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Abstract— We demonstrate a multiplexing scheme for
upconversion-based single-photon detection using a waveguide
with multiple phase-matching peaks. Two different signal wave-
lengths are upconverted using two distinct pump wavelengths,
where all the wavelengths are in the 1550-nm band. Background
photon generation rates < 10−4 per pulse with high internal con-
version efficiencies are observed using 20-ps-long pump pulses.

Index Terms— Nonlinear optical devices, photodetectors, opti-
cal detectors, optical waveguides, multiplexing.

I. INTRODUCTION

NONLINEAR frequency conversion can be used to trans-
late the frequency of a photon while preserving its quan-

tum state [1]. This process can be used to enable high quality,
low cost, silicon-based single-photon detectors to function
in the telecommunications bands [2]. The promise of higher
detection efficiency and better temporal resolution than offered
by telecommunications-band single photon avalanche detec-
tors (SPADs) was long hampered by increased background
noise generated in the frequency conversion process [3]. It has
recently been demonstrated that by moving to appropriately
long pump wavelengths, a low background count level can
be maintained since unwanted photons from pump down-
conversion are eliminated and background photons generated
via Raman scattering are greatly reduced [4]. However, when
detecting photons in the lowest loss fiber transmission band
near 1550 nm the corresponding pump wavelength for low
noise upconversion is >1800 nm [4]. This is an inconvenient
wavelength band that is far less developed than the 1550 nm
band, thus impacting the cost and practicality of upconversion
detection of telecom band photons.

An emerging application of nonlinear frequency conversion
employs pump pulses shaped by an optical arbitrary
waveform generator (OAWG) [5] to tailor the temporal
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mode of the frequency converted signal [6]. This allows
temporal mode-resolved single-photon counting (MRPC) as
well as the measurement of superpositions of modes [6], [7]
which is an essential characteristic in various quantum-
optical measurements. A straight-forward implementation of
MRPC uses a cascade of upconversion devices pumped by
independently shaped pump pulses [8], but the accumulation
of coupling loss greatly diminishes the utility of this design. A
potential solution is to embed multiple phase-matching peaks
in a single waveguide [9]–[12]. This would allow multiple
overlapping signal temporal modes of a fixed mean wavelength
to be converted to different wavelengths using multiple pump
pulses having different wavelengths and spectro-temporal
profiles [9]. OAWGs are well developed near 1550 nm.
For instance, high speed dynamic pulse shaping has been
demonstrated, and commercial OAWGs are available [5], [13].
In principle, such technology could be adapted to the longer
wavelengths required for low noise upconversion of 1550-nm
band signals, but to our knowledge commercial devices at
such wavelengths are currently not available.

We report on an upconversion-based single-photon detec-
tor (SPD) with pump and signal pulses in the convenient
1550-nm band. The close pump-to-signal wavelength separa-
tion allows operation inside the first major Raman scattering
band of Lithium Niobate [14] thereby providing a differ-
ent mechanism to control Raman scattering than operating
at widely spaced wavelengths that fall outside the Raman
scattering bands. We show that when the pump-to-signal
wavelength separation is kept fairly close (<30 nm), it is
possible to keep background noise at a level on par with
traditional telecom-band-sensitive SPADs. The system allows
shorter temporal gate windows than electrically-gated SPADs
as the gate duration is specified by the optical pump pulse
width (20 ps). An upconversion waveguide with multiple
apodized phase-matching peaks is used to convert two different
signal wavelengths to two distinct sum-frequency wavelengths.
Apodization refers to a technique used to suppress sidelobes
in the phase-matching curves, though it also decreases the
overall conversion, by tapering the effective nonlinear coupling
at the ends of the waveguide [15]. Using multiple pumps and
signals in a single waveguide may be useful for multiplexing
pulsed signals of different pulse rates and is a first step towards
leveraging multiple phase-matching peaks for more complex
measurements such as temporal MRPC.

