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Abstract 
Ultrashort optical pulses are widely and increasingly used in many diverse fields of 

science and technology. By providing high temporal resolution they enable 

investigation and measurement of fundamental physical, chemical and biological 

phenomena that occur on picosecond time scales or shorter. In addition ultrashort 

pulses are an essential enabling tool for high speed optical communications and data 

processing technologies, as well as in advanced manufacturing and photomedicine 

applications. In all of these areas precise measurement and control of ultrashort 

optical pulses is vital - advances in ever shorter pulse generation must be 

accompanied by new methods to characterise and manipulate them. 

This thesis presents work on the ongoing development of an ultrashort pulse 

measurement and manipulation technique known as time-to-space conversion. Time-

to-space conversion uses sum-frequency generation between spectrally resolved 

ultrashort pulses to transfer information from the time domain to the space domain; in 

other words to create the real-time spatial image of an ultrashort pulse. Mapping the 

pulse temporal intensity envelope and phase onto a quasi-static spatial image allows 

high resolution measurement of these quantities, overcoming the difficulty of 

optoelectronic detection of ultrashort pulses directly in the time domain. Furthermore, 

the spectrally resolved nature of time-to-space conversion results in a large time 

window of operation. This enables a series of ultrashort pulses to be simultaneously 

transferred to spatially separated locations via interaction with a single reference 

pulse, thereby performing an all-optical demultiplexing operation. 

The two main developments introduced in this thesis are: a) greater feasibility of time-

to-space conversion for all-optical demultiplexing of a high speed optical 

communications channel by demonstrating the technique in a planar nonlinear 

waveguide and b) the demonstration of full-field characterisation of ultrashort pulses 

by using interferometric detection after the time-to-space conversion. The practicality 

of time-to-space conversion for all-optical demultiplexing depends on minimising its 

optical power consumption. This can be achieved by implementation of the 

conversion process in the guided-wave regime, as opposed to the free-space regime in 

which it has previously been demonstrated. The first three papers presented in this 

thesis describe the preliminary steps towards this goal, namely the demonstration of 
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non wavelength-degenerate and background-free collinearly phase-matched time-to-

space conversion and the demonstration of time-to-space conversion in a planar 

nonlinear waveguide. Full-field characterisation of ultrashort pulses by time-to-space 

conversion is enabled by the quasi-monochromaticity of the output sum-frequency 

signal, a feature which follows from the unique geometry of the oppositely dispersed 

waves of the pulse to be measured and the reference pulse. The quasi-monochromatic 

converted signal can be mixed with a narrow linewidth local oscillator for 

interferometric measurement of the ultrashort pulse field amplitude and phase. The 

final two papers included here describe the first time demonstration of full-field 

measurement of bandwidth-limited and chirped pulses by time-to-space conversion 

and of single-shot coherent detection of a phase modulated ultrashort pulse train. 

Taken together, the work presented in this thesis has achieved an increase in the utility 

of time-to-space conversion as an ultrashort optical pulse measurement and 

manipulation technique, with potential applications in optical communications and 

data processing and in the field of ultrashort pulse measurement.           
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Chapter 1: Introduction 
1.1 Ultrafast optical signals: 

Enabling fundamental science and technology 

Since the generation of the first sub-picosecond (ps) optical pulses in the 1970's [1] 

the field of ultrafast optics has developed continually, with ever shorter pulse 

durations being attained including the recent demonstration of sub-100 attosecond 

pulses [2]. Today ultrashort pulses are an essential investigative and enabling tool in a 

wide variety of scientific disciplines and technology platforms. As the shortest 

controllable events that mankind has produced, these pulses offer unprecedented 

temporal resolution for time domain measurements of ultrafast physical phenomena 

and also for data processing and communications technologies. A number of advances 

in fundamental science have been made possible by ultrashort optical pulse 

technology, for example time-resolved studies of molecular interactions [3, 4], 

advanced microscopy techniques in biophotonics [5] and optical frequency combs for 

metrology applications [6]. At the same time many areas of technology utilise 

ultrashort pulses, for example optical communications [7], photonically-assisted data 

processing [8] and the increasingly significant field of photomedicine [9]. 

With ever shorter optical pulse durations being achieved, new manipulation and 

measurement techniques must be developed. The physical mechanism on which these 

techniques are based must have a response time least as short as the pulse itself; 

otherwise the necessary temporal resolution is lacking. For 100 femtosecond (fs) 

pulses this implies that the control mechanism should have an operating bandwidth of 

greater than 10 THz. State of the art electronic circuits are limited to bandwidths of 

~100 GHz and so lack the temporal resolution needed to directly control sub-ps 

duration pulses. In the absence of readily available alternatives, the mechanisms 

generally used to manipulate sub-ps pulses are based on nonlinear optical interactions 

between the pulses themselves. 

Nonlinear optics serves as a means to control light by using light, providing the 

key to ultrashort pulse control and measurement. Fortuitously, but not surprisingly, 

the fields of ultrafast optics and nonlinear optics have developed hand in hand. The 

high peak powers of fs pulses enable strong nonlinear interactions, and in turn these 
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interactions can be used to generate, characterise and control these pulses. We can 

understand how nonlinear optics comes into play by looking at the induced 

polarisation P(t) due to the electric field of an optical wave propagating inside a 

medium: 

( ) ( ) ( ) ( ) ( ) ( ) ( )( )...33221
0 +++= tEtEtEtP χχχε                              (1.1) 

where ε0 is the permittivity of free space, E(t) is the time-varying electric field and 

χ
(1), χ(2) and χ(3) are the linear susceptibility and second and third order nonlinear 

susceptibilities respectively. These χ terms determine the strength of the induced 

linear and nonlinear polarisation by the electric field. Since the magnitude of the 

susceptibilities decreases rapidly with each successive higher order, the nonlinear 

terms are negligible as long as the electric field strength (or in other words the optical 

intensity) is low. In this linear regime light propagates inside a medium subject to the 

familiar laws of refraction, scattering and absorption. However when the light 

intensity is such that the higher order terms become significant, nonlinear optical 

effects can be observed. For this reason the nonlinear phenomenon of frequency 

doubling was first observed [10] just in one year after the invention of the laser in 

1960, with the whole field of nonlinear optics undergoing a period of rapid growth in 

the following years. 

One of the most widely used nonlinear optics phenomena is wavelength 

conversion. In the linear optics regime the induced polarisation of atoms or molecules 

results in a dipole oscillation at the same frequency as the impinging electric field. 

The light radiated by this dipole is then also at the same frequency as the original light 

wave. However, when the higher order terms of Eqn 1.1 are taken into account we can 

see that the radiated light includes new frequency components. Writing the time-

varying (optical frequency) electric field as: 

       ( ) ( ) ..exp cctjAtE +−= ω                                             (1.2) 

where A is the field amplitude, ω is the angular frequency and c.c. stands for complex 

conjugate, and looking only at the 2nd order term from Eqn 1.2 we have [11]: 

( ) ( ) ( ) ( ) ( ) ..2exp2 22
0

22
0

2 cctjAAtP +−+= ωχεχε                           (1.3) 

The first term is DC and represents optical rectification, which is the induction of a 

static electric field in the propagation medium and of no particular interest to us here. 
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What is immediately noticeable in the second term is that the induced dipole is 

oscillating at 2ω i.e. twice the original optical frequency. Therefore light at doubled 

frequency is radiated and we now have the phenomenon of second harmonic 

generation (SHG). In the example above we assume a single optical wave entering the 

nonlinear medium, however the general case is given by the interaction of two waves 

at different frequencies: 

( ) ( ) ( ) cctjAtjAtE .expexp 2211 +−+−= ωω                                (1.4) 

The waves at frequencies ω1 and ω2 could be two different beams of light 

propagating together inside a nonlinear medium. Taking the 2nd order term from Eqn 

1.1 we now have: 

( ) ( ) ( ) ( ) ( ) ( ) ( )
( )( ) ( )( ) ).exp2exp2              

2exp2exp(2

21
*
212121

2
2
21

2
1

2
0

2
2

2
1

2
0

2

cctjAAtjAA

tjAtjAAAtP

+−−++−+

−+−++=

ωωωω
ωωχεχε

       (1.5) 

In addition to the DC term and the two SHG terms from each wave individually, 

we also have two cross terms at the sum and difference frequencies of the two waves 

representing sum-frequency generation (SFG) and difference-frequency generation 

(DFG). Here we can see a significant aspect of nonlinear optics generally, and the 

most important one for the work presented here. This is the interaction of different 

light waves inside the nonlinear medium, which jointly generate a new light wave 

whose complex amplitude and frequency depends on that of the original waves. This 

 
Fig. 1.1. Generic all-optical switch based on SFG and spectral filtering. (a) A signal beam at 
frequency ω1 passes through the (transparent) nonlinear medium and is blocked by a bandpass 
filter, in this case the switch is 'off'. (b) To open the switch a control beam at frequency ω2 is sent 
into the nonlinear medium together with the signal. The SFG light generated at frequency ωSFG = 
ω1 + ω2 is now transmitted by the bandpass filter, so the switch is 'on'.  
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is the nonlinear optics mechanism which enables the control of light with light. An 

example of a generic all-optical switch is shown in Figure 1.1. 

By examining the 3rd order term from Eqn 1.1 we could also see third harmonic 

generation and four wave mixing (FWM). Another important 3rd order nonlinear 

phenomenon is the Kerr effect, which is a nonlinear refractive index responsible for a 

number of phenomena including self-phase modulation (SPM) in the temporal domain 

and self-focusing in the spatial domain.2 High harmonic generation (4th harmonic and 

upwards) is also possible, however this requires extremely high optical intensities in 

order to achieve reasonable conversion efficiency and is not relevant to the work 

presented here.   

                                                 
2
 Although the term 'nonlinear optics' specifically refers to the higher order nonlinear terms in the 

induced dipole (Eqn 1), it also elucidates the fundamental principle of this field which is: light 
propagating through a medium is not only altered by the medium but also alters the medium itself. The 
example of self-focusing due to the nonlinear refractive index is instructive. An intense beam of light 
propagating through a nonlinear medium (note that with enough optical power any medium, including 
air, is 'nonlinear') will cause an increase in refractive index via the 3rd order Kerr effect. This nonlinear 
refractive index will be largest on the optical axis where the optical intensity is highest and will get 
progressively smaller at greater radial distance away from the axis. In fact the nonlinear refractive 
index spatial profile will match the intensity profile of the beam. Since most laser beams have a 
Gaussian spatial profile, the induced refractive index profile will approximate a parabola (at least close 
to the optical axis). In other words the beam will create a 'lens' in the medium through which it is 
propagating. This lens will tend to focus the beam inwards, resulting in higher intensity on-axis, which 
will cause a larger induced nonlinear refractive index. Further focusing will follow and so on. The 
result is a positive feedback loop which will only end either when enough of the light is absorbed, 
causing a drop in optical power and weakening of the effect, or when the electric field strength 
increases to the point where it causes dialectric breakdown of the medium. This accelerating dynamic 
behaviour is characteristic of nonlinear systems. 
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An alternative approach to pulse manipulation is to work in the spectral domain, 

taking advantage of the extremely large bandwidths of ultrashort pulses. The temporal 

pulse duration and spectral bandwidth of a light pulse are Fourier transform related; 

the shorter the pulse, the broader the bandwidth. For sub-picosecond bandwidth-

limited pulses, the spectral bandwidth is of the order of a few THz (equivalent to 

some 10's of nanometres in wavelength space). In order to modulate the individual 

frequency components which comprise this bandwidth, the pulse's spectrum must be 

dispersed in space and this is achieved as follows [12]. 

The pulse is first incident onto a diffraction grating which separates the frequencies 

into different angles (see Fig. 1.2). A lens placed at a distance of one focal length 

from the grating then performs a spatial Fourier transform on this dispersed light, 

converting the angular dispersion into a linear spatial dispersion at the focal plane. At 

this plane each spectral component is focused to a unique position in space allowing 

amplitude and phase modulation of each frequency independently. The modulation is 

typically performed using an amplitude or phase mask or by a spatial light modulator. 

The modulated light then undergoes a reverse process of spatial Fourier transform and 

is incident on a second diffraction grating, removing the spatial and angular dispersion 

and resulting in a collimated output beam. This setup, as shown in Fig. 1.2, is known 

as a 4f 'spectral processor' or 'pulse shaper', since the total distance between the 

gratings is 4 times the lenses' focal length. Since the time and frequency domains are 

 
Fig. 1.2: Spectral processor used for pulse shaping. The input ultrashort pulse is angularly 
dispersed by a diffraction grating. A Fourier lens converts this angular dispersion to a linear 
spatial dispersion at the Fourier plane, so that each frequency component of the pulse is focused 
to a different position along the plane. This allows direct amplitude and / or phase modulation of 
each spectral component individually, usually by a static mask or liquid crystal based spatial 
modulator. The spatial dispersion is then reversed by a second Fourier lens – grating pair, 
resulting in a shaped pulse at the output. Arbitrary temporal waveforms can be generated in this 
way, limited by the spectral resolution of the processor.  



 6

linked by a Fourier transform (a corollary to the time-energy uncertainty principle 

mentioned above), various temporal waveform shapes can be generated by such 

spectral domain manipulations. A significant advantage of the spectral processor is 

that the modulation occurs in the spatial domain with a far higher resolution than that 

which can be achieved in the temporal domain.  

An intriguing possibility is to combine nonlinear optics and spectral processing in 

order to achieve new ultrashort pulse manipulation and measurement capabilities. The 

two fields have complementary characteristics which can mutually compensate for 

each other's deficiencies. On the one hand spectral processing allows high resolution 

amplitude and phase modulation in the frequency domain, by providing access to the 

individual spectral components of light dispersed in space. However the liquid crystal 

based spatial modulators typically used for pulse shaping have a maximum frame rate 

of around 100 Hz, making them unsuitable for processing non-repetitive temporal 

waveforms such as are used, for example, in optical data transmission (see Chapter 

1.3) . On the other hand nonlinear optics can provide the fast gating mechanism, 

effectively instantaneous compared with sub-picosecond pulse durations, needed to 

obtain high temporal resolution control. However nonlinear interactions between 

broadband ultrashort pulses often suffer from the effects of chromatic dispersion (CD) 

and group velocity mismatch (GVM) in the nonlinear medium. This causes temporal 

walkoff between the fundamental and generated SHG pulses, which may have widely 

separated central wavelengths, resulting in a low optical power and temporally 

distorted SHG pulse. By performing the nonlinear interaction inside a spectral 

processor the interacting pulses' bandwidth at each point in space is narrowed. This 

effectively transforms the interaction from one between ultrashort pulses into one 

between multiple quasi-monochromatic beamlets of light, each centred at a different 

frequency, which experience negligible chromatic dispersion. An example of this 

combination of nonlinear optics with spectral processing is time-to-space conversion 

by spectrally-resolved SFG, which is introduced in section 1.2 below.  
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1.2 Time-to-space conversion 

Time-to-space (T-S) conversion is a technique designed to transfer time domain 

information to the space domain; or in other words, to generate the spatial image of a 

temporal waveform. It is based on sum-frequency generation between a spatially 

dispersed signal waveform and reference pulse inside a spectral processor, producing 

a narrow bandwidth SFG wave which then forms a spatial image of the signal 

waveform. 

The principle of operation of T-S conversion [13-18] is summarised here with the 

main stages described mathematically. The physical arrangement of the optical 

elements and the beam paths in a time-to-space converter is shown schematically in 

Fig. 1.3. The signal and reference pulses both enter the time-to-space converter and 

are incident on diffraction gratings from opposite angles. This causes each pulse to be 

angularly dispersed in mutually opposite directions. The signal and reference fields 

immediately after the gratings are (assuming a Gaussian beam spatial profile and 

Gaussian pulse envelope): 
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where AS,R are the signal and reference field amplitudes, wx,y are the (1/e2 radius) beam 

sizes projected on to the gratings (the beam sizes can be different in the x and y 

 
Fig. 1.3: Time-to-space conversion concept. Time domain information is converted to a spatial 
image with the temporal coordinate t mapped linearly to a spatial coordinate x. Note that in the 
experimental setups described in this thesis the signal and reference beams propagate collinearly in 
the nonlinear crystal, whereas here they are shown at crossed angles for clarity.  
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directions and are assumed here to be identical for signal and reference beams), 2τ is 

the pulse duration full-width measured at 1/e2 intensity points (assumed here to be 

identical for signal and reference pulses), t0 is the relative time delay between the 

signal and reference pulses, c is the speed of light, ωS,R are the signal and reference 

pulses' central angular frequencies and ρS,R are the signal and reference pulse 

dispersion parameters. Note that t0 represents the temporal information which must be 

transferred to the spatial domain by time-to-space conversion. The angularly dispersed 

signal and reference pulses then pass through a Fourier lens, resulting in equal but 

opposite linear spatial dispersions at the focal plane (Fourier plane). The dispersed 

signal pulse field at the Fourier plane is found by performing a spatial Fourier 

transform on Eqn. 1.2.1: 
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where λS is the signal pulse central wavelength and f1 is the Fourier lens focal length. 

Here a factor N, known as the serial-to-parallel resolution factor, has been used to 

collect various constants in order to simplify the equation. The N factor is defined as 

τ
ρ

c

w
N Sx=  and determines the number of signal pulses that can be simultaneously 

time-to-space converted by a single reference pulse. Looking at the first exponential 

term in Eqn. 1.2.3 above, it can be seen that the temporal duration of the pulse has 

increased by a factor (1+N2) and of course the field amplitude has decreased by the 

same factor. This is due to the pulse being spectrally resolved at the Fourier plane, so 

that its spectral bandwidth at each point in space is a 1/(1+N2) fraction of the total 

bandwidth. The dispersed reference field has the same form except that the spatio-

temporal phase term (in the fourth exponential term shown in Eqn. 1.2.3) is positive, 

t0 is zero and the central frequency and wavelength are equal to ωR and λR 

respectively. 

 A temporal Fourier transform is now performed on Eqn. 1.2.3 in order to represent 

the linearly dispersed signal pulse in the frequency domain: 
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where FP
SE

~  represents the dispersed signal pulse field in the frequency domain. We 

can now see that the temporal information t0 is carried on the spectral phase term 

given by the last exponential in Eqn. 1.2.4 above. Crucially, this spectral phase is 

distributed throughout space on the dispersed frequency components of the signal 

pulse, thus providing the spatial-temporal link which is the central working principle 

of the time-to-space converter. The dispersed reference wave equation is identical to 

Eqn. 1.2.4 expect that the spatial dispersion term (in the first exponential) has a 

negative sign and the last exponential vanishes since t0 = 0 for the reference pulse.  At 

the Fourier plane the signal and reference pulse spectra overlap each other in space, 

with equal magnitude but opposite direction linear dispersions.  

 By placing a χ(2) nonlinear crystal at the Fourier plane an SFG interaction occurs 

between each pair of overlapping signal and reference frequency components. The 

second order nonlinear polarisation PNL excited in the crystal is given in the frequency 

domain by the convolution of the dispersed signal pulse shown in Eqn. 1.2.4 and the 

corresponding dispersed reference pulse frequency domain representation [11]: 
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where ε0 is the permittivity of free space, effd is the effective second order 

nonlinearity, ϖ  is an integration variable and kS,R are the signal and reference 

wavevectors. Due to the frequency dependence of the signal and reference 

wavevectors (via chromatic dispersion), GVM can result in temporal walkoff between 

the signal and reference pulses inside the nonlinear crystal resulting in spectral 

distortion of the output SFG wave. However, both signal and reference pulses have 

increased temporal durations inside the time-to-space processor (as noted above in 

relation to Eqn. 1.2.3). In addition the signal and reference pulse wavelengths can be 

close together if we choose, for example both can be in the near IR. Considering the 

time-to-space converter optical arrangement used in the experiments detailed in this 
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thesis, the temporal walkoff was estimated to be less than 1% of the signal or 

reference stretched pulse duration. Therefore temporal walkoff over the signal and 

reference beam interaction length in the nonlinear crystal is neglected here. This 

assumption holds as long as the signal and reference beams are propagating in free-

space and the nonlinear medium is a bulk crystal. Since temporal walkoff increases 

with the SFG interaction length, this assumption may not be valid for time-to-space 

conversion in long waveguides. The SFG wave generated by the induced nonlinear 

polarisation is: 

( ) ( ) ( ) ( )[ ]zjkzvuP
k

j
zvuE

z SFGNL
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SFG ωω
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µωω −=
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;,,
~ 0

2

            (1.2.6) 

where RSSFG ωωω += is the SFG wave angular frequency, µ0 is the permeability of 

free space and kSFG is the SFG wavevector. Due to the equal magnitude but opposite 

direction dispersions, each pair of frequency components adds up to the same sum-

frequency. Therefore the SFG wave generated has the same frequency at each spatial 

location on the crystal aperture. In other words a quasi-monochromatic3 and spatially 

coherent SFG wave is generated all along the nonlinear crystal. The SFG field at the 

output of the crystal is found by integrating Eqn. 1.2.6 over the crystal length LC, 

assuming that the SFG field at the crystal input face is zero. Substituting in Eqns. 

1.2.4 (and the corresponding dispersed reference pulse representation) and 1.2.5 and 

performing the integration and convolution results in: 

 

                                                 
3
 The extent to which the generated SFG wave is really quasi-mononchromatic (i.e. has a bandwidth 

much narrower than that of the incoming signal pulse) depends on the spectral resolution of the time-
to-space processor. See the discussion on the time window of operation below. 
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where nSFG is the refractive index of the nonlinear crystal at the SFG wavelength, 

g
SFG
g vv

11 −=β is the is the inverse GVM between the SFG wave (with group velocity 

SFG
gv ) and the signal and reference waves (each with the same group velocity gv , 

according to the assumption of zero GVM between the signal and reference pulses as 

mentioned earlier). Since the fundamental (signal and reference) waves and the 

generated (SFG) wave have widely spaced wavelengths their mutual GVM can no 

longer be neglected and will influence the generated SFG wave for sufficiently long 

interaction lengths. 

Equation 1.2.7 shows the field of the SFG wave at the output face of the nonlinear 

crystal. By looking at the various terms we can discern several relevant facts about the 

SFG wave. The first two Gaussian exponential terms show the spatial extent of the 

field at the crystal output face. The third exponential shows the decrease in SFG 

output power with increasing time delay between the signal and reference pulses. The 

fourth exponential is a linear spatial phase term carrying the time delay information t0; 

this is the important part of the above equation, showing the time-to-space converted 

information. The fifth exponential shows the Gaussian shaped spectrum centred at the 

SFG frequency, with however an additional spatial-spectral coupling term which 

drops out in the wavelength degenerate case (where ωS ≈ ωR). The sinc term shows 

the spectral filtering effect of GVM between the fundamental (signal and reference) 

and generated (SFG) waves.  
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As can be seen in Eqn. 1.2.7 the generated light carries a spatial phase which varies 

linearly across the SFG beam aperture. Another lens of focal length f2 performs a 

spatial Fourier transform on the SFG beam, focusing it to the output image plane and 

converting the spatial phase into a transverse shift of the focused image: 
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               (1.2.8) 

For the sake of simplicity this final step assumes that ωS ≈ ωR i.e. the wavelength 

degenerate case where both signal and reference pulses have the same central 

wavelength. Equation 1.2.8 gives the output field of the SFG light at the image plane 

showing a spatial image of the signal temporal waveform. The extent of the focused 

image in the vertical and horizontal directions is given in the first and second 

exponentials respectively. It can be seen that the vertical extent of the image is 

determined by the input beam size and by the ratio of the input and output Fourier 

lens focal lengths f1 and f2; in other words the time-to-space processor simply operates 

as a telescope in the vertical direction and no transfer of information from the 

temporal to spatial domains occurs (since there is no spatial dispersion in the vertical 

direction). The horizontal width of the focused pulse image is also determined by 

these same factors and in addition by the N factor which represents the spectral 

resolution of the time-to-space processor. 

