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Three-Signal Temporal-Mode Selective
Upconversion Demultiplexing
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Abstract— We demonstrate demultiplexing of three spatio-
temporally overlapped orthogonal temporal modes into three
distinct wavelengths using a sum-frequency generation stage
having multiple phase-matching peaks. Cross-talk between the
fundamental mode and all other modes is 10 dB.

Index Terms— Optical waveguides, photonics, optical fre-
quency conversion, noise measurement, silicon photonics, optical
detectors.

I. INTRODUCTION

UPCONVERSION detection systems using silicon-based
detectors have been shown to be effective for

1550-nm communication band (C-band) signal detection
[1], [2]. In addition to simple frequency conversion, the use
of engineered pump pulses created by tailoring the phase and
amplitude of a pump frequency comb via an optical arbitrary
waveform generator (OAWG) [3] can allow the preferential up-
conversion of a given signal temporal mode [4], [5], [16], [17].
While noise from spontaneous parametric down conversion
and Raman scattering can be minimized by using pumps with
wavelengths longer than the signals (e.g. 2 μm pumps for
1.55 μm signals) [6], OAWGs are not readily available at such
long wavelengths. Low-noise up-conversion is still possible in
the pulsed regime when both the pump and signal wavelengths
are in the C-band [7] allowing for the use of commercially
available pulse shapers.

These techniques enable nonlinear wavelength conversion
using engineered pump pulses can lead to temporal-mode
selective detection [8]. Arbitrary mode-resolved photon count-
ing can be realized by cascading multiple conversion stages
with each waveguide being pumped by a suitably shaped
pump pulse [9]; in practice this leads to excessive losses.
Alternatively, it has been demonstrated that a single waveguide
with multiple phase-matching peaks can upconvert multiple
signal spectral modes [7], [10]–[12]. In principle, multiple
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phase-matching peaks can also allow a single waveguide
to up-convert multiple signal temporal modes using multiple
pump spectral modes thus significantly simplifying complete
mode-resolved photon counting measurements. However, to
our knowledge such a function has never been experimentally
demonstrated.

As a step towards mode-resolved photon counting in a
single waveguide, we demonstrate selective up-conversion of
any one of three overlapping temporal modes of a single
wavelength signal. Each signal temporal mode is converted to
a unique wavelength via a pump pulse of suitable wavelength,
exploiting the multiple phase-matching peaks embedded in
the waveguide. All signals and pumps are in the C-band with
the pump wavelengths being between 8 to 20-nm longer than
the signals. With signal and pump wavelengths this close,
we operate within the first Raman band [13] which has
been reported to exhibit very low noise generation [4], [7].
Upconversion efficiencies, pump selectivities, and the pump-
generated noise are reported for the three-signal system.
While the experiments described use a single-pass configu-
ration, it should be noted that for single-pass configurations
a fundamental upper bound for upconversion efficiency, at a
desired level of selectivity, has been determined, which may
be overcome using a double-pass configuration [18], [19].

II. EXPERIMENTAL SETUP

An aperiodically poled lithium niobate (A-PPLN)
waveguide with five phase-matching peaks separated by 3 nm
was used as the upconversion medium [14]. Figure 2 shows
the second-harmonic generation (SHG) small-signal transfer
function of the waveguide which exhibits peak efficiencies
of ≈110%/W. A frequency comb centered at 1533 nm was
used to define the signal modes (S1, S2, and S3), while the
pump modes (P1, P2, and P3) were centered at 1542, 1548,
and 1554 nm, respectively. The signal temporal modes are
programmed using a commercial OAWG (Finisar: Waveshaper
1000S) to mimic the first three temporal (Schmitt) modes
generated by spontaneous parametric down-conversion
induced by a fifth-order super-Gaussian pump of 15 ps in
a PPLN waveguide. A waveguide with a length of 52 mm
and pump/signal-to-sum-frequency walk-off of 2.54 ps/cm
was used in the simulations as well as for the experiments.
The depth of the waveguides was about 1.85 μm and
propagated first order spatial modes at C-band wavelengths.
The pump wavelengths were placed between phase-matching
peaks to reduce pump-generated SHG. The frequency combs
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Fig. 1. The front-end pulse generation and pulse shaping setup. Pump and signal sources provide light to modulators to generate frequency combs. An optical
arbitrary waveform generator (OAWG) shapes the pump and signal temporal profiles by controlling the amplitude and phase of the independent comb lines of
the frequency combs. The pumps are further amplified, attenuated, filtered, and coupled to free space. The signals are time delayed, amplified, and attenuated
before being coupled to free space.

