeds 60km (Fig.3.19(d)). 

Fig.3.20 shows the eye diagrams of various SMF transmission lengths with 

optimum TDC compensation using a 10-GHz photodiode. The clear eye openings in 

these results show the accumulated dispersions are effectively removed by the TDC, 

which is consistent with the BER results in Fig.3.18. 
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Fig.3.21 shows BER curves for a positively chirped 10-Gbps NRZ source 

transmitted along the various DCF spans with and without TDC compensation. The BER 

curve with cross(+) markers is the back-to-back case (B2B) and the BER curve with up-

triangle(△) marker is the 4.8km DCF transmission without TDC. The results for the 

chromatic dispersion compensation for 4.8km DCF (+425 ps/nm) and 9.5km DCF (+850 

ps/nm) using TDC are shown in BER curve with circle(○) markers and down-triangle(▽) 

markers, respectively. The chromatic dispersion compensation of 9.5km DCF 

transmission was achieved by chaning quadratic phase with maximum excursion of 

+1.0π for pixels 1 and 41 (ΔΦmax = +1.0π in Fig.3.12) by adjusting φquad in Eq.(3.21). 

Likewise, 4.8km was compensated by applying the quadratic phase with maximum 

excursion of +0.4π. The results show error-free transmission with the power penalty kept 

below 1-dB in all cases. The results show the positive dispersion compensation 

capabilities of the VIPA based TDC. For comparison figures also show the BER curves 

for 20km (square(□) markers) and 40km (diamond(◊) markers) of SMF transmission 

without dispersion compensation (without TDC set-up). 

Fig.3.22 shows the eye diagrams of various DCF transmission lengths using a 10-

GHz photodiode. Fig.3.22(a) and (c) show the eye diagrams of 4.8km DCF transmission 

for before and after TDC compensation. Fig.3.22(b) and (d) show the eye diagrams of 

9.5km DCF transmission for before and after TDC compensation. The clear eye openings 

after the compensation results (Fig.3.22(c) and (d)) show the accumulated dispersions are 

effectively removed by the TDC, which is consistent with the BER results in Fig.3.21. 

To prove DWDM capability of the TDC, SMF transmission lengths was fixed to 

240km in Fig.3.16 (120km SMF in each fiber span) and four adjacent 50-GHz spaced 

ITU wavelength channels around 1550nm (1550.12, 1550.52, 1550.92, 1551.32nm) have 

been applied by tuning the wavelength of E/O module. The chromatic dispersion 

compensation for 240km SMF was achieved by chaning quadratic phase with maximum 

excursion of -6.3π for pixels 1 and 41 (ΔΦmax = -6.3π in Fig.3.12) by adjusting φquad in 

Eq.(3.22) and no additional adjustments were needed for different wavelengths. Similar 

error-free transmission has been achieved for all four wavelength cases as shown in 
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Fig.3.23 which shows potential WDM capability of the TDC if the VIPA FSR is matched 

to the WDM channel spacing. For comparison figures also show the BER curves for 

back-to-back operation without the TDC set-up (B2B), with the TDC set-up but with the 

SLM phase set to a constant (B2B VIPA), and for 20km and 40km of SMF transmission 

without dispersion compensation (without TDC set-up). 

Fig.3.24 shows the polarization independence of TDC. The BER was measured 

by using the setup with 240km SMF transmission compensated by TDC (-4080 ps/nm 

dispersion applied) with different polarization states. Five different polarization states 

(namely, arbitrary elliptical, linear horizontal, linear vertical, linear 45-degrees, left hand 

circular) were tested. The different polarization states were tuned by using a polarization 

controller at the TDC input and monitored by a polarimeter as shown in Fig.3.11. No 

adjustments were made at the TDC for the different polarization states. The results in 

Fig.3.24 show that the dependence of the power penalty due to the polarization is 

negligible. The BER for the back-to-back (B2B), 20km and 40km of SMF transmission 

without dispersion compensation is also shown in Fig.3.24 for comparison. 