The essential point in Eqn. 1.2.8 is that the transverse position of the focused image 

on the output image plane is proportional to the time delay between the signal and 
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reference pulses, as can be seen in the second exponential. Therefore a one-to-one 

mapping of the temporal coordinate t to one spatial dimension x is obtained; that is 

'time-to-space conversion'. This spatial image can then be detected by a camera or by 

an array of optoelectronic photodetectors, thus measuring the original temporal pulse 

envelope. 

A significant feature of T-S conversion is that not only the time-dependent 

intensity envelope but also the time-dependant phase of the signal waveform is 

converted to spatial phase on the output SFG wave. For example if the signal 

waveform has a linear frequency chirp (in other words a quadratic phase) the 

generated SFG light will also have a quadratic spatial phase, causing a defocus of the 

output spatial image [13, 14]. As mentioned above the SFG light is quasi-

monochromatic, a fact which can enable measurement of the phase information by 

interferometric detection using a narrow linewidth local oscillator (LO). This has 

important implications for the two main proposed applications of time-to-space 

conversion, namely optical communications and ultrashort waveform measurement 

(see sections 1.3 and 1.4 below).    

Since time-to-space conversion is proposed as tool for manipulating and measuring 

ultrashort pulses, it is important to consider its various performance parameters. The 

two principle ones are the time window of operation and time-to-space conversion 

efficiency. These two parameters are determined by the spatial characteristics of the 

input signal and reference beams, the type of nonlinear medium used and the spectral 

processor geometry. Furthermore they are interdependent; a fact which has had an 

impact on the previous development of the T-S conversion technique and also on the 

research goals of this project.  

The time window determines the maximum temporal duration of the signal 

waveform that can be spatially imaged. It is limited by the decrease in strength of the 

SFG interaction with greater signal pulse-to-reference pulse time delay. Maximum 

SFG power is obtained when there is complete temporal overlap between the two 

pulses at the nonlinear crystal, whereas for large delays the generated SFG power is 

negligible and no T-S conversion takes place (see Fig. 1.4). The typical time window 

obtained in the T-S experiments presented in this thesis is around 35 ps to 50 ps 

FWHM. The time window can be widened by increasing the spectral resolution of the 

dispersed light at the Fourier plane inside the spectral processor; this increased 
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spectral resolution can be obtained by increasing the input beam size on the 

diffraction gratings (note that the spectral resolution is represented in the above 

equations by the N factor). Increased spectral resolution at the Fourier plane also leads 

to the SFG wave being generated with a narrower bandwidth, since each signal and 

reference frequency component pair will interact more completely with itself and less 

with adjacent frequency components (which causes spectral broadening of the SFG 

light). In fact the time window duration and the bandwidth of the SFG output light are 

inversely linked; another example of the Fourier transform relation of the time and 

frequency domains. 

The time-to-space conversion efficiency is defined as the SFG output power 

divided by the input signal power. Clearly this should be as high as possible in order 

to achieve a good signal-to-noise ratio (SNR) at the photodetector array or camera 

located at the output image plane. Since the SFG power is proportional to the signal 

and reference pulse energies, one immediate way to increase the conversion efficiency 

is to use a more intense reference pulse. However for real-world applications this may 

not be possible or desirable. Generally speaking we would like the time-to-space 

converter to consume the minimum possible optical power. Therefore a more useful 

measure of T-S power consumption is the conversion efficiency slope, which is 

defined as the conversion efficiency per watt of reference beam power. 

The conversion efficiency slope depends on the choice of nonlinear crystal since 

different nonlinear materials have stronger or weaker χ(2) coefficients. Also, the SFG 

power generated depends on the interaction length of the frequency component pairs 

 
Fig. 1.4: Time window of operation. As the temporal overlap between the reference pulse and any 
part of the signal waveform increases, the instantaneous SFG power decreases resulting in a weaker 
output signal. For large time delays the SFG power is negligible and no time-to-space conversion 
occurs. The blue indicates the part of the signal waveform which falls within the FWHM time 
window (FWHM is used as an arbitrary limit for the time window; other definitions can be used, for 
example 1/e2 intensity points).   
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within the nonlinear crystal; longer interaction length results in higher SFG power. 

The interaction length can be increased by less tight focusing of the spectral 

components at the Fourier plane, in other words by reducing the resolution of the 

spectral processor. Here we can already see the main design problem of a time-to-

space processor – in order to increase the conversion efficiency we must settle for a 

smaller time window and vice versa. This trade-off between the two main 

performance parameters is inherent in free-space T-S conversion as described above 

and as shown in Fig. 1.3; part of the work presented here is an effort to break this 

invariance by performing guided wave T-S conversion (see Chapter 3). 

Time-to-space conversion using a parametric (i.e. non-resonant) optical 

nonlinearity was first demonstrated using SHG between signal and reference pulses at 

1.06 µm in a lithium niobate nonlinear crystal [13]. A greatly increased conversion 

efficiency of 58% was then achieved using a potassium niobate nonlinear crystal in a 

different spectral processor geometry, however with a rather small time window of 4 

ps [15]. Finally time-to-space conversion was demonstrated using signal and reference 

pulses at 1560 nm in periodically-poled lithium niobate (PPLN) nonlinear crystal 

[18]; this wavelength is significant for optical communications applications of T-S 

conversion (see section 1.3 below).  
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1.3 Applications of time-to-space conversion I: 

Optical communications 

The current reach and scale of global communications networks would not be possible 

without fibre optics data transmission, which forms the backbone of modern long 

distance communications. Optical communications technology must keep pace with 

the trend for ever increasing data capacity demands, a trend which shows no sign of 

slowing [19]. As an example, Figure 1.5 shows an exponential growth in global data 

traffic on mobile networks from 2007-2012. Installing new fibre is costly and 

inefficient, so a variety of multiplexing and modulation degrees of freedom are 

typically exploited to increase the data capacity of existing links. Among the optical 

multiplexing techniques available are wavelength division multiplexing (WDM) with 

each wavelength comprising a separate data channel, polarisation multiplexing (PM) 

where data is encoded on two orthogonal polarisations per wavelength, space division 

multiplexing (SDM) with multi-core or few-mode fibres carrying spatially orthogonal 

(i.e. separable) channels and finally optical time division multiplexing (OTDM) where 

multiple low bit rate tributaries are temporally interleaved into a single high bit rate 

serial channel. Advanced modulation schemes offer a means to transmit more bits of 

data on each symbol, for example quadrature phase shift keying (QPSK) in which 

information is encoded on the phase of the electric field [20]. In order to reach high 

bit rates a number of these techniques are typically combined. For example current 

industry standard 100 Gbit/s links employ polarisation multiplexing and 2 bits-per-

 
Fig. 1.5: Global total traffic in mobile networks 2007-2012. As an example of the trend for 
increasing communications network data capacity demands, an exponential growth rate can be 
seen for data traffic on mobile networks. (Traffic and Market Report, Ericsson (June 2012))  
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symbol modulation of an electronically generated 25 Gbaud/s serial channel on a 

single wavelength. A record single source 43 Tbit/s transmission rate has been 

demonstrated by combining five multiplexing and modulation spaces (WDM, SDM, 

PM, OTDM and QPSK), showing the potential of using several multiplexing and 

modulation techniques simultaneously [21].4  

Optical time division multiplexing offers a means to increase the data capacity on a 

fibre optics network whilst lowering the number of wavelength channels; in other 

words to increase the spectral efficiency, defined as bits transmitted per second per Hz 

of bandwidth. This is significant since each additional WDM channel requires a 

separate and highly stable laser source, increasing the power requirements and 

complexity of the network. OTDM works by combining multiple low symbol rate 

tributaries, all at the same wavelength, into a single high symbol rate serial channel. In 

addition to optical communications, OTDM has applications in other areas such as 

photonically-assisted analogue-to-digital conversion [22, 23]. By combining OTDM 

with polarisation multiplexing and advanced modulation formats high spectral 

efficiencies of ~6 bits/s/Hz have been attained [7]. Generating an OTDM channel is 

relatively straightforward; passive optical delay lines are used to interleave the pulses 

from each tributary into their respective time slots on a frame-by-frame basis, as 

shown in Fig. 1.6. The time slot in which each pulse is placed therefore identifies the 

tributary to which it belongs.  The necessity for using picosecond or sub-picosecond 

pulses in a high bit rate OTDM channel is problematic due to linear distortions, such 

as chromatic dispersion and polarisation mode dispersion, and nonlinear distortions, 

such as SPM, XPM and FWM, which occur during transmission in the optical fibre. 

However these distortions can, at least partially, be compensated for electronically by 

using coherent detection combined with digital signal processing [24]. 

                                                 
4 Baud/s is the single wavelength symbol rate, which in the case of optical communications is 
equivalent to the repetition rate of the optical pulses. For on-off keying modulation (i.e. 'zeros' and 
'ones') the bit rate is simply equal to the baud rate. For advanced modulation formats such as QPSK, 
several bits are modulated onto each symbol resulting in a bit rate which is a multiple of the baud rate.     
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Receiving and detecting an OTDM channel is challenging since a >100 Gb/s 

OTDM pulse stream cannot be detected by an optoelectronic receiver, which is 

limited by device physics to a maximum bandwidth of around 100 GHz. In order to 

convert the lightwave data to an electrical signal a demultiplexing operation must be 

performed, in which the tributaries comprising the OTDM channel are separated back 

out into their original low symbol rates. This demultiplexing cannot be done 

optoelectronically, for this same reason of limited electrical bandwidth. Therefore 

demultiplexing is generally performed all-optically, taking advantage of the 

effectively instantaneous (attosecond) timescale of nonlinear optical phenomena. 

A variety of nonlinear optics based techniques have been investigated for OTDM 

demultiplexing, among them the nonlinear optical loop mirror (NOLM) [25, 26], the 

 
Fig. 1.6: Optical time division multiplexing. Separate low symbol rate tributaries are temporally 
interleaved by applying successively larger time delays into a single high symbol rate serial 
channel. In the example shown here five tributaries are multiplexed into an OTDM channel, 
resulting in a factor five increase in symbol rate. The empty dashed lines represent the absence 
of a pulse in a particular time slot, i.e. a 'zero' bit.     

 
Fig. 1.7: Single-bit extraction OTDM demultiplexing. One frame of the transmitted OTDM bit 
stream and a single locally generated reference pulse undergo an nonlinear interaction, such as 
XPM or FWM, resulting in a single bit being extracted and separated out from the OTDM 
channel (bit number 3 in the example above). The specific tributary which is extracted depends 
on the time delay between the OTDM frame and the reference pulse. The remaining pulses 
continue to propagate in the OTDM serial channel and must be demultiplexed by further copies 
of the same device downstream.      
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cross-phase modulation Mach-Zehnder interferometer (XPM-MZI) [27, 28] and 

FWM-based spectral filtering extraction [29, 30]. As shown conceptually in Fig. 1.7 

these techniques use a locally generated reference pulse to provide the temporal 

gating necessary to extract a signal pulse from the OTDM bit stream. Each of these 

methods has been successfully demonstrated for high bit rate OTDM demultiplexing, 

with both the NOLM [31] and FWM-based extraction [30] being used for 1.28 

Tbaud/s demultiplexing. However they are all limited to single bit extraction, 

necessitating multiple cascaded devices in order to completely demultiplex the 

OTDM bit stream. Since power consumption and overall complexity increase with 

each additional device, the scalability of these techniques to higher baud rates is 

limited.  In addition the task of inter-device clock synchronisation, necessary in order 

to extract the correct tributary at each device, becomes very challenging for high bit 

rates. 

Serial-to-parallel demultiplexing can overcome these problems by simultaneously 

extracting all the bits in an OTDM frame (Fig. 1.8). With a single reference pulse 

performing the entire demultiplexing operation the problem of inter-device clock 

synchronisation, as for single-bit extraction, becomes one of synchronising the 

reference pulse to the OTDM frame, a less onerous task. One example of serial-to-

parallel demultiplexing is time-to-frequency conversion, where the temporal pulse 

pattern is imprinted on the spectrum of a generated FWM wave [32, 33]. However, 

with the demultiplexed data being carried on a spectrally broad FWM wave spanning 

many nanometers of bandwidth, coherent detection of phase information is less 

practical. Without the option of coherent detection, time-to-frequency conversion is 

less attractive for OTDM demultiplexing applications.   

 
Fig. 1.8: Serial-to-parallel OTDM demultiplexing. A single reference pulse simultaneously 
extracts all tributaries from an OTDM channel, performing the inverse of the multiplexing 
operation shown in Fig. 1.6. Since only a single device is needed, power consumption, system 
complexity and clock synchronisation demands are all reduced, allowing scalability to higher 
OTDM bit rates.  
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By transferring time domain information to the spatial domain, time-to-space 

conversion is able to perform the serial-to-parallel demultiplexing required to detect a 

high bit rate OTDM channel. Since the time delay between each signal pulse in the 

OTDM frame and a reference pulse is mapped to the transverse spatial position of 

each pulse image at the output plane, each OTDM pulse is demultiplexed to a unique 

position in space (see Fig. 1.9). An array of optoelectronic photodetectors placed at 

the output image plane can then detect each tributary individually. The spatial image 

refresh rate is equal to the inverse of the T-S time window duration and so is typically 

on the order of a few 10's of GHz, within the bandwidth of state of the art 

photodetectors. Alternatively the SFG light can be mixed with a narrowband local 

oscillator (LO) for coherent detection of phase information, enabling compatibility of 

time-to-space demultiplexing with advanced modulation formats. 

Time-to-space conversion can satisfy many OTDM demultiplexing requirements, 

for example serial-to-parallel demultiplexing by a single device, a wide time window 

enabling scalability to high bit rate OTDM, coherent detection of phase information 

for compatibility with advanced modulation formats and operation at 1550 nm (in the 

optical communications c-band). Previously however time-to-space conversion has 

only been demonstrated using bulk optics elements such as lenses and diffraction 

gratings in a free-space setup. This arrangement is reasonable for laboratory 

experiments, but not for real-world applications of time-to-space conversion. One of 

the main goals of the research presented here is to implement guided wave time-to-

space conversion using components such as nonlinear waveguides, eventually 

 
Fig. 1.9: OTDM demultiplexing by time-to-space conversion. The time-serial OTDM channel is 
demultiplexed to multiple space-parallel tributaries. An array of photodetectors (represented 
here by dashed boxes) can be placed at the output image plane to detect each tributary 
individually. Whilst direct intensity measurement of the pulse images discards phase 
information, coherent detection with a narrow linewidth local oscillator (not shown here) can 
instead be used to measure the field amplitude and phase.    
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integrating all the optical functionalities of the T-S convertor into a single planar 

lightwave circuit on a chip (see Chapter 3). This will have the additional effect of 

significantly lowering the optical power consumption of the time-to-space conversion 

process, another important requirement for OTDM applications.       
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1.4 Applications of time-to-space conversion II: 

Ultrashort pulse measurement 

Accurate time domain measurements are essential for understanding the dynamics of 

ultrashort optical pulse generation and also for their successful utilisation in various 

scientific and technology fields, for example coherent control of atomic and molecular 

states by shaped femtosecond pulses [34] and high harmonic generation of x-rays 

[35]. Whereas some measurement techniques record the pulse intensity envelope, 

important information is also contained in the temporal phase. For example, phase 

measurements can be used to determine whether a pulse is bandwidth-limited or has 

undergone chromatic dispersion or nonlinear phase distortions. Whereas a bandwidth-

limited pulse has a flat phase, a chirped pulse is defined by a quadratic phase in time 

(see Fig. 1.10). Full-field (amplitude and phase) measurement enables complete 

temporal characterisation of the pulse. Commonly used pulse measurement techniques 

such as autocorrelation give an estimate of the temporal duration of a pulse (without, 

however, being able to resolve fine temporal details in the pulse envelope structure), 

but are unable to make phase measurements. 

There a number of requirements for a successful full-field characterisation 

technique for complex waveforms. Unambiguous measurement of the intensity 

envelope is necessary for accurate representation of complex and non-symmetric 

pulses. Single-shot operation (i.e. without the need for repetitive sampling) is also 

desirable in order to enable measurement of non-repetitive waveforms. A high record 

length-to-resolution ratio allows characterisation of long waveforms which also 

 
Fig. 1.10: Bandwidth-limited and chirped pulses. A bandwidth-limited pulse has the shortest 
possible temporal duration for a given spectral bandwidth and is characterised by a flat phase 
(shown in red). A chirped pulse has a longer temporal duration since the various frequency 
components have different group delays. This linear frequency chirp is equivalent to a quadratic 
phase across the pulse and arises from chromatic dispersion of the pulse during propagation in a 
dispersive medium.    
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include sharp temporal features (in other words, with a high time-bandwidth product). 

Algorithm-free phase recovery is advantageous in order to minimise off-line 

processing and eliminate the problem of algorithm non-convergence. 

Among the full-field measurement techniques that have been investigated, 

spectrally resolved measurements such as frequency-resolved optical gating (FROG) 

and its variants such as polarisation gating FROG and second-harmonic generation 

FROG [36-39] are popular, simultaneously yielding the pulse intensity and spectrum 

as functions of time. An iterative algorithm can then be applied to the spectrograms of 

many repeated measurements to determine the field amplitude and spectral phase. 

However this requirement for an iterative algorithm to recover amplitude and phase 

information means that FROG is not generally suitable for continual real-time 

measurements of non-repetitive waveforms. Another widely used class of techniques 

for ultrashort pulse measurement is spectral interferometry [40-42] where the signal 

pulse to be measured is interfered with a time-delayed reference pulse, with the 

resulting spectral interference pattern yielding the spectral phase. Spectral 

interferometry has the advantage of being very sensitive due to the absence of 

nonlinear gating, but the record length is limited by spectrometer resolution.  

The temporal magnification or time lens approach to pulse measurement, which 

relies on the analogy between short pulse propagation and free-space diffraction [43], 

has been used to stretch optical waveforms to enable direct detection by conventional 

photodetectors [44, 45]. Additionally, phase recovery by heterodyne detection of the 

stretched signal pulse has been demonstrated [46]. However this technique is limited 

to a time window set by the stretched reference pulse duration. A recently developed 

technique know as optical arbitrary waveform measurement uses spectral slicing and 

digital coherent detection to achieve an extremely high record length-to-resolution 

ratio (>300,000) [47]. However the rather complicated arrangement requires a stable 

optical frequency comb as a reference and high resolution spectral filters. 

Time-to-space conversion can achieve full-field measurement of ultrashort optical 

pulses by transferring the pulse's amplitude and phase information from the temporal 

domain to the spatial domain on a quasi-monochromatic SFG output wave. By 

performing the waveform measurement in the spatial domain much higher resolution 

can be obtained than is possible with a direct time domain measurement. The SFG 

wave can then be interfered with a narrow linewidth plane wave at the same centre 
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wavelength to generate an interferogram, from which the time-dependant field 

amplitude and phase of the original pulse can be extracted. Time-to-space conversion 

has a number of attractive features for ultrashort pulse measurement, including single-

shot operation, unambiguous and algorithm-free amplitude and phase measurement 

and a high record length to resolution ratio. In order to demonstrate the viability of 

time-to-space conversion for ultrashort pulse measurement, full-field measurement 

experiments performed on ultrashort pulses are presented in Chapter 4. 
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1.5 Laboratory apparatus and measurement techniques 

The research conducted in this project involved measurement and manipulation of 

light in the time, frequency and spatial domains. The methods and equipment that 

were used can therefore be divided into three groups as follows. 

1.5.1 Time domain 

Implementation of time-to-space conversion experimentally required measurement of 

the relative time delay between the signal and reference pulses (100 fs duration) 

arriving at the spectral processor. This was done to ensure sufficient temporal overlap 

between the pulses at the nonlinear crystal in order to generate a detectable level of 

SFG power. A 125 MHz bandwidth InGaAs photodetector (sensitive to IR light) 

connected to a 12 GHz bandwidth oscilloscope was used to view the signal pulse to 

reference pulse separation and to optimise the temporal overlap. 

In the full-field measurment experiments the SFG light carrying the time-to-space 

converted signal was mixed with a narrowband local oscillator (LO) to allow 

interferometric phase detection. Since the LO used did not come from a CW laser 

source, but instead was generated by spectrally filtering of the MLL residual pump 

pulses, it was necessary to achieve temporal overlap between the SFG and LO pulses 

at the camera or balanced photodetector in order to obtain intereference between 

them. A 9 GHz bandwidth GaAs photodetector (sensitive to near-IR light) was used 

together with the 12 GHz oscilloscope for this purpose. 

For the real-time coherent detection experiment a free-space electro-optic phase 

modulator based on a KTP crystal was used to phase-modulate the signal pulses at 

1550 nm with a sine wave at approximately 550 kHz. By homodyne mixing of the 

SFG light at 810 nm with the LO, this phase modulation was converted to a time-

varying intensity incident on a 350 MHz bandwidth Si balanced photodetector. The 12 

GHz oscilloscope was used view the phase-demodulated signal.  

1.5.2 Frequency domain 

The main instrument used for frequency domain measurements was an optical 

spectrum analyser (OSA), which displays the spectral power at each wavelength of 

the light under measurement. This is based on a diffraction grating and Fourier lens to 

spatially disperse the input light and a narrow slit which allows one spectral 

component to pass. Behind the slit is a photodiode which responds to light over the 
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entire working range of the OSA. By continuously rotating the diffraction grating, one 

wavelength at a time passes through the slit and is incident on the photodiode. The 

photocurrent generated is proportional to the optical power incident on the photodiode 

and so the spectral power at each wavelength in turn is measured. In this way the 

spectrum of the input light is obtained. 

 Spectral measurements were made of the dispersed signal and reference light at 

the Fourier plane of the time-to-space spectral processor, in order to align the 

frequency components and ensure equal and opposite spatial dispersions, a 

prerequisite for time-to-space conversion. This was done by positioning the connecter 

end of a single mode fibre mounted on a micrometer stage at the Fourier plane and 

scanning transversely. The light entering the fibre was coupled into the OSA and so 

the spatial location of each frequency component was determined. The spectral 

resolution of the time-to-space processor (and hence the Rayleigh length of the 

focused spectral components) was also measured in this way. 

The OSA was also used to record the spectrum of the narrow linewidth SFG light 

exiting the time-to-space convertor, as well as that of the local oscillator generated by 

spectral filtering of the MLL residual pump pulse. Finally the OSA was used to check 

for spatio-temporal coupling (angular dispersion and spatial chirp) of the signal pulses 

exiting the 4-pass pulse stretcher in the chirped pulse measurement experiment. 

