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Distributing Polarization-Entangled Photon Pairs with High Rate Over Long
Distances through Standard Telecommunication Fiber
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Distributing entanglement through standard telecommunication fiber is particularly important for quan-
tum key distribution protocols with low vulnerability over metropolitan distances. However, entanglement
distribution over long distance through optical fiber so far could only be accomplished with moderate
photon pair rates. In this work, we present entanglement distribution over 50 km of standard telecom-
munication fiber with a pair rate of more than 10 000 s−1 using a bright nondegenerate photon pair
source. Signal and idler wavelengths of this source are optimized for low dispersion in optical fiber
and high efficiency for single-photon avalanche diode detectors, respectively. The resulting modest hard-
ware requirement and high rate of detected entangled photon pairs could significantly enhance practical
entanglement-based quantum key distribution in existing metropolitan fiber networks.Q3

8
9

10
11
12
13
14
15
16

DOI: 10.1103/PhysRevApplied.0.XXXXXX17

I. INTRODUCTION18

Quantum entanglement is one of the most fascinating19

phenomena in quantum physics. It provides the founda-20

tion for applications such as quantum teleportation, some21

variants of quantum key distribution (QKD) [1–4], or22

implementations of a quantum internet [5,6].Q4 23

In recent years, the rapid development of quantum tech-24

nologies has driven QKD towards higher key generation25

rates [7] and longer distances: metropolitan area [8,9],26

intercity [10], and even intercontinental quantum commu-27

nication has been demonstrated recently [11]. Currently,28

building secure quantum networks on top of these point-29

to-point quantum communication schemes is of increasing30

interest in research and commercial applications [12].31

Most implementations of QKD are based on prepare-32

and-measure protocols due to its optical simplicity. In33

contrast, entanglement-based QKD can offer the advantage34

of not requiring a trusted active random number gen-35

erator [13], and is immune to photon number splitting36

attacks, exposing fewer vulnerabilities in a practical imple-37

mentation [14]. Moreover, entanglement is also the basis38

of device-independent quantum cryptography, a class of39

higher-security QKD schemes that does not rely on the40

premise that the involved devices can be trusted [15,16].41

Thus, it is highly desirable to distribute entanglement over42

long distance for future quantum secure networks.43

*christian.kurtsiefer@gmail.com

While distributing entanglement over very long dis- 44

tance through free space [17] or even satellite links [18] 45

is naturally appealing due to the low optical transmis- 46

sion loss in air, optical fibers can guide photons over the 47

long distance without challenging alignments or environ- 48

mental considerations. They also are the sole option when 49

a line-of-sight is unavailable. Optical fibers are a par- 50

ticularly attractive transmission method in metropolitan 51

areas, where ITU G.652D standard compliant fiber is likely 52

already deployed as part of the existing telecommunication 53

infrastructure [19]. 54

Early work has demonstrated distribution of polarization- 55

entangled photons through fiber over 1.45 km [20] for 56

relatively short wavelengths. Polarization entanglement 57

is much easier to prepare, measure, and couple to other 58

physical systems compared with time-bin entanglement 59

[21], which is a common encoding scheme at telecom 60

wavelengths because it requires fewer expensive detec- 61

tors. Time-bin entanglement is also less susceptible to 62

polarization degradation due to polarization mode disper- 63

sion (PMD) in optical fibers, an effect that is severe for 64

broadband photons found in many sources of polarization- 65

entangled photons [22]. Improved technology continu- 66

ously lowered the PMD of optical fibers, and permitted 67

to manufacture low-loss optical filters to reduce photon 68

bandwidth. Consequently, polarization entanglement dis- 69

tribution over tens or even more than 100 km optical fiber 70

has been demonstrated in recent years [23–26]. 71

However, these demonstrations had to make opti- 72

mizations that limit their practicality. For example, 73
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dispersion-shifted fibers (typically G.655 standard com-74

