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Abstract: A growing number of quantum communication protocols require
entanglement distribution among remote parties, which is best accomplished
by exploiting the mature technology and extensive infrastructure of low-loss
optical fiber. For this reason, a practical source of entangled photons must
be drop-in compatible with optical fiber networks. Here we demonstrate
such a source for the first time, in which the nonlinearity of standard singlemode fiber is utilized to yield entangled photon pairs in the 1310-nm Oband. Using an ultra-stable design, we produce polarization entanglement
with 98.0% ± 0.5% fidelity to a maximally entangled state as characterized
via coincidence-basis tomography. To demonstrate the source’s drop-in
capability, we transmit one photon from each entangled pair through a
telecommunications-grade optical amplifier set to boost classical 1550-nm
(C-band) communication signals. We verify that the photon pairs experience
no measurable decoherence upon passing through the active amplifier (the
output state’s fidelity with a maximally entangled state is 98.4% ± 1.4%).
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1. Introduction
Entanglement has been identified as a fundamental resource for quantum information and
quantum communication [1]. In addition, many quantum protocols, including quantum
cryptography [2,3], quantum games [4–6] and distributed quantum computing [7], require that
shared entanglement be distributed to remote users. While many entanglement sources have
been developed [8–19], those generating photons in single-mode fibers at telecom
wavelengths (either the 1550-nm C-band or the 1310-nm O-band) allow automatic coupling to
and near-lossless distribution over the existing telecommunications infrastructure. In order to
make the best use of this infrastructure in the implementation of practical quantum
information protocols, photonic quantum information (e.g., entanglement) and bright classical
communications signals should be multiplexed and distributed over the same optical fibers.
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Multiplexing entangled single photons with C-band classical data pulses (each containing
106 to 107 photons) presents many challenges. The photons produced by both Raman
scattering of the classical signals [20] and spontaneous emission by Erbium-doped fiber
amplifiers (EDFAs) [21] would each far outnumber the entangled photons, even in a
dedicated wavelength channel. In addition, the C-band resonance of Erbium ions in the
Erbium-doped fiber (EDF) itself would couple an entangled 1550-nm photon to a sufficiently
large system of Er3+-ions that the quality of any entanglement sent through it would be
significantly degraded. Collectively, these difficulties indicate that—while many high-quality
sources of C-band entanglement have been demonstrated [22–25] and used to distribute
entanglement over passive optical networks [26–31]—C-band entanglement is not well suited
for distribution over active optical networks.
These problems can be avoided by deploying quantum communications in the 1310-nm Oband, which is generally not used in the modern telecommunications infrastructure. Most
importantly, in the O-band, the single photons would experience negligible Raman-induced
cross-talk and scattering from the C-band photons [20]. This is because the O-band lies on the
anti-Stokes side of the C-band and its ~35-THz detuning is much larger than the Raman shift
(~13 THz) in standard telecom fiber. Additionally, the O-band photons are well isolated from
the EDFA noise [21], and they couple poorly to Erbium-ion resonances [32]. Moreover, the
O-band is centered on the zero-dispersion wavelength of standard fiber, mitigating the need
for potentially lossy dispersion compensation in long-distance quantum communications.
In this paper, we present what we believe to be the first steps towards realizing practical
quantum communications over the existing telecommunications infrastructure. We
experimentally characterize the first fiber-based source of entangled photons in the 1310-nm
O-band. We further show that these photons maintain high fidelity with a maximally
entangled state even after passing through an EDFA that is amplifying classical, C-band data
pulses.
2. Generation of 1310-nm Entanglement
The source is based on our previously demonstrated ultra-stable design [33] and utilizes the
χ(3)-based spontaneous four-wave mixing (FWM) process [34]. For efficient photon-pair
production, the wavelength of the FWM pump laser should be close to the zero-dispersion
wavelength of the fiber [34]; to generate O-band photons, we therefore use standard singlemode fiber (SMF-28) as the FWM medium. In an example of such a FWM process, two
horizontally polarized photons at the pump wavelength (HpHp) are converted into one photon
at the signal wavelength (Hs) and one at the idler wavelength (Hi): HpHp → HsHi. To create
polarization entanglement, the FWM fiber needs to be pumped with two orthogonal
polarizations (e.g., H and V). We prevent these coherent pumps from superposing into 45°
polarized light by introducing a temporal delay between the orthogonal pump pulses so that [t
⊗HpHp + (t-τ) ⊗VpVp] → [t ⊗HsHi + (t-τ) ⊗ VsVi]. By later removing the delay, we create the
maximally entangled state |φ〉 = t ⊗(HsHi + VsVi)/√2.
Our source is particularly stable due to the use of a Faraday rotator mirror at the end of the
pair generation fiber (which effectively doubles the generating fiber’s length). The Faraday
mirror ensures that any environmentally-induced relative phase between the time-delayed,
orthogonally-polarized pump pulses is compensated upon the pulses’ return pass through the
fiber. This automatic phase compensation corrects for even large, time-dependent phase
changes resulting from bending and twisting in the pair generation fiber, so long as the time
scale of variation is long compared to the pump-pulse round trip time (which in our case is 5
µs, much shorter than the millisecond timescales of typical environmental variations). The
photon pairs are generated in 500 m of SMF-28, liquid-nitrogen cooled to 77 K in order to
reduce optical-phonon-induced spontaneous Raman scattering, which creates extraneous,
uncorrelated single photons at the signal and idler wavelengths. These wavelengths are
determined by the FWM phase-matching condition 2γP + 2kp − ks − ki = 0, where kp, ks, and ki
are the pump, signal, and idler wave-vector magnitudes, respectively, P is the pump power,
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and γ is the fiber’s nonlinear coefficient. This phase-matching condition balances the linear
dispersion of the fiber with the pump’s cross-Kerr nonlinear phase-shift.