II. EXPERIMENTAL SETUP

The second-harmonic generation (SHG) small signal trans-
fer functions of the periodically-poled lithium niobate (PPLN)
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Fig. 1. (Color online) The experimental setup. (A) The front-end coupling to waveguide and separation of C-band from the sum-frequency generation (SFG).
Filter F2 combines the pump and signal. (B) The single-peak experiment SFG detection, (C) and multi-peak experiment SFG detection. DCA, digital
communications analyzer; OSA, optical spectrum analyzer.

waveguides used in the experiments are shown in Fig. 2. The
apodized single-peak waveguide exhibits a peak conversion
efficiency of �1000 %/W and has suppressed sidelobes. The
pump for the single-peak experiments was set at 1550.1 nm
while the signal wavelength was changed to observe differ-
ent system conversion efficiencies and noise characteristics.
The multi-peak waveguide has five apodized, 5-nm separated
phase-matching peaks. Two pumps, λP1 = 1549.23 nm
and λP2 = 1554.34 nm, and corresponding signals,
λS1 = 1533.54 nm and λS2 = 1537.51 nm, were between
adjacent phase-matching peaks to generate two sum-frequency
generated (SFG) signals at λS FG1 = 770.67 nm and λS FG2 =
772.94 nm, respectively. The waveguide peaks chosen have
conversion efficiencies of η1 = 245 %/W and η2 = 261 %/W.
Some degradation of performance of these waveguides was
due to the anti-reflection coating process and possible pho-
torefractive changes due to milliwatt-level SHG. It was found
that 127 mW peak pump power was required for 91% SFG
conversion for the single-peak waveguide and 566 mW peak
pump power was required for 89% SFG conversion in the
multi-peak waveguide.

The experiment employed a common front-end for both the
single-peak and multi-peak experiments, with an appropriately
modified back-end filtering configuration, as shown in Fig. 1.
An OAWG (Finisar: WaveShaper 1000S) was used to shape
the signal and pump pulses from 20 GHz input optical
frequency combs. The pump and signal were then optically
amplified and separated into two distinct fiber ports using a
fiber add-drop filter. The signal was passed through a tunable
attenuator to control the power injected into the waveguide.
The pump was further amplified and additional filtering was
applied to remove unwanted amplified spontaneous emission
and Raman scattering on both the signal and the pump before
both ports were collimated and combined at a free space
filter (F2). The pump and signal were then coupled into
the waveguide. After the waveguide, the SFG beam was
separated from the C-band pump and signal beams using a
dichroic mirror and a prism and was further filtered before
detection. The C-band pump and signal were coupled to fiber,
separated, and signal depletion was measured on a digital
sampling oscilloscope (DSO: Agilent-83485B) with a 30-GHz
bandwidth.

Fig. 2. Single-peak (left) and multi-peak (right) waveguide SHG transfer
functions. The position of the signals and pumps is indicated by the labeled
triangles.

The SFG filtering and detection setup differed slightly
for the single-peak and multi-peak experiments, as is shown
in Fig. 1B and C, respectively. For the single-peak setup,
the SFG was spatially and spectrally filtered using a bandpass
filter (BPF: Semrock LL01-780-25). The filter has >90%
transmission at an angle-tunable wavelength near 780 nm,
a passband of 3 nm, and an optical density >5. The SFG was
then focused onto a single-photon counting module (Excelitas
SPCM-AQRH-14). Signal depletion and noise was recorded as
a function of pump power at both classical as well as single-
photon signal levels.

In the multi-peak experiment, the two SFG signals were
separated by the same BPF’s used in the single-peak exper-
iment by passing one SFG wavelength and reflecting the
other. The two SFG signals then propagated in two spatially
independent channels, were further filtered, and focused onto
separate SPCMs. Detector 1 (D1) was used to measure the
SFG from pump 1 - signal 1 (P1S1) while the SFG from
pump 2 - signal 2 (P2S2) was focused onto detector 2 (D2).
These two paths will now be referred to as channel 1 and
channel 2 respectively. The conversion efficiency, pump-
generated noise, and cross-talk between the two channels were
then measured.

