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ABSTRACT 

Metcalf, Andrew J. M.S.E.C.E., Purdue University, May 2012.  Fully Programmable 

Two-Dimensional Ultra-Complex Broadband Fine-Resolution Pulse Shaping.  Major 

Professor:   Andrew M. Weiner. 

 

 

 

We present a fully programmable pulse shaping apparatus capable of simultaneous 

amplitude and phase control at a very fine resolution over a broad bandwidth.  This 

programmable shaper features a two-dimensional dispersion profile which is achieved by 

using both a Virtually Imaged Phased Array (VIPA) as well as a transmission grating as 

spectral dispersers.  Calibration techniques will be discussed which transform this static 

setup into a fully programmable one having automated wavelength to spatial mapping, 

phase calibration, and the ability to be operated in a closed-loop manner.  The 

programmability is achieved through the use of a 2-D Liquid Crystal on Silicon phase-

only spatial light modulator.  Experimental results are shown that include line-by-line 

amplitude and phase shaping of 5 GHz frequency combs as well as an application in 

optically assisted radio frequency arbitrary waveform generation.
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1. INTRODUCTION 

Femtosecond pulse shaping is a process of reshaping ultrafast light pulses and can be 

used to generate user defined optical waveforms [1-3]. The most widely adopted method 

is called Fourier pulse shaping and has been used in numerous applications including 

optical communications, spectroscopy and microscopy, coherent control of quantum 

processes, and recently in ultra-broadband radio-frequency photonics [4-9].  In this 

contribution we focus on a shaper designed for applications requiring very fine resolution 

control over a broad bandwidth, such as needed when shaping finely (GHz) spaced 

frequency combs.  Section 1.1 gives a brief overview of pulse shaping and line-by-line 

control of FC’s. Section 1.2 discuses drawbacks that conventional shapers face in high 

resolution shaping and how our two-dimensional (2-D) device combined with 

programmability can overcome those issues.  Section 1.3 will give an overview of the 

layout of the rest of this thesis. 

 

1.1. Pulse Shaping with Frequency Combs 

 

The basic idea behind Fourier pulse shaping is that by dispersing light spatially we are 

able to access the various frequency components that make up the pulse, then by applying 

a complex mask using a spatial light modulator (SLM) we can alter the amplitude and 

phase of the components, the light is then recombined and a Fourier synthesis ensues 

resulting in a user-defined waveform.  Typically the pulse trains to be shaped are 

generated using a Femtosecond mode locked laser, or by imposing strong phase 

modulation on a continuous wave (CW) source.  Both of these methods can produce 

ultrafast pulse trains in the time domain, which correspond to discrete frequency 

components that are evenly spaced across the spectrum.  These spectral components are 
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commonly referred to as a frequency comb (FC) because visually they are similar to a 

comb.  

In the last decade major advancements in the stabilization of frequency combs have 

allowed researches to determine the exact frequency of the spectral components, this has 

had a profound impact in many research fields [10].   For many of these applications we 

desire user defined optical waveforms that have 100% duty factor which require that the 

individual spectral components be shaped independently, this is commonly referred to as 

line-by-line shaping [11].  The spacing between spectral components (FC repetition rate) 

can be on the order of MHz-THz, however applications of line-by-line shaping are 

typically found with FC repetition rates on the order of GHz.  This is because it is very 

difficult to access individual comb lines for a source spaced very close, say KHz apart, 

also combs with repetition rates in the 10’s of GHz nicely correspond to the data rates in 

current optical communications.  For applications requiring combs in this GHz frequency 

range, the sources developed by modulating CW lasers have proved to be the most stable.  

However, even frequency combs spaced at the GHz level present challenges when trying 

to shape line-by-line over large bandwidths.  

  

1.2. High Resolution Shaping 

 

In current pulse shapers that employ a one-dimensional (1-D) dispersion profile, there is 

an inherent tradeoff between the desired fine resolution needed to control the individual 

frequency components and the available bandwidth of the device. In the case of Fourier 

shaping with an SLM, we are limited by the amount of control elements (pixels) that can 

fit within the spatially dispersed beam.  In conventional shapers the limitation owes to the 

size and interconnect spacing between pixels, limiting the number of controllable 

elements between 128 to 640 pixels [3]. 

To overcome the trade-off between bandwidth and resolution, members in our group 

developed a new shaping apparatus capable of dispersing light into two dimensions, 

utilizing a broad bandwidth disperser as well as a high resolution disperser [12].  The 

broad bandwidth was achieved using a diffraction grating, which is the common method 
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in 1-D shapers.  For the high resolution dispersion a virtually-imaged phased array 

(VIPA) was chosen [13].  After the initial results in [12], which relied on a static mask, a 

new SLM was introduced to the setup [14], allowing for programmable control. The new 

device is based on liquid crystal on silicon (LCoS) technology, in which the crystals are 

placed directly on a silicon back plane, thus eliminating the need for electrical traces and 

greatly reducing the size of the pixels.  The specific device chosen was a HOLOeye 

1080p LCoS SLM, comprised of ~2 million controllable pixels arranged in a 2D array 

[15].  In order to take advantage of this new device and achieve full functionality of the 

shaper, the setup needed to be made fully programmable.  

In order to make the device programmable, we needed to know the precise location 

of the individual frequency components as well as the relationship between the applied 

drive voltages sent to the liquid crystal vs. actual phase delays applied to the spectrum.  

However, due to the increased complexity of the setup and extremely large amount of 

control elements required to control GHz spaced features over large bandwidths, it was 

not a minor task.  First, because the dispersion profile is now in two dimensions and 

oriented at an angle it made determining where the individual frequencies fell on the 

masking plane more difficult.  Also, due to the extremely large amount of controllable 

elements, data storage and calibration time became limiting factors when deciding on 

calibration techniques.   

A solution was developed combining a phase calibration method along with a new 

spatial mapping technique, resulting in a shaper capable of controlling ~3 GHz features 

over 60 nm.  These parameters make the shaper ideal for shaping frequency combs 

spaced as fine as 5 GHz over the full communication band (C-band).  The shaper also has 

the ability to be operated in a closed loop setup, which opens possibilities for waveform 

optimization and applications in coherent quantum control.  Here we present our fully 2-

D programmable shaper including experimental results showcasing simultaneous phase 

and amplitude control of 5GHz frequency combs.  Also included are experimental results 

for an application in radio-frequency arbitrary-waveform generation (RF-AWG), which 

makes use of all of the shapers features listed above. 
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1.3. Organization of Thesis 

 

The remainder of this Thesis is organized as follows.  Section 2.0 starts by giving a brief 

introduction to the fundamental concepts behind Fourier transform pulse shaping; 

including a brief discussion on how SLMs actually work, followed by discussion on the 

2-D shaper.  Section 3.0, will talk about the process of phase calibrating and spatial 

mapping. Section 4.0, will present experimental results that showcase the fine resolution 

and full programmability of the setup in controlling 5 GHz frequency combs, including 

operation in a closed-loop setup.  Section 5.0 will discuss an application in RF-AWG, 

utilizing the 2-D shaper.  Finally, Section 6.0 will summarize and review ideas for 

various applications and future work.
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2. HIGH RESOLUTION BROADBAND PULSE SHAPING 

In this chapter we will introduce our 2-D shaping apparatus.  We will discuss the 

limitations that conventional 1-D shapers face and how our 2-D shaper overcomes those 

challenges.  Important features of the shaper will be discussed in detail.  In Section 2.1 

we start with the basic theory behind pulse shaping.  In Section 2.2 we discuss the 

bandwidth and resolution limitations of 1-D shapers. Section 2.3 gives a brief 

introduction to VIPAs and how they work.  Section 2.4 explains how merging a VIPA 

and grating into a 2-D setup allows us to overcome the limitations faced in 1-D shapers.  

Finally, in Section 2.5 we introduce the LCoS SLM, the device that will be responsible 

for making our setup programmable.  This will lead into Chapter 3 where we discuss the 

work done in achieving full automation and programmability.   

 

2.1. Basic Shaping Theory   

 

Here we give a brief overview of the basic pulse shaping theory needed to grasp the 

concepts presented later in this thesis. For more detailed review see [16].  Fig 2.1 below 

shows the basic setup of a Fourier transform pulse shaper.  The concept is to use a 

spectral disperser (in this case a grating) to spread the light spatially which allows access 

to the individual frequency components that make up the pulse.  A mask is then applied 

to the dispersed light which alters the phase and/or amplitude of the individual 

components.  This spatial ‘Mask’ used for modulation can be static.  However, now it is 

commonly comprised of a liquid crystal (LC) array(s) which allow for programmability 

[1, 17, 18].  
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Fig 2.1 Conventional 4-f pulse shaping setup, reproduced from [3]. 