Fig.3.25 shows the transmission spectra for the TDC with different dispersion 

settings ranging from -4080 to +4080 ps/nm. No significant changes in the transmission 

spectrum were observed. The deviation of the spectrum was less than 2-dB over the full 

range of the TDC tested. This indicates the capability of programmable wavelength-

dependent phase response with a relatively flat amplitude response that depends only 

weakly on wavelength and programmed dispersion. These are important features needed 

for tunable dispersion compensating modules. 

Fig.3.26(a) show examples of the spectral phase response which is another 

characterization measurements of the TDC performed by one of my collaborator Shijun 

Xiao. It is measured by modulating a microwave tone onto a CW laser, which is passed 

through the TDC, detected, and analyzed by a vector network analyzer over a 20-GHz 

optical band for several dispersion settings from -2000 to +2000 ps/nm. Detailed 

experimental setup is shown in Fig.3.26(b) and also can be found in [67]. The results 

confirm that clear quadratic phase functions can easily be applied. In some cases 
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evidence of small phase steps can be observed at large phase shifts (e.g. 6 ~ 10-GHz 

region of +2000 ps/nm). These steps correspond to the individual pixels in the SLM and 

can, in principle, be smoothed by reducing the spectral resolution of the VIPA based 

TDC. 
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Fig. 3.1  Time resolved spectra speed 100ps apart are shown for the start-up 
and shut-down portion of a pulse from a positively chirped optical source 
(adapted from [50]) 
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Fig.3.2  Broadening of a 125-psec half-width pulse with the fiber length for 
three values of the chirp parameters using D=16ps/nm/km. Solid and 
dashed curves correspond to super-Gaussian and Gaussian pulse shape 
(adapted from [46]). 
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Fig.3.3  Variation of maximum fiber length with chirp parameter C. The BD 
product shown is assuming a bit rate of 4Gbps (adapted from [46]). 
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(a)                              (b) 

Fig.3.4  (a) Measured dispersion penalty versus modulator chirp parameter in 
5Gbps transmission system using external LiNbO3 modulator with 
adjustable chirp,  (b) eye-patterns at 256km for different chirp parameters 
(adapted from [53]). 
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Fig.3.5  Schematics of MEMS based TDC (adapted from [8]). 
 

 

 
(a)      (b) 

Fig.3.6  Schematic of the MEMS actuator and mirror:  (a) No voltage applied. 
(0 [V]) (b) Voltage applied (100 [V]). (adapted from [8]). 
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Fig.3.7  Schematic of multicavity etalon TDC. The etalons have a reflective 

interface between each cavity with only R1 being close to 100% reflective. 
(adapted from [10-11]) 

 

 

 
Fig.3.8  Optical coupling configuration for multicavity etalon based TDC. 

(adapted from [10-11]) 
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Fig.3.9  Schematic of chirped reflective FBG based TDC. 
 

 

 

 
 

Fig.3.10  Schematic layout of the WGR based TDC using pulse shaper 
concept (adapted from [25]). 
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Fig.3.11  Schematic of VIPA based optical TDC 
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Fig.3.12  Conceptual diagram of quadratic phase applied to incident wave 
spectrum by SLM in a VIPA based optical TDC. 
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Fig.3.13  Schematic diagram of BER test set-up 
 

 

 
 

Fig.3.14  Example of typical BER curve (BER vs received power) 
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(a) 

 
(b) 

Fig.3.15  Example of typical eye diagrams : (a) For Non-Return-to-Zero 
(NRZ) signals.  (b)  For Return-to-Zero (RZ) signals. 
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Fig.3.16  Experimental set-up for TDC 

 

 

 

 

   
(a)                             (b) 

Fig.3.17  Electric-to-Optical (E/O) converter module :  (a) For LiNbO3 
external modulator.  (b) For directly modulated laser. 
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Fig.3.18(a) 
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Fig.3.18(b) 

 

Fig.3.18  TDC measurements using positively chirped 10-Gbps NRZ (231-1) 
source  (a) BER characteristics before compensation without TDC. “B2B 
VIPA” denotes the case for 0km transmission in Fig.3.16 with TDC set to 
apply zero (flat) phases for entire wavelength.  (b) BER characteristics 
after compensation for different SMF fiber spans. 
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(a)      (b) 

   
(c)      (d) 

   
(e)      (f) 

 
 

Fig.3.19  Eye diagrams before TDC compensation for a positively chirped 10-
Gbps NRZ (231-1) source  (a) Back-to-Back (B2B).  (b) After 20km 
SMF transmission.  (c) After 40km SMF transmission.  (d) After 60km 
SMF transmission.  (e) After 120km SMF transmission.  (f) After 
240km transmission. 