pliant fibers) have lower transmission losses and disper-75

sion at 1550 nm compared with G.652D fibers [27], but76

are far less frequently deployed in existing telecommuni-77

cation networks. Alternatively, chromatic dispersion and78

PMD could be reduced by using narrow band pass fil-79

ters together with conventional entangled pair sources, but80

this reduces the heralding efficiency of photon pairs even81

for ideal spectral filters with unity transmission in pass82

band [28], eventually leading to a lower entangled pho-83

ton pair detection rate. Consequently, most reported work84

on long distance entanglement distribution was carried out85

with photon pair rates that are too low for most practical86

applications. Similarly, superconducting nanowire single-87

photon detectors (SNSPDs) are used in many demonstra-88

tions of long-distance entanglement distribution due to89

their high efficiency, low dark counts, and low timing jit-90

ter [29]. However, SNSPDs need to be cooled below 4 K,91

which requires a significant overhead in power, size, and92

cost in comparison with typical single-photon avalanche93

photodiodes (APDs).94

In this work, we present a highly nondegenerate entan-95

gled photon pair source based on type-0 spontaneous96

parametric down-conversion (SPDC) process to overcome97

these drawbacks in fiber-based entanglement distribution.98

One of the photons in pairs has a wavelength of 1310 nm99

and falls in the zero-dispersion window of G.652D stan-100

dard compliant fiber, and a subnanometer bandwidth even101

without any spectral filtering. The other photon in the pairs102

has a wavelength around 586 nm where Si APDs have103

nearly optimal detection efficiency. With such a source,104

we observe an average entanglement visibility of more105

than 97% locally. After transmitting the 1310 nm photons106

through 50 km of G.652D compliant fiber, we still observe107

a photon pair coincidence rate over 10 000 s−1 with a pair108

of APDs, with a raw polarization entanglement visibility of109

92.5%. The corresponding estimated quantum key rate in110

a BBM-92-like protocol [4] with such a source would be111

5172 s−1. This is a significant boost in rates for practical112

quantum key distribution in a metropolitan area.113

II. EXPERIMENTAL SETUP114

A sketch of the experimental setup is shown in Fig. 1.
Time-correlated photon pairs are generated via SPDC in
a periodically poled potassium titanyl phosphate crystal
(PPKTP, 2 × 1 × 20 mm3) that is pumped with light from
a grating-stabilized diode laser at a wavelength of 405 nm.
An α-BBO crystal splits the pump light into two paths of
orthogonal polarizations (horizontal, H , and vertical, V)
with a beam separation of 1 mm through birefringence. A
half-wave plate (HWP) transforms the H polarized pump
light part back to V. The type-0 SPDC process in both con-
version paths generates photon pairs in a state |VV〉, which
then are separated by wavelength using a dichroic mirror.
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DM BP
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  586 nm
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  APD
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QWP PBS
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FIG. 1. Schematic of the nondegenerate entangled photon pair
source. Pump light at 405 nm is split into two paths and is sub-
ject to type-0 SPDC inside the PPKTP crystal. The polarization
state in the upper path is rotated by 90◦ by a half-wave plate.
Each pump path generates photon pairs with a nondegenerate
wavelength at 1310 nm (signal) and 586 nm (idler). A dichroic
mirror (DM) separates the nondegenerate photons from both
pump paths. A pair of α-BBO crystals recombine the two sig-
nal and two idler paths separately to create an entangled state
|�−〉 = (1/

√
2)(|HH 〉 − |VV〉). A motorized HWP and a PBS

projects idler photons into different polarizations. Signal photons
at 1310 nm are first coupled into a long SMF28e+ telecommuni-
cation fiber before projection into linear bases in a similar way as
the idler photons. Q5
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The polarization of the separated signal and idler photons
from one of the pump paths is transformed to horizontal
by two HWPs designed for their respective wavelengths.
With this, the crystal generates |VV〉 and |HH 〉 photon
pairs in the different pump paths of the same crystal,
which are then spatially overlapped by two α-BBO crys-
tal beam splitters, one in each collection path to take care
of the different birefringent properties at signal and idler
wavelengths. The entanglement of photons arises from the
indistinguishability between the photon pairs generated in
the two down-conversion paths [30,31]. By adjusting the
relative power and phase between the two pump paths, the
maximally entangled state

|�−〉 = 1√
2
(|HH 〉 − |VV〉)

can be prepared. 115

Both a long-pass (LP) filter with a cutoff wavelength 116

at 1200 nm and a bandpass (BP) filter with a bandwidth 117

of 20 nm centered at 586 nm effectively remove pump 118

light from the individual collection path. A timestamp unit 119

records the photon arrival time on both InGaAs APD (tim- 120

ing jitter ≈ 250 ps) and Si APD (timing jitter ≈ 500 ps) to 121

look for coincidences. We choose a coincidence window 122

of 1.25 ns to capture the majority of the photon pairs for all 123

the measurements reported in this work. 124

The pair generation rate of the source is first character- 125

ized without the entanglement mechanism mediated by the 126
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beam displacers. At a pump power of 100 μW, a pair rate127