 

After the spectral components have passed through the complex mask they are then 

recombined using lenses, resulting in a Fourier synthesis that produces a shaped output 

waveform.  The altered spectral components are related to the final output waveform 

through the commonly known Fourier transform. An important feature is that if no mask 

is applied, the output waveform will be an exact replica of the input waveform; this is 

commonly referred to as “dispersion free” and is typically accomplished in what is 

known as a 4-f configuration [1].  “4-f” refers to 4-times the focal length of the lens and 

is equal to the total path length the beam travels while dispersed spatially.  This 4-f zero-

dispersion condition is common in 1-D pulse shapers but it will be slightly modified in 

our 2-D setup as will be discussed in the next Chapter.  

We can express the relationship between the input and output waveforms by viewing 

the mask as a complex transfer function.  If we let        and         represent the input 

pulse in the time and frequency domain, respectively, and we express the spatially 

dependent complex mask function as M(x), then the output waveform is given by, Eq.( 1 

) [3], where   gives the spatial dispersion of the mask. 

 

                     ( 1 ) 

 

Using this formulation we can get the time domain representation of the output waveform 

by simply taking the inverse Fourier transform of the masking function and convolving it 

with the input pulse, the result is given below, Eq.( 2 ) [3]. 

                
 

  
             ( 2 ) 
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2.2. Limitation in 1-D Fourier Shaping 

 

The time and frequency domain have an inverse relationship in Fourier pulse shaping.  

The smallest controllable feature in the frequency domain corresponds to the maximum 

duration of the time domain waveform.  Similarly, the amount of spectral bandwidth 

corresponds to the smallest possible time domain feature, analogous to the idea of a 

bandwidth-limited pulse.  In order to have a long time aperture we would like the mask 

features to be very small in comparison to the spot size, which corresponds to high 

resolution.  As seen in Fig 2.2 below, the change in frequency ‘df’ is inversely related to 

the time aperture ‘T’. Therefore in order to achieve waveforms extending long periods of 

time we require high resolution in our shaper.   

 

 

Fig 2.2 (a) Frequency domain, B=bandwidth, df=smallest spectral feature, (b) Time domain, T= time 

aperture, dt=smallest time domain feature. Reproduced from [3] 

 

Here it is convenient to define the time-bandwidth product (TBP), which can give insight 

into the complexity of a waveform.  It is defined by the B * T or equivalently B/df or 

T/dt, where a higher TBP corresponds to a more complex waveform.  In order to have a 

high TBP we require the ability to control fine spectral features over a large bandwidth.  

However, in a 1-D configuration this is difficult if not impossible, due to the limited 

amount of control elements that can fit within the dispersed beam. Specifically in 

programmable shapers that employ LC technology, the limitation is a combination of the 

finite pixel size as well as the interconnect space required between pixels. These limit the 

amount of controllable elements as well as the available geometries for pixel 

arrangement. In order to increase resolution in a 1-D grating setup we would need to 

reduce the grating line spacing while at the same time increase the beam size [11], which 

proves to be a difficult task. Shapers employing only a grating have reported high 
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resolutions up to ~5 GHz but have a limited bandwidth of <1 THz [11].  Other schemes 

use fine-resolution dispersers such as VIPAs [19, 20], Arrayed Waveguide Gratings [21],  

and fiber Bragg gratings [22], but these devices have their own bandwidth limitations.  

Other high resolution shapers such as those employing VIPA’s have reported resolutions 

as fine as ~700 MHz [23], but the bandwidth is severely limited to lie within the VIPA’s 

free spectral range (FSR), which usually is not larger than a few hundred GHz.   In order 

to achieve broad bandwidth and fine resolution we can imagine a combination of these 

two dispersers. V.R Supradeepa and other members of our group achieved this by 

combining a VIPA along with a transmission grating in a cross dispersion setup.  Before 

we introduce the setup it is important to understand a little more about how the VIPA 

actually disperses light. 

 

2.3. Virtually Imaged Phased Array (VIPA) 

 

A VIPA is similar to a side entrance Fabry-Pero etalon, and relies on multiple beam 

interference to disperse light [24], see Fig 2.3. On the incident face ‘R’, the cavity is 

coated with a 100% reflective coating, except for a small window towards one end where 

light is focused and enters the cavity, which in our case is filled with air.  The opposite 

face ‘r’, where the light exits, is coated with a partial reflective coating at ~96% 

reflectivity.  The VIPA is tilted at a small angle in relation to the incident beam, usually 

less than 6°.  The light coupled into the VIPA then bounces around the cavity, shown in 

Fig 2.3(a), until it escapes out of the partial reflective ‘r’ face.  Due to multiple beam 

interference that takes place within the cavity, the angle the light exits becomes 

wavelength dependent, as shown in Fig 2.3(b). 

As mentioned before, the VIPA only disperses light uniquely within its FSR.  For 

bandwidths that extend past a single FSR, any two wavelengths which are separated by 

an integer number of the VIPA’s FSR will be dispersed to the same spatial location.  This 

spatial redundancy is what limits the available bandwidth in a VIPA dispersive device.  A 

more detailed explanation of VIPAs can be found in [19, 24].  However, it is easy to 
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imagine that we can add a second disperser, such as a grating to break up the VIPA’s 

redundancy and give each wavelength a unique spatial location.   

 

Fig 2.3 (a) Side-view of VIPA showing beam path within etalon and location of the virtual source, (b) setup 

of coupling light into VIPA and wavelength dispersion at output. Reproduced from [3] 

 

2.4. Two Dimensional Shaping  

 

As mentioned in the previous subsection, we would like a way to break up the spatial 

overlap in dispersed light from the VIPA, so that we may access all of the frequency 

components.  To address the problem our group designed a pulse shaper that employed a 

transmission grating to break up the spatial degeneracy of the VIPA, allowing access to 

very fine resolution over a broad bandwidth [12].  Although this dispersion scheme had 

been reported previously in applications such as FC spectroscopy [25], optical 

communications [26], and polarization sensing [27], it had never been implemented in a 

pulse shaper. It should be noted that other pulse shaping experiments have relied on 2-D 

shaping geometries, but their aim was not to increase the time-bandwidth product 

(complexity) of the waveforms. Such experiments include adding additional masks in the 

extra dimension and then scanning between them to produce faster waveform transitions 

[28, 29].  Others took advantage of the extra dimension to implement multiple masks for 

separate waveforms [30, 31].  Another key difference between the previous 2-D shaping 

experiments [28-31] and our setup is that they only used a single type of spectral 

disperser.  
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Our 2-D shaper arrangement can be seen in Fig 2.4, where the incident light is first 

focused into the VIPA (200 GHz FSR) which disperses it vertically. Next, the vertically 

displaced light travels through the transmission grating (940 lines/mm) where it is spread 

into the horizontal direction.  The light then passes through two separate lenses which 

focus it onto the masking plane in a 2-D array.  Two lenses are required because of 

temporal dispersion conditions that arise from the VIPA.  Unlike the 4-f setup that 

grating shapers use, where the grating-lens and lens-mask distances are exactly equal to 

the focal length, the VIPA setup requires a slightly modified distance to satisfy zero 

temporal dispersion.  For detailed information on this VIPA dispersion condition see 

[32]. 

 
Fig 2.4  Experimental setup: the vertically displaced light that exits the VIPA (200 GHz FSR) then travels 

through the transmission grating (940 lines/mm) where it is dispersed in the horizontal direction, the 

expanded light beam is then focused with two cylindrical lenses onto the masking plane where the 2D 

LCOS SLM shapes the spectrum. 

 

After the light travels through both lenses it is focused onto the masking plane.  It is then 

reflected and returns down the same path, where it is coupled back into the fiber and 

measured at the output of a circulator.  In some experiments a beam splitter was placed 

between the grating lens and the masking plane in order to monitor the spatial profile of 

the light.  An image of the power distribution at the masking plane can be seen in Fig 2.5.  

As we can see the light is spread over two dimensions, with the power spectrum slightly 

tilted as we move from left to right.  