1.5.3 Spatial domain 

For both the free-space and planar waveguide time-to-space conversion experiments, 

measurement and manipulation of the spatial modes of the signal, reference, SFG and 

LO beams were important in order to control the time-to-space conversion system 

parameters (i.e. time window and conversion efficiency) and to optimise performance. 

Since the signal and reference beams were at wavelengths of 1550 nm and 1697 

nm respectively an InGaAs camera was used for measurement of their spatial profiles. 

These were altered as necessary by beam expanders or condensers to obtain the 

required beam size at the input to the spectral processor. A CMOS camera was used 

for imaging the SFG light (and in particular the focused pulse images which are the 

output of the time-to-space conversion process) and also the LO light. In the slow 

phase detection experiments it was important to match the SFG and LO spatial modes 

at the camera in order to attain the best possible interference fringe contrast. 
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Finally, coupling of the dispersed signal and reference light into the planar PPLN 

waveguide required high numerical aperture (NA) imaging of their spatial modes 

which were tightly focused in the vertical direction. This was to obtain good mode 

matching to the guided modes in the planar waveguide, thus minimising insertion 

loss.    
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Chapter 2: High resolution and 
background-free time-to-space 

conversion 
During this research project different time-to-space conversion experimental setups 

were investigated. These setups can be divided into two categories: free-space time-

to-space conversion in bulk nonlinear crystal and guided-wave time-to-space 

conversion in a planar nonlinear waveguide. Experiments belonging to the first 

category are described in two papers presented in this chapter. Section 2.1 and paper 

2A describe the demonstration of collinearly phase-matched and background-free 

time-to-space conversion in a beta barium borate (BBO) nonlinear crystal. Section 2.2 

and paper 2B describe quasi phase-matched time-to-space conversion in periodically-

poled lithium niobate crystal, resulting in an increased conversion efficiency slope. 

 

2.1 Collinearly phase-matched, background-free time-to-space 
conversion in BBO nonlinear crystal 

The first research task of this project was to demonstrate background-free time-to-

space conversion with collinearly propagating signal and reference pulses in the 

nonlinear medium. Demonstration of collinearly phase-matched background-free 

time-to-space conversion in a bulk nonlinear medium is a necessary step prior to 

performing T-S conversion in nonlinear waveguides; the reason for this will be made 

clear in Chapter 3.1. Here the origin of background light in the time-to-space 

conversion process is explained and possible solutions are discussed. 

Time-to-space conversion relies on the SFG interaction between signal and 

reference pulses inside a spectral processor to transfer information from the time to 

the space domains. However, in addition to the information-carrying SFG light 

produced due to the signal and reference pulse interaction, SHG light is also generated 

independently by the signal and reference beams in the nonlinear medium. This light 

does not contain any useful information on the temporal waveform envelopes or 

phase. However, it co-propagates with the SFG light and reaches the output image 

plane, where it forms a background to the focused pulse images and reduces the image 

quality at the camera or SNR at the photodetector array (see Fig. 2.1). 
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In order to eliminate the background SHG, non-collinearly propagating signal and 

reference beams have been used [13-15]. These are incident on the nonlinear crystal at 

crossed angles and so, due to phase-matching considerations which will be discussed 

below, the SFG light generated propagates along the bisector angle (i.e. the optical 

axis). The SHG light generated by the signal and reference beams propagates at an 

angle to the optical axis and so spatial filtering can be used to block this background 

light (see Fig. 2.2). 

The disadvantage with this method is that the interaction length in the nonlinear 

crystal is limited by the non-collinear propagation of the signal and reference beams, 

resulting in lower conversion efficiency to SFG light. Moreover, this option is 

precluded by implementation of time-to-space conversion in nonlinear waveguides 

 
Fig. 2.1: Background SHG light. Whilst the SFG light is generated as a result of the interaction 
of the signal and reference pulses in the nonlinear medium, the SHG light is generated by each 
beam independently and so does not carry any useful temporal information. Instead it forms a 
background at the image plane and degrades the pulse image quality. 

 
Fig. 2.2: Spatial filtering of background SHG light. The signal and reference beams enter the 
nonlinear crystal at crossed angles and so the SHG beams generated by each of them propagate 
in the same direction as the fundamental beams, whereas the SFG light generated by the signal 
and reference beam interaction propagates along the optic axis. A spatial filter then blocks the 
SHG and allows the SFG light through, resulting in a background-free time-to-space converted 
output image.   
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since the fundamental and generated beams necessarily co-propagate in the 

waveguides and also on emerging from them, making spatial filtering impossible. 

Therefore the solution chosen for this project was spectral filtering of the SHG 

background. In this case the signal and reference pulses are at non-degenerate central 

wavelengths and so the SHG light is generated at different wavelengths to the SFG 

light, enabling spectral filtering of the background with a band pass filter (see Fig. 

2.3). 

Implementation of this scheme in the laboratory necessitates two sources of 

ultrashort pulses at non-degenerate wavelengths. In the context of this research project 

the 'signal' pulses were chosen to be at 1550 nm wavelength. This wavelength is in the 

centre of the optical communications c-band (1530 nm to 1570 nm). This is the main 

transmission band used in long-haul optical communications, since absorption loss in 

optical fibre is relatively low at these wavelengths. The standard laboratory source for 

sub-ps pulses is the mode-locked titanium-sapphire (Ti:saph) solid-state laser, which 

emits ~100 fs pulses in the region of 800 nm. In order to convert these pulses to 1550 

nm wavelength, an optical parametric oscillator (OPO) is used. This device is based 

on the optical nonlinear process of difference-frequency generation (see Chapter 1.1), 

which converts a short wavelength input beam to two longer wavelength output 

beams. By putting the nonlinear crystal (in this case LBO) in a resonant cavity, the 

conversion efficiency of the process is greatly increased. Since the OPO generates two 

beams (consisting of sub-ps pulse trains) at non-degenerate wavelengths, this can 

serve as the source for time-to-space conversion based on collinearly phase-matched 

   
Fig. 2.3: Spectral filtering of background SHG light. (a) Co-propagating signal and reference 
beams at non-degenerate wavelengths enter the nonlinear crystal and generate SFG and 
background SHG light. The SFG light is generated at an intermediate wavelength with respect to 
the SHG wavelengths and so a band pass filter blocks the SHG background whilst passing the SFG 
light through to the image plane. Collinear propagation of the signal and reference beams results in 
a longer interaction length in the bulk nonlinear crystal. Since all beams (fundamental and 
generated) are co-propagating this solution is also applicable to guided wave time-to-space 
conversion. (b) A band pass filter centred at the SFG wavelength allows the SFG light through 
while blocking the SHG background light.   
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SFG. By choosing 1550 nm wavelength for the signal beam, the reference beam is 

automatically generated at 1697 nm. SFG between these two wavelengths in the time-

to-space converter results in an output wave at 810 nm. This is not surprising since 

SFG is the inverse of the DFG interaction which occurs in the OPO and converts the 

Ti:saph laser 810 nm pulses to 1550 nm and 1697 nm pulses. The 810 nm wavelength 

of the output SFG light can be conveniently detected by CMOS cameras and silicon-

based photodiodes.   

Efficient SFG, like all 2nd order nonlinear optics effects, relies on achieving good 

phase matching between the fundamental (in this case the signal and reference) waves 

and the generated wave. This means that the fundamental and generated waves should 

maintain a fixed phase relationship during propagation through the nonlinear medium. 

This is equivalent to fulfilling the conservation of momentum condition, since the 

product of the wavevector with propagation distance equals accumulated phase: 

0=−−=∆ refsigSFG kkkk                                           (2.1) 

where ∆k is the wavevector mismatch and kSFG, sig, ref are the SFG, signal and reference 

wavevectors respectively. If this condition is not satisfied energy flows continuously 

back and forth between the fundamental waves and the SFG, preventing the SFG field 

from building up to an appreciable value. In a dispersive medium (which is generally 

the case), the wavevector k varies nonlinearly with frequency due to the frequency 

dependent refractive index n: 

 ( )
c

nk
ωω ⋅=                                                       (2.2) 
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where ω is the optical frequency and c is the speed of light in a vacuum. This 

chromatic dispersion means that the phase-matching condition in Eqn. 2.1 is generally 

not fulfilled (see Fig. 2.4) unless some particular measures are taken to satisfy it. One 

option is to use non-collinear phase matching where the signal and reference 

wavevectors are angled with respect to each other, such that their vector sum is equal 

to the SFG wavevector (as shown in Fig. 2.2). 

Another widely used technique is birefringent phase matching, which takes 

advantage of the polarisation dependant refractive indices of a birefringent nonlinear 

crystal. For a uniaxial birefringent crystal the refractive index experienced by light 

polarised parallel to the ordinary crystal axis is independent of the propagation 

direction, whereas light polarised parallel to the extraordinary axis will experience a 

different refractive index which also varies with propagation direction. By choosing a 

 
Fig. 2.5: Birefringent phase-matching. The signal and reference waves are polarised parallel to 
the ordinary axis of the birefringent crystal and so experience the ordinary refractive index n0 
(the red line). The SFG light is generated polarised parallel to the extraordinary axis, 
experiencing refractive index ne (the blue line), and in a direction θ which satisfies the phase-
matching condition. This is known as type I birefringent phase-matching (in type II phase-
matching one of the fundamental beams is polarised along the ordinary axis and the other along 
the extraordinary axis).    

 
Fig. 2.4: Refractive index variation with frequency in a dispersive medium. The sum of the 
signal and reference refractive indices will generally be less than the SFG refractive index, 
resulting in a non-zero wavevector mismatch ∆k≠0.    
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suitable crystal and propagation direction the phase-matching condition in Eqn. 2.1 

can be met (see Fig. 2.5). The angle between the propagation direction and the 

extraordinary axis of the crystal which satisfies the phase-matching condition is 

known as the phase-matching angle. Note that since refractive index is temperature 

dependent (via the thermo-optic effect), the phase-matching angle will vary with 

crystal temperature. The sensitivity of the phase-matching angle to fluctuations in 

temperature for a particular crystal is expressed as the thermal acceptance bandwidth.    

A disadvantage of birefringent phase matching stems from spatial walkoff of the 

SFG beam with respect to the fundamental beams. This is due to the Poynting vector 

of light in an anisotropic medium, which gives the direction of energy flow, being 

generally non-parallel to the wavevector. This occurs for light polarised along the 

extraordinary axis and so causes the generated SFG light to propagate at an angle with 

respect to the fundamental beams (see Fig. 2.6). The resulting spatial walkoff limits 

the effective SFG interaction length between the interacting waves, thus reducing 

conversion efficiency. The spatial walkoff angle for the experiment using BBO 

described in paper 2A below was approximately 50 mrad. 

The uniaxial birefringent nonlinear crystal BBO was chosen for the experiment 

presented in paper 2A due to the combination of reasonably high effective 

nonlinearity, wide phase matching bandwidth (enabling phase-matching of non-

degenerate signal and reference light at widely spaced wavelengths), large thermal 

acceptance bandwidth (i.e. relative insensitivity of the phase-matching condition to 

temperature fluctuations) and high optical damage threshold. In addition, use of BBO 

allowed birefringent type I phase matching for the relevant wavelength range (from 

1697 nm to 810 nm) at room temperature, obviating the need for a crystal oven. The 

 
Fig. 2.6: Spatial walkoff. The anisotropy of the crystal results in an angle ρ between the SFG 
wavevector and its direction of energy flow. This causes spatial walkoff of the SFG beam from 
the fundamental beams, effectively limiting the interaction length. 
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BBO crystal used was supplied by CASTECH, cut at an angle of 19.8° to the crystal 

z-axis (the extraordinary axis) for phase-matching, with an aperture of 8 mm × 8 mm 

and thickness of 1 mm in the light propagation direction. It was broadband anti-

reflection (AR) coated from 1500 nm to 1750 nm on the input face and at 810 nm on 

the output face. The BBO crystal effective nonlinearity corresponding to the phase-

matching angle of 19.8° used in the experiment was calculated as deff = 1.94 pm/V 

[48].  

 

 

 



 35

2.2 Time-to-space conversion in periodically-poled lithium 
niobate 

Birefringent phase matching, as used for the time-to-space conversion experiment in 

BBO, suffers from the problem of spatial walkoff due to the orthogonally polarised 

fundamental and SFG waves in the birefringent nonlinear crystal. In addition, the use 

of orthogonally polarised light restricts the possible choices of nonlinear susceptibility 

tensor elements which can be exploited in the interaction. The strongest nonlinear 

susceptibility element of a given material may not be accessible, thus limiting the 

achievable conversion efficiency. This problem can be overcome by using a phase 

matching technique in which all interacting waves are parallel polarised along one of 

the crystal axes; the particular crystal axis to which the polarisation is aligned can 

then be chosen in order to obtain the highest possible nonlinearity. This arrangement 

is known as non-critical or temperature-tuned phase-matching, since the phase-

matching condition must be satisfied via temperature tuning of the crystal refractive 

indices. However for a given set of interaction wavelengths the phase-matching 

temperature may be inconveniently high or in fact phase-matching may not be 

possible at all. 

To overcome this difficulty a method known as quasi phase-matching (QPM) is 

often employed. Prior to use in a nonlinear interaction, the crystal structure is altered 

by the technique of periodic poling. In this case the spontaneous polarisation along 

one of the crystal axes is periodically inverted along the length of the crystal, 

successively reversing the sign of the nonlinear coefficient associated with that axis. 

The periodicity is chosen such that the phase-relation between the fundamental and 

generated waves is reset each time they become 180° out of phase after propagating a 

distance LC known as the coherence length, as shown in Figure 2.7. The periodic 

poling creates a grating structure in the nonlinear crystal, whose grating wavevector 

kG can then satisfy the phase-matching condition from Eqn 2.1: 

0=+−−=∆ GrefsigSFG kkkkk                                       (2.3) 

where ∆= π2Gk and ∆ =2LC is the domain length. As can be seen in Fig. 2.7, QPM 

allows a continual increase in SFG power along the crystal length (limited eventually 

by fundamental beam power depletion), although this increase is slower than would 

be the case for perfect phase-matching since the effective nonlinearity is reduced by a 
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factor 2/π. However, correct choice of poling periodicity allows reasonably efficient 

SFG interactions between arbitrary wavelengths, subject to technological limitations 

on the poling procedure (for instance obtaining very small periodicity is difficult). 

Typically the direction of the nonlinear coefficient is reversed by applying a high 

electric field across the crystal. This causes a permanent reversal of the crystal axis 

and, by fabricating a series of electrodes on the crystal surface, a high voltage can be 

applied to pole the crystal with the desired periodicity. 

One of the most widespread nonlinear crystals used for QPM is lithium niobate. 

Lithium niobate has a high nonlinear coefficient of deff = 25 pm/V for light at 1550 

nm polarised along the crystal z-azis [49]. This nonlinearity is reduced to 16 pm/V by 

the 2/π factor due to periodic poling; however it is still significantly higher than the 

BBO effective nonlinearity of 1.94 pm/V. Since the SFG power generated depends on 

the square of deff, the use of PPLN resulted in a large increase in conversion efficiency 

slope (see paper 2B below). The periodically-poled lithium niobate (PPLN) chip used 

in the experiment had a domain length of 20.3 µm (due to the specific wavelengths of 

the signal and reference beams used and according to Eqn. 2.3) and dimensions of 10 

mm × 6 mm × 0.5 mm in the spatial dispersion, light propagation and vertical 

directions respectively (see Fig. 2.8). In addition the input face had broadband AR-

coating in the range 1500 nm to 1750 nm and the output face was AR-coated at 810 

nm. This was in order to minimise back-reflections of the input signal and reference 

beams from the front face of the crystal and back-reflection of the generated SFG 

 
Fig. 2.7: Quasi phase-matching in a periodically-poled nonlinear crystal. Conversion efficiencies 
of phase-matched, quasi phase-matched and non phase-matched SFG are compared as a function 
of propagation length in the nonlinear crystal. The coherence length LC is the distance over 
which the fundamental and generated waves become 180° out of phase and the domain length ∆ 
= 2LC. The shaded background indicates individual domains and the arrows indicate the poling 
direction of the nonlinear coefficient.  
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light from the back face of the crystal (lithium niobate has a relatively high refractive 

index of 2.2). This PPLN chip was fabricated by Harald Herrmann and co-workers 

from the Integrated Quantum Optics group at the Department of Applied Physics, 

University of Paderborn in Germany. In addition another chip was fabricated with the 

same dimensions but with a periodicity of 20.5 µm, to allow testing of different QPM 

periods for optimisation of the conversion efficiency. A home-made oven was used 

for control and stabilisation of the PPLN temperature; the temperature for optimum 

phase-matching was determined experimentally to be 165 °C for the 20.3 µm 

periodicity chip. 

The time-to-space experiment in bulk PPLN (presented in Chapter 2B) resulted in a 

large increase (by a factor 60) of the conversion efficiency slope compared with that 

obtained using BBO (as detailed in Chapter 2A). This increase was due to the higher 

effective nonlinearity of PPLN. At the same time the high resolution of the time-to-

space converted image was maintained, with a serial-to-parallel resolution factor N of 

95 and a time window of 42 ps. Figure 2.9 shows a photograph of the central part of 

the bulk PPLN crystal time-to-space setup; the BBO setup and also the experimental 

setups presented in later chapters were broadly similar, with some changes in the 

optical elements used.     

 
Fig. 2.8: Periodically-poled lithium niobate (PPLN) nonlinear crystal. The physical dimensions 
of the PPLN chip used in time-to-space conversion experiment are shown (not to scale).  
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Fig. 2.9: Bulk PPLN time-to-space conversion setup. This photograph shows the central part of the 
time-to-space conversion setup in the laboratory. The signal, reference and SFG beam paths are 
marked in green, red and blue respectively. The signal and reference beams enter from the top left 
and left of the picture and are directed onto separate diffraction gratings, with the signal beam first 
passing through an optical delay line (DL). The dispersed beams then pass through half-waveplates 
(λ/2) to align their polarisations to the PPLN z-axis. The spectral components of each dispersed beam 
are then focused by Fourier lenses and made co-propagating by a dichroic mirror (DM), which 
transmits the reference beam (long wavelength) and reflects the signal beam (shorter wavelength). 
The signal and reference spatially resolved spectra are focused into a bulk PPLN nonlinear crystal 
which is located inside the white temperature control oven. The SFG beam that is generated is 
focused by another Fourier lens onto the output image plane, where the focused pulse image is 
recorded by a CMOS camera. Neutral density (ND) attenuation filters are used to avoid saturation of 
the camera.    
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We report the first demonstration, to our knowledge, of time-to-space conversion of 1:55 μm femtosecond optical
pulses using nondegenerate, collinearly phase-matched sum-frequency generation. A quasi-monochromatic and
background-free output signal spanning a time window of 35ps andwith a pulse imagewidth of 350 fswas achieved.
The resulting serial-to-parallel resolution factor of 100 demonstrates the potential for all-optical complete frame
demultiplexing of a 1Tbit=s optical time-division multiplexing bit stream. © 2011 Optical Society of America
OCIS codes: 320.7085, 190.4223, 060.4230.

The use of optical time-division multiplexing (OTDM) in
high-speed optical communications is a possible solution
to the challenge of supporting ever-increasing capacity re-
quirements while avoiding the overhead costs associated
with high channel-count wavelength-division multiplexed
systems. A recent demonstration of 5:1Tbit=s data trans-
mission achieved at 1:28Tbaud=s signaling with phase-
shift keying (PSK) [1] demonstrates the bandwidth
efficiency potential of coherent detection OTDM. How-
ever, signal recovery at Tbit=s bit rates poses a serious
challenge, because available optoelectronic receivers
are limited to electrical bandwidths of 50–100GHz. A
solution that has attracted much attention is all-optical
demultiplexing using fast optical nonlinearities.
Time-to-space conversion [2–8] is a real-time optical

demultiplexing technique that utilizes sum-frequency
generation (SFG) between a frame of signal pulses and
a reference pulse to convert a fast serial OTDM pulse
stream to a number of slower spatially parallel channels,
which can then be directly detected by an array of optoe-
lectronic receivers. Key advantages of this technique are
the strong χð2Þ nonlinearity of certain nonlinear crystals
and the preservation of phase information for compatibil-
ity with advanced modulation formats such as PSK.
Time-to-space conversion has been demonstrated in the
optical communications band [8], but with relatively low
conversion efficiency. A limiting factor on the conversion
efficiency is the short interaction length of two crossed
beams in noncollinear phase-matching, which is required
to provide a background-free output signal. One way to
improve the conversion efficiency is to use birefringent
phase-matching with copropagating beams, thus increas-
ing the interaction length up to the focused beams’ con-
focal length. However, in the collinear configuration, the
information-bearing SFG signal is superimposed over the
second harmonic generation (SHG) background light
from the signal and reference pulses independently
and will coherently interfere with it.
In this Letter, we report the first (to our knowledge)

demonstration of time-to-space conversion by means of
collinear nondegenerate wave mixing with a back-
ground-free output image. By employing nondegenerate
wavelength mixing, the SFG product is generated at a dif-

ferent wavelength from the two SHG background compo-
nents. Spectral filtering of the generated light then
provides a background-free output signal. Detailed ana-
lyses of the operation of a time-to-space conversion pro-
cessor are provided in [2,3,7] and briefly summarized
here. A sequence of input signal pulses (a “frame”) and
the locally generated reference pulse both enter the pro-
cessor. Each of these waveforms is then spatially dis-
persed in opposite directions with a grating and lens
combination, so that the high-frequency components of
the signal waveform spatially overlap the low-frequency
components of the reference pulse, and vice versa. A
nonlinear crystal is located at the Fourier plane where
the dispersed light is spatially resolved. SFG between the
spectral components at every spatial location results in a
quasi-monochromatic upconverted wave. This generated
wave contains a linear phase tilt across the beam that is
proportional to the time delay between each signal pulse
in the frame and the reference pulse. A spatial Fourier
transform by an output lens converts this phase tilt to
a spatial translation at the image plane, resulting in a

Fig. 1. (Color online) Experimental setup (MLL, mode-locked
laser; OPO, optical parametric oscillator; G1/G2, grating; f ,
Fourier lens; DM, dichroic mirror; BBO, beta barium borate
nonlinear crystal; BPF, bandpass filter. Inset: collinear, oppo-
sitely dispersed signal and reference beams at the nonlinear
crystal.
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transverse spatial pattern that is the direct image of the
input signal waveform.
Figure 1 shows our experimental setup. The signal

(at 1550 nm) and idler (at 1697 nm) outputs of a Spectra-
Physics Opal (Newport Corporation, USA) optical para-
metric oscillator (with FWHM pulse duration of 100 fs
and repetition rate of 80:2MHz) are expanded to appro-
priate collimated beam sizes and undergo equal but op-
posite linear spatial dispersions by diffraction gratings
G1 and G2 and 75mm Fourier lenses. The two dispersed
beams are superimposed by a long-pass dichroic mirror
(DM) and are incident on a 1mm-thick beta barium bo-
rate (BBO) nonlinear crystal located at the focal plane.
The confocal length of the focused signal and reference
beams in the plane of dispersion was calculated as
1:1mm (per spectral component). The relevant beam
characteristics are listed in Table 1.
Because of the matched yet flipped spatial dispersions

of the signal and reference beams at the BBO crystal,
Type I phase-matched SFG at each point in space results
in a quasi-monochromatic output beam at 810 nm. An
output lens of focal length 75mm coherently focuses
the light to a narrow line at the Fourier plane, where a
CMOS camera records the output spatial image. The SFG
−3 dB bandwidth was measured as 0:22 nm (¼ 100GHz)
centered at 810 nm by coupling focused output light into
a multimode fiber connected to an optical spectrum ana-
lyzer (Fig. 2). This narrow signal bandwidth demon-
strates compatibility with optoelectronic receivers and
also the possibility of mixing the SFG signal with a CW
local oscillator at the same wavelength to extract phase
information. Background second harmonic light at
775 nm and 849 nm is blocked by a bandpass filter (cen-
tral wavelength 810 nm, −3 dB bandwidth 10 nm) placed
between the lens and the camera.
The key performance parameters of the time-to-space

converter are the serial-to-parallel resolution factor N

and the conversion efficiency η. The serial-to-parallel
resolution factor N is defined as the ratio of the time
window, ΔT (which limits the maximum extent of the
output spatial pattern), to the width of an individual pulse
image, τ, and determines the maximum number of pulses
that can be simultaneously demultiplexed to separate
spatial channels. The conversion efficiency η is defined
as the SFG output power divided by the signal beam
power incident on the nonlinear crystal. The resolution–
conversion efficiency product is invariant to the spot
size, w0, of a spectral component focused at the crystal,
so that one can be improved at the expense of the other.
However, N is dictated by the application and, for demul-
tiplexing a 1Tbit=s OTDM signal down to electrical band-
widths, should be between 40 and 100.