of more than 10 000 s−1 is observed with over 20% herald-128

ing efficiency; this value increases to 22% after correction129

for detector dark counts and after pulses. It is worth not-130

ing that even with a relatively optimistic estimation of the131

detector efficiency (60% for the Si APD and 15% for the132

InGaAs APD), the ideal heralding efficiency assuming a133

perfect fiber coupling while ignoring losses on multiple134

optical elements is predicted to be
√

(15% × 60%) = 30%135

(see Appendix A). This implies a close to optimal col-136

lection efficiency. The single rate at the Si APD exceeds137

70 000 s−1 with a pump power of 100 μW. Assuming a Si138

APD efficiency of 60%, we can safely infer that at a pump139

power of 1 mW, the source should generate more than 1140

million photon pairs in a second; a direct measurement141

would have severely saturated the available detectors.142

Figure 2(a) shows a spectrum of the signal photons143

recorded with a grating spectrometer, with only a single144

peak in a range of 300 nm, with a center wavelength of145
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FIG. 2. (a) The spectrum of signal photons from the nonde-
generate pair source at a temperature of 33.4 ◦C of the PPKTP
crystal shows a single peak around 1310 nm with a nearly Gaus-
sian profile (see fit to the data in the inset). (b) Signal photon
wavelength dependence on PPKTP temperature. (c) Time corre-
lation of photon detection events from a pair of APDs, with the
signal photon passing through 0 and 50 km of SMF28e+ fiber,
respectively. The temporal correlations for the 50 km transmis-
sion case are offset and normalized for visual comparison. Both
histograms show a nearly indistinguishable distribution with a
full width at half maximum around 280 ps.
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1310.12 nm and a full width at half maximum (FWHM) 146