Lens for Grating 

2D LCoS SLM 

Lens for VIPA 

Transmission Grating 
Virtually Imaged 

Phased Array (VIPA) 

Cylindrical 

focusing 

lens 

OUTPUT 
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Fig 2.5 Image using a CCD IR camera of the masking plane of a 50 MHz repetition rate Erbium fiber laser 

with no mask applied.  Reproduced from [12] 

 

2.5. Programmability in the 2-D Shaper 

 

As mentioned earlier, in order to take full advantage of the 2-D shaper we would like to 

be able to access and control all the dispersed frequency components in a programmable 

manner.  Many different methods have been shown that introduce programmability into 

pulse shaping [1], but the most widely adopted method is by using a liquid crystal SLM. 

A liquid crystal is a material that exhibits properties of both a liquid as well as a solid 

crystal structure.  Like crystals, the molecules in an SLM are aligned in an organized 

structure and on average point in one direction; however, the liquid-like properties of the 

crystal allow that direction to change.  In our SLM when a voltage is applied to the 

crystals they tilt a certain angle in the z-y plane.  Because of the oblong shape of the 

crystals this angle affects the optical birefringence of the cell.  For example, with a strong 

electric field applied, the LC’s will tilt to align with the z-axis, resulting in a minimal 

change in phase.  This relationship allows us to control the phase of the light transmitted 

through the cell by varying the electric field.  Amplitude control using a single SLM can 

be accomplished by adding a 45° polarizer to the setup, but the phase can no longer be 

controlled independently [1].  In order to get simultaneous amplitude and phase control in 

these convention SLMs, two layers of liquid crystals are required, an example of this 

setup is shown in [33].  Also as mentioned in the introduction, the finite size of electrodes 

limits the size and amount of pixels that can be grouped together.  However, a new form 
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of LC device called Liquid Crystal on Silicon, where the electrodes are replaced by a 

silicon back plane, allows us to overcome these limitations.  This new type of device 

allows for pixels to be grouped in a 2-D array comprised of millions of controllable 

pixels.  Also due to the small pixel size in relation to the spot size, new techniques have 

been developed that allow for simultaneous amplitude and phase control using only a 

single SLM [28].  The small pixel size and 2-D format available in these LCoS devices 

make them a perfect fit for our 2-D shapers dispersion profile. 

The specific device used in our setup is a HOLOeye 1080p SLM.  The device is 

made up of a 2-D array of LC’s which are formed directly on a layer of silicon, allowing 

for an array of over two million pixels, each with a size of ~8um.  Because a single 

wavelength falls upon many individual pixels we can effectively oversample the beam.  

This allows us to create binary blazed gratings within each wavelength.   

The blazed grating is made up of a sawtooth phase profile with a maximum phase 

excursion (or height) of 2π.  A continuous blazed grating with amplitude 2π would 

diffract 100% of the incident light into the 1
st
 diffraction order.  However, we can vary 

the amount of light by changing the amplitude of the grating. Also, by varying the 

periodicity of the grating we can change the angle, referred to as the ‘blaze’ angle, in 

which the first order beam is diffracted.   

In our setup we considered two things when determining the grating: 1) we wanted 

our blaze angle to be large enough to allow sufficient spatial separation between the 

different diffraction orders, and 2) because our blazed grating is made of discrete phase 

steps, we wanted as many as possible in order to simulate a continuous grating. Keeping 

these in mind, we formed a sawtooth grating with a periodicity of five pixels.   The pixels 

are then grouped together into superpixels consisting of 10x10 pixels, which allow for 

two periods of the grating. Amplitude modulation is then achieved by varying the phase 

excursion of the gratings within each superpixel.  Simultaneously phase shaping is 

accomplished by adding a flat average phase to the superpixel [28], see Fig 2.6. 
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Fig 2.6 The average phase is slowly varying and determines the average height of the sinusoid.  The phase 

excursion from the average value correlates to the size of the grating and the amount of diffracted light. 

 

This diffraction technique has been used in both 1
st
 order and 0

th
 order configurations.  In 

a 0
th

 order configuration the SLM masking plane is oriented perpendicular to the 

incoming light and any grating applied to the screen will diffract light out of the beams 

return path.  In a 1
st
 order setup, the SLM is slightly tilted with respect to the incoming 

beam; in this case if no grating is applied then all the light will be directly reflected out of 

the return beam path.  However, by applying an appropriately chosen grating, some of the 

light can be diffracted back into the return beam path, see Fig 2.7.  Both of these 

configurations where tested in [29], showing that the 0
th

 order gave better insertion loss, 

whereas the 1
st
 order gave better extinction ratio. The different results between the two 

orientations can be attributed to the dead space in between the pixels (the spaces where 

light that cannot be controlled); in the 0
th

 order configuration all of this light returns down 

the beam path, however, in 1
st
 order setup this un-modulated light is reflected away, 

giving a higher extinction ratio and better SNR.   
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Fig 2.7  Depiction SLM in a 1

st
 order setup.  With no grating applied to the screen the SLM reflects all light 

in the zero order direction.  When the correct grating is applied light can be reflected back into the 1
st
 order 

direction.  Because no grating is applied to the dead spaces all of that light is still reflected in the 0
th

 order 

direction thus increasing the extinction ratio. 
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3. CALIBRATION AND AUTOMATION 

In this chapter we discuss the process of transforming our static pulse shaper into a fully 

programmable setup capable of closed-loop control.  We start in section 3.1 by outlining 

the experimental setup and briefly discuss alignment procedure.  Section 3.2 discusses the 

calibration procedure required to map the phase delay vs. applied electric field.  Section 

3.3 discusses the mapping procedure, which can be run automatically to relate the 

wavelengths spatial position to a location on the SLM.  Basic experimental results from 

the mapping process and final mapping data will also be shown.   

 

3.1. Experimental Setup and Alignment 

 

The 2-D shaper alignment can be achieved in multiple ways. However, we have found 

the following procedure to be the most effective.  First the shaper is aligned as it would 

be without the 2-D components, i.e. by removing the VIPA, VIPA focusing lens, and the 

VIPA cylindrical lens.  After we are comfortable with the loss we add the 2-D 

components into the setup and fine tune for loss and dispersion.  It should be noted that 

for all the following experiments, except the phase calibration, the SLM was oriented in a 

1
st
 order configuration, where the 0

th
 order light is reflected out of the return beam.  This 

was done to give us an increased SNR ratio.   

The actual orientation of our setup is depicted in Fig 3.1.  An important aspect worth 

mentioning is movable base ‘E’, this device allowed simultaneous axial control along the 

beam path of the VIPA ‘D’ and the VIPA coupling lens ‘C’.  This addition proved to be a 

major time saver in alignment, which can sometimes be a time consuming process.  For a 

detailed step-by-step review of the alignment procedure see Appendix A.   



 

 

16 

Collimator Polarizer
VIPA Focusing 

Lens

Control 

along beam 

axis

VIPA Angle 

wrt vertical 

axis

VIPA 

distance 

from Focus 

lense

Holoeye SLM

Fourier 

Lens for 

VIPA

Fourier lens 

for Dif 

Grating

VIPA

2D Components

Beam Path

Edge of Table

Diffraction Grating

A

B

C D

G

F

E

H

I
A) Collimator

B) Polarizer

C) Cylindrical Focusing lens for VIPA

D) Virtually Imaged Phase Array (VIPA)

E) ‘Boat’ - allows simultaneous control of C and D along beam path

F) Diffraction Grating

G) Fourier lens for VIPA

H) Fourier lens for diffraction grating 

I) Holoeye SLM

 

Fig 3.1 Experimental laboratory setup, the red line indicates the beam path and the items listed in blue are 

the 2D components. 

 

The results after alignment in a 1
st
 order configuration are given below, here the source is 

a relatively flat ASE spectrum with a 40 nm bandwidth, we can see the output of the 

shaper is virtually dispersion free with a loss of 20 dB.  The full spectrum is shown in Fig 

3.2(a), and a single FSR is shown in Fig 3.2(b). 

d
B

Wavelength [nm] Wavelength [nm]

(a) (b)

 
Fig 3.2 (a) blue: input to shaper, green: output of shaper with no mask applied, (b) Zoom of one FSR of 

output of shaper. 
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3.2. Calibration for Phase in the 2-D Shaper 

 

Spatial light modulators work by altering the voltage potential across the liquid crystals.  