 



 

 

67

 

 

   
(a)      (b) 

   
(c)      (d) 

 
(f) 

 

Fig.3.20  Eye diagrams after optimum TDC compensation for a positively 
chirped 10-Gbps NRZ (231-1) source.  (a) 20km SMF transmission and 
compensation (-340 ps/nm).  (b) 40km SMF transmission and 
compensation (-680 ps/nm).  (c) 60km SMF transmission and 
compensation (-1020 ps/nm).  (d) 120km SMF transmission and 
compensation (-2040 ps/nm).  (e) 240km SMF transmission and 
compensation (-4080 ps/nm). 
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Fig.3.21  BER curves for a positively chirped 10-Gbps NRZ source 
transmitted along the various DCF spans with and without TDC 
compensation. 
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(a)      (b) 

   
(c)      (d) 

 

Fig.3.22  Eye diagrams of DCF transmission and compensation  (a) 4.8km 
DCF transmission without TDC compensation.  (b) 9.5km DCF 
transmission without TDC compensation.  (c) 4.8km DCF transmission 
and compensation (+425 ps/nm).  (d) 9.5km DCF transmission and 
compensation (+850 ps/nm). 
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Fig.3.23  BER curves for a positively chirped 10-Gbps NRZ source 
transmitted along 240km SMF and compensated by TDC for several 
adjacent 50-GHz spaced ITU wavelength channels around 1550nm 
(1550.12, 1550.52, 1550.92, 1551.32nm). 
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Fig.3.24  BER curves for a positively chirped 10-Gbps NRZ source 
transmitted along 240km SMF and compensated by TDC for five different 
polarization states (arbitrary elliptical, linear horizontal, linear vertical, 
linear 45-degrees, left hand circular). 
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Fig.3.25(a) 
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Fig.3.25(b) 

 

Fig.3.25  (a) VIPA based TDC Transmission spectra with different dispersion 
settings ranging (from -4080 ps/nm to +4080 ps/nm).  (b) Same figure as 
Fig. 3.25(a) with expanded axis. 
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(a) 

 

 
(b) 

 

Fig.3.26  (a) Measured phase response with different dispersion settings (from 
-2000 ps/nm to +2000 ps/nm) for TDC.  (b) Experimental Setup. 
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Table 3.1 
Comparison of optical and electrical TDC. 

Advantage 

- Theoretically compensate linear optical impairments perfectly 

- Compensate many channels simultaneously 

- Power consumption independent of bit rate Optical 

TDC 

Disadvantage 

- Compensation is linear only 

- Optics has cost disadvantage because of small market 

volumes 

Advantage 

- Compensation can readily be nonlinear 

- Electronics has cost advantage because of large market 

volumes 

Electrical 

TDC 

Disadvantage 

- Compensation after direct detection is imperfect because 

of loss of phase and polarization information (transmitter-

based or coherent-detection electrical TDC do have phase 

information, but have added complexity) 

- Compensate only one channel at a time 

- Power consumption increases with bit rate 

- Electronics becomes more and more difficult as bit rate 

increases 
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Table 3.2 
Characteristics of optical TDC technologies. 

Technology 
Insertion 

loss 

Channel 

spacing 

Nonlinear 

effect 

Tuning 

speed 

Difficult 

challenge 

DCF 0.2 dB/km Any High Not tunable Fabrication 

FBG ~ 4dB Fixed Low ~ 1ms 
Grating design,  

Piezo stability 

AWG ~ 10dB Fixed Low ~ 100ms 
Packaging, 

Control 

MZI ~ 10dB Fixed Low ~ 100ms 
Packaging, 

Control 

VIPA ~ 15dB Fixed Low ~ 10ms 
Coating, 

Alignment 
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Table 3.3 
Comparison of optical TDC technologies. 

Sector Technology 
Tuning Range 

[ps/nm] 

BW 

[GHz] 

FOM 

(norm.) 
Ref. 