Fig. 1. Schematic of experimental setup. (a) The O-band entangled pair source. A polarization
delay breaks each strong, single-color pump pulse into two orthogonally polarized and
relatively delayed pulses. These pulses travel down 500 m of fiber, Faraday rotate and return
up the same fiber. Photon pairs are probabilistically generated in this fiber. The pump is then
filtered out and the pair is analyzed and detected. (b) Filter transmission spectra. FM, Faraday
rotator mirror; DGF, double grating filter; FPC, fiber polarization controller; Circ, circulator;
PA, polarization analyzer; D1(2), avalanche photodiode.

Figure 1(a) shows a schematic of the entanglement source. Pump pulses of 100-ps
duration and 5-MHz repetition rate are carved into the output of a CW laser using a 10-GHz
bandwidth amplitude modulator (EO Space, Model AZ-OK5-10) and then amplified using a
praseodymium doped-fiber amplifier (PDFA). To prevent the extinction ratio of the modulator
from drifting during data collection, a feedback loop is implemented. The bias voltage to the
modulator is dithered by a weak 100.5 kHz electrical signal. The resulting weak modulation
on light is measured from the 10 percent output port of a 90:10 fiber coupler placed after the
PDFA (Fiberlabs, Model AMP-FL8611-OB). The resulting photocurrent is fed to a lock-in
amplifier synched to the dither signal, which then provides a continuous bias correction
feedback to the modulator. Two cascaded double-pass grating filters (CDGF) are used to
eliminate any spontaneously emitted photons generated by the PDFA in the pump sidebands
(see curve P in Fig. 1(b) for the transmission spectrum of the CDGF). The resulting pump
pulses (λp = 1305.0 nm) were measured to have a transform-limited bandwidth of 0.03 nm.
The pump pulses are then launched through a circulator into a folded Mach-Zehnder
interferometer (FMZI) built around a polarizing beam splitter (PBS). A fiber polarization
controller (FPC) placed before the circulator is used to equalize the horizontally and vertically

#113068 - $15.00 USD

(C) 2009 OSA

Received 19 Jun 2009; revised 24 Jul 2009; accepted 24 Jul 2009; published 3 Aug 2009