The time-to-space conversion factor and the time win-
dow were measured by varying the time delay between
the signal and reference pulses (Fig. 3). A linear fit to the
time-delay-dependent pulse image position data results
in a time-to-space conversion factor of 60 μm=ps. A
Gaussian curve was fitted to the time-delay-dependent
pulse image intensity data giving a FWHM time window
of 35 ps. The conversion efficiency was calculated by
measuring the SFG output power with a power meter
placed after the bandpass filter and dividing by the signal
beam power incident on the BBO crystal at zero time de-
lay (peak efficiency). The linear conversion efficiency
slope was measured as 11:2 × 10−5 per watt of reference
beam power and the maximum conversion efficiency ob-
tained was 0:9 × 10−5 at 85mW reference beam power.
This low conversion efficiency is primarily due to the
low reference beam power available in our setup and
is also due to the spatial walkoff (48:9mrad) limited in-
teraction length in the BBO crystal. Note that the spatial
walkoff limitation can be overcome by using noncritical
phase-matching [3] or quasi-phase-matching [8]. Because
we are operating in the linear conversion regime (i.e.,
with nondepleting pump power), we would benefit from

Table 1. Input Beam Characteristics of Time-to-Space Convertera

λ0(nm) f g (lp=mm) α (°) dx=dω (μm=GHz) w0 (μm) Pav=Pmax(mW=kW)

Signal 1550 1100 70.0 −0:16 13 215=27
Ref. 1697 1000 79.8 0.16 14 85=11

aλ0, central wavelength; f g, grating frequency; α, angle of incidence on grating; dx=dω, spatial dispersion;w0, focused spot radius of single spectral
component; Pav=Pmax, average beam power/peak power at crystal. Ideally the reference beam power would be higher than the signal power.

Fig. 2. (Color online) SFG narrowband spectrum centered at
810nm with a −3 dB bandwidth of 0:22 nm (¼ 100GHz).

Fig. 3. (Color online) Variation of pulse image position and
intensity as a function of time delay, showing linear and
Gaussian fits, respectively.
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a more intense reference pulse. The results are summar-
ized and compared with the theoretically calculated
parameters in Table 2.
The time-to-space converted pulse image width τ was

estimated by fitting a Lorentzian curve to a pulse image
at the center of the timewindow,with the resulting FWHM
corresponding to 350 fs. Note that because the signal and
reference pulses are of the same duration, an autocorrela-
tion factor of 1.5 has been included in the values of the
theoretical time window and pulse image width. It can
be seen that the measured pulse image width is more than
twice as long as the predicted value. We attribute this loss
of resolution to a narrowing of the phase-matched band-
width due to distortions in the dispersed reference beam
spectrum, which result from the asymmetric spatial
profile of the reference beam incident on the diffraction
grating. This reduction in the SFG interaction bandwidth
results in a less spectrally resolved SFG output beam and
therefore a less tightly focused pulse image.
Despite this, the high time-to-space conversion resolu-

tion of N ¼ 100 demonstrates the potential for 1-to-50
demultiplexing of subpicosecond pulses with low inter-
channel cross talk.As ademonstration, a series of 35pulse
images equally spaced throughout the 35 ps time window
(equivalent to 1THz OTDM baud rate) was recorded
[Figs. 4(a) and 4(b)]. In addition to the time-delay-
dependent intensity of the output image, it is noted that
there is a defocusing effect toward one side of the time
window [the right-hand side in Figs. 4(a) and 4(b)]. We
attribute this again to an asymmetry in the spectral profile
of the dispersed reference beam. This spectral asymmetry
results in a more limited range of phase-matched signal
and reference frequency components toward one side
of the time window, giving a less tightly focused output
image. It may be possible to correct this distortion by spa-
tially filtering the reference beambefore it reaches the dif-
fraction grating, at the expense of reference beam power.
The important innovation of our work is the implemen-

tation of background-free, high-resolution time-to-space
conversion using nondegenerate, collinearly phase-
matched SFG. This opens the way to a further advance
by employing quasi-phase-matching in a periodically
poled lithium niobate crystal, thus overcoming the spatial
walkoff limitation on the interaction length and increas-
ing the conversion efficiency.

The authors gratefully acknowledge the support of The
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1. Introduction 

Optical communications networks are subject to ever increasing capacity demands due to the 
rapid growth in internet traffic. Two principle approaches in support of these demands are 
increasing parallelism using wavelength division multiplexing (WDM), filling the gain 
bandwidth of optical amplifiers, and increasing bandwidth efficiency using advanced 
modulation formats such as phase-shift keying (PSK). WDM channel reduction is desirable 
and may be enabled by boosting the serial transmission rate to higher baud rates. This can be 
achieved by optical time division multiplexing (OTDM) where short pulses are 
electrooptically modulated at relatively low bandwidths (10’s of GHz) and then interleaved 
into a single high speed serial channel using passive optical delay lines. A recent 
demonstration of 10.2 Tbit/s data transmission achieved by 1.28 Tbaud/s multiplexing 
together with 16-QAM (quadrature amplitude modulation) [1] underlines the potential of 
OTDM for maximizing single wavelength channel data capacity by combining a high symbol 
rate and multiple bits-per-symbol modulation. 

Whilst generating the OTDM channel is relatively straightforward, detection after 
transmission is more challenging. Direct or coherent optoelectronic detection of terabaud 
OTDM is not possible due to electric circuit bandwidth limitations. Generally all-optical 
demultiplexing using a fast nonlinear optical interaction is required; examples include the 
nonlinear optical loop mirror switch [2–4], the semiconductor optical amplifier based Mach-
Zehnder switch [5–7], cross-absorption modulation [8,9] and four-wave mixing in silicon, 
silicon-organic hybrid or chalcogenide χ(3) nonlinear waveguides [10–13]. While each 
technique has its own advantages and disadvantages, their operation principles limit them to 
single sub-channel (tributary) extraction from the OTDM channel. The result is that the 
number of devices required to fully demultipex the incoming data stream, and hence also 
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power consumption, scales with the OTDM channel baud rate. The need for multiple devices 
leads to the even more serious problem of inter-device timing synchronization, which 
becomes critical at rates of 100’s Gbaud/s and higher. 

These problems can be overcome using serial-to-parallel conversion where a single 
device simultaneously demultiplexes all tributaries out of the OTDM channel, resulting in 
parallel lower bandwidth output channels which can then be detected optoelectronically. 
Examples include multiple quantum well based time-to-space conversion [14, 15], angle 
phase-matched time-and-frequency-to-two-dimensional-space conversion [16, 17], time-to-
frequency conversion based on four-wave mixing [18–20] or semiconductor optical amplifier 
based cross-phase modulaton [21] and spectrally resolved sum-frequency generation (SFG) 
time-to-space conversion [22–27]. Serial-to-parallel demultiplexing avoids the problem of 
inter-device clock synchronization and is robust against detection errors due to timing jitter 
in the transmitted pulse stream. 

In this paper we present spectrally resolved SFG time-to-space (T-S) conversion for 
serial-to-parallel demultiplexing using a bulk periodically-poled lithium niobate (PPLN) 
crystal. This technique converts a fast temporal data stream to a quasi-static spatial image 
which can then be detected by an array of photodetectors. In addition to relief from precise 
timing synchronization, an advantage of T-S conversion is the preservation of phase 
information during the conversion process and the generation of a narrowband output signal. 
This characteristic makes T-S conversion especially attractive when compared to time-to-
frequency conversion, which generates a wideband output signal making coherent detection 
inaccessible. Other serial-to-parallel conversion techniques mentioned above (multiple 
quantum well based T-S conversion and angle phase-matched time-and-frequency-to-two-
dimensional-space conversion) are limited, respectively, in speed by the picosecond scale 
charge carrier lifetime and in conversion efficiency by the non-collinearly phase-matched 
interaction and requirement for one gating pulse per demultiplexed signal pulse. 

Spectrally resolved T-S conversion using second harmonic generation (SHG) was first 
demonstrated in a lithium triborate crystal at 920 nm [22]. Collinear non-critically phase-
matched degenerate SHG at 860 nm in potassium niobate [23] resulted in improved 
conversion efficiency, but without the possibility of filtering out the background light. T-S 
conversion at 1560 nm (i.e. in the optical communications C-band) in PPLN was 
demonstrated [25]. However a limited time window of 25 ps was obtained due to the large 
spectral component focused spot size necessary for the long interaction length required to 
obtain the reported conversion efficiency of 0.6%. Non-degenerate, collinearly phase-
matched SFG for background-free T-S conversion in the telecom window using a beta 
barium borate (BBO) crystal was recently demonstrated, with high resolution but low 
conversion efficiency due to the relatively small nonlinear coefficient of BBO [26]. Here we 
provide an updated summary of our research on T-S conversion with PPLN presented at the 
OSA Topical Meeting on Nonlinear Photonics (Colorado Springs, 17-21 June 2012) [27]. In 
particular, we employ a custom made wide aperture PPLN chip to achieve increased 
conversion efficiency whilst preserving high resolution and background-free operation. 
Additionally, the effect of T-S conversion with non-degenerate SFG on the time-to-space 
mapping factor is determined and experimentally verified, and an approach to achieve higher 
conversion efficiency by means of a PPLN planar waveguide is proposed. 

2. Non-degenerate time-to-space conversion 

Time-to-space conversion is based on SFG between the dispersed frequency components of a 
signal pulse stream and a single reference pulse in a nonlinear medium [22, 24] (see Fig. 1). 
The signal and reference beams, at central frequencies ωs and ωr respectively, are incident on 
different diffraction gratings and then pass through a Fourier lens, such that their resolved 
spectra are superimposed at the focal plane with equal magnitude and opposite direction 
linear spatial dispersions. By placing a χ(2) nonlinear crystal at this plane SFG occurs between 
the overlapping frequency components at each point in space. Due to the matched yet flipped 
spatial dispersions a quasi-monochromatic SFG wave is generated at each location along the 
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crystal aperture, with automatic phase-matching across the whole bandwidth of the dispersed 
pulses. In addition the problem of temporal walkoff associated with short pulse harmonic 
generation is avoided, since the spectrally resolved pulses are stretched in time. 

The generated SFG light carries an instantaneous linear spatial phase which is directly 
dependant on the time delay between the interacting signal and reference pulses. A second 
Fourier lens placed after the crystal converts this spatial phase into a transverse spatial shift 
of the focused pulse image at the output plane. The result is a slowly varying spatial image of 
the input waveform with one-to-one mapping of the time delay, Δt, of the incoming pulses to 
a spatial shift, Δx, of the output image. Each spatial pulse image corresponds to a single 
OTDM bit slot and so may be directly detected by a photodetector or mixed with a narrow 
linewidth local oscillator for coherent detection. 

 

Fig. 1. Time-to-space conversion concept. The time domain information carried by an OTDM 
channel is transferred to a space domain image via dispersed wave SFG, enabling direct or 
coherent detection. Note that a non-collinear phase-matching configuration is shown here for 
clarity, whereas the current experiment utilizes collinear phase-matching for an extended 
interaction length, necessitating the use of a bandpass filter for separating the SFG light from 
the background SHG of the signal and reference beams. 

The time-to-space mapping factor is given by the product of the linear spatial dispersion 
and a scaling factor incorporating the new carrier frequency due to the second spatial Fourier 
transform [25]; taking into account the non-degenerate wavelengths of our signal and 
reference pulses results in: 
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where f1 and f2 are the focal lengths of the first and second Fourier lenses respectively, c is 
the speed of light, β is the angle of diffraction of the central wavelength component of the 
dispersed signal pulse, fg,s is the signal pulse diffraction grating frequency and λs and λr are 
the signal and reference pulse central wavelengths respectively. Equation (1) reduces to the 
same scaling factor presented in [25] for the degenerate case. 

In addition to the information carrying SFG signal at ωs + ωr, the signal and reference 
pulses each independently produce SHG light centered about 2ωs and 2ωr. This light carries 
no useful information, yet propagates to the output spatial image plane and there forms an 
unwanted background to the pulse image. However, since the interacting pulses are at non-
degenerate wavelengths the SHG background light is spectrally offset from the SFG signal 
(ie. 2ωs > ωs + ωr > 2ωr), and so a background-free output image can be obtained by placing 
a bandpass spectral filter centered about ωs + ωr. This also allows the use of collinearly 
propagating signal and reference beams, thus maximizing their interaction length inside the 
nonlinear medium. 
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The key performance metrics of the T-S converter are the serial-to-parallel resolution 
factor, N, and the conversion efficiency, η. The resolution factor N determines the maximum 
number of signal pulses that can be simultaneously demultiplexed by a single reference pulse 
and is dependent on the time window of operation. The limited time window stems from the 
decrease in output image intensity due to less temporal overlap with increasing time delay 
between the reference pulse and a signal pulse at the χ(2) nonlinear crystal. 

The conversion efficiency η is defined as the SFG output power divided by the signal 
beam power incident on the nonlinear crystal. The resolution-efficiency product is invariant 
to the spot size of a spectral component focused at the crystal, so that one parameter can be 
improved at the expense of the other [24]. In other words, decreasing the spectral component 
spot size results in an enhanced resolution, but this is achieved at the expense of conversion 
efficiency due to the shorter interaction length. However the larger χ(2) nonlinearity of PPLN 
compared with BBO allows an increase in conversion efficiency without loss of resolution. 

3. Experiment 

Our experimental setup is shown in Fig. 2. The signal and idler (reference) outputs of a 
Spectra-Physics Opal OPO (with signal pulse duration 100 fs and repetition rate 80.2 MHz) 
are expanded to appropriate collimated beam sizes and undergo equal and opposite linear 
spatial dispersions of approximately 5 mm over a 40 nm (FWHM) bandwidth by diffraction 
gratings and 75 mm lenses. The dispersed beams are superimposed by a dichroic mirror and 
are incident on a PPLN crystal located at the focal plane. The main characteristics of the 
input beams are given in Table 1. Noncritically phase-matched SFG results in a quasi-
monochromatic output beam at 810 nm, which another lens of focal length 75 mm coherently 
focuses to a tight spot at the pulse image plane. A CMOS camera records the output spatial 
image, with background second harmonic light from the signal and reference beams being 
blocked by a bandpass filter between the lens and the camera. 

 

Fig. 2. Experimental setup (MLL, mode-locked laser; OPO, optical parametric oscillator; 
G1/G2, grating; f, Fourier lens; DM, dichroic mirror; PPLN, periodically-poled lithium 
niobate; BPF, bandpass filter. Inset: dispersed signal and reference beams at the PPLN chip. 

Table 1. Input Beam Characteristics of Time-to-Space Convertera 

 λ0 (nm) fg (lp/mm) α (°) β (°) dx/dν 
(mm/THz)

w0 (µm) Pav/Pmax 
(mW/kW) 

Signal 1550 1100 70 50 1.03 13 240/30 
Reference 1697 1000 80 45 −1.03 14 64/8 

aλ0, central wavelength; fg, grating frequency; α, incidence angle on grating; β, diffraction angle of central 
wavelength component; dx/dν, spatial dispersion; w0, focused spot radius of single spectral component in the 
horizontal direction; Pav/Pmax; average beam power/peak power at the PPLN. Ideally the reference beam power 
would be higher than the signal power. 
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PPLN was chosen as the nonlinear medium due to its high deff coefficient of 16 pm/V 
(taking into account the reduction by a factor 2/π due to periodic poling) and the absence of 
spatial walkoff between the extraordinary polarized interacting beams. The PPLN chip used 
in this experiment was fabricated and anti-reflection coated, with a domain length of 20.3 µm 
(for a phase-matching temperature of 165 °C) and dimensions of 6 mm in the light 
propagation direction and 10 mm in the spatial dispersion direction. The extra wide crystal 
aperture is necessary in order to accommodate the full spatial extent of the dispersed beams 
and avoid limiting the interaction bandwidth. The confocal length of the focused spectral 
components of the signal and reference beams in the plane of dispersion was 1.5 mm, thus 
only a short section of the crystal length is utilized in practice. 

4. Results 

An example pulse image with a sech squared fit to its horizontal cross-section is shown in 
Fig. 3(a); we placed a neutral density filter in front of the camera in order to suppress 
saturation. By varying the delay line in the signal beam path the temporal offset between the 
signal and reference pulses arriving at the PPLN is controlled. This temporal offset is 
translated by the T-S conversion process into a transverse spatial shift of the pulse image. 
Inserting the experimental setup parameters (see Table 1) into Eq. (1) gives a T-S conversion 
factor of 59.1 µm/ps, in excellent agreement with the measured conversion factor of 58.8 
µm/ps. In order to demonstrate the potential for demultiplexing a 1 Tbit/s OTDM channel we 
recorded 42 individual pulse images at 1 ps separation throughout the FWHM time window 
(Figs. 3(b) and 3(c)). 

The time window was determined by measuring the variation in output pulse image 
intensity with time delay and the conversion efficiency was measured using a power meter 
placed after the bandpass filter (at zero time delay); the results are summarized in Table 2. 

 

Fig. 3. (a) T-S converted signal pulse image with 440 fs FWHM, (b) pulse image intensity 
profiles showing shift in spatial position and intensity fall-off with varying time delay and (c) 
42 pulse images distributed throughout the T-S processor time window (composite image). 

Table 2. PPLN-based T-S Conversion Performance Parametersa 

ΔT (ps) τ (fs) N ( = ΔT/ τ) η (%) Conversion efficiency slope (%/W) Bandwidth (nm) 
42 440 95 0.03 0.6 0.09 

aΔT, FWHM time window; τ, FWHM pulse image width; N, serial-to-parallel resolution factor; η, conversion 
efficiency. 

Note that the pulse image width at 440 fs is approximately three times longer than the 
expected width for the 100 fs signal pulse (including the autocorrelation factor of ~1.5). This 
is mainly due to the fact that our reference pulse duration is 210 fs. Of course the reference 
pulse should ideally be short and intense compared to the signal pulse, enabling high T-S 
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fidelity and conversion efficiency. A factor 30 increase in conversion efficiency and factor 60 
increase in conversion efficiency slope compared with our previous work using BBO [26] 
were achieved (see Fig. 4(a)). This compares well with the predicted increase in conversion 
efficiency slope due to the larger nonlinear coefficient of PPLN: 
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where η is conversion efficiency and deff is the effective nonlinear coefficient of the crystal. 
Finally, the SFG bandwidth was measured as 0.09 nm using light coupled by a single 

mode fiber into an optical spectrum analyzer (Fig. 4(b)). This two order-of-magnitude 
reduction from the input signal bandwidth (5 THz to 40 GHz) brings the ultrafast input 
waveform to within the detection bandwidth of a fast optoelectronic receiver. In addition, the 
relatively narrow linewidth of the converted signal shows the potential for extraction of 
phase information using coherent detection. 

 

Fig. 4. (a) T-S conversion efficiency slope with PPLN (red diamonds) and BBO (pink 
squares) and (b) SFG narrowband spectrum centered at 810 nm with a −3 dB bandwidth of 
0.09 nm ( = 40 GHz). 

5. Discussion and conclusion 

The obtained T-S conversion efficiency of 0.03% in our current setup is clearly too low to be 
considered as a viable solution for OTDM demultiplexing. In order to boost the conversion 
efficiency we propose to implement the SFG interaction in a PPLN planar waveguide, with 
the interacting waves confined in the vertical direction. The non-degenerate configuration 
utilized here and in [26] is ideally suited for this task, as it is impossible to use a non-
collinear arrangement with vertical confinement in a planar waveguide. The advantages of 
performing the T-S conversion in a planar waveguide are twofold; the vertical mode height 
can be focused independently and more tightly thereby increasing the interaction intensity 
and the tight vertical mode does not impose any diffraction limitation as the mode is confined 
within the waveguide structure. 

The estimated vertical mode size in a planar waveguide defined by titanium diffusion at 
the reference wavelength (1697 nm) is approximately 5.5μm (1/e2 intensity points diameter). 
Compared to our current bulk PPLN crystal setup, where the vertical mode size of the 
reference beam is approximately 100 μm, this represents an intensity increase factor of 18, 
which should translate directly to a conversion efficiency improvement from the signal light 
to the generated SFG light. In addition, whereas the interaction length will still be limited by 
diffractive spreading in the non-confined horizontal direction, preservation of the beams' 
intensity in the vertical direction along the interaction length should result in a further 
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increase in conversion efficiency by a factor of √2. Thus a total increase by factor 25 in 
conversion efficiency as compared to the bulk PPLN T-S conversion reported here is 
expected due to these combined effects, bringing the overall conversion efficiency close to 
1%. 

In conclusion we have demonstrated high resolution and increased efficiency 
background-free time-to-space conversion using non-critically phase-matched SFG in a 
PPLN crystal. The quasi-monochromatic SFG output signal implies the potential for recovery 
of phase encoded information by coherent detection, allowing compatibility with advanced 
modulation formats such as n-QAM which are necessary for high spectral efficiency. We are 
currently planning a phase extraction experiment using a narrow linewidth local oscillator in 
order to demonstrate this possibility. The PPLN slab waveguide currently under fabrication 
will allow tight confinement of the light intensity in the vertical direction and thus further 
increase the conversion efficiency, en route towards practical time-to-space detection of 
optical waveforms in the lightwave telecommunication band. 

