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We demonstrate the transmission of time-bin entangled photon pairs through a distributed optical
phase-sensitive amplifier (OPSA). We utilize four-wave mixing at telecom wavelengths in a 5-km
dispersion-shifted fiber OPSA operating in the low-gain limit. Measurements of two-photon interference
curves show no statistically significant degradation in the fringe visibility at the output of the OPSA. In
addition, coincidence counting rates are higher than direct passive transmission because of constructive
interference between amplitudes of input photon pairs and those generated in the OPSA. Our results
suggest that application of distributed phase-sensitive amplification to transmission of entangled photon
pairs could be highly beneficial towards advancing the rate and scalability of future quantum

communications systems.
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I. INTRODUCTION

Photonic entanglement is a critical resource for quantum
computing as well as quantum communications, and it can
be optimized for transmission through many types of
waveguides. However, waveguide propagation loss expo-
nentially reduces quantum communication throughput
with increasing transmission distance. In classical optical
communications, the problems of loss and the resulting
reduced throughputs are solved by optically amplifying
the signals. However, amplification of unknown quantum
states adds unacceptably high amounts of noise [1]. The
added noise reduces quantum communication throughput,
which is a function of both state quality and probability of
measurement. To circumvent these issues, we utilize known
photonic time-bin entangled qubit pairs [2] in combination
with a distributed optical phase-sensitive amplifier (OPSA)
optimized for the transmission of the entangled pairs. The
use of an OPSA provides the potential for significantly
better noise performance compared to conventional phase-
insensitive amplifiers [3]. Recent theoretical progress
quantified channel-capacity improvements when using
OPSAs with coherent state inputs [4]. The benefits of
distributed phase-sensitive amplification for classical sig-
nals, including coherent states of any amplitude, are well
known. It is of great interest to understand how these
logarithmic noise advantages can be applied to quantum
communications. To that end, we explore experimentally
the impact of transmission of entangled photon pairs
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through a distributed OPSA. We demonstrate that the
throughput relative to direct transmission may be improved
when the photons in the entangled pair are simultaneously
transmitted down the OPSA. This work suggests that the
development of new quantum communication protocols that
utilize photon pair encoding and distributed amplification
could improve future quantum communication throughputs
over direct transmission.

Over the past 20 years, quantum interference between
pairs of photons has been a subject of continued interest
(see, e.g., Refs. [5-10]). In particular, the application of
optical parametric amplification to nonclassical states of
light, such as two-photon entangled states, has been con-
sidered previously in the demonstration of stimulated emis-
sion of entangled photons [7,8], in a theoretical study for the
generation of higher photon number NOON states [9] and,
more recently, in the characterization of the quantum wave
packet [10]. These efforts focused on high-gain amplification
of photonic states in nonlinear crystals to bootstrap multi-
photon-state creation. In addition, optical parametric ampli-
fication has been considered for quantum cloning [11] and
for the manipulation [12,13] of continuous-variable (CV)
quantum states [14]. Other recent work suggests that OPSAs
can be used as preamplifiers in CV quantum key distribution
systems to increase detection efficiency [15-17].

The system configuration is comprised of a spontaneous
four-wave mixing-based (SFWM) source and a 5-km
section of transmission fiber operated as an OPSA.
While the source and the OPSA both utilize dispersion-
shifted fiber, they each operate in different regimes to align
with their intended function. First, in contrast to the source,
the operation of the 5-km OPSA-based transmission fiber is
specifically optimized so as to only offset the intrinsic fiber
propagation loss. Second, while the source creates photon
pairs from vacuum inputs, the 5-km section of transmission
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fiber is seeded with nondegenerate wavelength signal and
idler photon pairs. Injection of signal, idler, and pump
wavelengths is required to realize a nondegenerate y()-
based OPSA [18]. A final distinction between the operation
of the source and the channel is a key fundamental
characteristic of an OPSA: The output intensity depends
upon the relative phases of the inputs. While a source
and an OPSA can both create photon pairs, under the
aforementioned input conditions, we discuss how the
OPSA exhibits an interference effect that can result in either
amplification or deamplification of input pairs below the
level of intrinsic fiber loss. Deamplification of the input
results from destructive interference between the input
photon pairs and those generated within the OPSA, and it
is fundamentally different from reducing the pair production
efficiency of a source by changing the pumping conditions
and hence the resulting phase-matching conditions. While
deamplification is not the operating condition, it is observed
to confirm that the channel is, in fact, operating as an OPSA
instead of a SFWM source. To understand the underlying
physical principle, we present a theoretical description of
the operation of OPSAs with quantum states consisting of a
superposition of vacuum and correlated single-photon pairs.
The analysis indicates that our experimental observations are
due to constructive interference within the OPSA between
the amplitudes of input pairs and internally generated pairs in
the OPSA. This interference thus occurs only when the
OPSA is seeded with input photon pairs.