Depending on the potential applied, the crystals tilt a certain angle with respect to the y-

axis, changing the cell’s optical birefringence.  This relationship between drive voltage 

and crystal position is what allows us to control the phase of the light.  A precise 

knowledge of this voltage-to-phase relationship is crucial in obtaining a programmable 

setup.  Various methods have been demonstrated to calibrate this including using a 

Michelson interferometer [34], using a method involving multiple beam interference 

suggested by HOLOeye, or by transforming the SLM into an amplitude modulator by 

altering the polarization of the incoming light [16].  Here we choose the last example 

because of the relatively simple setup and procedure.   

In normal operating procedure for the SLM, we send in only y-polarized light 

because that is the only light we are able to modulate.  However, if we were to instead 

send in linearly polarized light at an angle of 45° with respect LCs, the output intensity 

becomes dependent on the difference in phase between the two arms of polarization.  By 

recording the change in amplitude vs. drive voltage we can recover the relationship 

between voltage and phase delay.  The corresponding equation relating the output to 

phase is given by Eq.( 3 )[16], where    is the voltage dependent phase.  

 

         
 

        
     

     

 
 ( 3 ) 

   

For the calibration setup we place our SLM in the 0
th

 order configuration, allowing us to 

apply a flat phase without worrying about grating effects (this is because we first need to 

know the phase relationship in order to create an effective grating).  Now by scanning the 

driving voltage of the SLM across its full range we recover the phase delay from Eq.( 3 ).  

The results are shown in Fig 3.3 for various wavelengths across the C-band.  As we can 

see from the results, we recover a phase profile covering the full 2π range as desired.  

Now that we know the precise phase relationship we need to determine the spatial 

location where the frequency components are dispersed.   
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Fig 3.3 Phase calibration data for various wavelengths.  The x-axis corresponds to the gray level or 

equivalently the drive voltage applied to the SLM. 

 

3.3. Wavelength to Pixel Mapping 

 

One of the main obstacles and most time consuming aspects of achieving 

programmability involved the process of mapping the dispersed frequency components to 

the correct spatial locations on the SLM.  Because of the 2-D dispersion profile combined 

with the small size of the pixels (~8 m) and the enormous number of them (~2 million), 

it was quite a task to map the wavelengths to specific pixel locations in both an accurate 

and timely manner.   

Various mapping techniques have been demonstrated to connect wavelengths with 

their spatial position on SLMs.  However, in our case these methods were determined to 

be either too time consuming or un-adaptable to our setup.  For example, Vaughan et.al 

[35] used a scheme similar to the one we used for phase calibration, with a slight 

modification to facilitate spatial mapping.  The difference is they only added a phase 

delay to specific pixels, allowing them to relate the wavelength where the notch in the 

spectrum occurred to the physical pixel location. However, this technique would have 

required us to change the polarizer between 0° and 45° before and after calibration. Due 
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to the sensitivity of our setup we would prefer a technique that would not require altering 

an optical component after the setup had been aligned and calibrated. 

By taking advantage of our SLM’s small pixel size we came up with a procedure that 

would allow mapping without altering any components afterwards.  The idea is that by 

forming a finely spaced grating on only a portion of the screen, we can diffract a small 

part of the spectrum into the return path, allowing us to relate the corresponding spectral 

feature with our grating location. A similar technique had been performed in [36], 

however, the dispersion profile was only in one dimension.  In our case the dispersion 

profile is much more complicated and is a function of both x and y, requiring many more 

data points and not allowing for a simple linear fit.  Despite the increased complexity of 

our setup the basic idea behind this technique was adopted to fit our application.  

 

3.3.1. Mapping technique  

 

The shaper setup for wavelength to spatial mapping is the same as our as our original 

shaping setup in Fig 3.1 and can be achieved in both 1
st
 and 0

th
 order configurations. In 

the case of 1
st
 order configuration (which provides better extinction ratio) the SLM is 

oriented at a slight angle from the normal of the incident beam.  This way when no 

diffractive grating is applied to the SLM the majority of light is reflected out of the beam 

path.  By applying an appropriately chosen grating to a small portion of the screen we can 

diffract a small amount of spectrum into the return path.  The difference between the 0
th

 

and 1
st
 order configuration can be seen in Fig 3.4. 

1
st
 Order

Zero Order

All reflected light

Diffractive Grating Applied No Grating Applied

Incoming light Incoming light

θ θ

 

Fig 3.4 1
st
 and 0

th
 order configurations for SLM. 
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In order to form gratings, the pixels are grouped together in ‘superpixels’ which are 

comprised of 10x10 pixels.  This pixel size was chosen to allow for two periods of the 

grating within each superpixel while at the same time giving us enough pixels to avoid 

large phase jumps within the grating; this resulted in superpixels corresponding ~3GHz 

spectral features at FWHM.  After dividing up the screen into superpixels we were left 

with 20,736 independently controllable elements.  If we were to map each superpixel 

individually, assuming an optical spectrum analyzer (OSA) trace combined with data 

transfer takes around 15 seconds, we arrive at a total mapping time of ~86 hours.  

Obviously this time is unacceptable and an alternative approach had to be taken. 

We came up with a method that allowed us to keep the same basic technique while 

also limiting the amount of spectral traces required of the OSA.  The idea is that instead 

of recording the power spectrum of superpixels individually, we can group rows and 

columns of superpixels together allowing us more rapid data acquisition.  The resulting 

information will then be processed in MATLAB to determine the exact wavelength at 

each spatial location. 

1535 1540 1545 1550

wavelength [nm]  
 

Fig 3.5 (a) Mapping technique, gray lines indicate rows and columns where a grating is applied.  First all 

rows are stepped through, then all columns, (b) Example of data taken from row and column trace.  The 

two data traces are multiplied together to determine the wavelength at the orange superpixel, red: row trace 

with peaks separated by multiples of FSR, blue: column trace with single peak 

 

Fig 3.5 gives the idea behind the technique.  In Fig 3.5(a), the gray bars represents where 

the grating will be placed, with the white representing a flat phase (no grating applied).  

First the program sweeps through all the columns recording the power spectrum at 

intervals of the superpixel size (10 pixels), then repeats the same process for all the rows.  

(a) (b) 
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According to the 2D dispersion profile shown in Fig 2.5, we would expect the data from 

the row gratings to intersect a small portion of many different FSRs, giving us ~3 GHZ 

features spaced at integer numbers of the FSR; corresponding to the red trace in Fig 

3.5(b).  The vertical columns however would give us a single spectral feature; given by 

the blue trace Fig 3.5(b).  The recorded spectra are then multiplied together to determine 

the exact wavelength at each superpixel location.  For example, the orange location 

shown in Fig 3.5(a) gives the spatial location corresponding to the wavelength obtained 

my multiplying the     column with the     row.  The duration of this new technique, 

assuming the same OSA parameters as above, would take a little over an hour. 

 

3.3.2. Obtaining Addressability 

 

Using the above technique we obtain a fixed grid of superpixels, each with the ability to 

control ~3 GHz features in the spectrum.  This would be our ending point if we were 

always dealing with continuous spectra and did not put requirements on the exact 

placement of the individual 3 GHz features.  However, when using sources that produce 

discrete spectra, such as FCs, we need a way to address the exact location of the each 

discrete wavelength in order to center our superpixel on it.  A fixed grid as determined 

above will not work because it has essentially no addressability.  For instance, if a comb 

line were to fall at the intersection of two superpixels we would need to turn on both 

superpixels in order to control that comb line.  However, if both superpixels are turned on 

then we no longer have 3 GHz resolution, we would have 2x3, or 6 GHz.  This becomes a 

problem for example, if our comb lines are spaced at less than 6 GHz apart.  To 

circumvent this problem a new solution involving movable superpixels needed to be 

implemented, one allowing for addressability. 

To give an idea of the amount of addressability needed, let’s look at the numbers 

required to control a 5 GHz frequency comb.  With the combs teeth spaced 5 GHz apart 

and the smallest allowable superpixel size corresponding to ~3 GHz resolution, we would 

require an addressability of less than 2 GHz just to ensure no overlap between 

superpixels, see Fig 3.6.(a).  An even more stringent requirement is imposed from the 
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linewidth and instabilities of the source.  For example, if we only had the above 

requirement of 2 GHz addressability (available center positions spaced 2 GHz apart), our 

3 GHz superpixel could potentially be placed a maximum of 1 GHz from the correct 

center location.  At this extreme misplacement we would only be left with 0.5 GHz worth 

of room on one side to account for the linewidth and instabilities of the source. In this 

case a laser total linewidth of 0.5 GHz (0.25 GHz on each side of the center location) 

would only leave us with 250 MHz of extra grating to allow for source fluctuations and 

any slight errors that may occur in mapping. For this reason we try to relax these 

constraints by achieving a very fine addressability which will allow for slight source 

fluctuations as well as a slight mapping error.   