Finally, the conversion of amplitude and, potentially, phase information from the time 
domain to the spatial domain by means of spectrally resolved SFG is a very general 
technique which can find applications in a number of fields in addition to optical 
communications. For example the ability to perform single-shot imaging of non-repetitive 
ultrafast temporal waveforms with high resolution would be useful for investigating 
femtosecond time scale molecular dynamics. T-S conversion may also be interesting for 
single wavelength channel real-time photonic analog-to-digital conversion due to the 
possibility for oversampling of the converted signal in the spatial domain, thus reducing 
detection errors. 
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Chapter 3: Increased efficiency 
time-to-space conversion in a 
nonlinear planar waveguide 

3.1 Time-to-space conversion in a nonlinear planar waveguide 

By employing PPLN as the nonlinear medium for time-to-space conversion, a factor 

60 increase in conversion efficiency slope was obtained compared with the use of 

BBO. This increase was due to the stronger χ
(2) nonlinearity of PPLN and the fact that 

QPM allowed the use of parallel polarised fundamental and SFG waves, thus enabling 

access to the highest deff coefficient of the lithium niobate nonlinear susceptibility 

tensor. However the scope for further increases in conversion efficiency slope by 

using different nonlinear crystals is limited; instead a change in the optical 

arrangement is required. 

As mentioned in Chapter 1.2, there is an inherent trade-off between the two main 

time-to-space conversion performance parameters: the time window and the 

conversion efficiency. In order to widen the time window, the spectral resolution of 

the dispersed signal and reference pulses at the Fourier plane of the spectral processor 

must be increased. This can be accomplished by expanding the collimated beam size 

of the signal and reference beams arriving at the diffraction gratings. Note that the use 

of shorter focal length Fourier lenses will not increase the spectral resolution, since as 

well as decreasing the focused spot size at the Fourier plane the linear spatial 

dispersion extent will also decrease. The spectral processor resolution is independent 

of the Fourier lens focal length. However, illuminating a larger area of the diffraction 

grating results in tighter focusing of the spectral components at the Fourier plane 

whilst leaving the spatial dispersion extent unaltered, resulting in higher spectral 

resolution. 

 The Rayleigh length zR is the distance along the optical axis over which a focused 

beam stays relatively focused; at a distance of one Rayleigh length from the focal 

plane the beam radius has increased by a factor of √2: 



 53

λ
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where w0 is the focused spot radius and λ is the wavelength in vacuum. The 

efficiency of the SFG process depends on the optical intensity present at each point 

along the crystal length. Since it is inversely proportional to the square of the beam 

radius, the intensity of a diverging beam falls off quickly for increasing distance from 

the focal plane. At the Rayleigh length the intensity has decreased by a factor of two 

and further along the optical axis the intensity decreases as the square of the 

propagation distance. Therefore tighter focusing of the dispersed signal and reference 

beams, whilst giving a larger time window, results in decreased conversion efficiency 

(see Fig. 3.1). 

This time window – conversion efficiency invariance [16] is an intrinsic feature of 

time-to-space conversion by spectrally resolved SFG as has been presented so far. It 

stems from free-space diffraction of the focused signal and reference frequency 

components within the spectral processor. In order to attain high conversion 

efficiency whilst preserving a large time window, it is necessary to break this 

invariance. This can be achieved by stopping the diffraction of the focused spectral 

components via implementation of guided-wave time-to-space conversion. By 

confining the SFG interaction between the spatially dispersed signal and reference 

 
Fig. 3.1: Time window vs conversion efficiency. (a) High spectral resolution of the signal and 
reference frequency components at the Fourier plane results in a wider time window for the 
output time-to-space converted pulse image. However the reduced Rayleigh length due to tighter 
focusing (and hence faster beam divergence) of the frequency components means a shorter 
interaction length inside the nonlinear crystal, thus limiting the conversion efficiency. (b) Loose 
focusing of the signal and reference pulse spectral components increases their Rayleigh length, 
giving a longer interaction length inside the nonlinear crystal and resulting in higher conversion 
efficiency. However the low spectral resolution limits the time window.  
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waves in nonlinear waveguides, diffraction is eliminated and the interaction length 

can be made much longer, subject to waveguide fabrication limitations and temporal 

walkoff effects. At the same time the high spectral resolution necessary for a large 

time window is maintained, since each waveguide contains a single pair of phase-

matched signal and reference frequency components (also subject to waveguide 

design restraints).  

It can now be appreciated why the demonstration of background-free time-to-space 

conversion with collinearly propagating signal and reference beams, described in 

Chapter 2, is significant with respect to guided wave time-to-space conversion. The 

signal and reference spectral components confined in single mode waveguides are 

necessarily co-propagating. Background SHG removal by spatial filtering would not 

be possible since there is no angular or spatial separation between the SHG light and 

the SFG (signal-carrying) light at the waveguide exits. Therefore spectral filtering of 

the SHG background enabled by wavelength non-degenerate signal and reference 

beams co-propagating in the time-to-space converter was a necessary step towards 

implementation of guided wave time-to-space conversion. 

Realisation of guided wave time-to-space conversion in an array of nonlinear 

waveguides is a complex technical challenge. Therefore, the intermediate stage of 

time-to-space conversion in a one-dimensional planar waveguide in PPLN was 

demonstrated. In this case the interacting spectral components are confined in the 

vertical direction inside the planar waveguide, with free-space diffraction in the 

horizontal plane (see Fig. 3.2). By eliminating diffraction in the vertical direction the 

overall intensity over the length of the PPLN chip is higher than when compared with 

the completely unguided case in bulk PPLN. However the Rayleigh length of the free-

 
Fig. 3.2: Planar waveguide in PPLN. The signal and reference dispersed waves are confined in 
the vertical direction by a slab waveguide at the top surface of the PPLN chip. There is no 
confinement in the horizontal plane and so diffraction of the focused spectral components 
occurs. The effective interaction length determining the conversion efficiency is therefore the 
Rayleigh length of the focused spectral components in the horizontal plane. The diagram is not 
to scale.   
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space diffracting frequency components in the horizontal plane still determines the 

effective interaction length, thus limiting conversion efficiency.  

The planar waveguide in PPLN was also fabricated at the University of Paderborn 

with physical dimensions of 10 mm × 4 mm × 0.5 mm in the spatial dispersion, light 

propagation and vertical directions respectively and poling periodicity of 18.7 µm. 

This was smaller than that of the bulk PPLN because of the increased effective 

refractive index due to the waveguide. Details of the fabrication process are given in 

Chapter 3A. The optical arrangement used to focus the dispersed signal and reference 

beams into the planar waveguide is also detailed in Chapter 3A. However, in order to 

achieve efficient coupling into the planar waveguide preliminary measurements were 

performed and these are now described. 

First the guided spatial mode sizes of the signal and reference light emerging from 

the exit face of the waveguide were measured. Since the purpose of this measurement 

was simply to determine the guided mode size of the signal and reference light inside 

the planar waveguide, it was not performed within the spectral processor setup (i.e. 

the light coupled into the planar waveguide was not first dispersed by diffraction 

gratings). Furthermore, a CW source was used for the signal light at 1550 nm instead 

of the sub-ps pulses from the OPO. For the reference light measurement no CW 

source was available at 1697 nm and so the OPO source was used. In each case the 

signal and reference light was coupled via a lensed fibre brought almost in contact 

with the input face of the planar waveguide (see Fig. 3.3). A 0.65 numerical aperture 

(NA) microscope objective and a 1000 mm focal length lens were used to magnify by 

a factor 180 the light exiting the planar waveguide and image it onto an InGaAs 

 
Fig. 3.3: High NA imaging of the guided mode size in the PPLN planar waveguide. Light at 
1550 nm or 1697 nm is alternately coupled into the PPLN planar waveguide via a lensed fibre. 
The guided mode emerging from the end face of the crystal is magnified and imaged onto the 
InGaAs camera. The region of the planar waveguide in the PPLN is shown by the red dashed 
line (diagram is not to scale). 

 



 56

camera. A visible light source reflected off the PPLN crystal exit face was used to 

focus the exit face magnified image onto the camera, before taking measurements of 

the IR light.  From Gaussian fits to the recorded intensity profiles the vertical mode 

sizes were measured as 3 ± 0.2 µm and 3.5 ± 0.2 µm (FWHM) for the signal light at 

1550 nm and the reference light at 1697 nm respectively. These measurements 

compare well with the theoretical values of 3 µm and 3.25 µm for 1550 nm and 1697 

nm light respectively. An example image of the guided mode at 1550 nm is shown in 

Figure 3.4.  

Since only the optical power which is coupled into the PPLN planar waveguide 

contributes to the SFG interaction, it was necessary to measure the insertion loss (IL). 

This is defined as the ratio of the optical power of the guided mode emerging from the 

waveguide exit face to the optical power of the input beam at the entrance face of the 

waveguide (assuming that absorption is negligible over the 4 mm propagation 

distance in the waveguide). In order to determine the IL of the signal and reference 

beams, a power meter was first used to measure the beam power at the PPLN entrance 

face. Note that the IL measurements were all performed using the OPO sub-ps source 

for the signal and reference light, but with non-dispersed light. The high NA imaging 

system described above was then used to optimise coupling of the signal / reference 

light into the planar waveguide, by viewing the light emerging from the waveguide 

exit on the camera. An adjustable slit was then placed in front of the camera, 

vertically centred on the light exiting the planar waveguide and closed until the 

emerging beam just began to become clipped. In other words the slit aperture was 

 
Fig. 3.4: Example guided mode image. InGaAs camera snapshot showing the upper part of the 
exit face of the PPLN crystal with emerging light from the 1550 nm vertically guided mode. The 
region of the planar waveguide is marked with a red line. The inset shows a vertical cross-
section of the recorded intensity profile, with a 3 µm FWHM.   
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adjusted to block any non waveguide-coupled light from the signal / reference beam 

from reaching the camera. The camera was then replaced with the power meter and 

the optical power measured (see Fig. 3.5). The insertion loss was given by the 

difference (in dB) between this measurement and the previous measurement of optical 

power at the PPLN entrance face. Losses in the microscope objective and telescope 

lens were assumed to be negligible. 

  The signal and reference beam insertion losses were measured as 4.1 dB and 4.9 

dB respectively. Possible causes for these quite high insertion losses include imperfect 

spatial mode matching of the focused signal and reference beams at the waveguide 

entrance to the guided modes supported in the waveguide and non lowest order spatial 

mode and / or spatial frequency noise on the signal and reference beams exiting the 

OPO. The higher IL for the reference beam is consistent with the observed spatial 

mode of this beam, which is not a lowest order Gaussian mode on exiting the OPO. 

Note that this measurement using the adjustable slit was less than ideal since the 

measured IL depended sensitively on the slit aperture. Ideally all of the background 

non-coupled light should be blocked whilst allowing through all of the coupled light 

emerging from the waveguide. However it is unlikely that this ideal situation was 

realised in the measurement.   

 

 

 

 

 

 
Fig. 3.5: Measurement of insertion loss into the PPLN planar waveguide. The signal and 
reference beam powers after the cylindrical lens were alternately measured by the power meter 
(not shown in this diagram). The beams were then focused into the waveguide; coupling was 
maximised by using the InGaAs camera to view the guided mode emerging from the waveguide 
exit face (also not shown in the diagram). An adjustable slit was then used to block background 
non-coupled light, whilst allowing light exiting the waveguide to be incident on the power meter 
for the insertion loss measurement (diagram is not to scale).    
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We report the first demonstration, to our knowledge, of time-to-space conversion of subpicosecond pulses in a slab
nonlinear waveguide. By vertically confining the nondegenerate sum-frequency generation interaction between a
spatially dispersed 100 fs signal pulse at 1.55 μm and a reference pulse in a titanium indiffused planar periodically
poled lithium niobate crystal waveguide, we have attained a conversion efficiency of 0.1% and a conversion
efficiency slope of 4% per watt of reference beam power. This was achieved while maintaining high conversion
resolution, with a measured time window of operation of 48 ps resulting in a serial-to-parallel demultiplexing
factor of 90. © 2013 Optical Society of America
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The continued rapid growth in Internet and data center
traffic stimulates research into optical communications
transmission techniques, in order to increase data capac-
ity and spectral efficiency and reduce energy consump-
tion. Optical time division multiplexing (OTDM) enables
generation of record multi-Tbaud symbol rates on a
single wavelength channel, and can be combined with
advanced modulation formats to achieve greater than
10 Tb∕s data transmission [1]. Techniques for demulti-
plexing a Tb/s OTDM channel must exploit optical non-
linearities due to the limited bandwidth (up to around
100 GHz) of optoelectronic devices. Various types of
all-optical switching to extract a single bit from an OTDM
channel have been investigated, including the nonlinear
optical loop mirror [2,3], sum-frequency generation
(SFG) in periodically poled lithium niobate (PPLN) wave-
guides [4], and four-wave mixing (FWM) in silicon and
chalcogenide nonlinear waveguides [5,6]. However, the
number of switching devices required scales with the
OTDM symbol rate, increasing the total power consump-
tion and system complexity.
Serial-to-parallel demultiplexingmethods overcome this

problem by using a single device to simultaneously demul-
tiplex an entire OTDM channel, on a frame-by-frame basis.
Examples include multiple quantum well based time-to-
space (T-S) conversion [7], time-to-frequency conversion
by FWM [8,9], and spectrally resolved SFG T-S conversion
[10–16]. T-S conversion transforms the OTDM serial pulse
stream into a quasi-static parallel spatial image, using SFG
between multiple signal pulses and a single reference
pulse. Each output spatial pulse image corresponds to a
single OTDM bit slot and so may be directly detected
by a photodetector or mixed with a narrow linewidth local
oscillator for coherent detection.
T-S conversion by degenerate SFG was first demon-

strated at 920 nm with an LBO nonlinear crystal [10]
and later at 1550 nm with bulk PPLN [13]. We have pre-
viously performed background-free T-S conversion using

nondegenerate and collinearly phase-matched SFG in a
BBO crystal [14] and in bulk PPLN [15]. However,
free-space diffraction of the signal and reference beams
in the bulk nonlinear crystal limits the SFG interaction
length, and therefore also limits the T-S conversion effi-
ciency. To achieve reasonable conversion efficiencies, a
high-peak-power (some hundreds of kilowatts) reference
pulse is needed, making the T-S conversion technique im-
practical for real system use. In order to overcome this
barrier, it is necessary to both increase the intensity of
the interacting beams by tight focusing and simultane-
ously increase the interaction length. In the free-space
regime, tighter focusing results in more rapid beam
spreading due to diffraction and therefore reduced inter-
action length. However, confinement of the SFG interac-
tion in a nonlinear planar waveguide prevents beam
spreading in one dimension and thus a greater effective
interaction length can be achieved.

In this Letter, we report the first demonstration, to our
knowledge, of T-S conversion in a planar nonlinear wave-
guide [16]. By confining the interacting signal and refer-
ence light within a PPLN slab waveguide, we have
significantly improved the T-S conversion efficiency com-
pared to our previous work in bulk PPLN [15], while main-
taining a high serial-to-parallel demultiplexing factor.

The operation of a T-S processor is described in detail
in [10–12] and briefly summarized here. The signal pulse
stream and a single reference pulse are incident on dif-
fraction gratings and pass through Fourier lenses, such
that their resolved frequency components are superim-
posed at the spectral plane with equal magnitudes but
opposite directions of the spatial dispersions. By placing
a χ�2� nonlinear crystal at the spectral plane, SFG be-
tween the superimposed frequency components occurs
at each point in space. Due to the matched yet flipped
spatial dispersions, a quasi-monochromatic SFG wave
is generated across the crystal aperture. The SFG light
carries an instantaneous linear spatial phase, which is
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directly dependant on the time delay between the incom-
ing signal and reference pulses. A second Fourier lens
placed after the crystal converts this instantaneous linear
phase into a transverse spatial shift of the focused pulse
image at the output plane. The result is a slowly varying
spatial image of the input signal waveform with one-to-
one mapping of the temporal position of the incoming
pulses to the spatial position of the output image.
Figure 1 shows the slab waveguide PPLN T-S experi-

mental setup. The signal and idler (reference) pulses of a
spectra-physics opal optical parametric oscillator (OPO)
have central wavelengths of 1550 and 1697 nm, respec-
tively, FWHM pulse durations of 100 and 210 fs, respec-
tively, and an 80 MHz repetition rate. The two beams are
anamorphically expanded to appropriate collimated
beam sizes in the vertical and horizontal directions and
undergo equal and opposite linear spatial dispersions of
approximately 5 mm over a 40 nm (−3 dB) bandwidth by
diffraction gratings and 75 mm Fourier lenses. The dis-
persed beams are then superimposed by a dichroic mir-
ror and focused in the vertical direction with a 6.4 mm
cylindrical lens. This focal length was chosen to try to
obtain best mode matching between the free-space ver-
tically focused mode sizes at the input facet of the PPLN
slab waveguide to the guided mode size within the
waveguide.
The PPLN chip (with length 4 mm; see Fig. 2) was posi-

tioned along the optical axis such that the dispersed sig-
nal and reference beams’ horizontal spectral planes were
located at its center, in order to best exploit the wave-
guide length for generation of SFG light. The cylindrical
focusing lens was then placed such that the signal and
reference beams’ vertical focal planes were displaced

by 2 mm ahead of the spectral plane, to the PPLN chip
input facet for optimal waveguide coupling.

The PPLN poling period of 18.7 μm was chosen to sup-
port quasi phase-matched SFG between the signal and
reference pulses’ central wavelengths at a crystal temper-
ature of 30°C, taking into account the increased effective
refractive index in the slab waveguide region compared
to that of bulk PPLN. The waveguide length of 4 mm in
the light propagation direction and aperture of 10 mm in
the spatial dispersion direction were chosen, respec-
tively, to fully contain the focused spectral components’
confocal length and the spatial extent of the dispersed
light at the spectral plane.

The slab waveguide was fabricated by indiffusion of an
88 nm thick Ti layer at 1060°C for 8.5 h into the upper
surface of the z-cut crystal. The intensity distribution
of the waveguide mode at λ≈1550 nm is confined to ap-
proximately 3 μm FWHM in the vertical direction. This
tight vertical confinement of the signal and reference
beams results in increased intensity of the interacting
light throughout the propagation length, enabling more
efficient generation of SFG light. A broadband antireflec-
tion coating from 1500 to 1750 nm was deposited on the
PPLN entrance facet and an antireflection coating at
810 nm on the exit facet. The PPLN was held at a temper-
ature of 30°C (�0.1°C) for optimum phase matching.

The FWHM spot size of the focused spectral compo-
nents within the crystal was approximately 14 μm. While
the signal and reference beams coupled into the wave-
guide were confined in the vertical direction as single-
mode guided waves, free-space diffraction of the focused
spectral components in the nonguiding horizontal plane
still limits the SFG interaction length. The confocal
length in the horizontal direction was 1.2 mm; thus the
full length of the chip is not exploited in practice; i.e.,
horizontal plane diffraction limits the maximum conver-
sion efficiency achievable in our current experiment.

Note that the use of nondegenerate wavelengths for
the interacting light is essential in order to avoid gener-
ation of strong background second-harmonic generation
(SHG) light by the signal and reference pulses individu-
ally in the slab waveguide PPLN. This background light
would propagate to the output plane and there degrade
the pulse image quality, reducing the signal-to-noise ratio
at the photodetector placed to receive the demultiplexed
bit. The PPLN poling periodicity required for quasi phase-
matched SFG between signal and reference beams with
widely spaced wavelengths (i.e., 1550 and 1697 nm) does
not allow for phase-matched SHG from the input wave-
lengths individually, and so the SHG background is neg-
ligible in this case.

Due to the matched yet flipped spatial dispersions of
the two beams, noncritically phase-matched SFG be-
tween overlapping pairs of signal and reference spectral
components at each point along the PPLN aperture re-
sults in a quasi-monochromatic output beam at 810 nm.
A 75 mm lens coherently focuses the SFG light to the
pulse image plane, with a 25 mm cylindrical lens used
for vertical collimation of the light exiting the planar
waveguide.

An example of a pulse image recorded by a CMOS cam-
era at the image plane is shown, together with a Gaussian
fit to its horizontal cross-section, in Fig. 3(a). The T-S

Fig. 1. Experimental setup (MLL, mode-locked laser; OPO, op-
tical parametric oscillator; G1/G2, grating; f, Fourier lens; Cyl,
vertical cylindrical lens; DM, dichroic mirror; slab WG PPLN,
slab waveguide in PPLN). Inset: dispersed signal and reference
beams at the slab WG PPLN.

Fig. 2. Slab waveguide PPLN (not to scale) showing titanium
indiffusion defined waveguiding region, spatially dispersed sig-
nal and reference beams vertically focused to the waveguide
entrance facet and horizontally focused to the center of the
crystal, and SFG light at the output facet.
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conversion factor was measured as 62 μm∕ps, by record-
ing the shift in the transverse spatial position of the out-
put pulse image at different signal pulse delay line
lengths. This compares well with the calculated value
of 59 μm∕ps (see Ref. [15], where the Fourier lens focal
lengths and diffraction grating frequency used are essen-
tially the same as in the current experimental setup). The
resulting FWHM pulse image width τ was found to be
532 fs, which is longer than the ideally expected image
width of 232 fs corresponding to the cross correlation
of a 100 fs signal pulse with a 210 fs reference pulse.
We attribute this broadening to the poor beam quality
of the reference beam (M2 � 1.3). This results in less
than optimal focusing of the reference pulse spectral
components at the Fourier plane, reducing the T-S proc-
essor spectral resolution and so limiting the image plane
resolution.
An important performance parameter of the T-S proc-

essor is the time window of operation ΔT . This is equiv-
alent to the duration of the SFG output pulse and defines
the maximum spatial extent of the T-S converted output
parallel pulse images. The time window is determined by
the temporal overlap of the interacting signal and refer-
ence pulses within the processor, which results in a drop
in generated SFG signal power from the center of the
time window toward its edges. The FWHM time window
was measured as 48 ps by changing the delay line length
and measuring the variation in SFG power.
The serial-to-parallel conversion factor N is defined as

the time window ΔT divided by the pulse image width τ.
This determines the maximum number of signal pulses
that can be simultaneously demultiplexed by a single
reference pulse to spatially separated parallel output
channels. Our T-S conversion setup resulted in a conver-
sion factor of N � 90. In order to demonstrate the poten-
tial for complete demultiplexing of a 1 Tbit∕s OTDM
channel, we recorded 48 individual pulse images at
1 ps separation throughout the FWHM time window

[Figs. 3(b) and 3(c)]; it can be seen that there is clear spa-
tial separation between adjacent output channels and the
pulse images obtained are background free.

The T-S conversion efficiency η is defined as the SFG
output power divided by the signal beam power coupled
into the slab waveguide PPLN. We obtained a maximum
conversion efficiency of 0.1% at 23 mW of coupled refer-
ence beam average power and a conversion efficiency
slope of 4% per watt of coupled reference beam power
[see Fig. 4]. Reference [13] reports a higher conversion
efficiency of 0.6%; however, this was achieved at the ex-
pense of a reduced time window of 25 ps due to the de-
crease in spectral resolution required for fully exploiting
the crystal interaction length (trading off efficiency for
resolution).

The insertion losses for the signal and reference beams
into the slab waveguide were measured as 4.1 and 4.9 dB,
respectively. The average power and peak power of the
signal (reference) beam at the PPLN waveguide entrance
facet were 132 (70) mW and 16.5 (4.2) kW, respectively.
Ideally, the pump power should be much higher than the
signal power.