We show experimentally, for the first time, that OPSAs
can be applied to preserve both the entanglement through-
put and the entanglement quality as measured by the
two-photon interference (TPI) visibility. Preliminary exper-
imental results of our OPSA-based concepts were first
discussed in Ref. [19]. This paper extends upon our initial
results by providing a comprehensive description that
includes a theoretical and an experimental study of the
transmission of photon pairs through a distributed OPSA.

II. EXPERIMENTAL SETUP

The experimental setup for transmission of time-bin
entanglement [2,20,21] over a distributed OPSA-based
fiber transmission channel is shown in Fig. 1. Using
spontaneous four-wave mixing, time-bin entanglement is
generated in a dispersion shifted fiber (DSF) [21]. The DSF
is pumped by picosecond pulses from a tunable mode-
locked laser (MLL) centered at 1549.4 nm with a 47-MHz
repetition rate. The pump wavelength is chosen to optimize
the phase-matching conditions in the dispersion-shifted
fiber, which maximizes the four-wave mixing efficiencies
in the entangled source and the OPSA. Pump pulses from
the MLL are input to a Faraday-mirror-based fiber-
Michelson interferometer to generate pairs of pump pulses
separated by 5 ns. These pulses pump a 136-m-long DSF
to produce time-bin entangled signal-idler photon pairs
through spontaneous four-wave mixing. The peak pump
pulse power is approximately 0.2 W, which generates
entangled pairs with a probability of ~2 x 1073 per time
bin. This relatively small likelihood is chosen so that the
probabilities of generating signal-idler pairs in both time
bins simultaneously and multiple-pair generation are neg-
ligible. The signal and idler photons are chosen to be
4400 GHz (£3.2 nm) on either side of the central pump
wavelength.

All three optical signals pass through an optical filter
(Finisar Waveshaper 4000S), which can independently alter
the amplitude and phase of the pump, signal, and idler
wavelengths. The outputs from this filter are injected into
the distributed OPSA-based transmission link, which con-
sists of a 5-km length of DSF having a zero-dispersion
wavelength (ZDW) close to the pump wavelength for
optimal phase matching. As we demonstrate below, the
output coincidence counting rates depend upon the relative
phase between the signal, the idler, and the pump, con-
sistent with the defining feature of an OPSA.
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FIG. 1. Experimental setup. We show the mode-locked laser, time bin interferometers, dispersion-shifted fiber, Waveshaper, optical
phase sensitive amplifier, polarization beam splitter, and single-photon detectors.
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After the OPSA, a polarizing beam splitter (PBS) filters
out the cross-polarized spontaneous Raman noise, and an
optical splitter sends the signal and idler photons to their
respective analysis time-bin interferometers (TBIs). Out-of-
band noise near the signal and idler photons is removed prior
to detection (with Princeton Lightwave PGA-600HSX
detectors) using thin-film filters with 0.5-dB and 3-dB
bandwidths of approximately 0.9 nm and 1.1 nm, respec-
tively. The two analysis interferometers are used to perform
TPI coincidence counting experiments to characterize the
entangled pairs before and after transmission through the
distributed OPSA.