MEMS MEMS -4.6 ~ -16.7 (12) 400 1.92 [8] 

GT-etalon -200 ~ +200 (400) 20 0.16 [9] 

Multicavity etalon -220 ~ +200 (440) 80 2.81 [10] 

Multicavity etalon 

-800 ~ +800 (1600) 

-1500 ~ +1700 (3200) 

-500 ~ +500 (1000) 

25 

25 

30 

1.00 

2.00 

0.91 

[11] 

Cascaded single cavity -500 ~ +500 (1000) 20 0.40 [12] 

Etalon 

Coupled cavity etalon -300 ~ +400 (700) NA NA [13] 

Polymer FBG (simulation) -110 ~ -2400 (2200) NA NA [14] 

Dual FBG, thermal strain -180 ~ -380 (200) NA NA [15] 

Piezoelectric actuator -100 ~ -600 (500) 62.5 1.95 [16] 

Bending metal support beam 
SMF 100km (1500) 

-400 ~ +400 (800) 

100 

100 

15.00 

8.00 
[17] 

Stretcher 
-300 ~ -700 (400) 

-300 ~ +300 (600) 

100 

100 

4.00 

6.00 
[18] 

Thermal strain -370 ~ -1420 (1050) 23 0.55 [19] 

Stretcher & thermal strain -178 ~ -302 (130) 150 2.92 [20] 

Mechanical bending -495.5 ~ -1406 (910) NA NA [21] 

Magnetic Field -188 ~ -472 (280) 200 11.20 [22] 

FBG 

Mechanical strain -290 ~ -730 (440) 100 4.40 [23] 
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Table 3.3 
Comparison of optical TDC technologies (continued). 

Sector Technology 
Tuning Range 

[ps/nm] 

BW 

[GHz] 

FOM 

(norm.) 
Ref. 

WGR 
-200 ~ +200 (400) 

-500 ~ +500 (1000) 

100 

100 

4.00 

10.00 

[24] 

[25] 

WGR (OFC 2006, PDP10) -1125 ~ +150 (1375) 25 0.85 [26] 

MZI interferometer SMF 200km (3400) 25 2.12 [27] 

3 stage MZI interferometer 
SMF 180km (3060) 

-200 ~ +200 (400) 

50 

100 

7.65 

4.00 
[28] 

3 stage MZI interferometer SMF 225km (3825) 25 2.39 [29] 

PLC 

Ring resonator SMF 185km (3000) 50 7.50 [30] 

3-D mirror (JLT 2002) -650 ~ +650 (1300) 100 13.00 [32] 

3-D mirror (ECOC 2000) -800 ~ +800 (1600) 100 16.00 [33] VIPA 

SLM (Our Work) -4080 ~ +850 (4900) 50 12.25  
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4. RETURN-TO-ZERO LIGHTWAVE TRANSMISSION WITH 

VIPA BASED PULSE SHAPER 
 

4.1  Introduction 

 

The choice of modulation format has an important performance/economic trade-

off. From a performance standpoint, the best modulation format is dictated by many 

system parameters, such as system length, the fiber type, the dispersion management, and 

the optical bandwidth. One of the key challenges of the system design is to transmit a 

pulse shape that will survive the long transmission distance in the presence of dispersion, 

fiber nonlinearity and the added optical noise from the amplifiers [1]. 

Transmission based on this simple on/off pulse scheme is referred to a unipolar 

pulse system. When the shape of the light pulse used is a rectangular pulse that occupies 

the entire bit period, the format is referred to as a Non-Return-to-Zero (NRZ) format. A 

string of binary data with optical pulses that do not occupy the entire bit period are 

described generically as Return-to-Zero (RZ). Much attention has been focused recently 

on the use of RZ signaling [1] because of its demonstrated improved immunity to fiber 

nonlinearities related to NRZ [1, 68]. If rectangular pulses were generated with a pulse 

width half the bit time, their spectral occupancy would be twice that of NRZ, as the first 

nulls in the frequency domain would occur at +/-2B, relative to the optical carrier, and 

their potential spectral efficiency would be one half that of NRZ signals. But as the RZ 

format occupies twice the spectral width of NRZ format, it will be more severely effected 

by the chromatic dispersion. 