III. RESULTS

A. Single-Peak Experiment

The pump-generated noise and SFG conversion efficien-
cies were recorded at various pump powers and pump-signal
wavelength separations (�λ). Pump and signal pulses were
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Fig. 3. Generated noise photons/pulse vs. SFG conversion in the single-peak
waveguide for two pump widths �τ and various pump-to-signal wavelength
separations �λ. Back conversion is observed for the 15, 20, and 27 nm cases
when overdriving the conversion process.

generated either by directly carving 160 ps full width at
half maximum (�τ ) pulses at 50 MHz using an external
modulator or by using the OAWG to shape �τ = 15 ps
signal pulses and �τ = 20 ps pump pulses. A pulse-
picker following the OAWG reduced the pulse repetition rate
from 20 GHz to 1.25 GHz. The generated noise is stated in
photons/pulse exiting the waveguide vs. conversion efficiency,
where conversion efficiency is calculated based on the mea-
sured signal depletion. The conversion efficiency derived from
signal depletion was determined to be within 1 dB of the
SFG conversion efficiency under all experimental conditions.
The overall system efficiency was also calculated using the
waveguide coupling and propagation losses (53%), filtering
loss (58%), detector efficiency (65%), and the pump power-
dependent SFG conversion efficiency.

To align the SPCM module, a known low power input signal
was injected into the waveguide and the expected count rate on
the SPCM was calculated. The measured and expected count
rate differed by < 1 dB for every value of �τ and �λ for
which data was taken. This result also further verifies that
signal depletion is a good proxy for conversion efficiency.

One source of background noise is Raman scattering
in the waveguide that is subsequently upconverted. Given
the ∼0.3-nm-wide phase-matching bandwidth and using
2B�τ � 1 to determine the temporal width of a single mode
in the waveguide, where B is the 3-dB optical bandwidth set by
the waveguide SFG phase-matching bandwidth, it is expected
that 160-ps-long pump pulses will upconvert many Raman
modes and thus generate more noise. This was confirmed by
the experiments, which were therefore primarily conducted
with pump pulses of �τ = 20 ps. At �λ <10 nm, increased
generated noise photons/pulse were measured which could be
due to the nearby SHG leaking through the back-end filters.

In all cases, peak SFG conversion efficiencies greater
than 80% were observed. Low noise in the SFG band

was achieved over 10 nm< �λ <27 nm, and short
�τ ’s that occupy nearly a single temporal mode. Figure 3
shows the five cases that yielded the highest conver-
sion efficiencies and the least generated noise photons.
At �λ = 15 nm, an SFG efficiency (system efficiency)
of 84% (16%) with 10−4 noise-generated photons/pulse was
observed. Operating the system at a lower pump power
reduces the conversion efficiency but it also reduces the
noise-generated photons, for example, at a conversion effi-
ciency of 65% (13%) only 6.5 × 10−5 noise photons/
pulse were observed. The noise equivalent power (NEP) for
the detection system was calculated using the definition for
APDs provided by Eraerds et al. [16]. Using a pump with
�τ = 20 ps and SFG conversion efficiency greater than 80%
(15%) the lowest NEP was found to be 5.6×10−16 (W/

√
H z)

at �λ = 15 nm.

B. Multi-Peak Experiment

The pump and signal-pair wavelengths were chosen to
be ≈15-nm apart since low noise at that value of �λ was
observed in the single-peak experiment. The pump wave-
lengths were between two adjacent phase-matching peaks
(see Fig. 2) to avoid high pump SHG. Signals were placed
symmmetrically on the opposite side (15 nm away) of
two phase-matching peaks to generate high SFG. It was
observed that in these regions the generated noise photons
could vary over 10 dB when the pump wavelength changed
by ±0.2 nm. This could be due to SHG from parasitic side
peaks. The pump wavelengths and waveguide temperature
were fine tuned to minimize the pump-induced noise in the
SFG band while maintaning high conversion efficiencies.