We actively stabilize the three interferometers to com-
pensate for thermal drifts, which would otherwise result in
unstable counting rates. In order to measure stable coinci-
dence counting rates (Rcc), the analysis TBI phases (a, )
must be aligned with the source TBI phase (¢), as shown in
the following relation: Rcc & 3 [1 — cos(a + f — 2¢)] [21].
Rcc is maintained by keeping the cosine argument con-
stant. To do this, we take advantage of the classical-level
pump signal emerging from the analysis TBIs after trans-
mission through the OPSA. Using a pump phase-dither
method, each analysis TBI has its phase locked with the
source TBI, and R is maintained at a constant amplitude
via automatic feedback to fiber-based phase shifters in the
interferometers [22]. In this way, all the interferometers can
be continuously stabilized, and they do not require cycling
between measurement and stabilization periods.

To measure TPI and verify entanglement quality, we scan
arelative phase in each analysis interferometer by adjusting
a tunable free-space optical path delay in one interferometer
arm by small increments. The resulting delay is short
relative to both the detector gate window and the pulse
width, so it does not appreciably impact the measured
visibility. Each optical delay setting in the analysis TBIs
allows us to measure one point on the TPI fringe (see
Fig. 3). The TPI fringe is measured by scanning the signal
interferometer delay line over a 3-ps range while the idler
TBI is unchanged. In addition, we measure a second
nonorthogonal basis by adjusting the idler interferometer
delay line for a phase shift of one-quarter of one TPI fringe
period, and by rescanning the signal TBI.

III. MEASUREMENT RESULTS

A. Phase-sensitive amplification
of correlated photon pairs

Before we discuss the TPI results, we describe measure-
ments that are made to characterize the OPSA and confirm
its phase-sensitive operation. We characterize the output of
the OPSA as a function of the input pump phase relative to
that of the signal-idler photon pairs. For the following
measurements, the signal and idler TBIs are removed from
the setup to reduce lumped loss and maintain higher
counting rates. Figure 2 shows the measured coincidence
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FIG. 2. Measured coincidence counts (CC) in 50 s for two
average pump powers as a function of OPSA pump phase [blue
open squares (—36 dBm) and red open circles (—33 dBm)].
Spontaneous pairs from the OPSA as a function of pump phase
(green triangles). The dashed line corresponds to the coincidence
counting rate when the pump is off and to the case of direct
fiber transmission. The dash-dotted line shows the coincidence
counting rate at the input to the OPSA.

counting rates per a 50-second measurement interval in a
single time bin. The input intensity as measured by coinci-
dence counting rates to the distributed OPSA (dash-dotted
line) and the coincidence counting rates after transmission
through the 5-km fiber with the pump turned off (dashed line)
are shown in Fig. 2. The coincidence counting rates when the
OPSA pump is off correspond to simultaneous direct trans-
mission of the entangled pairs. The classically measured loss
of the 5-km DSF is 1.5 dB, of which approximately 0.2 dB is
due to connector loss. As the channel loss acts independently
on the signal and idler photons, we expect and observe a
combined 3-dB drop in coincidence counting rates after
transmission through the DSF.

Next, we consider the case where the OPSA pump is
turned on. Two sets of data are shown in Fig. 2, corre-
sponding to different average pump powers. The markers
are experimental data, while the solid lines are sinusoidal
fits to the data. The blue squares correspond to coincidence
counting rates when the total average power for the double-
pulse pump is —36 dBm, while the red circles are for an
average pump power of —33 dBm. As expected, higher
(lower) pump powers correspond to higher (lower) coinci-
dence counting rates at the OPSA output. As the pump
phase is adjusted relative to the signal and idler, both
amplification and deamplification of coincidence counting
rates are observed, which confirms the phase-sensitive gain
mechanism in the OPSA. At the pump phase yielding
maximum amplification, the coincidence counting rates
approach the levels measured at the input to the OPSA,
with the exception of the bulk connector loss, for which we
did not attempt to compensate.
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To rule out the possibility that the enhanced coincidence
rate is simply due to the incoherent addition of spontaneous
noise from the OPSA, we characterize the spontaneous
generation rate in the 5-km distributed OPSA by blocking
the input signal and idler photon pairs using the Waveshaper.
The measured coincidence counting rates at the OPSA
output then give an upper bound on the spontaneous pair
contribution to the measurements. The measured sponta-
neous pairs generated in the OPSA are plotted in Fig. 2
(green open triangles) as a function of pump phase for the
pump power, which compensates fiber loss (=33 dBm).
The spontaneous coincidence counting rates are insensitive
to the OPSA pump phase, as expected, and we measure a
mean counting rate of 80 £ 3 coincidences per 50-s interval.
Next, the direct transmission case is measured by blocking
the pump and unblocking the input signal and idler pairs.
The measured signal-idler coincidences are 667 £ 18 per
50-s interval. Finally, the pump is set back to —33 dBm,
and the coincidence counts increase to 1160 4 21 per 50 s.
From these measurements, it is clear that the additional
counts at the OPSA output cannot be explained by a simple
incoherent sum of spontaneous noise and the surviving input
signal from direct transmission. In Sec. III C, we discuss the
underlying physics explaining our observed results.