17 August 2009 / Vol. 17, No. 17 / OPTICS EXPRESS 14561

polarized components of the pump pulses with respect to the PBS axes. The FMZI introduces
a 1.1 ns delay between orthogonally-polarized components of each pump pulse. The
temporally separated pump pulses then propagate through 500 m of SMF-28 towards a
Faraday mirror, which on reflection rotates the polarization of the pump pulses and any
generated signal/idler photon pairs by 90°, before sending them back through the FWM fiber.
(3)
and
Upon returning to the FMZI, the co-polarized photon pairs generated through the χ 2222
(3)
χ1111
processes are temporally re-aligned, creating the maximally entangled state (HsHi +
(3)
(3)
VsVi). Any cross-polarized photons produced by the pump pulses—via the χ1221
, χ 2112
, or the
Raman processes—are directed through the opposite paths in the FMZI; the resulting
difference in delay moves any such photons outside of the detection window aligned on the
co-polarized photons. The circulator then directs the light into a DGF which rejects the pump
photons while separating the signal (λs = 1306.5nm) and idler (λi = 1303.5nm) photons into
different fibers. After passing through separate birefringence compensation elements and
polarization analyzers (PAs), the signal and idler photons are further filtered with two
additional DGFs (curves S and I in Fig. 1(b) show the combined transmission spectra of the
cascaded DGFs). The emerging signal and idler photons each have 0.14 nm FWHM and
receive 110-dB isolation from the pump pulses.
We characterize the quality of the generated entangled photons using quantum state
tomography [35]. Both the signal and idler photons are analyzed using separate combinations
of a quarter-wave plate, a half-wave plate, and a linear polarizer, which together perform
arbitrary single qubit projections. The measured coincidence rates for 36 combinations of such
analyzer projections are subjected to a numerical maximum-likelihood optimization, which
reconstructs the density matrix most likely to have produced the measured results.
Data is taken in two different regimes: high pair-production rate and low pair-production
rate. In the first regime, data is taken at a high pump power (peak power = 600 mW) giving a
high pair-production rate (0.14/pulse), which upon correcting for accidental coincidences
allows us to quickly and accurately compile good count statistics despite low total detection
efficiencies (5% and 4% for the signal and idler photons, respectively). In the second regime,
data is collected at a lower pump power (peak power = 160 mW) giving a lower pairproduction rate (0.015/pulse) requiring long data runs for good counts statistics. However,
since accidental coincidences are negligible at such low rates, this is the regime of interest for
many quantum applications.
The data for the high-power setting is analyzed after subtracting the calculated accidentalcoincidence counts from the measured data. Accidental coincidences can be calculated using
the formula Cacc=SiSs/N. (Si are the idler detector single counts, Ss are the signal detector
single counts, and N is the total number of gating pulses). This formula assumes Poissonian
counting statistics, an assumption that has been verified for our measurement system by
delaying the signal detector events by an integer number of gating periods with respect to the
idler detector, and then directly measuring the resulting accidental coincidences. The resulting
density matrix ρ (shown in Fig. 2(a)) has a state fidelity (F = 〈φ|ρ|φ〉) of 98.0% ± 0.5% with a
maximally entangled state |φ〉 ≡ (|αβ〉 + |α⊥β⊥〉). Plotting the density matrix in the |αβ〉 basis
compensates for any arbitrary rotation that the entangled state might undergo while traveling
through single-mode fibers. The uncompensated density matrix, plotted in the |HH〉 basis, is
shown in Fig. 2(b) for comparison. The data for the low-power setting is analyzed
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Fig. 2. Experimentally reconstructed density matrices for various experimental configurations.
(a) High pump power, all accidental coincidence counts subtracted (F = 98.0% ± 0.5%). (b)
High pump power, shown in the un-rotated |HH〉 basis (fidelity to |HH〉 + |VV〉 = 94.3%). (c)
Low pump power, only dark count coincidences subtracted (F = 97.3% ± 1.2%). (d) Low pump
power, all accidental coincidences are subtracted (F = 98.6% ± 0.9%).