Fig. 2. The small signal second harmonic generation (SHG) phase-matching
profile for the 3-nm separated multi-peak waveguide.

were each 17 lines with 20-GHz spacing. The pumps were
phase-matched to the signals using every other peak of the
multi-peak waveguide so the pumps were not phase-matched
with each other, therefore avoiding inter-pump mixing.

Figure 1 shows the setup used to generate and shape the
pump and signal pulses. The signal and pump frequency combs
were generated using a cascaded optical phase and amplitude
modulator. These frequency combs contained 17 comb lines
within 5 dB of the maximum. An OAWG was then used to
control the amplitude and phase of each comb line. To increase
the maximum power per pulse, the pulse train was down-
sampled from 20 GHz to 1.25 GHz using a gated amplitude
modulator, amplified using erbium doped fiber amplifiers,
then separated using fiber add-drop filters. The pump was
further amplified and filtered to reduce amplified spontaneous
emission (ASE) and Raman noise in the signal band before
being coupled to free space. In free space, the pump and signal
can be further filtered and combined without any addition
of Raman noise due to the absence of optical fiber-based
elements.

Figure 3 shows the free-space portion of the experimental
setup. Two free-space filters were used to filter out signal-band
fiber-induced Raman noise in the pump path. First, a filter
centered at 1533 nm with a 3-nm bandwidth (Semrock:
NIR01-1535/3-25) was angle tuned to transmit 1533-nm radi-
ation and reflect the pumps. The 1533-nm filter had ≈95%
transmission of in-band radiation, >90% reflection of the
pump wavelengths, and had a very flat spectral passband. The
reflected pumps then passed through a second filter with a
12-nm bandwidth (Thorlabs: FB1550-12) which combined the
pumps and signals by transmitting the pumps and reflecting
the signals. This filter will be referred to as the combiner to
distinguish it from other filters in the system. The combiner
filter had a wide but oscillatory passband profile that distorted
the pump and signals appreciably, which was compensated for
using the OAWG. After the pumps and signals passed through
the waveguide, a dichroic mirror and prism were used to
separate the sum-frequency (SF) component from the residual
C-band radiation. The SF light contained three separate wave-
lengths, which were split into independent spatial channels
and further filtered by angle tuning a 3-nm-bandwidth filter of
nominal 780-nm passband (Semrock: LL01-780-23). Each SF
component was then measured using a bulk silicon detector.
The residual signal was measured using a C-band detector.
A temporal delay line was used to change the relative delay
between the signal and pump pulses while the upconverted
components were measured. The upconverted SF powers were
compared to the signal input powers, and the percentages
of SFG upconversions of the signals was recorded. This
measurement was conducted at three different pump powers.

III. RESULTS

Three different pump-signal combinations were injected
into the waveguide and the upconversion percentage for
each pairing was found. Pump pulses are programmed to
optimized shapes based on simulations that iteratively per-
turb the pump pulse shapes, using a step-wise nonlinear
algorithm, to increase the upconversion efficiency of corre-
sponding pump-signal pairs while simultaneously minimizing
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Fig. 3. (A) The front-end free-space filtering and coupling to the waveguide. After the waveguide the sum-frequency generation (SFG) and C-band residual
pump and signal are separated. A 12-nm combiner filter combines the pump and signal. (B) Filtering and detection of the upconverted SFG signals. DCA,
digital communications analyzer; OSA, optical spectrum analyzer.

Fig. 4. The pump-signal combinations for the three-signal set. Each row
corresponds to a pump and each column represents the signal the pump
was acting on. Plots along the main diagonal correspond to optimized pump-
signal pairs which exhibit high conversion efficiency while the off diagonals,
mismatched pump-signal pairs, show low conversion efficiency. Each plot
shows three pump powers: maximum power (black), 1 dB attenuation (red),
and 2 dB attenuation (blue).

the conversion efficiency of the neighboring signal mode.
The selectivity for a given pump was calculated by dividing
the efficiency of an optimized pump-signal pair by the sum
of up-conversion efficiencies for all signals under that pump.
Figure 4 shows the conversion efficiencies vs. time delay
for all nine of the pump-signal combinations and Table I
compares the experimentally measured values at a near-
optimal pump/signal time delay with the simulation results.
For modes 1 and 2, the measured efficiencies for the optimized
pump-signal pairings are below the simulated values, but the
selectivities are still close to the expected values. For mode
three, the system does not perform as well. This could be
due to the fact that the third pump has the most complex
phase profile, which may require broader bandwidth pumps
for efficient upconversion and high selectivity. The simulations
used to determine the optimal pump pulse shape assume
identical phase-matching peaks, but measurements have shown
that significant differences in peak efficiencies and side-lobes
can exist. Using measured phase-matching peak profiles of the
waveguides in the simulations may result in less discrepancies
between the simulations and experimental results. Addition-

TABLE I

RESULTS OF PUMP-OPTIMIZATION SIMULATIONS AND MEASURED

VALUES FOR A SIGNAL SET WITH THREE TEMPORALLY-ORTHOGONAL

SIGNALS. CONVERSION PERCENTAGES FOR EACH PUMP-SIGNAL
COMBINATION AND PUMP SELECTIVITIES ARE REPORTED.