Previous works on tunable dispersion compensation for RZ signal transmissions 

include nonlinearly-chirped fiber Bragg grating [69] and multicavity etalon [10] based 

TDC. However the tuning range of these works is limited to ±250 ps/nm. In the 
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previous chapter, we have demonstrated a TDC capable of producing a tuning range of -

4080 ~ +850 ps/nm a using the transmission setup with 10-Gbps positively chirped NRZ 

signals. Here, we extend our work to demonstrate tunable chromatic dispersion 

compensation for 10-Gbps Return-to-Zero (RZ) signal transmissions with different pulse 

durations using standard SMF upto 100-km (-1700ps/nm). 

 

 

4.2  Experiments And Results 

 

We composed a RZ signal transmission setup as shown in Fig.4.1 to measure the 

TDC performance in terms of the dispersion power penalty. The VIPA based TDC is 

explained in detail in Section 3.4.1. A pulse-width and wavelength tunable RZ 

transmitter producing 10-Gbps RZ signals is used as the optical source [70,71]. This 

tunable RZ transmitter includes a 10-GHz actively mode-locked fiber laser and a high 

resolution grating based pulse shaper which is able to resolve individual spectral lines 

generated from the mode-locked laser. This line-by-line pulse shaper functions as a 

wavelength and bandwidth tunable high resolution optical filter for precise spectral line-

by-line control. By appropriately setting the pulse shaper, width and wavelength tunable 

pulses can be achieved, in which the wavelength is determined by the passband of the 

pulse shaper and the pulse width is determined by the number of spectral lines passing 

through the pulse shaper. These pulses are passed through a standard intensity modulator 

for on-off keying at 10-Gbps. This results in a pulse-width tunable RZ transmitter. The 

RZ transmitter was composed by one of my collaborators Zhi Jiang. 

In the experiment, the RZ transmitter was tuned for ~1550.1nm center wavelength 

to match the TDC passband as shown in Fig.4.2. The pulse duration was tuned to produce 

~30ps pulses (~33% RZ) as shown in Fig.4.5(a) (also shown in the inset of Fig.4.1) and 

~50ps pulses (~50% RZ) as shown in Fig.4.5(d). Two EDFAs were used to compensate 

the optical power loss within the system link, various lengths of fiber spools were used to 

generate different dispersions (20km ~ 100km SMF with D = +17 ps/nm-km) to prove 
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the tunablity of TDC, and variable optical attenuators were placed after the fiber spools 

to fix the insertion loss within the fiber links to 26-dB in order to maintain constant 

power at the second optical amplifier input for different fiber lengths. An optical 

bandpass filter (BPF) with ~2nm passband was used to remove optical amplifier noise 

and a 10-GHz photodiode was used to detect the optical signal for BER measurements. 

Fig.4.3(a) shows the BER for back-to-back operation without the TDC setup 

(B2B) and with the TDC setup but with the SLM phase set to a constant (B2B VIPA), 

and for 20km, 30km, and 40km of SMF transmission without dispersion compensation 

(without TDC setup) using the RZ transmission setup with ~33ps pulse duration in inset 

of Fig.4.1. The dispersion power penalties for 20km, 30km, and 40km of SMF 

transmission are 3dB, 6dB, and 10dB, respectively. Fig.4.3(b) shows the BER results 

when the TDC is optimized for various SMF spans up to 100km for 33% RZ data by 

programming the appropriate quadratic phase function onto the SLM. The results in the 

figure show error-free transmission, with the power penalty kept below 1-dB in all cases. 

For comparison the figure also shows the BER without the TDC setup for a 20km 

uncompensated SMF span that is identical to the curve in Fig.3a. We also have obtained 

very similar (error-free) results using our TDC (same setting for given span length) for 

50% RZ signal transmission over spans up to 100km as shown in Fig.4.4. 