We also bound the possibility of multipair stimulated
emission in the OPSA despite its small likelihood given
the low gain. The impact of stimulated emission is
evaluated by measuring multipair events at the OPSA
fiber output. To bound the stimulated emission, we insert a
50/50 coupler after the filtered signal at the output of the
OPSA and measure coincidence counts between the two
output ports of the coupler. The measured signal-signal
coincidence counting rates before and after the OPSA
transmission channel are comparable at the pump power
that compensates for the fiber loss. The signal-idler
coincidence counting rates are approximately 75 times
greater than the signal-signal coincidence counting rates,
both before and after the OPSA channel. From these
measurements and the relatively low gain, we conclude
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that multipair stimulated emission is negligible in the
OPSA transmission link.

B. Visibility of entangled photon pairs at OPSA output

We next characterize the entanglement quality using a
conventional TPI measurement and evaluate the fringe
visibility from fits to the data. The OPSA is pumped with
an average power of —33 dBm, with the phase of the pump
(relative to the signal-idler pairs) set to maximize the gain.
The analysis time-bin interferometers are inserted before
the single-photon detectors, and the TPI fringes are
measured by scanning the analysis interferometer delay
lines, which corresponds to adjusting the local phase
difference between the arms of each Michelson interfer-
ometer, as described in Sec. I. Figures 3(a) and 3(b) show
the coincidence counts in 100-s counting intervals as a
function of the relative delay change in the signal inter-
ferometer. The results from two nonorthogonal measure-
ment bases are shown. The singles rates are also shown, and
they do not change significantly when adjusting the relative
interferometer delays.

The visibility is obtained by fitting the curve y =
A(1 — Vcos[2zft — 8]) to the TPI fringe, where A is the
amplitude, V is the visibility, f is the frequency, and J is the
phase. The visibility and error obtained from curve fitting
the raw data in Fig. 3(a) (without subtracting accidentals)
for the entangled pairs from the source are 83% + 3%
(solid curve) and 86% + 5% (dashed curve). The corre-
sponding data in the two bases after the 5-km distributed
OPSA-based transmission link are shown in Fig. 3(b), and
the visibility measurements are 83% =+ 3% (solid curve)
and 90% 4+ 4% (dashed curve). These results indicate
comparable entanglement visibility before and after the
OPSA, and they suggest that the quantum characteristics of
the transmitted qubit pairs are preserved after transmission
through the 5-km OPSA link. Note that the visibility values
are obtained without subtracting accidentals and are several
standard deviations above the approximate 70.7% threshold
to witness entanglement [23]. Moreover, if the OPSA pump

a 'Y QIOOQ"QI.Q.‘.I‘ " ]300k
S 300 1 AbA EAE R AA4A »
c gt 3 8
= ¥ "t 1200k =
g 200 [ <— <
S o}
3 ‘ {100k 2
g 100 / &
o 4
o
0 : : : : 0
109 110 111 112 113
(b) Signal Interferometer Delay (ps)

Two-photon interference fringes in two nonorthogonal measurement bases (a) before and (b) after transmission through a 5-km

distributed OPSA transmission link. The corresponding visibilities are obtained from curve fitting the raw data (basis 1 and basis 2 are
shown as solid red and dashed blue lines, respectively). The corresponding singles rates are also shown for each measurement basis
(right y axis). Basis 1: Blue circles and purple squares. Basis 2: Olive green diamonds and green triangles.
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is turned off, the coincidence rate maximums plotted
in Fig. 3(b) are expected to drop by about 3 dB due to
the 1.5-dB single-photon direct transmission fiber loss.

