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Abstract: We demonstrate high resolution and increased efficiency 
background-free time-to-space conversion using spectrally resolved non-
degenerate and collinear SFG in a bulk PPLN crystal. A serial-to-parallel 
resolution factor of 95 and a time window of 42 ps were achieved. A 60-
fold increase in conversion efficiency slope compared with our previous 
work using a BBO crystal [D. Shayovitz and D. M. Marom, Opt. Lett. 36, 
1957 (2011)] was recorded. Finally the measured 40 GHz narrow linewidth 
of the output SFG signal implies the possibility to extract phase 
information by employing coherent detection techniques. 
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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: 

 2

1 ,

cos r

g s s s r

fx c

t f f

λβ
λ λ λ

Δ = ⋅ ⋅
Δ +

 (1) 

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: 

 
( ) 2

, 3

,

2
64eff LiNbOSFG PPLN

SFG BBO eff BBO

d

d

πη
η

−

−

 ⋅
= =  
 

 (2) 

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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