Fig.4.5 shows the typical eye diagrams (another key optical transmission 

performance gauge) for back-to-back, and for 100km SMF transmission both before and 

after chromatic dispersion compensation 33% RZ (Fig.4.5(a)-(c)) and 50% RZ 

(Fig.4.5(d)-(f)) signals. Fig.4.5(a) and 4.5(d) show the back-to-back results for the 33% 

RZ and 50% RZ signals which were measure by using 50-GHz photodiode and 50-GHz 

bandwidth sampling oscilloscope. Fig.4.5(b) and 4.5(e) show the results for 100km SMF 

transmission before the TDC compensation using a 10-GHz photodiode (which was used 

to measure the BER in Fig.4.3). The eye diagrams are completely closed in both cases. 

Fig.4.5(c) and 4.5(f) show the chromatic dispersion compensated results for 100km SMF 

transmission with the TDC using a 10-GHz photodiode (which was used to measure the 

BER in Fig.4.3). The clear eye openings in these results show the accumulated 
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dispersions are effectively removed by the TDC, which is consistent with the BER results 

in Fig.4.3(b). These results clearly indicate the effectiveness of the TDC compensation 

for different pulse durations. 

Both the BER curves and eye diagrams remain well behaved over the full range 

of fiber lengths and dispersion tested, and for both 33% and 50% RZ formats. The reason 

for performing TDC compensation up to 100km SMF was due to the accumulated optical 

amplifier noise (amplifier spontaneous emission (ASE) noise) within the transmission 

link rather than the TDC compensation capability itself. This can easily be resolved by 

using the additional optical filters (i.e. ASE rejection filters) after every one or two fiber 

spans within the transmission link. Therefore, the extension to compensation of even 

larger amounts of dispersion should be possible. 
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Fig.4.1  Schematic diagram for the experimental setup for RZ lightwave 
transmission. 

 

 
Fig.4.2  TDC transmittance and optical spectrum for the optically generated 

RZ signal with different pulse durations. 
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Fig.4.3(a) 
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Fig.4.3(b) 

 

Fig.4.3  TDC measurements using 33% RZ signal source : (a) BER vs 
received power without TDC.  (b) BER vs received power after TDC 
optimum compensation. 
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Fig.4.4  TDC measurements : BER vs received power after TDC optimum 
compensation for 50% RZ signal source. 
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(a)      (d) 

   
(b)      (e) 

   
(c)      (f) 

 

Fig.4.5  Eye diagrams for 10-Gbps RZ source : (a) For 33% RZ, back-to-back 
without TDC (measured by 50-GHz PD).  (b) For 33% RZ, 100km SMF 
transmission without TDC.  (c) For 33% RZ, 100km SMF transmission 
with optimum compensation by TDC.  (d) For 50% RZ, back-to-back 
without TDC (measured by 50-GHz PD).  (e) For 50% RZ, 100km SMF 
transmission without TDC.  (f) For 50% RZ, 100km SMF transmission 
with optimum compensation by TDC 
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5. CONCLUSION 
 

We have demonstrated an optical tunable dispersion compensator (TDC) using 

Virtually-Imaged Phased-Array (VIPA) based Fourier transform pulse shaper. The TDC 

can provide accurate chromatic dispersion compensation of -4080 ~ +850 ps/nm with 50-

GHz spaced WDM capability and polarization independence. We performed the 

evaluation of the TDC using a positively chirped 10-Gbps nonreturn-to-zero (NRZ) data 

signals over a range of 0 to 240 km SMF and 0 to 9.5 km DCF. Our results correspond to 

full tunable dispersion compensation of 3x more SMF than previously reported results 

and should be expected to provide a tuning range of ±4080 ps/nm without changes to the 

compensator setup. This is, to our best knowledge, the largest tuning range achieved for 

an optical TDC with WDM capability. Furthermore, because both the transmission 

spectra and the BER curves remain well behaved over the full range of fiber lengths and 

dispersion tested, we believe that extension to compensation of even larger amount of 

dispersion is possible. 

We have extended our tunable chromatic dispersion compensation experiments 

with different modulation formats (10-Gbps RZ lightwave transmission with different 

pulse durations). 33% RZ and 50% RZ formats have been evaluated using optical 

transmission link upto 100km SMF (-1700 ps/nm). We achieved error-free transmission 

upto 100km SMF and no signs of specral distortions were observed, we believe that 

extension to compensation of larger amount of dispersion is possible in different 

modulation formats. 