  

Fig 3.6 Addressability restrictions using the following conditions: 5 GHz frequency comb and 3 GHz 

resolution of the superpixel.  Red dots correspond to potential center points for superpixels, the green 

represents the correct positioning of superpixels. (a) Here the X marks the desired center point, however 

because there is no red dot at the X point the nearest dot is chosen giving the superpixel in purple.  The 

maximum amount of deviation from the correct position is equal to half the distance between the green 

superpixels giving an allowed error of 1GHz. (b) The green box represents a superpixel exactly centered on 

the correct wavelength, the purple superpixel represents the deviation from the correct position while still 

covering the full linewidth of the beam and source fluctuations. 

 

To obtain the addressability needed for controlling frequency combs the above mapping 

procedure was slightly modified.  Instead of incrementing our columns and rows by a 

superpixel step (10 pixels), we increment them by just 2 pixels while keeping the same 10 

pixel wide grating.  The data from each OSA trace is then associated with the center pixel 

of each trace instead of the full 10x10 square as before.  This allows us to create a grid of 

possible center point locations that are spaced by ~600 MHz apart, which defines our 

addressability.  Now the user can specify the discrete frequencies they want to control 

and the program picks the closest corresponding center point to center the superpixel on.  
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Resolution 
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Superpix 

Resolution 

Allowed Error Allowed 

Error 
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The differences in mapping discrete vs. continuous spectra are outlined in Fig 3.7.  In Fig 

3.7(a), the blue dashed lines represent where the column and row gratings are placed 

during the data acquisition.  The resultant data after completing the procedure is shown in 

Fig 3.7(b), where we have a grid of fixed superpixels, each one corresponding to a 

wavelength.  Fig 3.7(c) represents the new mapping method to accommodate discrete 

spectra, the dashed blue lines again represent the outline of where the gratings are 

applied, however the corresponding wavelengths are only recorded along the solid blue 

center line, with the traces incrementing in less than a step size we obtain a grid of 

closely spaced points which superpixels can be centered on, Fig 3.7(d). 

(a)

(c) (d)

(b)

Technique for mapping continuous spectra

Technique for mapping discrete spectra

 
Fig 3.7 Fixed grid mapping technique vs. new addressable technique.  (a) The blue dashed lines show 

where the grating is applied for a trace, subsequent traces are stepped by the size of the superpixel, (b) 

shows the resulting fixed grid of mapped superpixels. (c) The blue dashed correspond to where the grating 

is applied when acquiring data. However, the data is only saved to the center location given by the solid 

blue line. Traces are stepped by less than a superpixel size resulting in a finely spaced grid of possible 

superpixel center points (d), allowing for addressability 

 

3.3.3. Mapping results 

 

Using the new mapping technique we are able to map 3 GHz superpixels within 600 

MHz of our desired location.  To compare our mapping data with the actual image taken 

of the spectrum see Fig 3.8. Here we can visualize the mapped power spectrum vs. the 

actual CCD image of the masking plane; in comparison we see a very close resemblance. 
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Fig 3.8 Mapping results, (a) CCD image, (b) Mapping data. 

 

Another important aspect to look at in determining if the mapping is done correctly is to 

look at how the wavelengths are dispersed in relation to the power spectrum.  A zoom of 

acquired mapping data showing two VIPA FSRs is shown in Fig 3.9, here the colors are 

wavelength dependent.  Moving from left (blue) to the right (Red) we see the wavelength 

increase, this gives us a good indication that the mapping was done correctly. 
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Fig 3.9 Zoom in of mapping data.  Shorter wavelengths start in blue and move to red as they get longer. 
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4. EXPERIMENTAL RESULTS 

The results achieved from the calibration techniques in the previous chapter have given 

us the ability to control spectral features as fine as 3 GHz across the C-band, with the 

ability to place those features with addressability of 600 MHz.  Shapers that have such 

fine spectral control allows for line-by-line shaping of frequency combs [11].  

Specifically our setup allows us to achieve line-by-line spectral shaping of frequency 

combs spaced as close as 5 GHz apart.  The combination of pulse shaping devices and 

optical frequency comb technology can be a very powerful tool, and has been used in 

many applications including processing and metrology [37].  Because discrete shaping of 

finely spaced frequency combs proves to be a more difficult task compared to continuous 

spectra we will focus on shaping frequency combs in this chapter.  First we will 

demonstrate the spectral amplitude control of shaper by controlling finely 5 GHz spaced 

features in the spectrum.  Next we will show experimental results incorporating both 

amplitude and gray level phase control.  Finally we will provide an example of the shaper 

operating in a fully closed-loop setup. 

 

4.1. Visualization of Spectral Control  

 

In our first experiment we used an optoelectronic frequency comb generator comprised of 

two intensity modulators and a phase modulator in series.  When properly biased this 

setup produces a 5 GHz frequency comb with 40 lines.  The spectral phase of the comb is 

then compensated for with a 1.4 km long dispersive fiber leading to a 5 GHz pulse train 

in the time domain.  First we will kill off every other line in the comb, essentially 

transforming it into a 10 GHz frequency comb and correspondingly doubling the pulse 

train repetition rate.  We will be able to see the ~20 dB extinction ratio in the spectrum 
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after the mask is applied.  The original 5 GHz frequency comb is shown in Fig 4.1(a).  

The original comb (blue) and masked comb (black) are shown together In Fig 4.1(b), this 

plot shows a perfect correspondence between the intensity of the two FCs, leading one to 

believe the spatial mapping was done very precisely.  We are also able to see our shaper 

has an extinction ratio of >20 dB.  The time domain trace was monitored with a 22 GHz 

fast photodiode before being measured with a sampling oscilloscope, see Fig 4.1(d).  We 

are able to see that by cutting every other line our pulse repetition rate has doubled from 

200 to 100 ps. 

  

 

Fig 4.1 (a) Original 5 GHz comb spectrum take after shaper with no mask applied, (b) Original and masked 

spectrum showing the precise placement of mask, (c) Resulting comb with 10 GHz spacing, (d) Time 

domain trace. Blue: original 200 ps pulse train, Red: 100ps pulse train after mask. 
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4.2. Time Shifting Through Amplitude and Phase Control 

 

Next we demonstrate simultaneous amplitude and phase control. Here we will use 

amplitude control to double the comb spacing as shown above, while simultaneously time 

shifting the waveforms by applying phase ramps.  It should be noted that for the 

experimental results shown in the rest of the section we have slightly modified our source 

listed above.  Details on the new comb source are first detailed before discussing the 

experimental results. 

 

4.2.1. Broadened spectrum 

 

In this example we use the same comb source listed above, which is comprised of two 

intensity and one phase modulator. However, in order to achieve more comb lines, we 

amplify the pulses and send them into a dispersion-decreasing-fiber soliton compressor 

[11] before sending them to the shaper. This gave us ~250 lines within 15 dB, see Fig 

4.2, with a measured autocorrelation trace of ~1.9 ps FWHM, see Fig 4.3. The pulse train 

is again measured with the 22 GHz photodiode and sampling scope.  

 

Fig 4.2 (a) Broadened comb spectrum after solution compressor, ~250 lines within 15 dB, (b) zoom of 5 

GHz teeth spacing. 
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Fig 4.3 Autocorrelation trace after spectral broadening, FWHM ~1.9 ps. 

 

4.2.2. Time Shifting 

 

In order to show simultaneous amplitude and phase control, we first double the repetition 

rate of the original 200 ps pulse train using an amplitude-only mask that kills off every 

other comb line, resulting in a 100 ps pulse train. We than apply linear spectral phase 

ramps to the same mask to shift the synthesized waveform by different amounts. 

 
Fig 4.4 (a) Original 200 ps pulse train, (b) red: 100 ps pulse train after doubling with amplitude-only mask, 

blue and green: 100 ps pulse train after doubling via amplitude mask and simultaneously time shifted by 

phase mask, 15 and 30 ps, respectively. 
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Fig 4.4(a) shows the original 200 ps pulse train at the output of the shaper with no mask 

applied.  Fig 4.4(b) shows the 100 ps pulse train resulting from the amplitude only mask 

(red).  Then linear spectral phase ramps are added to the amplitude mask to delay the 

waveforms by 15 ps (blue), and 30 ps (green), see Fig 4.4(b). 