For a fixed waveguide length, the peak conversion efficiency
is inversely proportional to the number of phase-matching
peaks. The multi-peaked waveguide therefore requires higher
pump powers for a given conversion efficiency, and thus also
generates more noise.

The generated noise photons approaches 10−4 photons/pulse
with an internal conversion efficiency ≈54% (11%) for both
P1S1 and P2S2 systems as shown in Fig. 4. Peak conversion
efficiencies >80% (15%) were achieved with ≈10−3 noise
photons/pulse for both channels. The crosstalk between the
channels was characterized by measuring the upconversion
of the pump-signal combination matched to a given channel
vs the upconversion under the same pump with a signal
wavelength at the adjacent channel. The efficiency of detecting
signal 2 in channel 1 was 61 times less than the efficiency
of signal 1 in channel 1. Similarly the detection efficiency of
signal 1 upconversion in channel 2 was 124 times less than
the efficiency of measuring signal 2 in channel 2.

The right plot in Fig. 4 shows the noise generated in
channel 1 vs conversion efficiency when both P1 and P2 pulses
are on and temporally overlapped with each other. The total
noise level is 3-5 dB higher than the sum of the noise
photons/pulse when only one pump is turned on at a time. This
suggests a pump interaction is generating background noise.
When the pump pulses are sufficiently temporally separated,
the noise level returns to a simple sum rule, Fig. 5. The exact



1100 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 29, NO. 13, JULY 1, 2017

Fig. 4. (Color online) Generated noise vs conversion efficiency of the
multi-peak waveguide system for both pumps and their phase-matched signal
wavelengths in channels 1 and 2, respectively (left). The expected and
measured noise for D1 with both pumps on and either signal injected into
the waveguide (right).

Fig. 5. (Color online) Increased noise due to pump interactions for both
channels as a function of time delay between the pumps. (Left) Increased
noise as a function of time delay between the pumps. The secondary peak
50 ps away from the main peak is due to imperfect pump pulse picking.
(Right) Increased noise as a function of peak pump power with overlapping
pump pulses.

mechanism of this added noise still needs to be determined,
but is possibly a cascaded interaction such as the SHG of
P1 interacting with P2 to create new frequency components
in the C-band which are subsequently upconverted. We expect
the effect would be mitigated by employing a double-peaked
phase matching profile, and could be eliminated by temporally
interleaving the S1/S2 signals. Additionally, if the S1/S2 pulse
rates are independent, then the overall temporal overlap of the
pumps would be reduced by a factor related to the duty cycle,
leading to a similar reduction in the extra noise factor.

IV. CONCLUSION

We demonstrate that in the pulsed mode of operation,
upconversion-based single-photon detection using C-band
pump and signal pulses can be competitive with C-band-
sensitive SPADs, typically generating background photons
at a rate ∼10−4 per pulse with >50% internal conversion
efficiency. The pump and signal wavelength separation can
be varied by >10 nm with minimal change in the gener-
ated noise. The optical gating using 20-ps pulses in this
system gives more flexibility than electrical pulse gating, and
uses convenient telecom-band pump components. Moreover,
we exploit an upconversion waveguide with multiple phase-
matching peaks to demonstrate the simultaneous upconversion
of two multiplexed signal wavelengths using two different
pump wavelengths. Multiple phase-matching peaks may be
useful for multiplexing or more complex applications such as

temporal mode-resolved photon detection. Using two separate
pump wavelengths allows the input signals to be temporally
offset, for instance accommodating independent signal pulse
rates. Due to a lower effective nonlinearity, the noise levels
of multi-peaked devices are somewhat increased, but still
have ∼10−4 generated noise photons/pulse a >30% internal
conversion efficiency. Given that upconversion allows telecom-
band photons to be detected using Si SPADs, which are
generally lower cost and more densely scalable than telecom-
band sensitive SPADs, the ability to use a single waveguide
to detect multiple low-photon signals may be of technological
importance.
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