C. Interference in the OPSA for increased
entanglement output

We now summarize the physical origin of the observed
increase in entangled photon-pair counting rates relative to
those observed using direct transmission through a passive
optical fiber. A detailed derivation is given in the Appendix;
here, we summarize and discuss the key results. We assume
a configuration that is consistent with our experimental
setup: a single-pump, nondegenerate signal and idler, with
all wavelengths copolarized. In the experiment, the OPSA
is configured to only compensate for fiber loss, and the gain
is small. As a result, one OPSA gain parameter v is much
less than 1 (as described in the Appendix). Ignoring |v|*
and higher-order terms in |v|, we rewrite Eq. (A6) to show
the phase-sensitive behavior of the output signal-idler
correlations:

(ATATAA) ~ e a2l + [BR[1 + 1110P]
T [y + o ]}, (1)

Here, a; is the propagation loss, z is the propagation
distance, and y and v are OPSA parameters related to the
gain. The input state to the OPSA is |w) = «|00) + p|11),
where |a|? and |B|? are the probabilities of vacuum and pair
emission from the source, respectively. Note that in our
experimental source, a > .

For our experiment, the exponential loss term in Eq. (1)
is ~#1 and y ~ 1, so we can further simplify Eq. (1) to

- 1 1
(ATATAA %5 ol + [Bllav] cos0 + S AP (2)

In Eq. (2), we interpret the second term, containing the
cosine, as interference between the amplitudes of pairs
generated in the OPSA-based channel (related to av) and
the injected entangled photon pairs (with amplitude propor-
tional to /). This interference gives rise to the phase-sensitive
behavior observed in Fig. 2. At the optimum phase, this
interference is constructive, and the OPSA output signifi-
cantly exceeds the sum of the input entangled pairs that
survive direct transmission (% |B?) and the pairs spontane-
ously created in the OPSA (3 |av/|?). This aspect is also clearly
demonstrated by the experimental results shown in Fig. 2.

IV. CONCLUSION

We demonstrate the transmission of entangled photon
pairs through a 5-km distributed OPSA. The OPSA
operates in the low-gain limit in order to offset the intrinsic
fiber transmission loss. As a result, the coincidence
counting rate at the output is restored to the input
coincidence counting rate, minus a small amount due to
bulk connector loss. We present a theoretical analysis for

the OPSA transmission channel that illustrates the origin
of the increased coincidence counting rates at the OPSA
output: constructive interference between the amplitudes
of input photon pairs and photon pairs created within the
OPSA. Furthermore, using conventional two-photon inter-
ference fringe measurements, we observe no significant
change in two-photon visibility after transmission through
the distributed OPSA.

Quantum communication is highly susceptible to photon
losses, and the mitigation of this loss is a critical, yet
unsolved, problem. We have considered an approach where
the input state is encoded in a way that directly protects
against propagation loss by taking advantage of the operat-
ing principles of an OPSA. Phase-sensitive amplification
based on four-wave mixing requires two-photon input states,
which are typically avoided in passive quantum transmission
systems because their loss scales as the square of the single-
photon transmission loss. However, as we demonstrate, this
loss scaling is greatly mitigated using the OPSA. The OPSA
acts collectively on both input photons, and through con-
structive interference, it adds photon pairs in a way that is
related to the state of the input photons.

The input signal, time-bin entanglement between two
qubits, is a coherent superposition of quantum states. An
entangled pair input is chosen because entanglement is
itself the quintessential quantum resource, and we study
how it is impacted by transmission through an amplifier.
Our results indicate that a two-photon encoding of quantum
information and a distributed amplifier combination may
help improve the transmission probability of other quantum
states. Such an extension may be a promising way to reduce
transmission errors, thus enabling distributed quantum
computing. While one cannot send any arbitrary state
without modifying the OPSA properties, the subspace of
states that may be transmitted and that benefit from this
approach is large.