 

4.3. Closed-Loop Control and the Talbot Effect  

 

 Here we go a step further and show our shaper is fully programmable and capable of 

operating in a close loop configuration. For this example we follow the procedure 

reported in [38] and aim to synthesize high-repetition rate intensity pulse trains with low 

peak-to-peak variation using spectral phase shaping. We first synthesize a mask to 

provide three times repetition rate multiplication based on the temporal Talbot effect. 

Due to small errors in the driving voltage calibration of the shaper, the measured 

waveform does not show uniform intensity [38]. We connect the sampling scope to the 

output of our shaper and interface it with the masking program, then run an automated 

iterative procedure to correct for the programmed phase imperfections [38].  The 

procedure consists of iteratively changing the Talbot phase values by small increments.  

The phase changes are applied simultaneously to all comb lines with the same Talbot 

phase value.  After eight iterations, the peak-to-peak intensity variations improved from 

~16% down to ~3%, limited by the accuracy in which a phase value can be synthesized 

with the present SLM.  The accuracy is determined by the minimum step size in which 

we are able to change our phase.  This is given by the total phase range (2π) divided by 

the number of voltage levels (256), giving us steps of .0078π corresponding to ~3.9% 

variation The results of the 3x-Talbot phase mask before and after optimization are 

shown in Fig 4.5(b) on the next page.  The original pulse before optimization is given by 

the dashed line and the intensity variations are clearly visible.   The red trace is waveform 

after running through the iteration program.  In this case the variation in the peaks has 

substantially diminished. 
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The various experimental shaping results shown in this section make this shaper 

ideal for many applications.  In the next chapter we will show results obtained in an 

optically assisted arbitrary waveform experiment that combines all the capabilities 

outlined in this section.   

 

Fig 4.5 (a) Original 200 ps Pulse train, (b) 3X repletion rate after Talbot phase-only mask, blue: masked 

waveform before closed-loop phase correction, red: 3x waveform after phase correction.   
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5.  APPLICATION IN RADIO FREQUENCY ARBITRARY 

WAVEFORM GENERATION 

So far we have demonstrated the individual capabilities of the shaper; here we present an 

application which combines all the capabilities outlined in the previous section into one 

experiment.  The following experiment was done in collaboration with Victor Torres-

Company and published in [39].  The 2-D shaper’s ability to control 5 GHz frequency 

combs allowed implementation of Torres-Company’s novel waveform switching 

technique.  Section 5.1 gives the basic concept behind our rapid switching RF-AWG 

experiment.  Section 5.2 discusses the 2D shapers role in this experiment. Finally, 

Section 5.3 gives the experimental results.  

 

5.1. Rapid Switching Photonically Assisted RF-AWG Setup 

 

RF-AWGs are important diagnostic tools for the defense industry, communication 

electronics, and in computing.  In traditional RF-AWG the bandwidth of the created RF 

waveforms are limited by the digital-analog converters used to synthesize them.  

However, as applications require higher and higher bandwidths there has been an 

increased interest in photonically assisted RF-AWG.  Where the achievable bandwidth is 

only limited by the photodiode used for opto-electric conversion [40-45].  Various 

methods have been proposed, but the ones that give the greatest time-bandwidth product 

are based on pulse shapers [41-44]. 

However, as stated earlier, conventional shaping geometries, such as direct space-to-

time [41] or Fourier [42-44], as well as arrayed waveguide routers in planar lightwave 

circuits [45], offer limited update rates owing to the relatively slow (kHz-MHz) 

reconfiguration speeds of the shaping elements.  Because it is unlikely that the refresh 

speeds in these devices will approach the nanosecond level, there has been research 
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directed toward alternative switching schemes. A few examples include rapidly switching 

between two frequency combs which are centered at different wavelengths [46], 

switching between waveforms from two separate spectral devices  [47], alternating 

between laser arrays with specified wavelength separation [48]; and by shifting the center 

frequency of a comb using a single pulse shaper with multiple programmed masks [49]. 

 Although these techniques provide a promising solution for rapidly switching 

between waveforms, they lack the ease of scalability in order to handle more waveforms.  

The limitation to scalability can be attributed to the added complexity in the optical 

setups and/or the need for sophisticated electrical sequences to control the switching.  We 

recently reported a concept for multi-wavelength optoelectronic-comb switching that 

only requires a single optoelectronic component for all the wavelengths. When combined 

with the line-by-line pulse shaping, achieved with our 2-D shaper, we are able to switch 

between arbitrary waveforms within a single clock cycle [50].  The overall system leads 

to a 4-channel time-multiplexed RF-AWG with an ultra-broad RF-bandwidth content just 

limited by the photodiode response time.  

The principle of operation for our multi-channel RF-AWG is illustrated in Fig 5.1. 

Four continuous-wave (CW) tunable DBR lasers, centered at different wavelengths, are 

externally modulated by an array of electro-optic modulators (EOMs) producing a comb 

around each CW source. A 10 GHz RF clock is used giving us four 10 GHz frequency 

combs, each with a 100 ps pulse train. We further introduce another EOM, acting as pulse 

picker, driven by the binary sequence “10” produced by a 10 Gb/s pulse pattern generator 

(PPG), in order to cut the original 10GHz repetition rate of the original comb in half 

without altering the spectral envelope. As shown in Fig 2(a), we synthesize four optical 

frequency combs each with a fundamental period of T=200 ps (5 GHz spacing) and 40 

lines at -10 dB bandwidth. 
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Fig 5.1 Schematic representation of the proposed system. The four lasers are multiplexed together and sent 

to the comb generator where they are transformed into 4 separate 5GHz frequency combs.  Next, the pulse 

train is sent through dispersive fiber which compresses the pulses as well as ads a wavelength dependent 

delay to the 4 separate pulse trains (each belonging to their respective comb) in order to interleave one 

pulse from each comb within one of the original pulse periods.  The interleaved pulse train is now sent to 

the arbitrary waveform generator which selects a single pulse per period.  The selected pulse is then sent to 

the 2D shaper which has 4 spatially independent masks already synthesized on the screen.  The selected 

pulse then illuminates its corresponding mask; the resultant waveform is then sampled with a fast 

photodiode and recorded with a real time oscilloscope.  It should be noted that the shaper also shifts the 

selected pulse back to its original location so that it will appear at the correct temporal location. 

 

 

Fig 5.2 (a) four 5GHz frequency combs at -10dB bandwidth shown at the output of the shaper.  Each FC is 

centered on one of the 4 CW lasers multiplexed into the comb generator (b) Corresponding pulse train after 

traveling though the dispersive fiber.  The original 200ps pulse train is broken up into its four components 

(each corresponding to one FC).  After their respective delays the pulses now appear every 50ps, with a 

single combs pulses still being separated by 200ps. 

 

The multi-wavelength frequency comb is then sent to a dispersive medium (1.2 km SMF) 

to compensate for the inherent chirp, leading to a compressed multi-wavelength pulse 

train.  The dispersive fiber also introduces the necessary time delay between the pulses, to 

interleave them within one period [51], see Fig 5.2(b) . The N different wavelengths will 
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be interleaved inside a fundamental comb period T if DΔλ=T/N, where D is the dispersion 

amount and Δλ the comb wavelength separation. In order to achieve the 50 ps time 

spacing in this example, we set a frequency comb separation of Δλ~2.6 nm. Afterwards, 

the desired wavelength is gated by another EOM driven by an electrical pattern sequence 

synthesized with an electrical AWG working at 20 GS/s and triggered with the 10GHz 

clock source. It should be noted that unlike [46-49], this scheme only requires this single 

EOM to switch the wavelengths. The measured optical gate has a FWHM duration of σ ~ 

54 ps, leading to a maximum number of multiplexed channels Nmax ~ 4, where Nmax=T/σ. 

After switching, the signal is sent to a pulse shaper with a spectral resolution 

requirement of δf, which is equal to or better than the frequency comb repetition rate, i.e., 

δf=1/T. This is why it is advantageous to have a pulse shaper with finer resolution 

because it allows us to increase the number of multiplexed channels while maintaining a 

single comb generator setup, a single switching element, and a single pulse shaper. As 

mentioned earlier, in addition to just creating the different waveforms our shaper also 

introduces the correct time delays to shift output waveforms to their correct positions.   

 The sequence of waveforms is then detected with a 20 GHz fast photodiode (PD), 

leading to a programmable sequence of predefined arbitrary RF waveforms. Each 

waveform is limited in bandwidth by the number of comb lines (in practice by the PD 

response time). The transition time between programmed waveforms is given by the 

period of the clock source. 