We also have demonstrated optical pulse burst manipulations using similar VIPA 

based Fourier transform pulse shaping apparatus. Because we used ultrashort pulses with 

spectra broader than the free spectral range in this application, the spatial phase function 

applied with the pulse shaper is replicated periodically onto the optical spectrum. The 

result is that the pulse shaper output is a burst of pulses, with the pulse spacing equal to 
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the inverse of the VIPA free spectral range. The intensities of the individual pulses in the 

burst are determined by a temporal envelope function obtained from the inverse Fourier 

transform of the applied spatial phase function. These effects arise specifically because of 

the periodic spectral dispersion provided by the VIPA and have not been observed with 

grating based Fourier transform pulse shapers. Our experimental data are in good 

agreement with simulations. Our VIPA based Fourier transform pulse shaping scheme 

also holds promise for programmable optical waveform synthesizers (as well as optical 

TDC) with finer spectral resolution than conventional grating-based pulse shapers. 
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A.  LOSS MECHANISMS IN VIPA BASED PULSE SHAPER 

 
A simple model for understanding loss mechanisms in VIPA based pulse shaper is 

explained in this appendix. The model assumes Gaussian beam propagation along the 
free space. The Gaussian beam can be expressed as, 
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where E0 is the initial field amplitude, ω0 is the beam waist, n is the refractive index, and 
λ0 is the operating wavelength. The first term in Eq.(A.1) is the amplitude factor which 
describes amplitude of fields as beam propagates along z-direction. The second term in 
Eq.(A.1) is the longitudinal phase factor which describes changes in phase of beam as it 
propagates along z-direction. The last term in Eq.(A.1) is the radial phase factor which 
describes equiphase surface along z-direction (spherical with curvature R(z)), more 
details can be found in [72]. 
 The application of Gaussian beam in the VIPA can be understood as sum of the 
multiple beams in one observation plane with different phase fronts as (the concepts are 
shown in Fig.A.1 and Fig.A.2) 
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Fig.A.1  Gaussian beam path within the VIPA and output field at observation 
plane. 

 

 
 

Fig.A.2  Multiple output field at the VIPA output (observation plane) 
expressed in terms of propagation axis (z-axis). 
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where  
 

int
dN

θtan2 ×
= , inn tz θsin2=       (A.4) 

 
where d is the length of the VIPA, t is the thickness of the VIPA, θin is the light incident 
angle, N is the total number of discrete fields which is equal to the number of bounces of 
light path within VIPA, and zn is the distance (spacing) between multiple outputs. Fig.A.3 
shows a simulated example of normalized VIPA output intensity profile with respect to 
positions along the VIPA at the observation plane #1 in Fig.A.1. 
 
 
 

 
 

Fig.A.3  Simulated example of VIPA output at the observation plane. 
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The loss mechanisms of VIPA based pulse shaper include loss due to finite length 

of VIPA, loss due to coupling between propagating and reflecting waves, loss due to 
placing spatial mask (filter), and loss due to finite incident window. 
 The loss mechanism due to finite length of VIPA can be expressed as (and shown 
in Fig.A.4). 
 

transfiniteinc PPP +=         (A.5) 
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where, Lfinite, Pinc, Pfinite, Ptrans denote loss due to finite length of VIPA, VIPA incident 
optical power, optical power lost due to finite length of VIPA, and transmitted optical 
power. The amount of loss can be adjusted by changing incident angle (thus increasing or 
decreasing number of bounces in the VIPA). 
 

 
Fig.A.4  VIPA loss due to finite length of VIPA. 
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 Fig.A.5 shows simulated results of VIPA output due to the coupling loss between 
propagating and reflecting waves. The coupling loss between propagating and reflecting 
waves arise from the geometry of apparatus which produces filpped version of multiple 
waves in propagating and reflecting directions as shown in Fig.A.5. Fig.A.6 shows the 
setup and observation planes of VIPA based pulse shaper to measure the loss mechanism 
due to coupling between propagating and reflecting waves. The propagating waves 
observed at VIPA output plane #1 in Fig.A.6 are those similar to Fig.A.3 (peak at the left 
hand side in Fig.A.5), and the reflecting waves observed at VIPA output plane #2 in 
Fig.A.6 have flipped profiles (peak at the right hand side in Fig.A.5). Fig.A.7 shows the 
convolved results of propagating and reflecting waves. 
 