The SFG output signal bandwidth was measured as
0.1 nm (46 GHz) using light coupled via a multimode fiber
into an optical spectrum analyzer [see Fig. 5]. This two-
order-of-magnitude reduction from the input signal pulse
bandwidth (from 5 THz to 46 GHz) implies the possibility
for extraction of phase information from the converted
signal by using coherent detection techniques.

The slab waveguide PPLN T-S conversion results are
summarized and compared to those obtained with bulk
PPLN [15] in Table 1. Note that the time window and se-
rial-to-parallel resolution factors are similar for slab
waveguide PPLN and for bulk PPLN T-S conversion. This
is as expected since these parameters are determined

Fig. 3. (a) T-S converted signal pulse image with 532 fs FWHM,
(b) 48 pulse images distributed throughout the T-S processor
time window of 48 ps (composite image), and (c) pulse image
intensity profiles showing shift in spatial position and intensity
fall-off with increasing time delay.

Fig. 4. T-S conversion efficiency slope for slab waveguide
PPLN (red triangles) compared to our previous result with bulk
PPLN crystal (pink diamonds; see Ref. [15]).

Fig. 5. Output SFG spectrum centered at 810 nm with a −3 dB
bandwidth of 0.1 nm (� 46 GHz); the optical spectrum analyzer
resolution was set to 0.01 nm for this measurement.
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solely by the spectral resolution of the dispersed signal
and reference pulses at the spectral plane and ideally
should not be affected by the type of nonlinear medium
used. The principle difference between T-S conversion in
the slab waveguide and bulk PPLN media is the conver-
sion efficiency obtainable.
In summary, we have demonstrated T-S conversion of

100 fs pulses at 1.55 μm in a one-dimensional PPLN wave-
guide. This advance from a free-space nonlinear interac-
tion to a semiguided wave regime resulted in increased
SFG conversion efficiency, while maintaining high serial-
to-parallel conversion resolution.
It should be noted that T-S conversion is a true serial-

to-parallel demultiplexing technique, with all the signal
pulses in the OTDM channel being simultaneously demul-
tiplexed by a single reference pulse. In order to compare
the optical power requirements of T-S conversion with
other (single bit extraction) demultiplexing techniques,
it is useful to consider the reference pulse energy-per-
extracted-bit parameter. In our slab waveguide PPLN
setup we use 3 pJ∕bit to achieve 0.1% conversion effi-
ciency. This compares with 1.1 pJ∕bit for 0.8% conver-
sion efficiency [5] and 1.7 pJ∕bit for 0.06% conversion
efficiency [6] for FWM single bit extraction in silicon
and chalcogenide waveguides.
For high-bit-rate OTDM demultiplexing, for example,

from 1 Tbit∕s to 50 × 20 Gbit∕s, our current slab PPLN
waveguide T-S setup would require an average pump
power of around 5 W. Clearly this is a higher than the
acceptable pump power requirement for practical OTDM
demultiplexing. In order to reduce the pump power, the
T-S conversion efficiency could be increased by less tight
focusing (in the horizontal direction) of the signal and
reference spectral components, allowing for extended
Rayleigh interaction range in a lengthened slab PPLN
waveguide. This can be achieved by employing longer
focal length lenses; however, this would increase the
overall footprint of the system.
Finally, high-resolution T-S conversion may be ex-

ploited in a number of applications, including single-shot
imaging of ultrashort temporal waveforms for investigat-
ing femtosecond time scale molecular dynamics and

single wavelength channel photonically assisted analog-
to-digital conversion, for which reference power is not a
major concern, but having large conversion efficiency
and signal strength are.
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Table 1. Slab Waveguide PPLN and Bulk PPLN T-S Conversion Performance Parametersa

ΔT (ps) τ (fs) N η (%) Conversion Efficiency Slope (%/W) Bandwidth (nm)

Slab WG PPLN 48 532 90 0.1 4 0.1
Bulk PPLN [15] 42 440 95 0.03 0.6 0.09
aΔT , FWHM time window; τ, FWHMpulse image width;N , serial-to-parallel resolution factor (� ΔT∕τ); η, conversion efficiency. Note that due
to insertion loss, the maximum conversion efficiency for the slab waveguide PPLN was obtained at lower reference beam average power
(23 mW) compared to the bulk PPLN in Ref. [15] (64 mW).
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Chapter 4: Full-field 
measurement of ultrashort 

pulses 
Whilst the work presented here so far has focused on developing time-to-space 

conversion as a demultiplexer for OTDM optical communications, it is in fact a 

general technique for transferring time domain information onto the spatial domain 

for ease of detection. It can therefore be used for ultrashort pulse measurement, where 

optoelectronic photodetectors lack the necessary bandwidth to resolve sub-picosecond 

temporal features. By mapping the temporal waveform onto a spatial dimension, an 

array of photodetectors or a camera can be used to record the original pulse intensity 

envelope with high spatial resolution. However, as mentioned in Chapter 1.4, an 

intensity-only measurement discards important information about the waveform 

which is contained in the phase. The time-to-space conversion process converts this 

temporal phase to a spatial phase on the generated SFG wave. In the case of a linear 

temporal phase (i.e. a time delay between the signal waveform and the reference 

pulse), the spatial phase of the SFG wave is also linear and so is converted by the 

output Fourier lens to a transverse spatial shift of the waveform image. In the case of a 

quadratic temporal phase the spatial phase of the SFG wave is also quadratic, 

resulting in a defocus of the pulse image at the output image plane.  

Whilst this image defocus has been shown to give an indication of the presence and 

magnitude of frequency chirp on an ultrashort pulse [13, 14], an immediate and 

simultaneous recording of the converted complex field (i.e. amplitude and phase) 

would be preferable. This is made possible by the narrow bandwidth of the SFG 

output carrying the time-to-space converted phase information, allowing 

interferometric phase detection using a narrow-linewidth local oscillator. Section 4.1 

and paper 4A describe the results of full-field measurement experiments by time-to-

space conversion of ultrashort pulse packets and frequency chirped pulses. Section 4.2 

and paper 4B present the experimental demonstration of real-time phase detection of a 

phase-modulated pulse train.    
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4.1 Pulse packet and chirped pulse full-field measurement 

Two full-field measurement experiments by time-to-space conversion were 

performed: the first on a linearly phase-modulated pulse packet consisting of two 

bandwidth-limited ultrashort pulses and the second on quadratically phase-modulated 

and temporally stretched pulses. The experimental setups used to apply linear and 

quadratic phase modulation to the signal pulse are detailed below, but first the 

generation of the local oscillator (LO) is described. 

Since optoelectronic photodetectors and cameras respond only to intensity, any 

phase measurement must be performed by first converting phase variations into 

intensity variations. This is typically done by interfering the phase information-

carrying signal wave with a featureless reference wave (i.e. the local oscillator) at the 

same frequency. When the signal and LO waves are superimposed in space their 

instantaneous field amplitudes are combined, giving constructive interference where 

they are in phase and destructive interference where they are out of phase. The 

resulting spatial intensity variations (interference fringes) are recorded by the CMOS 

camera, thus creating an interferogram from which the field amplitude and phase of 

the signal wave can be extracted. In order to obtain high visibility interference fringes 

the LO should have precisely the same frequency as the signal wave and should also 

have as narrow a linewidth as possible. Typically a CW laser is used, however in the 

experiments described below the LO was generated by spectral filtering of the mode-

                  
Fig. 4.1: LO generation by spectral filtering of the residual pump pulse. The sub-ps broadband 
residual pump pulse which exits the OPO is centred at 810 nm and has an FWHM bandwidth of 
~10 nm. The pulse is incident on a diffraction grating which angularly disperses the various 
frequency components. A Fourier lens then converts the angular dispersion to a linear spatial 
dispersion of focused frequency components at the Fourier plane. Here a 20 µm wide slit blocks 
all spectral components except for a 1 nm bandwidth centred at 810 nm. The spectrally filtered 
(and temporally stretched) LO is then directed towards the CMOS camera to interfere coherently 
with the SFG phase-carrying signal.    
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locked laser residual pump pulse. The residual pump is the part of the MLL pulse 

which does not get converted to signal and reference light by DFG in the OPO; 

instead it exits from the OPO and can be used as a separate source of sub-ps pulses at 

810 nm. Since the residual pump pulses have a broad bandwidth of approximately 10 

nm (FWHM), it was necessary to narrow this spectral content down to approximately 

1 nm by spectral filtering. Figure 4.1 shows the LO spectral filtering setup. The 

residual pump pulses are spatially dispersed by a diffraction grating and Fourier lens 

pair (as described in section 1.2) and a 20 µm wide slit is then used to block all 

frequency components except those in a 1 nm (FWHM) bandwidth centred around 

810 nm. Note that this is wider than the 0.1 nm bandwidth of the SFG light. This was 

done intentionally to avoid interference fringes due to the LO alone, which were 

initially observed on the camera. The LO light was incident on the camera at a small 

angle from above in order to intersect the SFG beam and create a spatial interference 

pattern with the time-to-space converted pulse image.     

The pulse packet used for the linear phase modulation experiment was generated 

by using an unbalanced Mach-Zehnder interferometer to split the signal pulse at 1550 

nm emerging from the OPO into two copies (see Fig. 4.2). One copy (not phase-

modulated) passed through a delay line in order to adjust the temporal offset between 

the two pulses. The other copy passed through a rotating glass slide which was used to 

apply a linear phase to the pulse. This controllable differential phase between the 

modulated and unmodulated pulses was the target for detection in this experiment. 

                  
Fig. 4.2: Pulse packet generation. The signal pulse at 1550 nm from the OPO is split into two 
copies by a beamsplitter. One copy (unmodulated) passes through a delay line and the other 
copy receives a linear phase applied by a rotating glass slide. The two pulses are then re-formed 
into a single beam at the second beamsplitter, with a few picoseconds time delay between them. 
The double pulse is then directed via a delay line to the time-to-space converter.   
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The signal pulse packet then passed through another delay line and entered the time-

to-space converter along with a reference pulse at 1697 nm. The time-to-space 

conversion setup used was the same as that described in Chapter 2B, with a bulk 

PPLN nonlinear crystal. The resulting SFG wave carrying the temporal amplitude and 

phase information was focused to the CMOS camera where the double pulse image 

was observed. The LO beam was also directed onto the camera at a small angle and 

horizontal interference fringes were observed on the pulse images. 

For the quadratic phase modulation experiment, frequency chirp was applied to the 

signal pulses using a four-pass pulse stretcher (see Fig. 4.3). The bandwidth-limited 

incoming signal pulse is dispersed by a diffraction grating and Fourier lens pair, with 

the dispersed spectrum incident on the mirror. When the lens-grating distance d equals 

the lens focal length f there is no applied quadratic phase and the pulse exiting the 

pulse stretcher is still bandwidth-limited (this is known as the pulse stretcher 'null 

position'). In order to apply quadratic phase to the pulse the mirror and lens are 

together displaced along the optical axis with respect to the grating (note that the lens-

to-mirror distance is fixed), causing the Fourier plane at the mirror to become curved 

[50]. This means that each spectral component travels a different total distance 

through the pulse stretcher, thereby acquiring a differential path length or phase. This 

phase varies quadratically across the pulse spectrum; equivalent to a linear frequency 

chirp in which each frequency component has a different time delay with respect to 

the pulse envelope, thus stretching the pulse in time. The direction and magnitude of 

                 
Fig. 4.3: Pulse stretcher for applying quadratic phase modulation. By displacing the lens and 
mirror with respect to the diffraction grating, positive or negative quadratic phase of varying 
magnitude can be applied to the dispersed frequency components. This is equivalent to a linear 
frequency chirp and also results in temporal stretching of the pulse. 

 



 67

the chirp simply depend on the direction and extent of the displacement of the mirror 

and lens. In this way a controllable quadratic phase can be applied to the signal pulse. 

The four-pass configuration is in order to ensure that the spatio-temporal coupling 

inside the pulse stretcher is undone for the output pulse. The chirped pulse is then 

time-to-space converted and its pulse image viewed on the camera, along with the 

curved fringe interference pattern due to the LO beam as described above. 

In order to recover the amplitude and phase information from the phase modulated 

pulses in the experiments described above, the interference patterns recorded by the 

camera were Fourier transformed to the spatial frequency domain on a PC. Single 

sideband (SSB) filtering was then applied to eliminate the DC component and one of 

the sidebands. The filtered spatial frequency image was then inverse Fourier 

transformed back to the spatial domain and the time-dependant amplitude and phase 

were extracted.     
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4.2 Real time phase demodulation of ultrashort pulses by 
time-to-space conversion 

The phase modulation experiments described above were designed to show proof of 

principle of time-to-space conversion for full-field measurement of ultrashort pulses. 

Phase recovery is also important in the context of time-to-space conversion as a 

potential OTDM demultiplexing technique for optical communications. As mentioned 

in section 1.3 advanced modulation formats such as QPSK, where data is encoded on 

the phase of the optical wave, are typically used together with OTDM to increase the 

bit rate and spectral efficiency. Therefore it is imperative that an OTDM 

demultiplexing method is compatible with coherent detection of phase information. 

The phase detection experiments described in section 4.1 were both based on slow 

phase modulation of the signal pulses. The phase modulation applied, whilst it could 

be varied between measurements, did not change in time with respect to the individual 

signal pulses. Furthermore, the detection stage was also 'slow' since the time-

averaging CMOS camera recorded the incident optical intensity over a span of a few 

milliseconds. Therefore a few hundred thousand time-to-space converted pulse 

images were incident on the camera for each recorded snapshot (the repetition rate of 

the signal pulses from the OPO was approximately 80 MHz). Since the phase 

modulation was slow in these experiments, the detection stage could also be slow 

without affecting the results. However, in an optical communications link a pseudo-

random bit sequence is amplitude and phase-modulated onto the optical carrier in real 

time and must also be detected in real time. Clearly another experiment is required to 

show proof of principle for time-to-space conversion as a potential candidate for 

OTDM demultiplexing. 

This experiment was performed by replacing the slow phase modulation setups 

described above with an electro-optic phase modulator which could be driven with an 

RF sinusoidal signal. At the same time the time-averaging camera at the output of the 

time-to-space processor was replaced with a fast photodetector for real-time coherent 

detection of the SFG light mixed with the LO. The phase modulator used was based 

on the linear electro-optic effect (Pockels effect) in a KTP crystal. By applying an 

electric field across the crystal transverse to the optical axis, its refractive index 

changes and so light passing through the crystal experiences an increased phase delay. 
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The applied voltage can be reversed periodically with a sinusoid function at RF 

frequencies, resulting in a time-varying phase modulation of the signal pulse train. 

In the experiment described in paper 4B, a true pulse-to-pulse π phase swing was 

not possible, since the maximum driving frequency which could be applied to the 

phase modulator was limited to around 500 kHz (compared to the 80 MHz repetition 

rate of the signal pulses). This meant that the sinusoidal phase modulation was applied 

to the pulse train as a whole, rather than individual pulses. In addition the maximum 

modulation depth attained was approximately 1.5 radians; ideally it would have been 

π radians. This was due to the dependence of the magnitude of the Pockels effect on 

the applied electric field, which is equal to the applied voltage divided by the crystal 

width. Since the signal pulses to be modulated propagated in free-space (as opposed 

to in a waveguide), the crystal width had to be relatively large to allow a sufficient 

clear aperture of 2 mm for the free-space beam, thus limiting the modulation depth. 

However enough phase modulation was applied to give a detectable signal after time-

to-space conversion. 

The phase-modulated signal pulse train was time-to-space converted in the same 

setup as described in section 4.1 above. In order to sensitively detect the phase 

modulation that was transferred to the SFG wave, a technique known as balanced 

homodyne detection was employed. The SFG light was coupled into a single mode 

fibre via a fibre collimator and the LO light at the same wavelength was coupled via 

another collimator into a separate single mode fibre. The two fibres were connected to 

a 3 dB fibre coupler which combined the SFG and LO light into each of its two 

outputs, with a π/2 relative phase shift between them (see Fig. 4.4). This converts the 

phase modulation of the SFG light into an intensity modulation; when the SFG and 

LO are in phase their combined optical power exits via one output and when they are 

out of phase the optical power exits via the other output. The fibre coupler outputs 

were then connected to the two photodiodes of a 350 MHz bandwidth silicon balanced 

photodetector. The two photodiodes generated photocurrents I+,- proportional to the 

incident optical power, but with opposite polarities, as shown in Eqns 4.1 [51]: 
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where S is the photodiode spectral responsivity (which is simply a constant for light of 

a particular wavelength), PSFG and PLO are the SFG and LO optical powers 

respectively coupled into the fibre collimators (assuming negligible insertion loss at 

the 3 dB fibre coupler) and ϕ(t) is the original phase modulation applied to the signal 

pulses (assuming a non time-varying phase of the LO light which is here set to zero 

for convenience). Note that here we have assumed that the SFG and LO optical 

frequencies are identical. By summing these two photocurrents and converting them 

to a voltage in a transimpedance amplifier, the constant SFG and LO terms cancel out 

and we are left with an electrical signal V(ϕ) which represents the original time-

varying phase modulation: 

( ) ( )( )tPPGSV LOSFG φφ sin2=                                         (4.2) 

where G is the electrical gain provided by the transimpedance amplifier. Note that a 

significant advantage of balanced homodyne detection is that the signal-to-noise ratio 

can be enhanced by using a high power local oscillator, effectively providing gain for 

a weak signal of interest (in this case the SFG wave). The voltage in Eqn 4.2 is then 

amplified and the result recorded by a 12 GHz bandwidth oscilloscope, completing 

the phase demodulation. 

                 
Fig. 4.4: Balanced coherent detection setup. The phase-modulated signal and LO are coupled 
into a 3 dB fibre splitter which combines the two waves. These are then incident on photodiodes 
which generate photocurrents proportional to the incident optical power, but with opposite 
polarities. The transimpedance amplifier sums the electrical signals, thus cancelling out the DC 
components from each photodiode, whilst passing the RF component. The output phase-
dependent voltage is displayed on the oscilloscope.  
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Abstract: Accurate amplitude and phase measurements of ultrashort optical 
waveforms are essential for their use in a wide range of scientific 
disciplines. Here we report the first demonstration of full-field optical 
reconstruction of ultrashort waveforms using a time-to-space converter, 
followed by a spatial recording of an interferogram. The algorithm-free 
technique is demonstrated by measuring ultrashort pulses that are widely 
frequency chirped from negative to positive, as well as phase modulated 
pulse packets. Amplitude and phase measurements were recorded for pulses 
ranging from 0.5 ps to 10 ps duration, with measured dimensionless chirp 
parameter values from −30 to 30. The inherently single-shot nature of time-
to-space conversion enables full-field measurement of complex and non-
repetitive waveforms. 
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1. Introduction 

Ultrashort optical pulses are used in many areas of science and technology, for example the 
investigation of femtosecond time-scale molecular interactions [1, 2], multi-photon 
microscopy of dynamic biological samples [3], optical data processing [4] and optical 
communications [5]. Full-field measurement of ultrashort optical pulses is essential for 
understanding their generation, ascertaining their propagation properties and for pulse 
shaping applications [6]. For example, temporal phase measurement of a pulse can be used to 
determine whether it is bandwidth-limited or has undergone dispersive or nonlinear phase 
distortions. Optoelectronic photodetectors are unable to measure ultrashort (sub-picosecond) 
pulses, due to their limited electrical bandwidth of ~100 GHz in state of the art devices. Pulse 
measurement techniques are therefore typically based on optical nonlinear phenomena, which 
are effectively instantaneous on the femtosecond timescale. 

The requirements for a successful ultrashort pulse full-field characterization technique 
include: unambiguous measurement of complex and non-symmetric pulses, single-shot 
measurement of non-repetitive pulses, a high record length-to-resolution ratio for long and 
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complex waveforms and algorithm-free phase recovery to minimize post-processing and 
eliminate the problem of non-convergence. 

Among the full-field characterization methods that have been investigated, frequency-
resolved optical gating (FROG) [7–10] and spectral interferometry techniques [11–13] such 
as SPIDER are popular. However, the FROG technique requires a phase recovery algorithm 
whose run time rapidly increases for larger time-bandwidth product waveforms [14], while 
SPIDER's record length is limited by spectrometer resolution. Temporal magnification, 
following the analogy between short pulse dispersive propagation and free-space diffraction 
[15], can temporally stretch pulses to enable detection by conventional photodetectors [16] or 
to perform full-field measurement by interferometry in the time [17] or frequency [18] 
domains. This technique, however, is only single-shot within a time window limited by the 
stretched reference pulse duration. Optical arbitrary waveform measurement (OAWM) uses 
spectral slicing and digital coherent detection to achieve a record length-to-resolution ratio of 
>300,000 [19]. However, the requirement for a stable frequency comb and multiple high-
speed receivers and digitizers reduces the practical utility of this method. 

2. Full-field measurement by time-to-space conversion 

Time-to-space (T-S) conversion realizes full-field measurement of ultrashort optical pulses by 
transferring the pulse's amplitude and phase information from the temporal domain to a 
spatial domain image. It is based on sum-frequency generation (SFG) between spatially 
dispersed signal and reference pulses, resulting in a quasi-monochromatic SFG wave which 
forms a spatial image of the signal pulse. Preservation of phase in the T-S conversion process 
has been shown experimentally using displaced image plane observations [20–22], and here 
we present the first interferometric phase measurements of T-S converted ultrashort pulses. T-
S conversion has a number of attractive features including single-shot operation and 
unambiguous and algorithm-free amplitude and phase measurement. 

The principle of operation of T-S conversion [21, 23–26] is illustrated in Fig. 1. The 
signal and reference pulses, at non-degenerate central wavelengths, are oppositely dispersed 
by diffraction gratings and are spatially resolved by a Fourier lens, such that their spectra are 
superimposed at the Fourier plane with equal magnitude and opposite direction linear spatial 
dispersions. By placing a χ(2) nonlinear crystal at this plane, SFG occurs between overlapping 
frequency components of the dispersed signal and reference pulses at each point in space. 
Due to the matched yet flipped spatial dispersions, a spatially coherent narrow frequency SFG 
wave is generated all along the crystal aperture, phase-matched across the bandwidth of the 
dispersed pulses. Temporal walk-off within the nonlinear medium, which can cause 
distortions in ultrashort pulse measurement, is negligible since the spectrally resolved pulses 
have extended duration in time. 

Time delays between the signal waveform and reference pulse result in linear spectral 
phases which are converted to linear spatial phases of the quasi-monochromatic SFG wave. A 
second Fourier lens after the nonlinear crystal converts this linear phase to a transverse spatial 
shift of the waveform image at the output plane. The instantaneous output field is a quasi-
static spatial image of the signal temporal waveform [26]: 

 ( ) ( ) ( )( )0

0, expout S R

c t t ct x x
U x t w w s t r j t

c c

α α
ω ω

α α
−
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where s(•) and r(•) are the functional forms of the signal and reference input temporal 
waveforms, mapped to the output plane spatial coordinate x, w(•) is the spatial width of the 
input beams striking the grating (assumed equal), mapped to the time duration for which the 
pulse is present and which forms the temporal aperture of the processor and its spectral 
resolution, ωS,R are the signal and reference pulse central angular frequencies respectively, α 
is the dispersion parameter, c is the speed of light, t0 is the time delay of the signal pulse with 
respect to the reference pulse and ⊗  is the convolution operator. The use of signal and 
reference pulses at non-degenerate center wavelengths enables spectral filtering of the output 
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light to block SHG background [27]. The instantaneous time-to-space mapped output field is 
typically incident on a camera which records the converted time integrated signal intensity 
without the phase information [23–25, 27–29]. However, the temporal phase of the signal 
waveform is contained in the output spatial image, which we demonstrate here by recording 
the interference with a plane wavefront at the same center wavelength. Phase information can 
then be extracted from the resulting interference fringes. 