 

5.2. RF AWG Implementation with the Shaper 

 

As we have previously stated, the shaper is able to control very fine features over a broad 

spectral bandwidth.  Here we are able to independently create a waveform for each of the 

four combs with plenty of available bandwidth for future scalability.  After our program 

determines the location of the discrete spectral components, we center a superpixel on 

each component’s center location.  The superpixel contains both the necessary time delay 

and Talbot phase information in order to achieve the desired waveforms.  All locations on 

the screen that do not have a superpixel assigned to it are given a flat phase (no grating); 
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because we are working in a 1
st
 order setup this means all un-modulated light is reflected 

out of our return beam.   

In Fig 5.3(a) we show our four distinct combs and their relation to the actual physical 

mask implemented on the SLM, Fig 5.3(b).  Here we can see a flat phase (gray value) on 

the majority of the screen along with distinct rows of superpixels. The colored boxes in 

Fig 5.3(b) correspond to which comb the superpixels belong to. We are able to see the 

angled dispersion profile from each comb as well as the spacing between each comb.  

The important thing to notice is that we are effectively controlling combs that bridge the 

gap between adjacent FSRs.  We should also keep in mind that this image is a zoom of 

the mask and actually only accounts for ~30% of our available bandwidth. 

 
Fig 5.3 (a) spectrum of 4 distinct combs, (b) zoom in on the actual gray level mask implemented on the 

SLM, the colored boxes show which superpixels correspond to which comb. 

 

(a) 

(b) 
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5.3. Experimental AWG Switching Results 

 

As an example, we have programmed spectral-phase masks based on the temporal Talbot 

effect [52], to show the capabilities of the system in switching between high-frequency 

and phase-modulated RF signals. Waveform #1 is synthesized to provide a 15 GHz 

repetition rate pulse train (3x multiplication); #2 a 20 GHz pulse train (4x); #3 is a π-

phase shifted replica of #2; and #4 is a 10 GHz repetition rate pulse train (2x). The 

sequence programmed corresponds to twenty 200 ps periods, or 4 ns, per waveform. A 

single-shot RF sequence acquired with the real-time sampling scope is displayed in Fig 

5.4(a). 

 

Fig 5.4 (a) Single-shot intensity sequence measured at 50 GS/s showing the 4 synthesized waveforms, each 

lasting for 4 ns, and corresponding spectrogram computed using a 400 ps Gaussian gate,  (b) and (c) zoom 

of the shadow regions in (a) where the transients between waveforms #4 to #1 and #2 to #3 occur, 

respectively. 
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The transition between waveforms #4 and #1 is displayed in Fig 5.4(b) showing a switch-

time corresponding to ~200 ps. The computed spectrogram for the whole sequence shows 

that such extremely rapid change is also achieved for the other RF waveforms. As 

expected from the repetition-rate multiplication factor, each waveform has an RF 

bandwidth content centered on multiple integers of the synthesized repetition-rate 

frequency. The roll-off at high frequencies can be explained by the limited bandwidth of 

the PD and scope. Finally, the π-phase jump between waveforms #2 and #3 is better 

visualized with the aid of the vertical bars in Fig 5.4(c), which are separated 200 ps apart 

(a frequency comb period). This shows the system is also capable of introducing 

programmable phase shifts on high-frequency signals.  

 The flexibility enabled by our pulse shaper in controlling optical frequency combs has 

allowed us to demonstrate a four channel time-multiplexed RF-AWG. Each programmed 

waveform has a bandwidth just limited by the PD bandwidth and can be switched within 

a clock period by a user-defined electrical signal. The scalability of the system is ensured 

by both the serial-to-parallel conversion in multi-wavelength pulse compression and the 

use of a programmable 2-D pulse shaper featuring broad bandwidth operation and fine 

resolution. 

 

 

 

 



 

 

 

 

 

 

6. CONCLUSION AND FUTURE WORK 

We have demonstrated precise programmable control of our 2-D shaper by controlling 

fine spectral features over a broad bandwidth.  We have introduced a setup that can be 

calibrated automatically using a simple phase calibration method combined with a novel 

spatial mapping technique, resulting in a spectral resolution of ~3 GHz and an 

addressability of 600 MHz.  Experimental results were shown that solidified our mapping 

technique was done correctly by correctly positioning amplitude masks on the spectrum.  

Further results highlighted simultaneous amplitude and gray level phase control by time 

shifting pulse trains.  We have also demonstrated the ultimate example of programmable 

control by effectively operating in a closed loop configuration.  Combining all of these 

features we have shown experimental evidence our setup can be used as a part of 

complex experiments, specifically in applications that require very fine resolution and 

broad bandwidth such as in photonically assisted RF-AWG.  However, although these 

results are promising there is much work to be done. 

In order to truly showcase the full capability of this shaper, we must produce be able 

to produce and measure the complex pulse shapes this configuration allows.  This will 

require detailed cross-correlation measurements of output pulses of our shaper. At this 

stage we have also only taken advantage of a small portion of or available bandwidth, in 

future experiments we would like to demonstrate operation over the full C-band.  With 

that said in order to achieve these goals there are a few technical aspects of the setup we 

can improve. 

Because of the 2-D dispersion profile and the complexity of the setup we have only 

been able to achieve ~18 dB loss.  Further research into components and orientation may 

help in improving this number.  Also due to the complexity added by the dispersion 

properties of the VIPA, the setup takes effort to align.  Modifications to component 
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mounts are being made which will allow for more streamlined alignment and a more 

robust shaping setup. 

In general this shaper can be altered to provide different resolution parameters for 

future applications, such as increasing the resolution by using a VIPA with a smaller 

FSR, as in [23], and adjusting the setup dimensions accordingly in order to transform it 

into a 2-D shaper.  Overall this basic shaping geometry combined with the calibration 

techniques to achieve programmability, make it useful in applications such as optically 

assisted RF-AWG, metrology, and precise spectroscopy.  Also, the ability to be operated 

in a feedback loop allows for applications in coherent quantum control [53]. 
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A. ALIGNMENT PROCEDURE FOR 2-D SHAPER 

The following alignment procedure was found to be most effective for the 2-D shaper.  

First we align the setup using only the 1-D components.  Then the 2-D components are 

added and the setup is tweaked for optimal power and dispersion.  Finally the setup is 

moved from the 0
th

 order configuration to the 1
st
 order configuration and optimized one 

more time.   

 

A.1 1-D Shaper Alignment  
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Fig A.1 2-D shaper experimental setup. 
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1. The first step is to align your optical beam with the table.  To do this we place an Iris 

next to the collimator (A) and adjust the Iris height to correspond with the output 

beam from the collimator.  We then place the Iris far away from the collimator (> 1 

meter) and use the vertical control on the collimator to fine tune the beam height until 

it is aligned with the center of the Iris. 

 

2. The next step is to align the diffraction grating with the input beam.  To do this we 

first connect a narrowband source to the collimator.  Now we can play with the 

incident angle to the diffraction grating.  We can get close to our desired angle by 

observing with an IR card when the diffracted beam from the grating is brightest.  

Now by using the same Iris as before and playing with the vertical control on the 

grating stand we can align the diffracted beam to be parallel to the table.  

Now we need fine tune the horizontal incident angle on the grating.  Once we 

think we are close to the correct angle we can place a free space power meter to 

capture the transmitted or un-diffracted beam (this should be at a minimum when 

aligned correctly).  Now by slightly playing with the horizontal control on our grating 

we can find the point of minimum transmitted power.  Note: that by playing with the 

horizontal control you will also be slightly altering the output beam angle, therefore 

you should place the power meter as close as possible to the transmitted beam and 

only use this technique when you already know you are very close to the desired 

angle.  

 

3. We can now add the Fourier lens (H) for the diffraction grating.  This lens should be 

placed a distance        from the grating.   

 

4. Now we can place the SLM (I) a distance          from the grating lens (G).  Note: the 

SLM should be powered OFF.  When off the SLM acts as a mirror and just reflects 

the zero order light.   

We first use the horizontal and vertical controls on the SLM mount to align our 

reflected beam directly along the incoming beam path.  We can get close by using an 
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IR card, but we should hook up a circulator and power meter to the input of the 

collimator to find the point of maximum output power. 

 

5. Now we can place our free space polarizer (B), using the same setup to assure its 

placement has not altered the optical beam path.  Note: the polarization should 

initially be set along the vertical axis although you may need to fine tune this later. 