 
 

 
 
 

Fig.A.5  Simulated example of overlapped VIPA output of propagating and 
reflecting waves at the observation planes. 
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Fig.A.6  Setup and observation planes of VIPA based pulse shaper to measure 
the loss mechanism due to coupling between propagating and reflecting 
waves. 

 
 
 

 
 
 

Fig.A.7  Convolved intensity for propagating and reflecting waves. 
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The loss mechanism due to placing a spatial mask (filter) arise due to passing 

only one spatial mode at the Fourier plane of the pulse shaper. This is similar to baseband 
operations which gets rid of all high frequency terms. It is more convenient to implement 
phase and amplitude modulation with one spatial mode after placing spatial masks but 
induce some additional losses.  

The loss due to finite incident window happens because of the clipped portion of 
incident wave and first reflected wave. This losses can be adjusted by changing the 
incident beam size and incident angle. 
 The controllable parameters for the insertion loss mechanisms in VIPA based 
pulse shaper are relative amount of shift between VIPA DeMux and VIPA Mux (δ), input 
beam incident angle (θin), size of input beam waist (ω0), size of spatial mask (Δν), 
reflectivity of VIPA (R), and position of incident beam (d) as shown in Fig.A.8. 
 Fig.A.9 to A.12 show some results of changing controllable parameters for the 
insertion loss mechanisms in VIPA based pulse shaper. For these simulations, the size of 
spatial mask was fixed to get lowest order (baseband) mode only, the position of incident 
beam was centered in the middle (where it has lowest loss), and changing the reflectivity 
of VIPA was not considered. The length and thichness of the VIPA were 11-mm and 1.5-
mm, respectively. 
 Fig.A.9 shows the simulated results for controlling the relative amount of shift 
between VIPA DeMux and VIPA Mux (δ). The beam waist was fixed to ω0 = 50um and 
incident angle was θin = 3-degrees. The upper figures are the overlapped intensities of 
propagating and reflecting waves and the lower figures are the convolved results of 
propagating and reflecting waves. Fig.A.9(a), A.9(b), A.9(c), A.9(d) are δ = 0, δ = 3, δ = 
5, δ = 8-mm, respectively. Fig.A.10 shows the insertion loss for controlling the relative 
amount of shift between VIPA DeMux and VIPA Mux. The minimum insertion loss 
occurs at δ = 6-mm. 
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Fig.A.8  Controllable parameters for the insertion loss mechanisms in VIPA 
based pulse shaper : relative amount of shift between VIPA DeMux and 
VIPA Mux (δ), input beam incident angle (θin), position of incident beam 
(d). 
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(a) δ = 0-mm     (b) δ = 3-mm 

 

   
(c) δ = 5-mm      (d) δ = 8-mm 

 
 

Fig.A.9  Simulated results for controlling the relative amount of shift between 
VIPA DeMux and VIPA Mux (δ). The upper figures are the overlapped 
intensities of propagating and reflecting waves and the lower figures are 
the convolved results of propagating and reflecting waves. 
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Fig.A.10  Insertion loss for controlling the relative amount of shift between 
VIPA DeMux and VIPA Mux. The minimum insertion loss occurs at δ = 
6-mm. 

 
 

Fig.A.11 shows the simulated results of intensity of propagating waves for 
changing incident angle (θin). The beam waist was fixed to ω0 = 60um. Fig.A.11(a), 
A.11(b), A.11(c) are θin = 5, θin = 10, θin = 15-degrees, respectively. As incident angle 
increases, spacing between multiple modes increase, resulting in reduced number of 
bounces in VIPA. Fig.A.12 shows the insertion loss for changing incident angle. 
Optimum values for θin and δ are shown. The minimum insertion loss occurs at θin = 5-
degrees and δ = 8-mm. 
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(a) 5-degrees 

 
(b) 10-degrees 

 
(c) 15-degrees 

 
Fig.A.11  Simulated results of intensity of propagating waves for changing 

incident angle (θin). 
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Fig.A.12  Insertion loss for changing incident angle (θin). Optimum values of 
θin and δ are shown. 

 