Fig. 3. Two photon interference fringes. (a) The signal was projected into state
|φs〉 = |H〉 while the idler projection traced out the blue great circle on the Poincaré sphere and
the resulting TPI fringe. (b) The signal was projected into state |φs〉 = |D〉 while the idler
projection traced out the red great circle on the Poincaré sphere and the resulting TPI fringe.
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using a different accidental subtraction method in which only the dark-count-induced
coincidences—equal to (SiDs + DiSs – DiDs)/N, where Dj are the dark counts on detector j and
Ss, Si, N, are defined as above—are removed. The resulting density matrix (shown in Fig.
2(c)) has a state fidelity F = 97.3% ± 1.2% with a maximally entangled state. This result is in
excellent agreement with the density matrix obtained when subtracting all accidental
coincidences (F = 98.6% ± 0.9%) as shown in Fig. 2(d) as well as the high pair-productionrate result above.
As a further test of the entangled-state quality, we measure two-photon-interference (TPI)
fringes at the high-power setting for two different cases. In the first case, the signal
polarization analyzer is set to measure H photons, while the idler is projected into the
continuum of linear polarization states on the Poincaré sphere. In the second case, the signal
photon is projected into the state D ≡ (H + V)/√2, while the idler projection is made to trace
out an elliptical great circle on the Poincaré sphere as shown in Fig. 3(a). The resulting TPI
curves shown in Fig. 3(b) have accidental-subtracted visibilities of 99.3% ± 0.8% and 100.7%
± 0.9%, respectively.
3. Transmission through an Active Optical Element
In order to demonstrate the feasibility of distributing 1310-nm entangled photons in a
communications network containing active optical elements, we test the quality of
entanglement that remains after one member of the photon pair travels through an active
classical optical amplifier. Specifically, by use of a standard 1310/1550 nm fused-silica fiber
coupler (see Fig. 4(a)), we multiplex the signal photon’s path with that of a 1550-nm
wavelength classical optical channel. This channel carries a standard non-return-to-zero
formatted, 10-GHz rate, pseudorandom bit stream with an average optical power of 1 mW.
The multiplexed light is then transmitted through an EDFA that provides 13 dB of gain to the
1550-nm classical channel. The output spectrum of the EDFA is shown in Fig. 4(b). The Oband signal photon is then demultiplexed from the C-band classical data stream with use of
another fused-silica coupler. A communications signal analyzer is used to observe the eye
pattern of the pseudorandom data stream and, as expected, the pattern remains unaffected by
the addition/subtraction of the signal photon (Figs. 4(c) and 4(d)). Additionally, the bit-error
rate of the received C-band data is measured to be < 10−9. More importantly, the demultiplexed O-band signal photon is routed to a polarization analyzer and, as before, is
subjected to two-qubit polarization tomography with the idler photon in the high pump-power
regime described above. The reconstructed density matrix (Fig. 5(a)) shows that the photon
pair still maintains high fidelity (F = 98.4% ± 1.4%) with a maximally entangled state.
Although the EDFA does not affect the quality of the input entangled state, it does
produce measurable signal-band background counts. We detect 4×10−4 background counts per
detection gate compared to 7×10−4 signal counts per gate (reduced from 7×10−3 per gate
without passing through the EDFA). The accidental coincidences produced by the EDFA
background are subtracted before tomographic reconstruction of the post-EDFA quantum
state.
The EDFA presents 11-dB of optical loss to the O-band photons as characterized using a
1-mW laser at the signal photon’s wavelength. This loss is measured to be independent of the
parameters of the C-band light passing through the EDFA. We note that—unlike polarization
dependent loss (PDL)—linear loss does not affect [36] the surviving photon’s entanglement; it
only reduces the survival rate. More crucial is the PDL, which has a detrimental effect on
polarization entanglement. In order to quantify the PDL, we perform a scan of the EDFA loss
for multiple input polarizations, which trace out three great circles of the Poincaré sphere. The
results are shown in Fig. 5(b). The measured PDL is bounded to less than 0.5 dB, which
would only reduce the fidelity of a maximally entangled state by 0.1%.
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Fig. 4. Experimental schematic for entanglement transmission through an active EDFA. (a) The
signal photon is multiplexed with a bright 1550-nm classical data stream before transmission
through an EDFA providing a 13 dB gain to the classical signal while preserving the
entanglement between the 1306.5 nm photon and its partner. (b) Optical spectrum out of the
EDFA. (c) The measured eye-diagram of the 10-GHz classical data before transmission
through the EDFA. (d) The measured eye-diagram of the classical signal after amplification.