of 0.84 nm obtained from a fit to a Gaussian distribu- 147

tion. The spectrometer resolution is separately determined 148

to be 0.47 nm (FWHM) with a distributed feedback laser 149

at 1310 nm and a bandwidth of 3 MHz. Thus, the decon- 150

voluted bandwidth of the source signal photons at 1310 151

nm is around 0.7 nm, corresponding to 120 GHz. Figure 152

2(b) shows the change of the center wavelength of signal 153

photons with the temperature of the PPKTP crystal. The 154

wavelength increases almost linearly with a slope of 0.8 155

nm/K over the zero-dispersion range (1304–1324 nm) of 156

the SMF28e+, G652D-compliant fiber. 157

To experimentally verify the zero-dispersion property 158

of the fiber on signal photons, we carried out a coinci- 159

dence measurement on photon pairs from the source with 160

and without the 50-km fiber. For better timing resolution, 161

the Si APD was replaced with a device with smaller tim- 162

ing jitter (<40 ps) but lower detector efficiency (40%). 163

The coincidence peak is shifted by around 247 μs for the 164

measurement with the 50-km fiber. Both coincidence mea- 165

surements are normalized to their maximum coincidence 166

rate for easier visual comparison. Figure 2(c) clearly shows 167

that the dispersion is unnoticeable even with the fast Si 168

APD. 169

III. ENTANGLEMENT DISTRIBUTION 170

The entanglement quality measurements were first car- 171

ried out locally with the three α-BBO beam displacer 172

inserted in the source, and polarization projections in sig- 173

nal and idler paths are implemented as shown in Fig. 1. 174

To characterize entanglement, we extracted the visibility 175

of polarization correlations in different bases, details are 176

explained in Appendix B. The additional optics slightly 177

reduces the source heralding efficiency from 22% to 18% 178

for both pump paths. At 380-μW pump power, a raw 179

visibility of 99.7 ± 0.1% for the horizontal/vertical (H/V) 180

basis, and 95.5 ± 0.1% for the diagonal/antidiagonal (D/A) 181

basis is measured without 50-km delay fiber, resulting in an 182

average raw visibility of 97.6 ± 0.1% (97.8 ± 0.1% after 183

correcting for background coincidences, see Appendix C). 184

The corresponding coincidence rate averaged over H/V 185

and D/A bases is 13 012 ± 14 s−1. 186

Then, the 50-km SMF28e+ fiber (−17 dB loss) is 187

inserted between the source and the polarization analyzer 188

on the signal branch. The observed coincidence rates and 189

visibilities for different pump powers are shown in Fig. 3. 190

As expected, the coincidence rate increases mostly linearly 191

with pump power. We attribute the small nonlinearity at 15 192

mW pump power to an onset of saturation of the Si APD (at 193

a detection rate of 3.8 × 106 s−1; specified maximum count 194

rate 3 × 107 s−1). The raw average visibility of the polar- 195

ization correlation decreases with the pump power due 196

to the quadratically increasing background coincidence 197

(lower panel). However, after correcting the visibility for 198
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FIG. 3. (a) Average pair rates for different pump powers. The
locally collected photon pair rate, averaged over H/V and D/A
bases, is 13 012 ± 14 s−1 at 380 μW pump power. Pair rates with
the 50-km fiber in the signal arm are 1606 ± 3 s−1, 4686 ± 6 s−1,
8033 ± 10 s−1, and 10 033 ± 16 s−1 at their corresponding pump
powers. (b) Visibility of polarization correlations as a measure of
entanglement quality for different pump powers. The raw visibil-
ity observed locally with 380 μW pump is 97.6 ± 0.1%. After
propagating through 50 km of SMF28e+ fiber, the raw visi-
bility reduces to 96.5 ± 0.1%, 95.4 ± 0.1%, 94.5 ± 0.1%, and
92.5 ± 0.1% for a respective pump power of 2, 6, 11, and 15
mW. Background-corrected visibilities range from 97% to 98%
for all the measurements.
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background coincidences, the visibility of polarization cor-199

relations and, hence, the quality of entanglement remains200

at an almost constant high level with no strong dependence201

on the pump power.202
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FIG. 4. Polarization correlations in both H/V and D/A bases
measured at 15-mW pump power after transmission of the signal
photons through 50 km of SMF28e+ fiber. The coincidence rate
is measured with polarization optics before signal and idler pho-
ton detection, as shown in Fig. 1. The polarization on the idler
side is kept at one of the four linear settings (H, V, D, and A)
whereas the polarization on signal side is rotated over 360◦ using
the half-wave plate.
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The raw visibility at 15 mW pump power is 94.0 ± 0.1% 203