 

Fig. 1. Time-to-space conversion concept. Time domain information is converted to a spatial 
image with the temporal coordinate mapped directly to a spatial coordinate: Δx = (c/α)Δt, 
where c is the speed of light and α is the dispersion parameter (see Eq. (1). Note that in our 
experimental setup the signal and reference beams propagated collinearly in the nonlinear 
crystal, whereas here they are shown at crossed angles for clarity. 

It is interesting to note the parallels between time-to-space conversion and time-to-
frequency (T-F) conversion [15–18, 30, 31]. T-S conversion mixes the spatially dispersed 
temporal frequency components of the signal and reference pulses, converting the temporal 
frequency information to spatial frequencies, and then optically Fourier transforms the spatial 
frequency information to obtain a space-domain image of the temporal waveform. T-F 
conversion mixes the temporally dispersed frequency components of chirped signal and 
reference pulses, imprinting the signal pulse envelope shape onto the generated spectrum. 
Following this, further chromatic dispersion is applied to temporally resolve the spectral 
components for photodetection of the temporal intensity profile [16], or instead the T-F 
spectrum can be immediately measured with a spectrometer [30, 31]. The update rate of this 
measurement is limited in the first case by the temporal magnification factor and in the 
second case by the time-integrating spectrometer. T-S conversion, on the other hand, 
alleviates the temporal resolution problem of short pulse measurement by transferring the 
time domain envelope to a quasi-static spatial image, which can be recorded with high spatial 
resolution. The update rate of this measurement is determined by the T-S spectral resolution 
and by the reference pulse repetition rate, allowing for single-shot recording of long temporal 
waveforms (see the discussion in section 4). 

3. Experiment and results 

Figure 2 shows our experimental setup. A mode-locked laser (MLL) generated ~100 fs 
bandwidth-limited pulses at 810 nm with a repetition rate of 80.2 MHz. These were converted 
by an optical parametric oscillator (OPO) to 'signal' pulses at 1550 nm central wavelength 
(beam path shown in green) and 'reference' pulses at 1697 nm (shown in red). The signal 
pulse was directed to one of two phase modulation blocks, resulting in either the generation of 
a pulse pair with relative phase modulation or a single pulse with quadratic spectral phase 
modulation. The linear phase modulation block (Fig. 2(b)) consisted of an unbalanced Mach-
Zehnder interferometer producing two pulse copies, where one copy passed through a 1 mm 
thick rotatable glass slide, generating s(t) = p(t) + p(t-T0)exp(jφ), where T0 is the fixed time 
delay and φ is the modulated phase. The quadratic phase modulation block (Fig. 2(c)) 
comprised an imaging four-pass pulse stretcher which applied controllable chromatic 
dispersion, resulting in either positive, negative or zero frequency chirped pulse: s(t) = exp(-
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(1 + jC)t2/2τ2), where C is a dimensionless chirp parameter and 2τ is the full-width of the 
transform limited Gaussian shape pulse measured at e−1 intensity points [32]. The modulated 
signal pulse is then retimed to the reference pulse by a delay line, to coincide at the nonlinear 
crystal. 

 

Fig. 2. Full-field measurement time-to-space conversion experimental setup. (a) Overall setup 
(MLL, mode-locked laser; OPO, optical parametric oscillator; SFG, sum-frequency 
generation); note that the filtered residual pump beam is incident on the camera at a small 
angle from above i.e. from out of the plane of the paper. (b) Linear phase modulation block. (c) 
Quadratic phase modulation block. (d) Time-to-space conversion block (f, Fourier lens; PPLN, 
periodically-poled lithium niobate). (e) Spectral filtering block for generating the 
interferogram reference plane wave. The SFG and filtered residual pump spectra are also 
shown. 

The signal pulse was then spatially dispersed by a first diffraction grating (1100 line 
pairs/mm) and 75 mm focal length Fourier lens (Fig. 2(d)). At the same time the non-
modulated reference pulse was given an equal but opposite spatial dispersion by a second 
diffraction grating (1000 line pairs/mm) and another 75 mm Fourier lens. The two dispersed 
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pulses were superimposed by a dichroic mirror and were incident on a periodically-poled 
lithium niobate (PPLN) nonlinear crystal located at the focal plane (see inset in Fig. 2(d)). 
The PPLN had a poling period of 20.3 μm and dimensions of 12 mm and 8 mm in the spatial 
dispersion direction and light propagation direction, respectively. The Rayleigh length of the 
focused signal and reference spectral components inside the PPLN was estimated as ~1 mm 
by measuring the spectral resolution and spatial dispersion of the light at the Fourier plane. 

The signal and reference beams' average powers at the PPLN entrance face were 
measured as 82 mW and 95 mW respectively, resulting in pulse energies of 1 nJ and 1.2 nJ 
and peak powers of 22 W and 27 W respectively. The peak powers were calculated assuming 
that the dispersed signal and reference pulses at the Fourier plane were stretched through the 
time window, which was measured as 46 ps (FWHM). Phase-matched SFG at each point in 
space resulted in an up-converted output beam centered at 810 nm with a −3dB bandwidth of 
0.1 nm (spectrum shown in Fig. 2). 

As noted earlier, temporal walkoff due to group velocity mismatch (GVM) between the 
fundamental and SFG short pulses in a dispersive nonlinear medium can result in distortion of 
the output signal. For T-S conversion, however, SFG occurs between spatially dispersed 
pulses, where the spectral bandwidth present at each point in space along the nonlinear crystal 
aperture is greatly reduced. This effectively transforms the SFG interaction from one between 
ultrashort pulses subject to large temporal walkoff, into one between multiple quasi-
monochromatic beamlets of light, each centered at a different frequency, which experience 
negligible temporal walkoff. For lithium niobate the GVM between the longest wavelength 
pulse (the reference pulse at 1697 nm) and the shortest wavelength pulse (the SFG pulse at 
810 nm) is 140 fs/mm. Since the SFG interaction length in the PPLN was ~1 mm, this results 
in a temporal walkoff of 0.3% of the 46 ps time window (i.e. the stretched pulse duration). 

 

Fig. 3. Pulse packet full-field measurement. (a) Time-to-space converted pulse packet with 
close-up of the interference fringes. (b) Spatial frequency spectrum of the pulse packet with 
SSB filter indicated. (c) Inverse Fourier transform of the filtered image. (d) Recovered phase 
map. (e) Amplitude (blue) and phase (various colors) data taken from the region delimited by 
pink lines in (c) and (d). Five successive phase measurements are shown, each taken at a 
linearly increasing applied phase. The normalized field amplitude did not change significantly 
between successive measurements, so only one amplitude profile is shown here (taken from 
the same interferogram recording as the light blue line phase profile). 

The SFG average beam power emerging from the PPLN was 45 μW (measured for the 
single unchirped signal pulse case). A 200 mm focal length output Fourier lens focused the 
SFG light onto a CMOS camera which recorded the pulse image. Next, we interfered the 
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pulse image with a plane wave having the same center wavelength as the SFG pulse, to 
extract the phase information. This reference plane wave was generated by spectrally filtering 
the MLL residual pump pulse exiting the OPO (Fig. 2(e)). The −3dB bandwidth of the filtered 
residual pump pulse was 1 nm (spectrum shown in Fig. 2). Another delay line temporally 
overlapped the filtered residual pump pulse and the SFG pulse on arrival at the camera. The 
reference wave was incident on the camera from above at a small angle to the SFG beam, 
resulting in the formation of stable interference fringes [33]. Figure 3(a) shows a T-S 
converted pulse packet interferogram, with fringes clearly visible. By applying single-
sideband (SSB) filtering to the image's Fourier transform (Fig. 3(b)) and an inverse Fourier 
transform (Fig. 3(c)), both the field amplitude and phase were recovered (Figs. 3(d) and 3(e)). 
Successive phase measurements, shown in different colors in Fig. 3(e), recorded the phase 
shift of the modulated pulse. Note the flat phase over the two pulse envelopes, with the 
unmodulated pulse phase staying constant whilst the modulated pulse phase varies with each 
successive measurement. The small pre-pulses appearing immediately before each of the two 
main pulse peaks are time-to-space imaging aberrations due to distortions in the temporal 
intensity envelope of the idler (reference) pulse exiting the OPO. 

The quadratic phase modulation experiment is shown in Fig. 4. Figure 4(a) shows an 
image of a negatively chirped pulse with curved interference fringes. The spatial frequency 
spectrum, SSB filtered pulse image and recovered phase are shown in Figs. 4(b)-(d), and the 
time-varying field and phase in Fig. 4(e). In this example a parabolic fit to the phase of the 
1.5 ps pulse (FWHM of the intensity envelope) results in a dimensionless chirp parameter of 
−2. Measurements were made of positively chirped, bandwidth-limited and negatively 
chirped pulses. Figure 5 shows pulse duration and chirp parameter values for varying pulse 
stretcher offsets. Linear variation in pulse chirp with increasing pulse stretcher grating – lens 
offset can be seen, as well as the evolving pulse duration. The error bars are estimated from 
confidence bounds on the free parameters of the Gaussian and parabolic fits to the measured 
amplitude and phase respectively. Note that the chirp measurement error increases for smaller 
chirp values as the phase becomes flatter and the parabolic fit is less applicable. On the other 
hand the FWHM duration measurement error decreases for the less strongly stretched pulses, 
since the offset pulse stretcher introduces some distortions to the pulse envelope. 

 

Fig. 4. Chirped pulse full-field measurement. (a) Time-to-space converted negatively chirped 
pulse interferogram. (b) Spatial frequency spectrum of pulse image. (c) SSB filtered image. (d) 
Recovered phase map showing quadratic phase variation over the pulse envelope. (e) Pulse 
field amplitude (blue) and phase (red) with a FWHM pulse duration of ~1.5 ps and chirp 
parameter of −2. Note that the distortion of the pulse shape seen in (c) and (e) is believed to be 
due to spatial distortions and spatio-temporal coupling in the pulse stretcher. 
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Fig. 5. Measured FWHM pulse duration (blue) and chirp (red) with varying pulse stretcher 
grating - lens offset, showing Gaussian beam radius evolution and linear fits respectively. The 
measured chirp clearly shows a linear variation with grating - lens offset. The grating - lens 
offset zero point (pulse stretcher null position) was determined by the fit to the pulse duration 
measurements. 

4. Discussion and conclusion 

The interferogram recording of time-to-space converted ultrashort waveforms reported here 
operated in real-time and allowed full-field reconstruction without resorting to complex 
algorithms for phase retrieval. We next discuss the system attributes of our processor. 

An important parameter for a waveform measurement technique is the record length-to-
resolution ratio, which determines the longest and most complex waveform that can be 
accurately measured. For T-S conversion the record length is set by the processor’s time 
window, determined by the incident beam sizes on the diffraction gratings. As the time 
window is extended, by increasing the input beam size, the spectral resolution of the 
dispersive arrangement is refined and the resultant SFG signal bandwidth is reduced, which 
allows us to easily record a stable interferogram. We witness the fundamental inverse 
relationship between time window of operation and spectral bandwidth. In the experiment 
reported here the SFG bandwidth was measured as 46 GHz (−3dB), roughly in line with our 
46 ps time window. In our experiment we acquire the interferogram with a camera operating 
at several ms integration times, thereby integrating over multiple, repetitive and identical 
converted signals, which still qualifies as real-time operation. Single-shot operation of the 
technique can be performed by using a lower repetition pulse source or time-gating a fast one 
such that a single pulse is incident on the image sensor within its integration time. 

The temporal resolution of T-S conversion is determined by the reference pulse duration, 
as witnessed by the convolution operation in Eq. (1). Temporal features of the signal 
waveform that are shorter than the reference pulse duration will not be resolved. In our 
experiment the reference pulse duration was approximately 210 fs (FWHM) and the shortest 
T-S converted signal pulse was measured as 440 ( ± 80) fs; this is the temporal resolution 
achieved in the work reported here. Whilst the reference pulse duration sets a fundamental 
limit on temporal resolution, an additional criterion is introduced by the pixel density on the 
image acquisition device. To properly record and maintain system resolution, we require that 
the pixel pitch be much smaller that the minimal spot size of a converted transform-limited 
ultrashort optical pulse. We may vary this spot size by selection of output Fourier lenses of 
different focal lengths. 

As can be appreciated from the preceding discussion, some flexibility in determining the 
main performance parameters of T-S conversion can be afforded by changing aspects of the 
optical setup, such as the signal and reference beam sizes at the diffraction gratings, the 
reference pulse duration, and the output Fourier lens focal length. The conversion efficiency 
is also impacted by these choices, but this is not the main focus of this paper. Finally we note 
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that T-S conversion is not a self-referencing technique since it requires a previously 
characterized reference pulse. 

In conclusion, we have demonstrated full-field recovery by interferogram optical 
recording of ultrafast waveforms by time-to-space conversion. The temporal amplitude and 
phase were measured for bandwidth-limited and positively and negatively chirped pulses 
varying in duration from 0.5 ps to 10 ps. This technique may complement existing ultrashort 
pulse measurement methods such as FROG, which relies on an increasingly heavy algorithm 
for phase recovery of high time-bandwidth product measured waveforms [14]. Time-to-space 
conversion may be considered particularly for applications requiring algorithm-free and real-
time measurement of complex waveforms with high record length-to-resolution ratio. 
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Abstract: Sub-picosecond pulses are converted by a time-to-space processor to quasi-
monochromatic spatial beams that are spatially demultiplexed and coherently detected in real-
time. The time-to-space processor, based on sum-frequency generation (SFG), serves as a 
serial-to-parallel converter, reducing the temporal bandwidth of the ultrashort pulse to match 
the bandwidth of optoelectronic receivers. As the SFG process is phase preserving, we 
demonstrate homodyne coherent detection of phase modulated temporal pulses by mixing the 
demultiplexed SFG beam with a narrow linewidth local oscillator (LO) resulting in single-
shot amplitude and phase detection of the pulse at a balanced detector. Positively and 
negatively phase-modulated signal pulses are individually detected and LO shot noise limited 
operation is achieved. This demonstration of real-time demultiplexing followed by single-shot 
full-field detection of individual pulses, highlights the potential of time-to-space conversion 
for ultrahigh bit rate optical communications and data processing applications.      
 

The growth trend in global communications traffic shows no sign of slowing, whereas current optical 
communications networks based on wavelength division multiplexing (WDM) are nearing their 
available bandwidth limit [1]. In order to support continued growth it is increasingly necessary to 
exploit all available multiplexing and modulation degrees of freedom, such as polarization multiplexing 
and complex amplitude modulation. Advanced modulation formats such as quadrature phase shift 
keying (QPSK) together with coherent detection of the received signal may be employed. Indeed, 
recently deployed optical networks utilize polarization multiplexing and 2 bits-per-symbol modulation 
of an electronically generated 25 Gbaud/s serial channel to reach single-wavelength channel data rates 
of 100 Gb/s. Another advantage of coherent detection is apparent when it is combined with digital 
signal processing (DSP). This enables electronic compensation of linear distortions such as chromatic 
dispersion and polarization mode dispersion, and some nonlinear distortions such as cross-phase 
modulation (XPM) and four-wave mixing (FWM), undergone by short pulses propagating in optical 
fiber [2]. 

Optical time division multiplexing enables high bit rate data transmission whilst lowering the 
number of wavelength channels, thereby minimizing the number of laser sources required and reducing 
overall system management complexity. By combining OTDM with complex amplitude modulation a 
single-wavelength channel can be generated at greater than 1 Tb/s [3], exceeding the highest 
modulation rates in the electronic domain which are limited by device physics to <100 GHz. An 
OTDM channel is typically produced by using passive optical delay lines to interleave pulses from 
multiple low baud rate tributaries into unique time slots on a frame-by-frame basis. OTDM 
demultiplexing is more challenging and several demultiplexing techniques have been investigated. 
These include the nonlinear optical loop mirror [4, 5], XPM-based Mach-Zehnder switch [6, 7], FWM-
based spectral filtering extraction [8, 9] and coherent detection by parallel optical sampling with a 
pulsed local oscillator [10]. All these methods however are limited to single bit extraction, with 
multiple devices needed to completely demultiplex the OTDM channel. Since the power consumption 
and overall complexity of the demultiplexing stage increase with each additional device, the scalability 
of these techniques to higher symbol rates is challenging. In addition the task of inter-device clock 
synchronisation, necessary in order to extract the correct tributary at each device, becomes difficult for 
higher bit rates. 

Serial-to-parallel demultiplexing can overcome these problems by simultaneously extracting all the 
bits in an OTDM frame. With a single reference pulse performing the entire demultiplexing operation 
the problem of inter-device clock synchronization, as for single-bit extraction, becomes one of 
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synchronizing the reference pulse to the several tens of picoseconds wide OTDM frame, a less onerous 
task. Serial-to-parallel demultiplexing has been successfully demonstrated by using time-to-frequency 
conversion, where the temporal pulse envelope is imprinted onto the spectrum of an FWM wave [11, 
12]. However the resultant broadband signal makes phase extraction difficult. We propose and 
demonstrate the time-to-space conversion technique for serial-to-parallel demultiplexing of a high bit 
rate OTDM channel, including recovery of phase information by coherent detection of the 
demultiplexed narrowband pulses. 

Time-to-space conversion is an all-optical demultiplexing technique based on spectrally-resolved 
sum-frequency generation (SFG) between a signal pulse stream and a single reference pulse. It works 
by transferring the spectrally broadband time domain information of the signal pulses to a spatial image 
formed by quasi-monochromatic SFG light [13-18]. By combining the gating effect of SFG with 
spectral processing techniques developed originally for ultrashort pulse shaping [19], time-to-space 
conversion can demultiplex a high bit rate OTDM channel to multiple parallel spatial channels for 
direct detection by an array of photoreceivers [18]. Alternatively, homodyne mixing of the quasi-
monochromatic SFG light with a narrow linewidth local oscillator (LO) allows coherent detection of 
phase information, making demultiplexing by time-to-space conversion compatible with advanced 
modulation formats. We have previously demonstrated high resolution time-to-space conversion in 
bulk and slab waveguide nonlinear media [20-22], as well as phase measurements of time-to-space 
converted ultrashort waveforms by interferogram recording in the space domain [23]. Here we report 
real-time demultiplexing and single-shot coherent detection of phase-modulated sub-picosecond pulses 
at 1.55 µm. This result supports the potential of time-to-space conversion for high bit rate OTDM 
demultiplexing applications.  

The principle of time-to-space conversion [15-18] is shown in Figure 1. The incoming OTDM 
signal bit stream and a single locally generated reference pulse, at non-degenerate central wavelengths, 
are given equal magnitude but opposite direction spatial dispersions by pairs of diffraction gratings and 
Fourier lenses. Their resolved spectra overlap in space at the Fourier plane, where a nonlinear χ

(2) 
crystal is located. SFG occurs between pairs of overlapping frequency components of the signal and 
reference spectra at each point in space. Due to the matched yet flipped spatial dispersions, each pair of 
overlapping frequency components adds up to the same sum-frequency. The result is a spatially 
coherent narrow bandwidth SFG wave generated along the entire crystal aperture, with automatic 
phase-matching across the bandwidth of the dispersed pulses. The temporal walk-off problem typically 
associated with ultrashort pulses in a dispersive nonlinear medium is negligible since the SFG 
interaction occurs between pairs of quasi-monochromatic beamlets, each at different frequencies, at the 
Fourier plane of the time-to-space processor. 

The time delay information between a signal pulse in the OTDM pulse stream and the reference 
pulse is carried by the spectral phase of the spatially dispersed waveforms, which is converted to a 
linear spatial phase on the generated SFG wave. A second Fourier lens after the nonlinear crystal 

 
Fig. 1. Time-to-space conversion concept. Time domain information is converted to a spatial image with the 
temporal coordinate t mapped linearly to a spatial coordinate x. Note that in our experimental setup the signal 
and reference beams propagate collinearly in the nonlinear crystal, whereas here they are shown at crossed 
angles for clarity. The dashed line in the OTDM pulse stream represents an empty bit slot.  
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coverts this linear phase on the quasi-monochromatic waveform to a transverse spatial shift of the 
focused pulse images at the output image plane. The result is a quasi-static spatial image of the signal 
pulse (assuming that the reference pulse has a much shorter temporal duration) [17]:  
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where s(•) and r(•) are the functional forms of the signal and reference pulses, mapped to the output 
plane spatial coordinate x, w(•) is the beam aperture of the input waves forming the temporal aperture 
of the spectral processor, ωS,R are the signal and reference pulse central angular frequencies 
respectively, α is the dispersion parameter, c is the speed of light, t0 is the time delay of an individual 
signal pulse within the frame with respect to the reference pulse and ⊗  is the convolution operator. 
The use of signal and reference pulses at non-degenerate central wavelengths enables spectral bandpass 
filtering of the output light, in order to block background light arising from second harmonic generation 
by each of the input waves [20]. The space domain image consisting of separated beams can be directly 
detected [20-22] by an array of photodetectors, resulting in an instantaneous intensity measurement at 
each time slot within the OTDM frame. Whilst this would be sufficient for detecting an on-off keying 
(OOK) modulated bit stream, the phase information contained in the quasi-monochromatic SFG light is 
lost with intensity detection. Here we demonstrate coherent detection of the phase information by 
homodyne mixing of the SFG output light with a narrowband LO at a balanced detector. 

Figure 2 shows our experimental setup. A mode-locked laser (MLL) generates ~100 fs bandwidth-
limited pulses at 810 nm with an 80.2 MHz repetition rate. These are converted by an optical 
parametric oscillator (OPO) to 'signal' pulses at 1550 nm central wavelength (beam path shown in 
green) and 'reference' pulses at 1697 nm (shown in red). The signal pulse train is directed into an 
electro-optic phase modulator based on a bulk KTP crystal (New Focus 4064). The phase modulator is 
driven with a 500 kHz sinusoidally varying high voltage in order to apply positive and negative phase 
shifts of up to 1.5 radians to the signal pulses. A series of n signal pulses exiting the phase modulator 
then has the form: 

 
Fig. 2. Experimental setup for time-to-space conversion with coherent detection (MLL, mode-locked laser; 
OPO, optical parametric oscillator; PM, phase modulator; G1/G2, diffraction grating; f, Fourier lens; DM, 
dichroic mirror; Cyl., cylindrical lens; FC, fiber collimator; PD, photodetector). Note that the SFG beam fiber 
collimator can be laterally translated to detect different spatially demultiplexed pulse images. The spectral 
filtering block represents a diffraction grating – Fourier lens – spatial filter setup. A high voltage amplifier (not 
shown) was used to amplify the RF signal driving the phase modulator. Dashed lines represent electrical 
connections. Inset: dispersed signal and reference beams at the PPLN. 
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where p(•) is the temporal envelope of the signal pulse located at time kt0 in the pulse train, k is an 
integer representing the pulse number, t0 is the pulse-to-pulse time separation and fRF is the phase 
modulation frequency. The modulated signal pulse then passes through a delay line in order to adjust 
its time delay with respect to the reference pulse on arrival at the time-to-space processor. 