Fig. 5. Experimental results. (a) The reconstructed density matrix of the photon pair after
transmission through an active optical amplifier (F = 98.4% ± 1.4%). (b) Traces of the PDL of
the EDFA on the Poincaré-sphere. (c) PDL plotted linearly showing that the EDFA introduced
approximately 0.47dB of PDL. Minimal changes to commercial EDFA designs can
dramatically reduce both absolute and polarization dependent loss.

The EDFA used in our experiment is a commercial unit (IPG Photonics, model EAD-100C) designed for use only in the C-band. We expect that minor changes in the EDFA design
would result in dramatically higher transmission for the O-band light. To estimate the limit to
which the O-band transmissivity through the EDFA can be improved, we directly measure the
optical loss through a spool of Erbium-doped fiber at the signal wavelength and find it to be
<0.024 dB/m. This implies that the fundamentally unavoidable contributor to the EDFA
#113068 - $15.00 USD

(C) 2009 OSA

Received 19 Jun 2009; revised 24 Jul 2009; accepted 24 Jul 2009; published 3 Aug 2009

17 August 2009 / Vol. 17, No. 17 / OPTICS EXPRESS 14565

loss—viz. the loss of O-band light in the EDF itself—is only about 0.5 dB in our amplifier. In
fact, using standard values for splicing and filter losses, and assuming a 15-m length for EDF
used in common amplifiers [37], we anticipate that a one (two) stage EDFA can be easily
designed with <2.9 dB (5.9 dB) of loss for the O-band photons. We further anticipate that
more significant changes in the EDFA design can push this loss much closer to the
transmission limit of the EDF.
4. Conclusion
We have demonstrated and characterized the first fiber-based source of polarization-entangled
photons in the 1310-nm O-band by utilizing spontaneous FWM in standard single-mode fiber
(SMF-28). Using quantum-state tomography we have established the high quality of the
generated entanglement (>97% fidelity with a maximally entangled state). We believe the
generated entangled state is of higher quality than we currently measure due to imperfections
in polarization projections as well as drifts—both in pump intensity and polarization—which
occur during the course of a tomography run. All of these problems can be greatly mitigated
with increased active feedback to the pump and more precise polarization measurements
through automated wave-plate control.
The high measured fidelity of generated entanglement does not paint a complete picture of
the value of a particular entangled-photon source. The location of our entanglement in
the1310-nm O-band means that the photon-pairs can be multiplexed with classical C-band
data and distributed over the existing telecommunications infrastructure. Also, the use of
standard single-mode fiber to generate photon pairs guarantees that the nonlinear coefficient,
dispersion, and loss are well controlled and characterized, making it easy to create many
identical sources.
The quality of our source can be further improved by reducing the background Raman
scattering which is not optimally minimized in our current setup. This is due to the mode
mismatch that exists between the pump’s temporal profile and those of the spectrally-filtered
signal/idler photons. Since our signal/idler photons are filtered to occupy 0.14-nm bands, we
catch approximately five distinct modes of the Raman-scattered light generated by our 100-ps
duration pump. While the entangled photon pairs must originate in one of these five modes,
the Raman photons can originate in any of them. This exposes us to accidental coincidences
from Raman-scattered photons originating not only from the birth mode of the entangled
photon pairs, which is unavoidable, but also from the other modes as well.
As a demonstration of the compatibility of our source with the existing fiber-optic
infrastructure, we have shown for the first time that the quality of O-band polarization
entanglement is not degraded upon transmission through an active EDFA. In order to
implement multiplexed O-band (quantum) and C-band (classical) communications, careful
attention needs to be paid to the EDFA design. We have found that the current EDFAs present
a large linear loss to O-band light. However, such loss is not inherent to the C-band gain
process in the EDFA. We believe that this loss can be greatly reduced with more careful
design of the passive components used within the EDFAs. In conclusion, our experiments
suggest that utilizing O-band entangled photons would allow quantum communication
applications to be wavelength multiplexed into the widely deployed C-band optical
communications infrastructure.
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