in the H/V basis, and 91.0 ± 0.2% in the D/A basis, cor- 204

responding to an average visibility of 92.5 ± 0.1% (see 205

Fig. 4). After correction for background coincidences, the 206

average visibility at 15-mW pump power reaches 97.1 ± 207

0.1%. The pair rate averaged over H/V and D/A bases 208

is 10 033 ± 16 s−1. Assuming that the measurement basis 209

is chosen randomly and uniformly, that noise parameters 210

are independent of measurement settings, and using a real- 211

istic bidirectional error correction efficiency value of 1.1 212

[32,33], the estimated key distribution rate in a BBM-92 213

protocol would be 5172 s−1. 214

IV. CONCLUSION 215

We present an entangled photon-pair source that is suit- 216

able for long distance quantum communication over the 217

most deployed optical fiber compliant with the G.652D 218

standard. The pair source generates signal photons at the 219

zero-dispersion wavelength (1310 nm), whereas the cor- 220

responding idler photons have a wavelength of 586 nm, 221

which is close to the optimal efficiency of typical Si 222

APDs. Notably, the wavelength of the idler photon can 223

be easily shifted slightly to be resonant with transitions 224

in 151Eu3+:Y2SiO5 (580 nm) or Sodium atoms (589 nm) 225

by temperature-tuning the nonlinear crystal or frequency- 226

tuning the pump light to interface with commonly used 227

stationary quantum nodes. 228

The source has a brightness of more than 106 229

pairs/s/mW. With the close to ideal mode matching that 230

can be accomplished with it, more than 10 000 s−1 pairs 231

are observed locally at 100 μW pump power using a pair of 232

APDs. Entangled photon pairs can be generated by beam- 233

displacement interferometer with minimal loss in bright- 234

ness, and show a visibility of polarization correlations of 235

over 97 %. 236

The low intrinsic bandwidth of 0.7 nm of signal pho- 237

tons in the conversion process strongly suppresses tem- 238

poral dispersion of photons passing through 50 km of 239

SMF28e+, G652D-compliant optical fiber, and permits the 240

use of a narrow coincidence time window which helps 241

to reject accidental coincidences that would deteriorate 242

the observable entanglement quality. At the same time, 243

an entangled photon pair rate of more than 10 000 s−1 244

with the same fiber can be detected with relatively sim- 245

ple APDs. With the usual error correction methods, this 246

source/detection combination can be used to generate a 247

secure bit rate of more than 5000 s−1 in a BBM-92 pro- 248

tocol using simple polarization encoding [32,33]. With 249

the presented source, entanglement distribution can eas- 250

ily be extended to distances beyond 100 km at a rate 251

of hundreds of pairs/second, without switching to more 252

sophisticated superconducting single-photon detectors. To 253

our knowledge, the entangled pair rate is at least an order of 254

magnitude higher than other pair sources over the similar 255
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distance [23–25], despite the larger fiber attenuation per256

unit length in the O band compared with the C band. More-257

over, QKD applications using photons in the O band have258

the advantage in that the quantum signal can copropa-259

gate with light of classical internet traffic in C band over260

the same fiber link [34]. We therefore believe that such261

a source can significantly improve entanglement distribu-262

tion over metropolitan distances, permitting an integration263

of high-rate entanglement-based quantum key distribu-264

tion into existing telecommunication network with realistic265

detection devices.266
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APPENDIX A: HERALDING EFFICIENCY274

Assuming a photon pair production rate P in the down-275

conversion crystal, single-photon detectors with efficien-276

cies η1 and η2 will report single-photon rates S1(2) =277

Pη1(2), where η1,2 are total efficiencies, which include278

optical transmission, collection efficiencies through mode279

matching, and detection efficiencies of the single-photon280

detectors. A coincidence is registered when a photodetec-281

tion event from each detector fall in a coincidence window282

τc. With negligible accidental coincidences, a coincidence283

rate C = Pη1η2 can be observed.284

The heralding efficiency η of the photon pair is defined285

as the pair to singles ratio [35] C/
√

S1S2. Substituting286

coincidence and single rates with the above expressions287

leads to η = √
η1η2. Assuming ideal mode matching with-288

out any transmission loss, the total efficiency η1(2) in289

each collection path is just the corresponding detector290

efficiency.291

APPENDIX B: VISIBILITY MEASUREMENT292

A combination of a HWP and a PBS (Tp :Ts > 1000 :293

1) projects the polarization before coupling into the spa-294

tial mode selection fiber for the idler photon (586 nm).295

A similar free-space polarization measurement scheme296

is used for signal photons, where an additional quarter-297

wave plate (QWP) is used to remove the ellipticity after298

fiber passage; in this path, polarization elements HWP299

and PBS are also placed behind the long fiber. On the300

idler side, four different polarizations (horizontal, H; ver-301

tical, V; diagonal, D; and antidiagonal, A) are chosen by302

setting the HWP accordingly. On the signal side, the orien-303

tation of the linear polarization is changed in finer steps304
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APDs for entanglement distribution, with the signal photon pass-
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by rotating the HWP to obtain a visibility of the polar- 305

ization correlations via V = (Cmax − Cmin)/(Cmax + Cmin), 306

where Cmax and Cmin are extracted from a sinusoidal fit to 307

polarization correlations shown in Fig. 4. 308

The source reported here shows a visibility close to 309

100% in H/V basis, and a slightly lower visibility in D/A 310

basis. We attribute this to the chromatic dispersion caused 311

by the α-BBO displacement crystal: the dispersion leads 312

to a variation of the phase φ of the entangled state |�−〉 = 313

(1/
√

2)(|HH 〉 − eiφ|VV〉) for different frequency compo- 314

nents of the down-converted photons, lowering the overall 315

visibility in the D/A basis. 316

APPENDIX C: BACKGROUND CORRECTION 317

Apart from coincidences that can be attributed to pho- 318

ton pairs from the same SPDC process, we detect acci- 319

dental coincidences from different pair generation pro- 320

cesses, or from other detection processes. We estimate 321

this accidental coincidence rate Cacc by recording the 322

coincidence rate for time differences displaced by 7 ns 323

from the main coincidence time window (see Fig. 5). 324

Then, the coincidence rates are corrected by subtracting 325

their respective accidental coincidence rate Cacc at each 326

HWP angle. The corrected visibility is evaluated as V = 327

(Ccorr
max − Ccorr

min)/(C
corr
max + Ccorr

min). The Ccorr
max and Ccorr

min are also 328

extracted from a sinusoidal fit to the corrected polarization 329

correlations. 330
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