The extension of these techniques to improve the trans-
mission of other phase-encoded quantum states is the
subject of additional work [24]. We have considered
transmission of two phase-encoded nonorthogonal states
through a distributed OPSA, where the relative phase
between two time bins is encoded. The results reported
here foreshadow that a two-photon encoding of quantum
information and a distributed amplifier combination may
help minimize loss errors in the transmission of additional
quantum states. In addition, distributed phase-sensitive
amplification may be applied to a variety of qubit systems
such as energy-time [25] and polarization entanglement
[26-28]. However, this would likely require a different
amplifier configuration. For example, if one used polari-
zation qubits, one would need a polarization-independent
OPSA configuration (see, for example, Ref. [29]). Finally,
fidelity calculations on quantum-level coherent state inputs
suggest the benefits provided by using a distributed OPSA
scale to longer distances [30].
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Our results suggest that a properly configured distributed
OPSA may enable low-loss high-quality channels for
transmission of quantum states encoded onto photon pairs.
This low-loss optical channel is a critical component that,
when coupled with innovative new protocols, promises to
enable new regimes for quantum information transport.
Finally, such technology may be useful for creating low-
loss optical buffers and quantum memories that could be
used in optical quantum computing and communications.
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APPENDIX

We now provide a quantum mechanical picture of the
operation of y)-based OPSAs with a quantum state that
consists of a superposition of a vacuum state and a
correlated photon pair. The single-pump nondegenerate
configuration requires both signal and idler to be present at
the input to observe phase-sensitive behavior [18]. For this
configuration, the solution to the parametric amplification
equations for the output signal and idler field operators,
A4(z) and A;(z), respectively, after a distance z, is given by
(see, for example, Refs. [18,31])

Ay(z) = eCa72 (A (0) + vA[(0)) (A1)

and
Ai(z) = €m0/ (uA;(0) + vAL(0)). (A2)

where y and v are given by
u = eli/D(BF+2rP)z (Cosh(gz) _ ZLKSinh(gZ)> (A3)
g
and

U= jeli/2)(Bp+2yP)z ﬁ 220y SiIlh(gZ), (A4)
respectively.

A, (A;) and Al (Al-T) are the signal (idler) annihilation and
creation operators, respectively, so that A;|n) = v/n|n — 1)
and Al|n) = /n+ 1|n+ 1), where n is the number of
photons in the input mode. Also, |u|> — [v]* = 1,k = Af —
2yP is the phase mismatch, and g = /(yP)* — (xk/2)? is

the gain coefficient. P is the pump power, y is the nonlinear
coefficient, Af is the wave-vector mismatch between the
pump, signal, and idler, a; is the propagation loss, and 0, is
the input phase of the pump.

To simplify the analysis, we assume a copolarized pump,
signal, and idler; a continuous wave (CW) operation; an
undepleted pump; and neglected pump attenuation. The
effect of fiber loss on the signal-idler pairs is included;
however, the vacuum fluctuations due to the fiber loss are not
included because they are negligible with a 5-km OPSA.

We consider the OPSA performance with an input
quantum state representative of the output of a low-
emission probability entangled pair source that consists
of a superposition of a vacuum state and a correlated photon
pair and is described by the state |w) = «|00) 4 S|11),
where |a|?> + |8]> = 1. The first term refers to zero photons
(vacuum states) in the signal and idler modes with a
probability of |a|?, while the second term refers to one
photon each in the signal and idler modes with a probability
of |B|>. The signal and idler output mean photon number
[see Eq. (A5)] and the mean number correlations between
the signal and idler photon pairs [see Eq. (A6)] for this
input state are given by

(A3A) = (ATA) = e {Jav + upP + 2|pu|*),
(AS)

(ATATAA) = o205 {juva + 32 + [1Pa + 3upl?

+4|p*?}. (A6)

The input mean photon number in each of the signal and
idler modes is ||, and the input mean signal-idler number
correlations (as would be counted in coincidence) are given
by |B|> as well. The gain of the OPSA depends on the
values of the OPSA parameters ¢ and v, which in turn
depend on the gain coefficient g, among other parameters,
and may be chosen appropriately to offset the fiber trans-
mission loss.

In the experiment, the OPSA is configured to only
compensate for fiber loss and v < 1. As a result, the
spontaneous emission in the channel, as well as stimulated
emission generating higher photon number states, is
expected to be small relative to the input entangled pair
rate. This is confirmed experimentally, as discussed in
Sec. IIT' A.
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