The signal pulse is then spatially dispersed by a diffraction grating and Fourier lens. At the same 
time the non-modulated reference pulse is given an equal but opposite spatial dispersion by another 
diffraction grating and Fourier lens. The two dispersed pulses are superimposed by a dichroic mirror 
and are incident on a periodically-poled lithium niobate (PPLN) nonlinear crystal located at the focal 
plane (see inset in Fig. 2). The PPLN crystal has a poling period of 20.3 µm and dimensions of 12 mm 
and 8 mm in the spatial dispersion direction and light propagation direction, respectively. The Rayleigh 
length of the focused signal and reference spectral components inside the PPLN was estimated as ~1 
mm, by calculating the focused spectral component spot size from measurements of the spectral 
resolution and spatial dispersion of the light at the Fourier plane.  

The signal and reference beams' average powers at the PPLN entrance face were measured as 134 
mW and 75 mW respectively, resulting in pulse energies of 1.7 nJ and 0.9 nJ and peak powers of 35 W 
and 19 W respectively. The spatial extent of the dispersed beams was approximately 4 mm in the 
horizontal (spatial dispersion) direction and 12 µm in the vertical (focused) direction (both sizes are the 
1/e2 radius). Ideally the reference pulse peak power would be much higher than that of the signal pulse; 
however this was not available from the OPO used in this experiment. The peak powers were 
calculated assuming that the dispersed signal and reference pulses at the Fourier plane were stretched 
through the time-to-space converter time window, which was measured as 48 ps (FWHM). Phase-
matched SFG at each point in space resulted in the generation of sum-frequency light centered at 810 
nm with a -3 dB bandwidth of 0.1 nm; the spectrum is shown in Fig. 3 (blue line). The THz bandwidth 
input sub-picosecond pulses are thereby transferred to a narrowband output SFG wave with an 
approximately 50 GHz bandwidth, which is within the detection bandwidth of fast optoelectronic 
detectors. The SFG beam average power emerging from the PPLN was measured as 22 µW.  

The elliptical SFG beam was collimated in the vertical direction by a cylindrical lens placed after 
the PPLN, resulting in a more circular beam profile. At the same time the LO beam was generated by 
spectral filtering of the mode-locked laser residual pump pulse at 810 nm, which exits from the OPO 
(beam path shown in cyan in Fig. 2). A diffraction grating, Fourier lens and narrow slit (represented by 
the 'spectral filtering block' in Fig. 2) were used to narrow the -3 dB bandwidth of the residual pump 
pulse from approximately 9 nm to 0.1 nm to match the SFG spectrum; the LO spectrum is also shown 
in Fig. 3 (green line). Another delay line was used to obtain temporal overlap of the filtered LO pulse 
with the SFG pulse at the balanced detector. 

 
Fig. 3. Time-to-space converted SFG spectrum (blue) and local oscillator spectrum (green). Each spectrum is 
centered at 810 nm and has a -3dB bandwidth of approximately 0.1 nm (~50 GHz). The measurements were 
made by alternately coupling the SFG and LO light from one of the -3 dB fiber coupler outputs into an optical 
spectrum analyzer set to 0.1 nm resolution.  
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The SFG and LO beams were each coupled via fiber collimators into separate single mode fibers (at 
810 nm). There was an approximately 9 dB insertion loss of the SFG light into its fiber collimator, due 
to mode mismatch between the SFG beam and the collimator mode. The SFG and LO light was then 
mixed in a -3 dB coupler, obtaining different beat measurements at the two output ports of the coupler. 
The light from each output was then incident on the positive and negative photodiodes of a 350 MHz 
bandwidth silicon balanced detector (Thorlabs PDB430A-AC). Interference between the SFG and LO 
light converted the SFG phase modulation into intensity modulation which could be registered by the 
photodiodes. The SFG and LO optical powers arriving at the balanced detector were individually 
measured as 0.003 mW and 5 mW respectively. By equalizing the optical power incident on each 
photodiode the DC component of the summed photocurrents was minimized, leaving the RF sum 
component whose amplitude was proportional to the SFG and LO optical power and, crucially, to the 
relative phase between the SFG and LO. 

The RF electrical signal was recorded on a 12 GHz oscilloscope (Agilent DSO 81204A) and an 
example trace is shown in Fig. 4(a), along with the phase modulator driving signal. A sinusoidal 
modulation of the SFG pulse train with modulation frequency 500 kHz can also be seen. However, as is 
evident in Fig. 4(a) and Fig. 4(b), an electrical signal was present at the balanced photodetector RF 
output even for zero overall phase of the homodyne mixing product. We believe this was due to ringing 
effects caused by the limited bandwidth of the photodiodes and transimpedance amplifier in the 
balanced photodetector. Figures 4(b), 4(c) and 4(d) show close-ups of individual pulses taken from the 
trace in Fig. 4(a) at zero, π/2 and 3π/2 phases. Figures (c) and (d) provide clear evidence for single-shot 
coherent detection of negatively and positively phase modulated pulses respectively. A small phase 
shift between the phase modulator driving signal and the response of the modulated signal as measured 
on the oscilloscope is also apparent; this is due to a constant phase offset present on the LO wave with 
respect to the signal. In coherent reception, this phase offset is eliminated by an estimation and DSP. 

 
Fig. 4. Coherent detection of time-to-space converted phase modulated pulses. (a) Oscilloscope trace showing 
the balanced photodetector signal (blue) and the 500 kHz sinusoidal driving signal applied to the phase 
modulator (red). The phase modulator driving signal shown was taken from the monitor output of the high 
voltage amplifier which was used to drive the phase modulator. (b), (c) and (d) Close-ups of individual pulses 
detected at various phases (note the nanosecond time scale). The sampling windows used to derive the data 
shown in Fig. 5 are represented by green rectangles; the window amplitude varies from zero to one in a square 
wave fashion. The location on the oscilloscope trace of each close-up is indicated by a green dashed circle in (a). 
The waveforms seen in (b) are due to ringing by the 350 MHz bandwidth balanced detector, which degrades the 
quality of the phase-demodulated signal as can be seen in (a). However negative and positive demodulated 
pulses can clearly be seen in (c) and (d) respectively. Note that due to a residual fixed phase on the LO, there is 
an offset between the phase modulator driving signal phase and the phase of the received signal.  
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To obtain a clearer phase-demodulated output signal, the oscilloscope trace shown in Fig. 4(a) was 
sampled to extract the signal component only. The signal was extracted by integrating over a time 
window matched to the detector response time; the time windows are illustrated by the green rectangles 
in Figs. 4(b), 4(c) and 4(d). The width of each time window is set to 4 ns to collect the energy over the 
whole electrical waveform generated by each detected pulse. The electrical signal present within each 
window results in a single average voltage value for each detected pulse; these are plotted as pink dots 
in Fig. 5(a).  

In order to determine the signal to noise ration (SNR) of the demodulated signal, a sine function 
was fitted to the sampled data points; this is shown as the purple line in Fig. 5(a). The fit resulted in a 
root mean squared amplitude and standard deviation of vopt = 2.67 mV and σv = 0.53 mV respectively, 

giving an SNR of 2522 =voptv σ . The balanced photodetector noise was calculated as 0.52 mV 

dominated by LO shot noise, showing that the demodulated signal is shot noise limited by the LO. The 
power spectrum of the sampled signal, found by taking the Fourier transform of the data points shown 
in Fig. 5(a), is shown in Fig. 5(b); a peak due to the applied phase modulation can be seen at 
approximately 500 kHz. Note that the signal modulation depth was limited to ~0.5 due to the maximum 
1.5 radians phase modulation applied by the free-space phase modulator; this was in turn restricted by 
the highest driving voltage (± 200 V) which could be supplied. Had full phase modulation depth been 
achieved, the SNR would reach 100 since the noise figure would be expected to remain the same. 
Additionally, the 9 dB insertion loss of the SFG light into the fiber collimator further limited the SNR 
achieved. Eliminating this loss would result in an approximately factor 3 increase in signal amplitude 
whilst leaving the LO dominated noise level unaffected, thus giving a factor 9 increase in SNR.  

In conclusion we have demonstrated real-time demultiplexing to the spatial domain and single-shot 
coherent detection of a phase modulated ultrashort pulse train by time-to-space conversion. The 
inherently narrow linewidth SFG output signal of the time-to-space conversion process enables 
interferometric detection of phase information originally encoded on ultrashort pulses. This 
demonstration underlines the potential of time-to-space conversion as an all-optical serial-to-parallel 
demultiplexer capable of transferring wideband time domain signals to a slowly varying spatial domain 
image. By bridging the optical-electrical bandwidth gap, time-to-space conversion can be a valuable 
tool in support of ultrahigh bit rate OTDM optical communications.

 
Fig. 5. Time window sampled and averaged photodetector signal. (a) Time domain representation showing the 
average photovoltage for each pulse (pink dots) with a sine curve fit to the data points (purple line). (b) 
Frequency domain representation of the sampled signal, found by taking the Fourier transform of the 
photovoltage data points in (a).  



 88

References 

1. R. Essiambre and R. W. Tkach, "Capacity trends and limits of optical communications networks," Proc. IEEE 
100(5), 1035-1055 (2012). 

2. E. M. Ip and J. M. Kahn, "Fiber Impairment Compensation Using Coherent Detection and Digital Signal 
Processing," J. Lightwave Technol. 28(4), 502-519 (2010). 

3. H. Weber, R. Ludwig, S. Ferber, C. Schmidt-Langhorst, M. Kroh, V. Marembert, C. Boerner, and C. Schubert, 
"Ultrahigh-Speed OTDM-Transmission Technology," J. Lightwave Technol. 24(12), 4616-4627 (2006). 

4. J. P. Sokoloff, P. R. Prucnal, I. Glesk, and M. Kane, "A Terahertz Optical Asymmetric Demultiplexer (TOAD)," 
IEEE Photon. Technol. Lett. 5(7), 787-790 (1993). 

5. H. Sotobayashi, C. Sawaguchi, Y. Koyamada, and W. Chujo, "Ultrafast walk-off-free nonlinear optical loop 
mirror by a simplified configuration for 320-Gbit/s time-division multiplexing signal demultiplexing," Opt. Lett. 
27(17), 1555-1557 (2002). 

6. K.I. Kang, I. Glesk, T.G. Chang, P.R. Prucnal and R.K. Boncek, "Demonstration of all-optical Mach-Zehnder 
demultiplexer," Opt. Lett. 31(9), 749-750 (1995). 

7. T. Miyazaki and F. Kubota, “Simultaneous Demultiplexing and Clock Recovery for 160-Gb/s OTDM Signal 
Using a Symmetric Mach-Zehnder Switch in Electrooptic Feedback Loop,” IEEE Photon. Technol. Lett. 15(7), 
1008-1100 (2003). 

8. K.-Y. Wang, K. G. Petrillo, M. A. Foster, and A. C. Foster, “Ultralow-power all-optical processing of high 
speed data signals in deposited silicon waveguides,” Opt. Exp. 20(22), 24600-24606 (2012). 

9. T. D. Vo, H. Hu, M. Galili, E. Palushani, J. Xu, L. K. Oxenløwe, S. J. Madden, D.-Y. Choi, D. A. P. Bulla, M. 
D. Pelusi, J. Schröder, B. Luther-Davies, and B. J. Eggleton, “Photonic chip based transmitter optimization and 
receiver demultiplexing of a 1.28 Tbit/s OTDM signal,” Opt. Exp. 18(16), 17252-17261 (2010). 

10. J. K. Fischer, R. Ludwig, L. Molle, C. Schmidt-Langhorst, A. Galperin, T. Richter, C. C. Leonhardt, A. Matiss, 
C. Schubert, “High-speed digital coherent based on parallel optical sampling,” J. Lightwave Technol. 29(4), 
378-385 (2011). 

11. M. T. Kauffman, W. C. Banyai, A. A. Godil, and D. M. Bloom, "Time-to-frequency converter for measuring 
picosecond optical pulses," Appl. Phys. Lett. 64(3), 270-272 (1994). 

12. E. Palushani, H. C. Mulvad, M. Galili, H. Hu, L. K. Oxenløwe, A. T. Clausen, and P. Jeppesen, "OTDM-to-
WDM Conversion Based on Time-to-Frequency Mapping by Time-Domain Optical Fourier Transformation," 
IEEE J. Sel. Top. Quantum Electron. 18(2), 681-688 (2012). 

13. Y. T. Mazurenko, S. E. Putilin, A. G. Spiro, A. G. Beliaev, V. E. Yashin, and S. A. Chizhov, “Ultrafast time-
to-space conversion of phase by the method of spectral nonlinear optics,” Opt. Lett. 21(21), 1753-1755 (1996). 

14. P. C. Sun, Y. T. Mazurenko, and Y. Fainman, “Femtosecond pulse imaging: ultrafast optical oscilloscope,” J. 
Opt. Soc. Am. A 14(5), 1159-1170 (1997). 

15. A. M. Kan'an and A. M. Weiner, “Efficient time-to-space conversion of femtosecond optical pulses,” J. Opt. 
Soc. Am. B 15(3), 1242-1245 (1998). 

16. D. M. Marom, D. Panasenko, P. -C. Sun, and Y. Fainman, “Linear and nonlinear operation of a time-to-space 
processor,” J. Opt. Soc. Am. A 18(2), 448-458 (2001). 

17. D. M. Marom, D. Panasenko, P. -C. Sun, Y. T. Mazurenko and Y. Fainman, “Real-time spatial–temporal signal 
processing with optical nonlinearities,” IEEE J. Sel. Top. Quantum Electron. 7(4), 683-693 (2001). 

18. J.-H. Chung and A. M. Weiner, “Real-time detection of femtosecond optical pulse sequences via time-to-space 
conversion in the lightwave communications band,” J. Lightwave Technol. 21(12), 3323–3333 (2003). 

19. A. M. Weiner, “Femtosecond pulse shaping using spatial light modulators,” Rev. Sci. Instrum. 71(5), 1929-
1960 (2000). 

20. D. Shayovitz and D. M. Marom, “High-resolution, background-free, time-to-space conversion by collinearly 
phase-matched sum-frequency generation,” Opt. Lett. 36(11), 1957–1959 (2011). 

21. D. Shayovitz, H. Herrmann, W. Sohler, R. Ricken, C. Silberhorn, and D. M. Marom, “High resolution time-to-
space conversion of sub-picosecond pulses at 1.55µm by non-degenerate SFG in PPLN crystal,” Opt. Exp. 
20(24), 27388-27395 (2012). 

22. D. Shayovitz, H. Herrmann, W. Sohler, R. Ricken, C. Silberhorn, and D. M. Marom, “Time-to-space 
conversion of ultrafast waveforms at 1.55µm in a planar periodically poled lithium niobate waveguide,” Opt. 
Lett. 38(22), 4708-4711 (2013). 

23. D. Shayovitz, H. Herrmann, W. Sohler, R. Ricken, C. Silberhorn, and D. M. Marom, “Full-field reconstruction 
of ultrashort waveforms by time to space conversion interferogram analysis,” Opt. Exp. 22(17), 20205-20213 
(2014). 



 89

Chapter 5: Summary and future 
directions 

This thesis presented research on time-to-space conversion of ultrafast optical signals 

and its applications in optical communications and ultrashort pulse measurement. By 

combining the effectively instantaneous response time of nonlinear optical gating with 

the high spectral resolution of broadband spectral processing techniques, time-to-

space conversion transfers information from the difficult to measure time domain to 

the spatial domain, where it can be measured with high resolution. This technique can 

be used to perform serial-to-parallel demultiplexing of a high bit rate OTDM channel 

or to perform full-field measurement for complete characterisation of ultrashort 

pulses. 

The main aims of the project were: a) to develop time-to-space conversion as a 

practical technique for OTDM demultiplexing and b) to demonstrate proof of 

principle for full-field measurement of ultrashort optical waveforms. In order to 

achieve aim (a) collinearly phase-matched, non-degenerate, background-free and high 

resolution time-to-space conversion was demonstrated, as a necessary condition for 

implementing time-to-space conversion in the guided-wave regime. In addition, time-

to-space conversion in a planar nonlinear waveguide was implemented, resulting in an 

increase in conversion efficiency slope compared to the case for bulk nonlinear 

crystal. Real time demodulation of phase information, a prerequisite for compatibility 

with optical communications advanced modulation formats, was demonstrated by 

homodyne coherent detection of a time-to-space converted phase-modulated 

ultrashort pulse train. Aim (b) was achieved by performing amplitude and phase 

measurements of linearly phase-modulated pulse packets and of bandwidth-limited 

and frequency chirped ultrashort pulses. 

Further development of the time-to-space conversion technique into a practical 

solution to OTDM demultiplexing will require transfer of all the optical 

functionalities of the time-to-space processor from free-space to the guided-wave 

regime. Having demonstrated time-to-space conversion in a planar nonlinear 

waveguide, the next step would be to fabricate an array of long waveguides in PPLN, 

in order to fully confine the SFG interactions between the dispersed signal and 

reference pulses (see Fig. 6.1). This should result in a large increase in conversion 



 90

efficiency, finally bringing down the time-to-space conversion optical power 

requirements to the mW average power level. The length of the waveguides will be 

determined by a combination of factors including optimum conversion efficiency, 

pump (reference beam) depletion and deleterious spectral filtering effects due to 

temporal walkoff. The number of waveguides in the array will be around 100, 

determined by the required spectral resolution (time window extent) and by 

fabrication constraints in achieving a high degree of optical uniformity across the 

array. 

Integrated together with the PPLN waveguide array will be planar lightwave circuit 

components designed to perform the other optical functionalities of the time-to-space 

processor. Currently the spatial dispersion of the signal and reference pulses and the 

spatial Fourier transform of the light before and after the nonlinear crystal are 

performed by bulk diffraction gratings and lenses respectively. For the guided-wave 

time-to-space processor the diffraction gratings will be replaced by arrayed 

waveguide gratings and the bulk Fourier lenses by slab lenses. Integration of the time-

to-space processor onto a single chip will potentially allow its deployment from the 

research laboratory environment to actual use as part of a high speed optical 

communications network.     

 
Fig. 5.1: Schematic illustration of time-to-space conversion in an array of PPLN waveguides. 
Each pair of signal and reference pulse frequency components is fully confined in a separate 
waveguide and so SFG light is generated all along the waveguide length, resulting in a large 
increase in conversion efficiency. 
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  תקציר

. קצרים מצויים בשימוש נרחב בתחומים רבים ומגוונים במדעים ובטכנולוגיה-פולסים אופטיים אולטרה

פולסים קצרים מאפשרים חקר ומדידה של תופעות , יה הזמנית הגבוהה שהם מספקיםהודות לרזולוצ

, בנוסף. שניות ופחות-כימיות וביולוגיות יסודיות אשר מתרחשות על סקלות זמן של פיקו, פיסיקליות

קצרים מהווים כלי חיוני בתחומי התקשורת האופטית המהירה וטכנולוגיות לעיבוד -פולסים אולטרה

בכל התחומים האלה מדידה ושליטה מדויקת . רפואה- כמו כן בייצור תעשייתי מתקדם ובפוטו, האינפורמצי

 התקדמות ביצירת פולסים עוד יותר קצרים חייבת –קצרים היא עניין קריטי -על פולסים אופטיים אולטרה

  .להילווה בשיטות מדידה ושליטה חדשות

קצרים - מדידה ושליטה על פולסים אולטרהמוגשת בתיזה הזאת עבודה על הפיתוח המתמשך של שיטת

- תדרים בין פולסים אולטרה-מרחב מבוססת על יצירת סכום-שיטת המרת זמן. מרחב-הקרויה המרת זמן

כלומר ליצור , קצרים מפורקים ספקטראלית על מנת להעביר אינפורמציה מתחום הזמן לתחום המרחב

וצמה והפאזה הזמנית של הפולס להדמייה מיפוי מעטפת הע. קצר-הדמייה מרחבית של פולס אולטרה

סטאטית מאפשר מדידה רזולוטיבית של הכמויות האלה ובכך מתגבר על הקושי הכרוך -מרחבית חצי

ספקטאלית  - האופי המפורק, יתר על כן. קצרים בתחום הזמן-אופטי של פולסים אולטרה-בגילוי אלקטרו

זמנית של סידרת -ונה זו מאפשרת העברה בותכ. מרחב גורם לחלון ביצועים זמני רחב-של המרת זמן

מה שמהווה פעולת , קצרים ליעדים נפרדים במרחב דרך אינטרקציה עם פולס ייחוס יחיד- פולסים אולטרה

  .ריבוב אופטי-אי

-מרחב בתחום אי-ישימות מוגברת של שיטת המרת זמן) א: שני הפיתוחים העיקריים המוצגים בתיזה הם

-רת אופטית מהירה על ידי הדגמת השיטה במוליך גל משטחי ולא ליניארי וריבוב אופטי של ערוץ תקשו

קצרים על ידי גילוי קוהרנטי אחרי -של פולסים אולטרה) אמפליטודה ופאזה(הדגמת איפיון שדה שלם ) ב

ריבוב אופטי תלוייה בהפחתת צריכת העוצמה -מרחב לאי- יישומיות שיטת המרת זמן. מרחב-המרת זמן

-בניגוד לשיטת תווך, יתן לעשות זאת על ידי ביצוע תהליך ההמרה עם גלים מונחיםנ. האופטית שלה

שלושת המאמרים הראשונים בתיזה מתארים את הצעדים . מרחב- חופשי אשר שימשה בעבר להמרת זמן

מרחב ללא אור רקע עם אורכי גלים בלתי זהים -שהם הדגמת המרת זמן, הראשונים לקראת המטרה הזאת

מרחב בתוך מוליך גל משטחי - ה של אלומות המתקדמות יחדיו וגם הדגמת המרת זמןועם התאמת פאז

קצרים מתאפשר בגלל צרות הסרט הספקטראלי של - איפיון שדה שלם של פולסים אולטרה. ליניארי- ולא

תכונה שהיא עובדה יוצאת של הגיאומטריה הייחודית של גלי הפולס הנמדד , התדרים שיוצא-אות סכום

אפשר לערבב את האות צר הסרט עם אוסילטור . ס המפורקים ספקטראלית בכיוונים הפוכיםופולס הייחו

וכך לבצע מדידה אינטרפרומטרית של האמפליטודה והפאזה של הפולס , מקומי שהוא גם צר סרט

מתואר בשני המאמרים הסופיים המוגשים כאן הדגמת מדידת שדה שלם של פולסים עם . קצר-האולטרה

קצרים עם -מרחב וגילוי קוהרנטי רגעי של רכבת פולסים אולטרה- יארי על ידי המרת זמןשיפוע תדר לינ

- העבודה המוגשת בתיזה הזאת השיגה עלייה בשימושיות של המרת זמן, במבט כולל. מודולציית פאזה
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עם יישומים אפשריים , קצרים-מרחב בתור טכניקת מדידה ושליטה על פולסים אופטיים אולטרה

 .         קצרים-ית ועיבוד אינפורמצייה וגם בתחום מדידת פולסים אולטרהבתקשורת אופט

 