 

6. Now that we have all of the components for our 1D setup, we optimize for the 

minimum power loss.  If you hook up a broad band source such as the ASE you 

should be able to see the optical beam has flattened to a thin line at the plane of the 

SLM, make sure the beam is located slightly below the top of the SLM window as 

shown in Fig A.2Fig A.1 below (this will make it easier when aligning to the 2D 

setup). 

SLM Display

Optical Beam on 

SLM Plane

 

Fig A.2 Positioning of optical beam on SLM face, with 2D components removed. 

 

A.2 Transition from 1-D to 2-D Setup 

 

After you are comfortable with the 1-D setup power loss it is time to introduce the 

components for 2-D operation. 

1. The first step is to place the VIPA focusing lens (C) and the VIPA (D) into the setup.  

The VIPA height should be aligned so that the focused beam from the lens (C) hits 

the reflective portion of the VIPA as shown in Fig A.3 below.  Now play with 

orientation of the VIPA so the reflected beam overlaps the incoming beam (this is to 

insure that the incoming beam has a 0deg incidence on the VIPA face.   Once this is 
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achieved you can lower the VIPA until the incoming beam travels through the small 

un-reflective window on the VIPA.  Now using the angle adjust under the VIPA, tilt 

the VIPA ~4-6° toward the input beam.  You can now fine adjust the height, angle, 

and distance from the lens (~5 cm) until you see a strong output from the VIPA.  This 

beam should look like the bright vertical line shown in Fig A.3. 

Reflective

Transmit 

window
Output beam 

when Input is 

properly 

coupled

 

Fig A.3 VIPA mount and setup.  When first aligning the VIPA it is raised vertically so the light will reflect 

off the VIPA surface.  After alignment the VIPA is lowered and tilted at an small angle to allow light to 

couple in, the output light of the VIPA should look like a straight line for a continuous spectrum source. 

2. The next step is to place the VIPA Fourier lens (G). This lens has a focal length       

and should be placed ~        from the SLM plane.  Using a power meter you can 

adjust these components to get the optimum power loss. 

 

3. Because of dispersion introduced by the VIPA, this 2D shaper is not set in a typical 4-

f shaper setup. To correct for this dispersion the VIPA (D) to VIPA Fourier lens (G) 

distance will need to be slightly longer then     .  To help in determining this 

distance you can hook up two OSA’s to the output. With one of the OSA’s viewing a 

single VIPA FSR and the other the full bandwidth of the shaper, you should be able 

to achieve a low dispersive profile as shown below in figure 7.  
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A.3 Alignment for 0
th

 or 1
st
 Order Operation 

 

After you have aligned the pulse shaper using the steps above you will be in what we 

term the 0
th

 order operation.  That is the reflected 0
th

 order light from the SLM will return 

to the collimator.  In this configuration the optical output will also include the reflected 

light from the dead spaces between the pixels.  Because the reflected light from the dead 

spaces cannot be modulated it will negatively affect your extinction ratio.  To improve 

the extinction ratio you can move to the 1
st
 order setup as shown in figure 8 below, this is 

where the SLM is positioned to have an incident angle which is not 0. By choosing 

carefully your grating and alignment the diffracted 1
st
 order beam will travel directly 

back along the incident beam path. 

To align to the 1
st
 order setup you will first need to create a uniform mask with a 

grating modulation depth of    (for maximum diffraction power into first order).  Now 

after applying that mask to the SLM you should see a decrease in output power due to the 

majority of power being diffracted to the 1
st
 order.  By using an IR card you can 

determine the direction of 1
st
 order beam and by using the adjustment controls on the 

SLM you can steer the first 1
st
 order diffracted beam directly along the incoming beam 

path.  After you get close with the IR card you can fine adjust by looking at a power 

meter at the output.  You will also need to hook up multiple OSA’s as described above to 

make sure you are still compensating for dispersion.  

 

 

 



Graduate School ETD Form 9 
(Revised 12/07)       

PURDUE UNIVERSITY 
GRADUATE SCHOOL 

Thesis/Dissertation Acceptance 

This is to certify that the thesis/dissertation prepared 

By  

Entitled

For the degree of   

Is approved by the final examining committee: 

       
                                              Chair 

       

       

       

To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  

      

Approved by Major Professor(s): ____________________________________

                                                      ____________________________________ 

Approved by:   
     Head of the Graduate Program     Date 

 Andrew Metcalf

Fully Programmable Two-Dimensional Ultra-Complex Broadband Fine-Resolution Pulse Shaping

Master of Science in Electrical and Computer Engineering

ANDREW M. WEINER

DANIEL S. ELLIOTT

YONG P. CHEN

ANDREW M. WEINER

M. R. Melloch 04-13-2012



Graduate School Form 20 

(Revised 9/10)  

PURDUE UNIVERSITY 
GRADUATE SCHOOL 

Research Integrity and Copyright Disclaimer 

Title of Thesis/Dissertation: 

For the degree of       Choose your degree                    

I certify that in the preparation of this thesis, I have observed the provisions of Purdue University 

Executive Memorandum No. C-22, September 6, 1991, Policy on Integrity in Research.*

Further, I certify that this work is free of plagiarism and all materials appearing in this 

thesis/dissertation have been properly quoted and attributed. 

I certify that all copyrighted material incorporated into this thesis/dissertation is in compliance with the 

United States’ copyright law and that I have received written permission from the copyright owners for 

my use of their work, which is beyond the scope of the law.  I agree to indemnify and save harmless 

Purdue University from any and all claims that may be asserted or that may arise from any copyright 

violation. 

______________________________________ 
Printed Name and Signature of Candidate 

______________________________________ 
Date (month/day/year) 

*Located at http://www.purdue.edu/policies/pages/teach_res_outreach/c_22.html

Fully Programmable Two-Dimensional Ultra-Complex Broadband Fine-Resolution Pulse Shaping

Master of Science in Electrical and Computer Engineering

 Andrew Metcalf

04-13-2012


	1. INTRODUCTION 1
	2. HIGH RESOLUTION BROADBAND PULSE SHAPING 5
	3. CALIBRATION AND AUTOMATION 15
	4. EXPERIMENTAL RESULTS 25
	Page
	5. APPLICATION IN RADIO FREQUENCY ARBITRARY WAVEFORM GENERATION 31
	6. CONCLUSION AND FUTURE WORK 38
	LIST OF REFERENCES 41
	A. ALIGNMENT PROCEDURE FOR 2-D SHAPER 46
	1. INTRODUCTION
	1.1. Pulse Shaping with Frequency Combs
	1.2. High Resolution Shaping
	1.3. Organization of Thesis

	2. HIGH RESOLUTION BROADBAND PULSE SHAPING
	2.1. Basic Shaping Theory
	2.2. Limitation in 1-D Fourier Shaping
	2.3. Virtually Imaged Phased Array (VIPA)
	2.4. Two Dimensional Shaping
	2.5. Programmability in the 2-D Shaper
	This diffraction technique has been used in both 1st order and 0th order configurations.  In a 0th order configuration the SLM masking plane is oriented perpendicular to the incoming light and any grating applied to the screen will diffract light out ...


	3. CALIBRATION AND AUTOMATION
	3.1. Experimental Setup and Alignment
	3.2. Calibration for Phase in the 2-D Shaper
	3.3. Wavelength to Pixel Mapping
	3.3.1. Mapping technique
	3.3.2. Obtaining Addressability
	3.3.3. Mapping results


	4. EXPERIMENTAL RESULTS
	4.1. Visualization of Spectral Control
	4.2. Time Shifting Through Amplitude and Phase Control
	4.2.1. Broadened spectrum
	4.2.2. Time Shifting

	4.3. Closed-Loop Control and the Talbot Effect

	5.  APPLICATION IN RADIO FREQUENCY ARBITRARY WAVEFORM GENERATION
	5.1. Rapid Switching Photonically Assisted RF-AWG Setup
	5.2. RF AWG Implementation with the Shaper
	5.3. Experimental AWG Switching Results

	6. CONCLUSION AND FUTURE WORK
	LIST OF REFERENCES
	A. ALIGNMENT PROCEDURE FOR 2-D SHAPER
	A.1 1-D Shaper Alignment
	A.2 Transition from 1-D to 2-D Setup
	A.3 Alignment for 0th or 1st Order Operation
	Fully Programmable Two-Dimensional Ultra-Complex Broadband Fine-Resolution Pulse SHaping
	metcalf_andrew_etd_form_9[1].pdf
	metcalf_andrew_form_20[2].pdf