THE OPTIMIZATION WAS PERFORMED FOR A WAVEGUIDE

WITH FIVE PHASE-MATCHED PEAKS SEPARATED BY

3 nm, 20% APODIZATION ON EITHER END OF
THE WAVEGUIDE, AND 17 COMB LINES

SEPARATED BY 20 GHz

ally, our procedure for optimizing the pump pulse minimizes
the conversion of neighboring modes, but the selectivity of
P3 then turns out to be limited by S1. A more comprehensive
pump optimization metric may improve overall performance.

Upconversion pumps were optimized for superposition
modes S1 + S2 and S1-S2 to demonstrate that our system
can measure superposition modes as needed in many quantum
optics experiments. The upconversion efficiency of each pump-
signal combination was measured and the mode selectivity was
calculated. The maximum upconversion efficiency for mode
S1 + S2 (S1-S2) was 82% (79%) with upconversion of the
orthogonal mode at 23% and 18% for pump P1 + P2 and
P1-P2, respectively. The mode selectivity for pump P1 + P2
(P1-P2) was found to be 0.82 (0.78). The measured upconver-
sion efficiencies were between 8-10% lower than the expected
values from simulation. While the conversion efficiencies were
lower than expected, the selectivities were very close to the
expected value of 0.78.

Pump-generated noise levels caused an excessively high
background count probability of 0.1 counts/pulse from
P1S1 on the corresponding SFG (labeled SFG1) detector. OSA
measurements of SFG1, with and without the SFG bandpass
filter are shown in Fig. 5. The spectrum suggests that noise
is coming from multiple sources including imperfect filtering
of pump SHG, SHG of ASE noise at the phase-matching
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Fig. 5. SFG band spectrums for input P1S1 is shown. Non filtered and
filtered SFG spectrums are in the left and right respectively. SFG spectrums
for P2S2 and P3S3 inputs were similar to the results of P1S1.

peaks, and SFG of ASE noise with the pumps. Measured
losses were found to be reasonable for the components used
and the achieved upconversion efficiencies. After the output
of the waveguide there is 2 dB loss due to the filtering, 2 dB
from various interfaces, and 1.8 dB from imperfect detection
efficiency. Accounting for this loss we estimate noise of about
0.4 photons/pulse at SFG1, and 10 photons/pulse at the other
sum-frequency wavelengths. This increase could be due to P1’s
wavelength being closer to the P2S2 and P3S3 phase-matching
peaks.

To investigate the source of the noise in the SFG bands,
a second OAWG applied arbitrary filters on the pumps before
being injected into the waveguide. One source of significant
noise was found to be the upconversion of ASE radiation
phase-matched on the nearest-neighbor phase-matching peak,
which was on the order of 10 photons/pulse. A second source
of noise (≈10 photons/pulse) was found to be the pumps’ close
proximity to nearby phase-matching peaks. When the pump
wavelength was increased to 7 nm greater than a given phase-
matching peak, the noise reduced to 10−2 counts/pulse and
further reduced as the pump wavelength was increased to over
10 nm longer than the phase-matching peak. We thus expect
that larger separation between the phase-matching peaks would
be helpful in future experiments. Additionally, we expect
improved performance using waveguides with a minimum
number of phase-matching peaks (in this case three). This
will reduce the required pump power, and thus Raman scat-
tering, and likely reduce residual undesired phase-matching
between peaks. Other techniques, such as the use of high-
finesse periodic comb filters on the incoming pump modes
and apodization of the QPM grating [15] may be applied to
help further reduce the impact of background noise.

IV. CONCLUSION

We demonstrated that selective upconversion of three
spatio-temporally overlapped signals at the same C-band
wavelength can be achieved. The upconverted signals can be
detected on independent detectors. This reduces the number
of waveguides required for detection of orthogonal but
temporally overlapped signal sets, therefore reducing the loss
and complexity of mode- resolved photon counting. Selective
upconversion of superposition modes was also demonstrated
with good selectivity.

The noise in the SFG bands was found to be too high for
true sub-photon measurements due to residual phase-matching
and the impact of ASE noise mixing into the conversion

process. The noise may be reduced by implementing suitable
modifications to the upconversion system, therefore, future
system capabilities may be extended to allow for high-quality
measurements of sub-photon pulses.
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